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Abstract

Two cryostats, a Hquid nitrogen gas flow cryidstat and a Be wﬁlled flow cryostat,
suitable for use on Enraf Nonius CAD4 four circle diffractometers have been
commissioned and tested, The necessary techmgnes relating to erystal mounting and
centring for low-temperature data collection were also developed. The complete
experimental procedure was testad by determining the crystal structures of the followlng
three compounds at low-temperatures;N-arylpyrrolidin-2-one,4-p-hydroxyphenyl-
3,10, 11-rihydroxy-8-ethyl-1,7-dioxaspiro[4,4]-nona-2,6-dione and 5,6-trans,-6-Bromo-
S-hydroxy-3-nitrobicyclo[2,2.2)oct-2-ené, In performing these structure determinations,
some of the applications of low-temperature crystallography were considered,
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Chapter One

Introduction

When an ideally imperfect crystal is exposed to a homogeneous beam of monochromatic
X-rays, a three dimensional diffraction pattern results, The spatial positions of the
diffracted rays are determined by the geometric size and shape of the unit ceil. The
relative intensities of each of these rays on the other "and may be related to the electron
density distribution contained within the unit cell, One of the first applications of x-ray
diffraction was the investigation of ihe structure of crystals. This application was and
still is of parartount importance in the fields of chemistry, physics and mineralogy, and
is made possible by the Fouri. naationship which exists between the distrdbution of the
- electron density within the crystal and the intensity of the x-rays diffracten oy the
crystal, The positions of the atoms ar, inferred to be st the centres of ovoids of charge.
‘This assumption, valid for the accuracy involved in routine investigations, unfortunately
leads to resulis which are biased,

Technical breakthrovghs in recent years, such as automated diffiactometry, improved
cryagenics and high speed computing have increased the overall resclution attainable
in the diffraction experiment, and hence have led to more precise posidonal parameters
for the atoms in the crystals, Along with this improved resolution, the following reasons
nlso exist as to why it would be desirable to perform the diffraction experiment at low

temperatisres;



1.4 general the stability of crystals are improved by cooling, thus it may
be possible to study crysials at Tow temperatures which are uastable at
Toom {empetature,

2.Compounds which are liquils at room temperature may be cooled to
below their melting point, crystailised and studied,

3.Interesting phase transitions cconrring below room teniperatures can be
studied in detail,

4,Disorder, frequently present in some crystals, may be resoived,
5.Total anfi deformation densities may be studied in detall, allowing for
comparison with theoretically derived velues, and investigations into the
nature of chemlcal bonding.

The initlel aim of this project was thus fo assemble and commission the necessary
equipment for pecforming low temperaure diffraction stedies, During this stage of the
projects, fests are also to be carried out to determinie the temperaiure stability of the
cryostais, as well as the maximum time that a crysial could be kept at a temperature of
interest. Following this the technigues and methods for collecting low-temperature x-1ay
data have to be developed. These include methody for mounting crystals, as the normal
methods used in routine x-ray diffraction studies tend to fail. Also the problem of
centring a crystal in the x-ray bezm when it cr~not be seeii bad to be overcome, The
complete experimental configuration was then tested by determining the low temperature
structures of some compounds, in the process of doing so some of the applications of

low-temperature erystallography were considered. The compounds chosen for these tests

- are shown below:
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The first compound studied was N-phenyl-pyrrolidin-2-one (). In this e. mound and
derivatives of it, containing mono-substituted aromatic tings, the natuse of the bond
linking the two tings has been ugcerwain, A low-temperature study of this compound,
conducted at a numnber of temperatures, allows for the effect of temperature on this
hond to be evaliated. If dats of a sufflciently high accuracy can be obtained, then the
distribution of electronic charge in the bond can be investigated. The structures of Il and
III are both concerned with the determination of the positions of hydrogen atows in
melecular crystaly, Hydrogen atoms have otily one valence electron and no core
electrons, making it difficult to locate cing routine x;ray diffraction techniques, The
preserice of the heavy element, bromine, in IIT which tends to dominate the ¢lectron
density distribution in such crystals, makes it even more difficult to locate hydragen

positions in such cases,




Chapter Two

The effect of temperature on the x-ray diffraction pattern of

crystalsl.

Upon cooling, the diffruction pattern abtsined from ¢ ystalline matter would change, The
extent of the changes that would take place depends on the crystal as well as the
temperature range through which the cooling takes place. A small change in temperature
could lead to hardly agy discernable change in the diffraction pattern, unless the crystal
undergoes a phase change during the temperature chaage. In thls case the diffraction
pattern could clanpe dramatically, depending on the nature of the phiase change that takes
place, Thus for exarple & disorder-order phase transition could result in diffuse layer lines
in the diffraction pattern resolving into distinet reflections. This and other types of phase
transitions could also be dassociated with changes in the unit cell, which on its own has a

dramatic effect on the spatiat distribution of reflections.

On the other hand if a crystal does not undergo 4 phase change on cooling the chianges in
the diffraction patiern are more subtle, even for large changes in temperature, Firstly the
unit cell of the crystal will undergo a slight reduction in size due to thermal contraction,
This would cause a slight spreading out of the reflections i fhe diffraction pattern.The

intensity,l, of a diffracted reflection is related to the structure factor by the following

I'Fhe material for this chapter was summarised from similar work contained in the books
listed in the bibYography.



expression:
| KI
F= |22
Ip

where p, the polarisation factor, deseribing the polarisation which takes place in the

primary beam because of the monochromator, i given by

p=(1+c0s%20)/2
where B s the angle of diffraction,
The Lorentz factor L, 15 dependant on the precise measurement technigue used, While I
represenis a scaling factor dependent on effects such as crystal size and primary beam

intensity, We thus have that

FoofT

The effect of cooling on the intensities of individual reflections is now mort readily seen

oy considering the structure factor expression:
A,
F(h)ﬁg,f;e g

where F(in) is the stroctuse factor associated with the reciprocat space vector h, f denotes
tli atomic scattering factor for atom j, having position vector 1. ‘This expression is only
valid for molectles at rest, as the scattering factors used, t}, correspond to a stationary
atom maodel, The scattering factors cause the inherent hutensity decrease with respect to

sind/A depicted in figure 2.1,



fianlt -

Figure 2.1: Examples of atomic scattering factor curves,

The thermzl moton of an atom can b2 taken into accoun: f the scattering factor for the
stationary atom is replaced by the scattering factor for a vibrating atom, f; which has the

form:

f'.,ﬂbwn‘um.’

The quantity B, known as the Debye-Waller factor is related to the atomic vibration by;

B=Bufuf =842y

where 1 i3 the root-mean-square amplitode of atomic vibration, U is the temperaare factor
generaily refined, The effect of the additional term In the structore factor expression, s to
cause an increased fall-of of intensity with respeet to sinB/A, as is shown in figure 2,2 jor

various vaiues of B,
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Figure 2,2: Scatiering fackor curves for O at some valugs of B

Thus on cooling, the high owder reflections show the most obvious change in "t they
become more intense, More importntly, they becoms measurable, Thus the number of
messure reflections included in a dafa set increases. This resulls in better, maors precise
structure refinements, including lower R-faclors, Lower temperatures also improve the
precigion of the diffraction experiment. This is because intrinsié curvaiure of the electron
density is increased ard the magnitude of the thermal diffuse scattering is reduced,

allowing for more avcurate measurement of reflection intensities,

Thus for a ¢rystal that does not undergo & phase transition, the most striking change in its
x-ray diffraction pattern on cooling is the larpe increase in the mymber of observable
reflections. On cloyer inspection each of the reflecrions will also be found to have become
sharper, due to the reduction of the thermal motion within the crystal. nis results in more
precise structure determinations with significantly smaller sandard deviattons associated

with the various siructural parameters,



Chapter Three

The crystal structure of N-phenylpyrrolidin-2-one at

selected low temperatures,

3.1 Introduction

“in molecules such as mono-substituted N-arylpyrrolidin-2-ones (eg. I to VIII), restricted

rotation around the inter-ting bond coutd arise from resonance invelving the carbonyl

group, the nitrogen lone pair and the aromatic Systen:

0 O

Under this scheme the ocourrence of the bartier should be accompanied by shotter

N-C(Ar) and N-C(0) bonds, a longer C-O distance and a planar system,

The group of related structures I to VIII formed the basis for investigatiag the bartier
to rowation, and the effect of different substituents on such a barrier, hoth electronically

and strrically in mono-substituted M-pheaylpyrmldin-2-ones,

[ 3



: : R=H

I + RegeCH;

m  :R=m-CH,
N 0 IV R=plHy

v ¢ Re=m-0LHy

R VI R=p-QCH,
Vil : R=m-NO,
Vil : R=g-CH

By performing the study at various low temperatures in the range of 90K to room
temperature, the possible effects of temperature on the solid state conformation of the
malecule could possibly be assessed, For tie purposes of such a study, compound I was
chosen due to its erystal qeality, relative high symmetry and availability. It was also
hoped that data of & sufficiently high quality conld be obtained to allow for a shudy of
the elrctron dengity distribution around the centrat bond, This would hopefully lead to
a beiter understanding of the conformational preferences exhibited by this series of

molecnles.

3.2 Experimental

Good quality niear cubic crystals, grown trom CCly across & hexane interface, with
edges approximately 0.5mm in size were selected for study. Data were collected on
Enraf Noning CAD4  diffractomeiers, « . uipped with graphite single-crystal
awonochromators, using the eryostats described in chapter 6. Cell constants were

obtained from least-squares refinement of 25 high angle 0 values, Data reduction
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consisted of correction for hackground, decay (linear), Lorentz and polarisation effects,
Table 3.1 contuins the erystallographic data at the various bémperatures. The struciures
wete solved by direct methods and tefined using fall matrix least-squares techniques,
with the SHELX, set of programs,[Sheldrick, 1985]. Table 3.2 contxins the fractional
coordinates of the 160K structure, which at present is the most precise determination
of thig structure. Figure 3,1 shows an Ortep diagram of the structure as well as the
numbering scheme used throughout this series of structures. The coordinates of the
ather struciures, as wel! ag tables containing bond lengths and bund anples are inchuded
in appendix 1, Tables of theimal parameters and struciure factors are included as

supplementary material on microfiche,

Table 3.1: Crysaltographic data for H-pheaylpyrroldin-2-one at various temperatures
Temperature/K RT. 160 100 90
/A 14,114(3) 13.871(2) 13.7873) | 13.758(3)
b/A | 6.879(4) 6.8581(7) 6.8431(8) 6.821(3)
c/A 17.836(5) | 17.335@) | 17.3153) | 17.291(3)
viA? 1687.93 1649.00 1633.55 | 162273
Space grocp Pbea Phea Phea Pbea
Range 2<0<30 3<8<40 3<H8<30 I«f<30
no, of refs 1 2260 1470 1552

|| no. parms 1o 143 145 143
R 0.059 0,059 0.065 [ 0.096
Rw 0.054 0.057 0.06% 0.080
Cryostat used “ gas flow gas trow flow




()
Flgure 3,1:0rtep diagram of n-phenylpyrrelidin-2-one at 160K plotted
at 50% probability.

ITable 3.2; Practional coordinates (x10%) aod equivalent
isoltcpic temperature factors (AZ, x10%) for 160K structure)
of N-phenyipyrrolidin-2-one,

x/a yb zle Usg ‘
N s | 9@ 4073 | 200)
o |y s [4ssay | 280
c1 lassiy (15t |4msa) | 210)
1388(0) L@ [5383) | 26(0)
021 |33 {4010y | 28
271(1)  (287I) (4136 | 35y
1265() |28 33461 | 200)
c6 | sm) |0 |30y | 5@
cr | san e [smo | 2o
cs [12e(y) 9w  [189nh | 40
Co {16181y  |-105) {1993 | 300

aleials




cIo |16480) | 7se@  |2714¢) | 2600)
H21 |1023(13) | 1130Q25) |583809) | 30(D)
22 {2044014)  (15m05)  |ss330) | s00)
H3L [1324(1%) |ad45@T)  |51689) | 30(D)
H32 | 13604  |3368@s)  |s0379) | 30
H41 | 1870(14) |3266(25) |39970) | 30(1)
He2 | 834013  |3MeRy) |3y | 300
H6 | 63112) |orsen  [sesae | 30
H7 | s82(13)  l4310028)  [24738) | 30D
BS |120212) |2352008) | 1387(10) | 30(1)
HO |10130%) | 53926 {15730) | 300D
0 [1913a3 _ [20mem  [2m00) | 300

3.3 Discussion

Crysiallographic stidies of the structures, of compounds of the type presently under

12

consideration, have resulted in the bond length and bond angle Information given in

Tables 3.3 and 3.4, for different substitvents (R) on the phenyl rings. From this data

it would appear that the central bond between the two rings (N-C5) remains effectively

constant in length, (average = 1,419 A), independent of the torsion anglé between the

two rings, Further, from molecular mechanics studies a rotational barrier of 7kTmol !

[Billing, Boeyens, Denner, du Plooy, Long and Michiael, 1990] has been inferred to

exist around the bond,



‘Table 3.3:Selected bond lengths for telated
substituted compounds.
R Bond Length/A
N-Cl | ol | NS
SRE 1.357(3) | 1.218(3) | 1.404(4)
n lecn, |1.3560) | 12550 | 1.43203)
m | mcH, | 1370 | 1.270) | 14156)
v | pcE, | 13680 | 1.2280) | 1.421)
V| mOrH; | 1.366() | 1.211(2) | 142000
vi | pocH, | 136090) | 12230 | 1.4193)
vl | mNo, | 1370 | 12112) | L416(2)
VI | -0l | 1.3452) | 1.233Q) | 1.42402)

Table 3.4:Selected angles for related substituted compounds.

R Taorsion Angles/® Angles between
CIN-C5-C6 | CLN-Cs.Cro | ™o planes/”
1 |H 349 -147.4(4) 33,63(19)
I |oCH | 6332 | -119.63) 58.66(12)
m | mCH, |. 155.20) 26.6(1) 25,04(11)
v |pem | -1510@ 31.0(1) 27.90(8)
v |{moCcH | 1779 -2.4(1) 5.10(8)
VI |pOCH, | -13400 166.803) 11,63(10)
VI | mNo, | 25.70) 156.2(2) 24.29(8)
VIl | 0-OH 12390 | 5110 59,29(9)

13
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Table 3.5: Selected bond lengths and angles for n-phenylpyrrolidin-2-one at various
low ternpcratures. B B

_ Bpe+ length Torsion angles/® | Angle hetween
TK | Mo & CI-N-C5-C6 | CI-N-C5-C10 | mean planes/°
RT | L4de) | 3490 47408 | 3.6

160 1.415(2) 35.6(1) 146.4(2) 34.23(6)

100 1,406(3) 36.1(2) +145,6(3) 35.2(1)

90 14214) | 35.80) -145.7(4) 24.52)

It would thus appear as if this barrier to rotation can be ascribed to either packing
interaction or to nuclear screening [Boeyens, 1982]. Table 3.5 lists the values obtained
for the N-C5 bond iength at the different tamperatures as well'as some of the torsion
angles for n-phenylpyrrolidin-2-one. From this table it is clear that the conformation of
the molecule doas not change with temperature. This can also be scen from figures 3.2
and 3.3, which show stereo projections of the structve at 90K and room temperaiure
respectively, Thiy would seem to suggest that this barrier to rotation does not exist due
to packing intetactions, Further evidence of this is the success of the molecular
mechanics calculations in reproducing the erystal strustures, Attributing the barrier to
nuclear screening, compels one to consider the diswibution of electronic charge
thronghout the molecule, Now altitough low-temperature erystallography as a technique
is eminently suited to such a task, it is not feasible in the present case. This is because
of the deterioration of the erystal quality on cooling which makes it impossible to coliect
a sufficiently large and uccurate data set for performing electron density studies,



Fognre 3.3:Stereo diagram of N-phenylpyrrolidin-2-one at ambient
teniperature

15
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Chapter Four,

The low temperature structure of Leucodrin

4.1 Introduction

Leucodrin (D) is obtained from lencavendron salignim (ex adscendens) [Perold and
Pachler, 1966] a species of the Protaceas farhily, Its stereochemistry was demounstrated
by X-ray atialysis of the dibromo derivative [Diamand and Rogers, 1964], for which no
coordinates were reported. The diastereomer of leucedrin, conocarpin (II) comes from
leucaspermum conocarpodendron (L) Buek. [Kruger and Perold, 1970) also of the
Protaceae family,
o, B o [/"{;]

Lo ’Af o T L

‘c >“°'(;"

ot
2%

I n

An NMR study of leveodrdn? and conocarpin revealed five-bond proton-proton
couplings of the order of 1 Hz for leucodrin, whilst the corresponding value for
concearpin is reduced to 0.4 Hz, It is of interest to note that three congeners of
leucodrin, viz, lendrin (1), ity 11-bromo-11-deoxy dacivative {IV) und its gr-dimethy!

ether (V) also show five-bond proton-proton couplings ++* .2 order of 1 Hz, over the

Lupac: 4-p-hydroxyphenyl-9, 18, 1 1-trihydroxy-8-ethyl-1, 7-dioxaspire[4,4}-nona-2,6-
dione, The detailed numbesing is shown in VI
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same six atom chain: 3a-H,3-C,4-C,5-C,9-C,9-H {Perold, Carlton, Howard and

Michael, 1988]. An interesting aspect of this coupling is tiat no coupling is evident for

the similar chain starting with the 3b-H ator,

H ol H Br
HO o . i1t o, .
,.--’*']"""--N oH . f,.-'u,.__-. on

In order to ratienalise this clearly observable Sy ¢.1; coupling in the NMR spectra
of leucodrin and conocarpin, 1t is necessary to consider the relative co-planarity of the
six atoms Involved in terms of the detailed genmetry of the moilecuies. In this respect
the pogitional parameters derived for hydrogen afoms from youtine x-ray structure
determnations are possibly not sufficiently precise. Thus the structure of Jetcodrin was
determined by x-ray diffraction methods at ambient temperature and at 100K, From this
study It i3 hoped that observed coupling may be rationalised, Furthermore by comparing
the tv'o sirtictures the rellability of the hydrogen positions in the room tompeiature
structure of conocarpin can be inferred, ‘This became necessary because conogarpin
crystals shattered on cooling,
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4.2, Bxperimental

Crystals of good quality wers obtzined from Prof, G.W. Perold, and used for the data
collention using an Enraf-Nonius CAD4 diffractometer, equipped with an incident beam
graphite crystal monochromator, For the low temperature data the gas flow croystat
described in chapter 6 was also used. Cell constants were determined by least-squares
refinement based on the opfimised setting angles of 25 high © reflections, each
measured at four positions. Dafa reduction consisted of corvection for background,
Lorentz and polarisation effects. In each casé threu standard reflections were also
monitored hourly, but these only showed random flucinations, The structures %cre
solved by direct methods and refined by full-mutrix Jeast-squares using the SHELX set
of programs, [Sheldrick, 1985], In the room temperature structure all the hydrogen
atoms were placed in geometrically calcnlated positions with a refined common
U:.,(=0.060(4)). In the low temperature structure the hydrogen atom positions were
lovated from difference Fourler wdps and refined with a common refined
U {=20.016(1)). Although i absolute structure could not be refined with confidence,
the known stereachemis..  [Dinmand and Rogers, 19647 gave a silighily batter numerical
fit with the numerical data in each case, Crystal and diffraction data are contained in
tables 4.1 and 4.2, whilst refined atomic coordinates are collated in tables 4.3 to 4.3,
Lahelled Ortep drawings of the molecules are shown in figeres 4.1 to 4,3, Tables of
bond lengths and bewd angles are included in appendix 2. Sirecture factors and

anisotropic thermal parameters ace incliuded as supplementary waterial on microfiche,



Table 4.1:Crystal and Diffraction data for Lencodrin.

Temperature/K R.T. -] 100
Chemical fOl’m’L'llR Clsiilﬁo_s Cliﬂmos
Crystal Colour Clear Clear _
{Crystal Shape near Cubic near Cubie
Crystal Dimensions/mm® 0.6%0,6X0.6 | 0.4X0.4X0.4
Mol. weight/g.moll 324.28 Y]
Crystal system Orthorhombic Orthorhombic
Space group P2,2.24 F2,2(2
Cell Dimensions: -

a/A w079(1) £.0196(8)
WA 9,047(1) 8.9837(%)
o/A 25.784(3) 24,645(1)
viA3 1418.3 1386.8

z 4 4

D /g.cm™ 1.519 1.553
P(000) 680 680
Radiation used Cu-Ke Mo-Ke
MA 1,5418 0.71069
jw/em! 9.6 0.81

Scan type %26 26

0 range 35065 340546
hkl range

h 07 211

k: 0~10 317

I 0-30 448
Vertlval aperture/mm 4 4
Horizontal aperture/mm 1.5 1.3
Variable scan speed: -

max:/° mint 549 5.49
mins/s.refl! 60 90
Measured reflections | 1458 8061
Unique reflections 1424 7268
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F>do(F)

cut-off criteria F>20(F)
s, parameters yes] {257
Max, shift,Az 0.090 - 0.002

R 0.051 0,040
R, wel/o?(E} 0.050 0.039 -
‘Residual density /eA™:

max: 33 0.94
min; -0.30 0,52

Table 4.2:Crystal and Dif“raction data for

i Conocarpin

Temperature/K R.T,
Chemical formula Cy5H160s
Crysial Colour Clear
Crystal Shape near Cubic
Cryutal

' Diftensions/mm® _

| Mol. weight/g.n - | 32428
Crystal system Orthorhombie
Space group P2)2,2,
Cen Dimensions:

alA 6.0657(5)
WA 12,021(1)
o/ 18.772(1)
vIA? 1482.6
. 4

D J/g.cm® 1.454
F(000) 680
Radiation used Mo-Ka
MA 0,71069
phemt 0.76

Scan type t-20




3:20:28

o range

tikl range

h: 48
B =11
o 0 - 24
Vertival aperture/mm, | 4
Horizont - 1,5
amumf wlilt

farluble sean speed:
max:/°min"t 5,40
mint/sreft! 60
Measured reflections | 3494
Unique reflections 3270
cut-off criteria Fo4a(F)
Is. parameters 221
Max, shift,Az 0.89
R 0.049
Ry, w1/0%(F) 0.046
Residual density /eA™:

max; 0.50
min: -0.51
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He . . .
Figure 4.1:Labelled ortep drawing of ambient femperature Lencodrin
stracture,

Tigure 4.2:Labelied ortep drawlag ¢f 100K Leucodrin & betuse,

22

L%



Rigure 4.3:Labelled ortep drawing of ambient temperature conocarpin
structure.

ﬂgble 4,3:Fractional atontle coordinates (X 10%) and
uivalent isotropic temperature factors (A%, % 10%) for
leucodrin,

kia b e Ueg
or  |-35%6(5)] 5893(3) | &oR1(1)] 24()
or 1263(5)] 41553) | 8406(1"' 26¢1)
§os - |-s0205) 81413 | WAD] W
019 922(5)) 6569(3) | 8276(1)} 311}
Q20  1-4007(5) 2682(3) i BOGT(IY L)
o21 20475){ 11619 | 828000 371
o 1786 | 73509 | 175|320
043 2205(6)| 449204) | 10650(1Y 47(1)
C2 2254n] 72 | 3] 240y
3 ~3RB4(GY} 77505y | 8799(2Y 28(1)
o4 -3312(7){ 5664¢4) | 8035(1)| 1901




cs 2365(7)] 30750 | 8412(D)] 18(1)
c6 80(8) | 5386(4) | 8346() 23(1)
8 -168(7)| 2869(4) | 8453(2) 21(1)
c9 2510(7)| 3408(4) | 8327(2)] 20(1)
C10 686(7)| 1681(4) | 80B6()| 21(1)
ol -879(8)| 382(4) | 3045(2)] 32(1)
c12 18537 5426y | 94032 23(D)
c13 11209} } 6202(5) | 9485()] 35(1)
cl4 1479(9)| 5893(7) | 9903(2) 38(1)
cl5 882(8) | 4778(5) | 10249¢2) 331y
Cl6 ~1127(9)] 4044¢5) | 101932} 34(1)
Ci7 2437(8)| 4346¢5) | 9767(| 30(1)
H20 -5494(5)| 2325(3) | 8475(1)f 60(4)
H21 34| 70 | s3] e0y
H22 710(6) | ~1644(3) | * 386(1)] 60(4)
7% 1627(6)] 3764(4) | L0M2(1Y 60(4)
H3b 2543(9) 8012(5) | 8861(2)| 60(4)
Hia -5354(9)| 7635(5) | 8987(2)| 60(4)
H4 473200| 507704 | 9079(1)| 60(4)
H8 -192(7)| 2383(8) | 8836(2) 60(4)
HY ~3079(T)| 3167¢4) | 7939(2)] 60(4)
HI0 85007 | 215%(4) | 7703)| 6004y
| Hila 2385(8)| 72045 | 7859()| 604
Hlib -1245(8)] -34(4) | 842002)] 60(4)
Hi3 575(9)) 7053(5) | 92120 60(4)
H14 TG 6514(5) | 9960()| 60(4)
16 ~1646(9)| 3239(5) | 10477(2) 60(d)
H17 -3950(8)] 37395 | 9713()]| 60(4)
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Table 4,4:Practional atomic coordintes{X 1

0 xio‘ forl-ég‘a

equivalent {sotropic temperature factors (sz 104, x1

for H) for Leteodrin at 100K,
lx!a /b Iz!c Uﬂ

Ol  }35350(13;| 59653(8)  [80199¢() | 94D
o7 |1eiaia2007®  |84063) [1070)
Ol8  [50139(14) 823639) | 793643) |119t)
019 | 977003)] s64358) | sz6an) | 145(1)
020  [aomra3)i2mine)  [86768() [118()
021 127a) 1411®) | 830563) | 143(h)
022 | I848(15)|-69670) | 7724303) |128(1)
023 |24307(16) 44308(10)  [106475(3) | 168¢H)
€2 |42a13a7) 7209718y | 82168¢4) | 98(h)
€3 |3sssopoy 73sriny {81979 |11
[C4 [32838(17)| 57241(11) | 89399(4) | 94(1)
cs  leassoqn|sisee(10)  [8s128) | seqn)
6 1202017 5446811y | 8347404) | 94D)
€8 |-1L ¥(17)]2008410) | 84514(8) | o4()
€O l2d063017) 34473011 |8333604) | 88D
C10 | 7520n] 078 | 8087864y | 3()
cil |-81008)] 420001 | 8026064y |126(1)
C12  |-15096(18) 54605(11)  [94090() | 103(1)
C13 | 1968(19)| 6226012) |94883(4) {1271
c14 | 15857019y 58755013 | 990224y | 145()
c15 | 9sw009)|4meran 1oz 1210
Cl16 10463020 40402(12) [101960(4) |132()
CI7 24094019 43811012) | 97745(8) | 124
Hia  |5342026) |7684016)  [sosv®) | 1601
b 21106 [smoas  |sesasy | s
He  [468124) |51006  |9014®) | 16(1)




18 1928) |2568(16) | 8855(5) | 16(1)
HY  [as2iee) |a2a00s)  |msas) | 6q)
HI0 | 106204 2102060 {71605 | 16
Hlla [1334Q3) | 33015  [8379) | 16(1)
Hilb 203204 | 8206  |7830¢%) | 160)
HI3 | 556025 |6098(ts)  |9254es) | 16(1)
"4 21505 657015 9963 | 16y
HI6  |1502(24) (3313(15)  [tod60(s) | 16¢1)
H17 o0 [amsoasy  |smesy | 16
00 Fsi2106) [2351018)  [85128) | 161)
H21 30407y | 551015 [B148(6) | 16(1)
H22 | 29426) [1334016) | 7004(8) | 16(1)
H23  [203707) |382805)  (10814¢5) | 16(1)

able 4.5:Fractional atomic coordinates (X 10% and
uivalent isotropic temperature factors (A2 x10%) for

Conocarpin.
lea y/b fc Uﬂ

01 2503(3){ 182¢1) | 7208()| 35(0)
o7 57050 202800 | mOKD| 4200
o18 S31(4)| -944(1) | 6697 S4(1)
O19 70193 678(2) | 7ISI(L)] 48(1)
020 527(3) | 2584(1) | 7264C1)| 390
o2t 2085(3)] 1648¢1) | 9157(1)] 29(1)
o2 4636(3)| 3342(2) | 9995Q1)} S54(1)
023 3839(4)| 5a53¢1) | 53340)] 4701)
c2 1341(5)| -104) | 6724(2)] 3501
¢3 13165){ 72802 | GIRLD| 0l
4 33325 1362(2) | 6380(L)] 20(1)
Cs | 3296(4)] 1235(2) | 7208(1)] 271
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C6

12442)

5614(5) 5300|220
C8 3705(4)| 258402) | 80700| 30(1)
) 1954 1963 | 7673C)| 3001)
C10 3265(5)| 2657(2) | s87AC)] 2801)
cll | s0s005)] 32640 | 92460)] 450
cl12 347905)| 24562) | 6096(1)] 3uh)
c13 18463)| 285202 | 56550 46()
- Cl4 1996(5)| 3853) | 5400@)| 48(1)
cis 377265 44652) | 5592(1)] 36(D)
C16 542365)] 40742 | 60182) 40()
c17 s27aes)| 3072 | 626601)| 371
H20 383) | 338y | 720200 8209
H21 34393)| 921(1) | oa08(n)| 829
H22 56330)| 34150 | 14001) 8209)
H23 2494(8)| 581:() | 5052(1)| %2)
H3b 11| 4200 | sesom| 2@
Ha 17| 18 | 214 8203
B4 483a(5)] 1095 | s14201)| 8209)
HS 3728(4)| 3354 | 7866(1)| 82(3)
HY 245y | 15600 | sosin)| 823
H10 1734(5)| 306002) | 8064(1)| 8203
Hila 5132(5)] 4026(2) | so200)| 823)
Hilb 6619(5)| 288102) | 9166(1)| H2(3)
H13 409(5)| 238220 | s5100)| 8203
H14 | 41520 | soe| 20
I a6 as1665)| 45402) | 6160 8203
HI7 638309 2763 | eso3)] s

27
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4.3 Discussion

In the current study it is of Interest to compare the twp structures obtained or
Leucodrin, This is most readily achieved by overlaying transparencies of the structural
diagrams of figures 4.1 and 4.2, The overlay is almost exact, with the obvious
differences being in the hydrogen positions of the hydroxyl groups, The experimental
average O-H bond length of 0,73()A is significantly shorter than the 1,08A assumed
in the peometrical calculztions involved when p&sitiorﬁng the hydrogens in the ambient
temperatute structure, Similardy the observed C-0-H angles, an average 107(1)°, are
less than the 114 assumed for the geometrical calcuiation. 'The causes for these
differences are many, but the most significant must be the use of spherical scattering
factors for H, even though the electron density cloud of the hydrogen atom wonid be
‘heavily distorted. Also important i3 the use of 1,084 by the refinement program for the
geontetrical caleulation, This is tha bond kength of C-H obtainied by neutron diffraction,
the equivalent O-K distance being 0,967A [All:n, Kennard, Watson, Brummer and
Orpen, 1987]. The calculated hydrogen positions seem far more reliahle however when
looking at C-H bonds and angles, The observed average of 0.997A compares quite
favourably with the 1.08A assumed, The calculated hydrogen atom positions with

respeot to the five-bond couplings of interest, from C3 to €9 are therefore not in doubt,

Because of the presenice of several hydroxyl and carbony! groups in these molécules a
varlety of intermolecular ydrogen bonds is expected in the solid state, Several such
possibilities are observed, but only in the case of the low-temperature [eucodrin

structure has any alempi been made to identify hydrogen bonds in terms of non-bonded
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intermolecular OH contacts, The only coniact of less than 24, between

021+H20 (d=1,75A) can be 5o interpreted with confidence, Other possibilities are
presented by the contacts d{020-H23)=2,004, d(019+H22)=2.07A.

Cases of 5-bond proton-proton coupling over single bonds are rare. It is therefore of
interest to note that three congeners of leucodrin, showed five-bond coupling, of the
order of 1 Hz over the six atom chainy 3a-K,3-C,4-C,5-C,9-C,9-H in solution, while
no such effect is abservable for the stmilar chain starting with 3b-H. [Perold, Carlton,
Howard and Michael, 1988}, This effect has now also been established for leucodrin
itself, as well as for Conocarpln. Long range couplings of this order are generally
rationalised in terms of a planar disposition of the atows, the so-called W-coupling
mechanism or possibly uging a through space effect, In the case of lencodrin it was
found that the relative planarity of the chain does not distinguish between the two cases,
table 4.6, Similarly the linear separation, table 4,6, hetween 3-H and 9-F does nbt offer
any $pecific rationale for the coupling effects observed, The differences in the linear
separation between lencodri and conocarpin merely indicate conformational differences
between the two molecules, as can be seen from the stereo diagrams of figures 4.4 and
4.5. At this stape one now considers coupling interactlons over single bonds to occur
via the bonding electrons, and that vicinal orbital transimissions are at a maximum when
these orbitals are trans to each other, Then, for a six atom system three torsion angles
of 180° along a pianar array wonld offer the most favourable coupling condition. In the
case of leucodrin and conocarpln the threc torsion angles in the chain 3-K to 9-H are
given in table 4,7. In the case of the chain 3b-H 1o 9-8 for leucodrly the first torsion
angle (at -94°) indicatey that the first a-orbitel is orthoganally aligned 1o the plane of
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the other two orbitals, heoce minimal coupling is expected, as is found table 4.8,
Simllar reasoning can also be applied in the case of conocarpin, however here one
should note that the second torsion angle in the series is also close to orthogonal. From
this one can only concjude that whereas an orthogonal torsion angle at the terminus of
a six atom chain minimises coupling, its location midway along the chain‘ bas a far

lesser effect,

Pignre 4,4:Sterepseopic diagram of Leucodrin, ]



Figure 4.5:5tereoscopic diagram of Conocarpin
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Table 4.6: Mean plane deviations and Hnenr seperations.

Deviation() from mean plase:3-H,3-C,4-C,5-C,9-C,9-H Linear seperation(A)
_ 3H 3C 4-C 5C 9-C 9-i1 between 2-H snd S-H
Levcodsin 3857 -.362(6) 229(6) -.526(5) 173(5) | 120(6) 5.055(1)
? 322 :

Leucodrin 33D -.509(6) - 140(6) 307(5) .186(5) -251(5) 5.022(1)

3b-H

Cenocarpin 234(9) -365(4) 265(4) -.308(03) -408(3) -.232(3) 3.502(1)

33-H
| Conocarpin 022¢4) -021(&)  -225(4) A442(3)  -.355(3) .114(3) | 4.729(1)

30-H

e



Table 4.7: Torsion angles.

| 3-H,3-CA-C,5-C/° 3-C4-C,5-Co-Cl° 4-C,5C,9-C,9-H/"
Leucedrin, 3a-H 144.8(6) -155.0(5} 135.1(5)
Leucodsin, 35-H 53.3(5) 155009 135.1(5)
Conocarpin, 3a-H 85.2(3) AT 127.10)
Conocarpin, 3b-H 152.6(8) | £7.3Q) 127.13)

Table 4.8: Proton-proton coupling constants Jyy 3;(Hz) for Lencodsin and Conocarpin.

- 3a-3b 3a4 a2 3b-9 3b-4 39 8-10 10-11a 10-11b lia-11b
Legeodrin  § -17.4 3.3 0.8 - 12.6 8.2 - 6.1 6.6 -11.0
Conocarpin | -16.7 132 - 0.4 7.8 - 188 340 - - -

£E
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Chapter Five

Hyrogen positions in the presence of Bromine.

5.1 Introduction,

revious studies of norborayl type systems, containing pitre and hydroxy side chains,

hav.. gshown that the pessibility of forming intramolecnlar hydrogen bonds in such
systems is of interest.The presence of bromine, or otfler heavy elements, in a crystal
tends fo make it difficult 1o locate hydrogen atom positions. Thid wag the case in the
determiration of the structure of 1 [Blom, Edwards, Field and Michael, 1980]. A
method around this problem was put forward by Boeyens, Denner and Michael (1984),
when they determined the structurs of 11, Their method involves the replacement of the
bromine atoms, by chlorine whick iy far lighter, The method then hinges on the

assumption that the two structures ate identical,

Ne " Br NC Lo
“'\;b/ “ \)/:Q
No, “on N, H:
I 11
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The method of choice for determining hydrogen posatmns in erystals is without doubt
nentron diffraction. Facilities for using this method are however not readily available,
hence the search for alternatives, Locating hydrogen positions using lov - - rature
x-ray data seems possible considering that the hydrogen atoms were locae - » v aed
isotropieatty for I [Foss and Stevens, 1985], IV [Wilson and Sawicki, 1979] and V
[Schmitz, Hollenbeay, Carter, Hossain and van der Helm, 1979].

oH
oH
Br

While testing the cryostats, we decided to see if, by lowering the emperature &t which
the experiment is done, hydrogen atom positions could be determined, and possibly be
refined in the presence of bromine atoms, For the purposes of our Investigation suitable
crystals of VI (IUPAC: 5,6-trans,-6-Bre - ~S-hydroxy-3-nitrobicyelo[2.2.2]cet~2-ene-
carbonitrils) wereobtained from Prof, I.P Michael, This compoturd is sufficlently similar
to those studied previously to allow for a consideration of the meihod, even though no

inyramolecular hydrogen bonding is expected in this case.
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Br
CN

OH N02

5.2 Experimental

Using the ¢~stals cbirined from 1.P.Michael, da'a were collected on a Yondus CAD4
- $ingle crystal diffractometer sting graphite ntonochromated Mo-Ka radlation. For the
100K data the pas flow cryostat described in chaptor seven was apain used, Cell
parameters were determined using four equivalents each of 25 high & reflections,
Crystal decay was monitored using three standard reflections, remeasuted after sach
hour of exposure, but showed only random fluctuations, Data reduction consisted of
corrections for background, Lorentz, polarisation and absorption, the latter empiricaily
{North, Philips and Maethews, 1968), The structures were solved by direct methods and
refined with fujl-matrix least-squares technigques using the SHELX sot of proprams, For
the ambient temperature structure no hydrogen atoms could reHably be located from
difference Fourier mags, a4 henee all were placed in geometrically caleulated positions
{C-H 1.08A), with a common refined isolropic tewperatte factor. For the 100K

strueture afl hydrogen atoms were located, and their positions relined, again with a
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commeon refined icotropic temperature factor, Crystal and diffraction data for the
stractures are contained in fable 5.1, Fractional atomic coordinates are given in tables
5.2 and 5.3, The numbering scheme used is shown in the Ortop drawings in figtres 5.1
and 5.2, Tubles containing bond lengths and angles are included in the appendix 3,
Axtisotropie thermal parameters and tables of observed and caleulated structures factors

are included as suplementary material on microfiche,

Table 5.1:Crystal and diffraction data for VI )
Temperature/K: RT 100
Chemical formula: CoHgN,O3Br | CoHyN,04Br
Crystal colour, yellow yellow
Crystal shape: rectangulay rectangular
Crystal dimension/mm®: 1.0X0.8%0.6 |1.0<0.8x0.6
Mol, weight/g,mot"!: 273.09 273.09
Crystal system: Monoclinic | Monoclinie
Space group; P 2i/n P2/n

Space group pn.; 14 14

Cell dimensions:

ath: 8.20(1) 8.275(6)
b/A: 10,252(2) 10.04412)
clAs 12.12() 12.083(8)
TAR 95,37(H 95.03(3)
viAS 11026(2) 1001.9(9)

z 4 4

D,/g.cm™; 1,768 1.810
F000): 540 0
Radiation used; Mo-Ra Mo-Ke

MA: 0.71069 071069
plom’l; 38.83 39.78

Scan type: w-20 w2 _
f range/°; 2584530 259053
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hlkl range:

h: =11 - 11 =13~ 13
k: -1 -4 -1 =16
I: <l - 1’7 -] =19
Vertical aperture/mm: 4 4
Herlzontal aperture/mm; 1.3 1.3
Variable scan speed range:

Max: 549 ¢ min? 5,49 ° min! .

Min: 60 5 refi'l 90 3 refl™t
no. unieye reflections: 166% 3027
cut off criterig: F > 4a(B) B > 3e(F)
n0. LS. parameters: 137 164
Maxn Shift,AZ: Ulmi "1024
Residual electron density/e A2

{AP)maxs 1.52 3.01

(A P)in! -1,39 -3,11
R: 0.072 0.09
Ruwell P ®-E

Figure 5.1:Labeiled ortep diagram of VI at 100K



Figure 5.2:Labelled ortep dingram of VI at room tempetature,

‘Teble 5.2: Fractional coordinates (X 10%) and
equivalent isotropic temperature factors (A2, % 10%)
for VI at room temperature.

x/a y/ib e .Uﬂ....
BR | 2400) | so8() | esse) | 610
Ol | 1995 [ 7934 | 9660(H | 49()
o2 | eme | -3993(6) | 108196 | 54ct)
o3 | -17638) | 34030 | 109705 | I
Nl | 500(6) | -34185) | 10523¢) | 38(h)
N2 | -4670(6) | -16706) | 9TIM®) | S
c1 | 16006 | -1385(6) | 7948¢) | 31¢D)
C2 | -1876(6 | 20525) | s0s6e) | 3201
Cs | -6026) | 27195) | %4dld) | 30¢)
ot | B0 | -2uss® ! svesi) | ()
¢s | ueue: | -13156) | ses2e | 33(h
cs | -i2n0) | 5156 | 2535 | 30
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C7 | -1210(7) | 243206) | 71074y | 38(D)
C8 | 2417 | -3261(6) | 7620(5) { 42(1)
Co | -3399(6) | -1870(5) | 9483(4) | 38(D)
HOL | 2742(5) | -364(4) | 1034203) | 73(8)
Hi | 2629(6) | -839(6) | 7584(4) | 73(8)
H4 | 1764(6) | -3371(5) | 914d(H) | 3(8) |
H5 | 27293(6) | -1286(5) | 8086(4) | 73(8)
H6 | -367(6) | 1016) | %9415) | 73(8)
HT1 | 2253(7) | -3051(6) | 6918(4) | 73(8)
H7! | -892(7) | -1968(6) | 6357(4) | 73(8)
HB1 | 1223(7) | -3198(6) | 7098(5) | 73(®)
H82 | -136(7) | -4265(6) | 7678(5) | 73(8)

Table 5.3; Fractional coordinates (X 10Y) asd

squivalent isotroplc lemper.ture factors (A2, ¥ 10%)

for V1 at 100K, .

%/ y/b we U@__
BR  259(1) | 6990 | 7027(0) | 22(0)
01 | 20139 | 7929 [ 97003 { 150
(0] 713(4) | -4028(3) | 10838() | 20(1)
03 | -1789(4) | -3490(8) | 10984(3) | 3201)
N1 | -s80c) | 3406 | 10s6103) | 16y
N2 | 618 | -16730) | 9740 | 2201)
Cl | -1603¢4) | -1355(3) | 7962 | 13()
C2 | -18804) | 20623 | 9038 | 14
C3 | 594 | 27730 | 9450() | 15D
c4 820) {27733 | 87603 | 15(1)
cs 137004) | -1308() | 8668(3) | 13(1)
co | -118() | 6% | 8213 | 150
c7 | -1198@ | 2415t | T | 1
C8 249(4) | -32624) | 79833 | 1AM




A1

C9 -3393(4) | -1875(3) | M92(3) 15(1)
H1 -3066(38) | -1125(34) | 8133(33) | 21(3)
H4 1778(37)1 -3366(35) | 9151(32) | 21(3)
H3 2149(37) | ~1518(34) { 7950(32) { 21(3)
Hb <544(36) { 124(36) | 8885(32) | 21(3)
H7! ~T75{38) { ~1997(34) | &426(31) | 21(M
H72 | -2233(37)] -2896(34) | 685232} | 21(3)
HB8i -B6(38) | -4256(34) | 7566(35) | 21(3)
%2 610(38) | -2048(36) { 7195(32) | 21(3)
HO 3104(39) 1 -543(33) | 9657(34) | 21(3)

5.3 Discussion

By determining the structure of VI at ambient temperature and at 100K, and keeping all
other expevimental conditions as nearly identical as possible it was possible to show that
by reducing the thermal motion of the atoms in the crystal, the determination of
hydrogen positlons in the presence of heavy elementy becomes feasible. The results are
somewhat detracted from by the large residual electron density and the elongated
thermal ellipsolds. These effect are almost ceriainly due to absorption, or other effects
relatlng to the large crystal used, In this cage the optimum crystal thekness, given by
tﬂpt=2a'p ;where p is the lincar absorption cocfficient of the erystal, would be about
0.5mm, The crysial s thus alntost twice the optimum size based on absorption effects
alone. More importantly though, for a crysial of thig size it is quite possible that the
whole of it Is not exposed to a homogeneous beam, This could introduce systematic

errors into tite data that cannot be eorrected for, Tt can only be hoped that since tiwe
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structural parameters seem reasonable the systematic ervors introduced in this manner,

were nol too severe.

‘When comparing the two structures of VI, shown in stereographic projection in figures
5.3 and 5.4, it is apparent that the hydroxyl hydrogen position is different for the two
structures. On closer inspection it is evident that there are differences in the positions
of the other hydrogens as well, This is most likely due to the manner in which the
hydrogen positions are determined for the ambient temperature structure, That is, they
were placed in geometrically caleulated positions, This procedure tends to work well for
hwdrogen atoms attached to carbon, but generally fuils when dealing with hydrogens
attached to other elements. The reason for this is thal only the geometries associated

with carbon are provided for by the refinement program.

Figure 5.3:Stereo dingram of VI at room temperature
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Figure 5.4:5tereo diagram of V1 at 100K
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Chapter Six

Experimental, equipment and techniques.

6.1 Introduction

Essentially the cryostats used in low temperature x-ray diffraction experiments may be
divided into two calegories, depending on the cryogen used. For liguid helivm the
eryostat can be based on 4 liquid flow cryostat or it cant incorporate a closed cycle
helium refrigerator. The latter “aving the advantage of allowing for long term data
collections. Liguid helium cryos.us require that the crystal under study bs enclosed in
the cryostat, generally using Be windows, to reduce thermal losses. Liquid nitropen
cryostats on the other bund are generally of the continuous gas flow type. In this case
a stream of cold nitrogen pas i9 used to <ool the orystai to the desired lemperature,
typically in the mnge 100K to 273K,

In this profect two cryostats, a lquid helivm flow eryostat and a nitropen pas flow
cryostat, designed and manufactured by Enraf Nonins, were assembled, commissionad
and tested. The Helium cryostat was further modified o allow it to operate using tiquid

nitrogen as eryogen ay well,

Although an operational cryosiat would be the first step w performing a Jow

temperature diffraction experiment, a number of gther factors alzo need ta be taken inig
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consideration to fully exploit the capabilities of the technique. The most importint
among these would be the alignment of the diffractometer as well as the centring of the
crystal within the x-ray beam,

6.2 CAD4 alignment,

After aligning the diffractometer a few times according to the method set ont in the
aperators manual, it was found that the method could be improved by slipht
madification.

For the alipnmeat, the CAD4 routine ALIGN and a suitable crystal, ie, & good, stable
diffvactor fiee of absorption problems {3 required. For the routine ALIGN at least ane
reflection with 80 5 % < 100 (eulerlan diffractometer angles ave defined In figure 6,13
is required in the reflection lst, {two or more reflections give more consistent results).
These reflections have to be found and centred before invoking ALIC'N, which would
then accurately measure the positlons of the eight equivalenty of the selected reflection.
From this the errors in the alignment are calevlated and corrected for ag se. oul in table
6.1 using the adjusters indicated in figures 6.2 and 6.3, Note thaf the vertical may be
adjuated in one of two places, indicated as a ¢ourse and a fine adjustment, Generally it
should only be necessary to use the course adjustment, the fine adjustment being more
intimately linked with the monochromator, Durdng the final stages of alignment or when
a very accurate alignment i¢ desived. the centring of the crystal in the x-tay beam will
become crueial, and should aliso be corrected for accoding ta the coordinate axis set vut

in fipure 6.4,
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Figure 6.1; Eulerain four circle diffractomater angles,

Table 6,1 Alignment correction lo perform if veported error is greater than zero.

Deter(mm) Move detector towards negative 8. _

TubeHo(mm) Move tubeshield towards HV cable, ie turn anti-clockwise,

CrystX{mm) Use VIEW 0, move crystal fowards left when looking through
the telescope.

Cryst¥(mm) Use VIEW 0, det dy_ to 101°, move cryatal left when looking
theough the telesyape,

Cryst{(mm) Move crystal down.

Mondep(°) Ierease monochromator angle,

WheVe(mui) Coarse ndjtlsuneut:. Move tubeshield down, ie tum

anticlockwiss,
Fine adjustment: Move tubeshicld down,




Horizontal adjust

on side

A\
/

Horizontal / Vertical
- jocknut

Pigure 6.2: Rear view of tubeshield

Alternative vertical

adjust

thy



Vertical
adjust

28 monachromator
adjust

Figure 6.3: Graphite orysted monochromator,
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M

20

Figure 6.4: Coordinate system and rotation directions on the CADA diffractometer.
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6.3 Operation'of the LN, gas flow cryostat

The cryostat when assembled as shown in figure 6.5, cools the crysial by boiting of
nitrogen and then blowing it over the erystal. Tn this, condensation and icing can be a
problem, Ieing on the gonlometer head is minimised by surrounding the cold stream
with a concentric warm one, To get around all the other possible condensation problems
it is necessary to seal the CAD4 enclosure and to then dry the inside atmosphere fo
below 30% relative humidity, This is most readily accomplished by the use of silica
gel.For the best (emperature stability 1t is important that the level of liquid nitropen in
the transfer dewnr be kept as consiant as possible, This is done by tregular refills from
4 large (1001) supply dewar. It is vitally important that the level gensors in the transfer
dewar are in proper working order, Finally by stepping through reciprocal space in a
different pattern jce formation could alse by limited and the quality of the data

improved.



Figure 6.5: Assembled gas flow crycstat.

¢



6.4 Operation of the Be walled flow cryostat,

The flow cryostat cools the crysial by keeping it in & «old chamber, to which a heat
exchanger 15 attached, Confant is then alfowed 10 pass througi the heat exchanger, The
beryllivm walled cryostat, when assembled as in figure 6,6, may be used with either
liquid helinm or with liguid nitrogen acting as cryogen, It s imporiant fo note that when
using liquid nitrogen as cryogen the diffusion pump shonld be on for the duration of the
experintent, 5o a8 to provide suffi~iently pood insulating vacuum, "This is not negegsary
when using liquid helium as it operates as a cryu-pump, thus producing its own

insulating vacuum.

The erystal is mounted on an Insulating cup, as showr in figure 6,7, the one supplied
with the cryostat, is double walied, with a vacuum in between the walls., This provides
excellent insulation between the cold chamber and the goniometer. Whert a cup with
inferior insulating properties i3 used then condensation I3 likely to occur on the
goniometer head and possibly on the outside of the cryostat, At 15K the cryosiat
consumes approximately 30 litres of liquid helium per day, Because of the higier heat
capacity of liquid nitrogen the cryostat is far more efficient when it is used. In the :atter

case the minimum temperature atainable is approximately 90K,

Compated to the gas flow cryostat, where & 1ot of seope for variations exists, the flow
cryostat requires a far more detalied and rigid routine to successfully -ount and opgimte

it. 1 this respect the following procedure was found to work and is thus recommended.
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1,Set software and hardware lintits
2,Mount crystal on CAD4
3.Centre the crystal optically.
4,Get an orientations matrix (by searching for reflections and then indexing
thase found). |
J.Mount the cryostat,
6.Check the nrientation matrix. This is in cass the crystal got knocked off the
mount whilst mounting the cryostat. The quality of the cell would have
deteriorated somewhat due to the absoirpiion of the x-rays by the beryllium
windows of the cryostat,
7.Purge the cold chamber with high parity hellum,
8.Apain check the orientation matrix,
9.Start zooling down by switching on the pump and opening the nectssary
valves, While cooling down follow the orientation matrix by reentering the
reflections used for jts determinaiion, This Is useful as the crystal will most
definitely move during this stage of the experiment,
10, When the temperature has stabilised recentre the crysial using the four
equivalents as set out in the next section,

11, When the crystal has been centered, data coliection may proceed as normal,



To diffusion
pump
— To control uait

Figare 6.6: Assembled Be-walled flow cryostat,

145
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i

Figure 6.7+ Insulating mounticg cup for the Be wailed flow
cryostat,

6.5 Centring

As hag been mentioned previously, accurately centring the crystal Is very important
when intending to collect an acenrate data set, The desired centring precision i3 often
greater than cas be obtalned opticaily when using a telescope, Furtherinore with some
experimental configurations it is not pessible to see the erystal. Hence it is necessary
to centre the crystal by using the squivalent reflections, of which thete are eight on a
four-cirele diffractometer, Wien e motion of the goniomater is noz restricted, then af
eight of these equivalents are accessible and the crystal may be centred using the routine
'ALIGN' in the same manner as when aligning the diffractometer, However when the

Beryllium-walled flow cryestat is mouated on the goniometer, the motion of the Kappa
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arm necessarily becomes restricted to -60° <K <60%. Thus making it impossible to reach

high x values. The resultant of this is that only four of the eight settings listed in table

6.2 [Tbers and James, 1974] are accessible,

‘Table 6.2:Eulerian angles for the eight equivalent settings accessible on a four
clrcle diffractometer,

Indices

hikl P 3 26 o

-hkel n4 % 20 @

hkl ] 1 20 -t

Bzl Bt -« 20 -&

hkl -+ - 20 -8

“li=v 4] P X 20 -1

bkl wbd -y “28

h-k-l L b -20

Table 6.3:0bserved ¥ and 26 values for the accessible settings.

Setting Indices Qbserved 2 Observed 20

1 hid LYot AdgiF AL, | 20429,+5,-8,4+C,+C,

2 k-t 2ttt At AX, | 20+28,-5,+8,-C,-C,
3 hk %ty BAy-dx, | -20+28,+5,+5,+(,-C,
4 bkl _x-l-xﬁ-Ax,ﬂ:Axc -2e+2eg-sx-sv-cj+c,,

The various tenms added to and subtracted from x and 26 10 get the observed values

listed in table 6.3, vome from the different errors that are caused vy a badly centred
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crystal, From the observed g values the following expression was derived, during this

project, for Az, the grror in ths vertical haight of the erystal,

Ak 2sind
AZ"[‘ixn 3.&:511'13}{[ 1."‘ 1]]

B, R

wihere Ah = Error in detector height
R, = Crystal to counter distarice
R, = Crystal fo source distancs
X ™ Aok Xrda%es Xy I8 the observed x value for sefting 1,

Similarly the errors Ax and Ay in the diffraction plans may be derlved from the
observed values of 28, resulting In the following relationships,

9

1.1

4Bin '-'R': "'—R—"]

Y
4COS%-—R: R,,]

where ax = 91-62+93-B4
0y = 8,4-05-8-8;, 0, is the observed 20 value for setting 1,

Thus for 2 well aligned diffractometer, the erystal may be centred using information
from only four settings of the equivalents, These ideas have becn Incorporated into a
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FORTRAN program CENTRE, a listing of which is included in the appendix.

6.6 Crystal mounting

The seemingly simple operation for routine work is often the cause of great frustration
when It comes to low-temperature studies, ‘This is because a contraction of the mount
as well as changes in the propertiés o: the adhesive used can take place, Contraction
generally Jeads to the crystal moving away from the centre of the x-ray beam, This is
readily corrected for by reenfeting the ¢rystal when the temperature has stabilised, The
adhesive used can cause more sevece problems as some crack ont cooling to 2 vary low
temperatr te, This could lead to the crystal falling of the mount or to it being damaped
as well. High vacuum prease was found to be the most effective for attaching a crystat
to a glass fibre. Mounting crystals in capiilaries is not rec »; mended, as the capillary
still introduces absorption eff_eets noticeable in high resolution studies, ! may require
elaborate correctica of the data, as is done by the program of De Titlay. .) Also the
cr.ysfal is oiten damaged when 1t is inserted into the caplilury,

6.7 Conclusion

The Be-walled flow ctyostat has 4 temperature range of 10K to ambient temperature,
For work below 90K liquid helivn nesds to be used instead of liquid nitrogen, making
data colleciion at such low temperatures very costly, Also the time spent collecting data
is limited as it is not possible to refill the supply dewar while the eryostat is operational,

“That is afier about 3 days when using liquid helium or alpout a week for Liquid nitrogen,
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the cryostat mwst necessarily ba allowed to warm up to room temperature, If data

collection is fo be continued after refilling the supply dewar, then the crystal will have
to be re-centered after cooling down and reaching a stable temperature, At this stage it
might not be possible to stabilize the eryostat at exactly the same temperatitre as before,
Thus if data is to be collected in this manner then it might be neccessary to scale each
set, of data independently, This and the linited area of reciprocal space accessible with
the cryostat makes it very diffi it to collect extended acourate data sets with it, It is
probably more appropriate to Jse this cryostat for the study of phase transitions in

crystals with relatively small w it cells,

In the case of the liguid nitrogen gas-flow cryostat, dafa collectlon could in principle be
continued indefinitely, as it i3 pogsible to refill the supply dewar withott affecting the
stabillly of the ¢ryostat, This makes this cryostat extramely suitable for the collection
of accurate data requiring long counting times 4y well as the collection of many
equivalents, Such data sets would be sutiable for charge density and other studies that

require very accurate data,

It was possible to show that the temperature stability of both eryostats is better than IK
with the use of a Chromel-alunel thermocouple, The absolute temperatures attalnable

with the eryostats were alco verified with this thermocouple,



Chapter Seven.

Future trends and developments.

For routine purposes only data contained within the copper sphere of reflection nesd
gencrally be eollected, this corresponds to a resolution of about 0.8A, This is sufficient
to resolve atomic positions and to produce the conformational data that is generally
required from such stucies, When a low-temperature diffraction experiment is combined
with an attempt to remove all systematic exrors during data capture, it becomes possible
to obtain more information about the molecules in a crystal than just theit %w .
coordinates. To distinguish this technlque from routing work Angermund, Claus,
Goddard and Kruger (1985) in thelr review article referred to It as high resolution
crvstailography, In a high resolution study, typically the full Ewald sphere of reflections
suould be collected, The resolution atiainable vsing this technigue is of the order of 0.4
to 0.5A. |

With the aid of accurate data obtained from a hign resolution x-ray diffraction
experiment, it becomes feasible to look at the electront density distubution in detail, This
should lead fo a better understanding of chemical bonding [Coppens, 1984], The total
electron density obtained, however is rather difflcult to interpret as it is dominated by
the core electrons, even though this is a complete representation of the nature of the
bouding in the molecule, A more usefy! representatioh 18 contained in the concept of an

electron deformation density, [Coppens, 1989; Sehwartz, Valtazanos and Ruedenberg,
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1985, In an analysis involving this concept, the sphecically symmetrlc electron density
of a free atorn is subtracle ' from that found experimentally for the atom in a erystal,
Thus information is at hand as to how the electron density associated with the atom
changad upon bond formation or interaction in a crystal, This exercise is a very definite
attempt to answet the question posed by C.A Couls™n in 1971 when he said: "Clearly
a molecule is much mors complicated than an atom, So the question arises: what

happens to an atom when it becomes part of a molecute?” [Cappens, 1977]

Another field of activity to gain from the availability of more accurate Bragg reflection
data, 15 the interpretation of anisotropic displacement parameters (ADP'S) in terms of
molecular motlon, What wire originally termed anisotropic “vibrational parameters”
or “"thermal parameters” are more precisely described as amisotrople Gaussian
displacement paramaters, This indicates that they are not only influenced by thermal
motion but are subject to disorder effects as well, The need for accumite date, stems
from the recognitic that in routine structures the ADP's ma frequently adversely
aftected by absorption, truncation or some other systematic error in the data. This has
led to some authors referting to ADP's as tha rubbish bin of arystallography, since most
of the errors seem to collect in them aven without affecting other sm_lcrura! parameters
severely. The usefulness of ADP's were flrst realised by Cickshank (195¢.* when he
showed that such quantities for anthracene and naphthalere could be inlerpreted in terms
of molecular tigid-body motion wnd hience related fo speetroscopic and tiiermodynantic
properties [Croickshank, 1956b]. A more tecent treatment by Dunitz, Schomaker 23d
Truebloed (1988) shows how force constants, barviers to rotation and frequencies can

be detived from ADP's, by treating the molecole a rigid or semi- rigid body. A more



graphical approach o this i3 presented by Hummel, Roseili and Burgi (1950

Lastly the advances in high resolution crystallography is probably best exemplified by
the work of Paturle, (iraafsma Boviatis, Legrand, Coppene, Kvick and Wing (1989} in
which they studied the influence of an external electric field on the x-ray scattering of
the non-linear optical crystal 2«methyl-4-n1tmarﬁliné. The rijost as-tounding featura of this
work was their abiiity to detect variations In integrated intensity caused by the applied
field of the of the order of 0.1%.

High resolutlon crystallography is the logical next step to determining crystal structures
ar low-temperatures, This is because it requires the same experimental equipiment, It
only demands preater care during data capture and better data reduction methods. This
greatly increases the number of applications of modern single erystal x-ray diffraction,

especially within a field such as chemistry,




Chapter Eight

Cencluding Discussion

During the courae of this project, the main objectives set out at the start were achieved.
That is the cryostats have been assembled and tested on the diffractomeiers also the
experimental methods and techniques necessary for collecting data at low-temperatures
have been developed, Initial tests relating to femperature stability and the minimum
tenperature reachable at the crystal position were conducted successfully, The cryostais
were found to have a temperature stability of better than 1K, making them suitable for
collecting accurate date. The use of the Be-walled flow cryostat in this respect js
somewhat restricted due to the limited movement around the kappa axis of the
diffractometer. Also its supply dewar cannot be refilled whilst the cryostat is

operational,

A final evaluation of the cryostais ag well as a consideration of some of the applications
of low-temperature crystallography involved the determination of some erystal structures
at low-temperatures. The compotnds chosen for this were :N-arylpyrrolidin-2-one,4-p-
hydroxyphenyl-9,10, 1 1-trihydroxy-8-athyl-1,7-dioxaspirofd 4]-nons-2,6-dioneand5, 6-
Irang, -6-Bromo-S-hydroxy-3-nitrobicyclo[2.2,2joct-2-ene, The structure of the first was

determined at three different low-lemperatures,

Experi¢nce pained from these studies indicate that even with an operational cooling

device, the collection of jow-lemperature diffraction data is net straight forward,
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Unexpeeied evenis such as the crystal shattering or moving on cooling can always take

place.

The consideration of hydrogen atom positions, which motivated the study of 4-p-
hydroxypheny!-9,10,11-trihydroxy-8-ethyl-1,7-dioxaspirof4,4}-nona-2,6-dioneands,6-
trans,-6-Bromo-5-hydroxy-3-nitrobicyclo[2,2. 2Jost-2-ene, a3 well ag that of leucodrin,
indicated that the technique hay considerable application in this field, as the positions
given to hydrogen atoms from ambient temperature data is often suspect, especlaily *f
they are associated with atoms other than carbon. In this respect, low-temperature
structure determination offers significantly befter and more reliable structural parametiss

for the hydrogc. atoms, in particular and for all atoms in general,



Appendix 1

All distance measurements are quoted in A and angles in °

Selected Bond leagths for N phenylpycrolidin-2-

one at 160K

C1 -N 1,365(2) |C4 N | 1.478Q)

cs N 1415(2) {Ct -0 | 1.222(2)

‘©2 ¢l | 1509 |3 -cz | 1518)

C4 -C3 | L516(2) [C6 -C5 | 1.396(2)

clo-c5 | 1387 |C7 -C6 | 1.384Q)

C8 -C7 | 1.3823) (€9 -C8 | 1.38103)

C10-C9 | 13832

H21-C2 | .959(16) |H22-C2 | .832(19)

H31-C3 | .990(18) |H32-C3 | 961019

B41-C4 | .905(18) |H42-C4 | .933(17)

H6 -C6 93717 |H7 -C7 | 1.035(19)

HS -C8 921017 (HO -€9 | 9517

B10-C10 | .958(18) '
Selected Bond angles for N-phenylpyrrolidin-2-cne at 160K
c4 N ¢l | te) [os N ot | 12650
5 -N o4 120400 jO -CI N | 125500
€2 -C1 N [ 10BIt) {C2 -Cl -0 | 1264(D)
3 W02 -Cl | 104401) |C4 -C3 -C2 | 103.8(1)
C3 -C4 -N {103.2(1) |C6 -C5 -N | 121.3(1)
Cl0-C5 -N | 119.3() ]C10-c5 -C6 | 119.4(1)
C7 -C6 -C5 | 119.92) [C8 -C7 -C6 | 120.7%)
Co -C8 -C7T | 119.4) |C10-09 €8 | 121.00)
CY -C10-C5 | 119.9(2) _
H21-C2 -C1 | 114.0010) {H21-C2 -C3 | 112.1(10)
H22 w2 -ClL | 107.6010) [H22-02 €3 | 111101




F22.C2 -H21 | 107.514) |[H31-C3 -2 | 112.8(10)
H31-C3 -C4 | ML) [HB2-C3 -C2 | 111,1(10)
H32.C3 -C4 | 1:°40) (H32-C3 -H3I | 107.614)
Hel-C4 -N | 106.8011) |He1-c4 -C3 | 114.8(10)
H42-C4 -N | 1064Q11) |H4Z-C4 €3 | 116.501)
H42 -C4 -HAL | 108.3(14) |H6 -C6 -C5 | 118.4(11)
H6 ~C6 -C7 | 120.8(11) [H7 -C7 -C6 | 118.0(8)
H7 -C7 -C8 | 121.2(%) [H8 -C8 -C7 | 126.3(12)
HE -C8 -C9 | 114.5(12) |HO -C9 -C3 | 120.6(11)
H9 -C9 -C10 | 1183(1) |HI0-Cl0-C5 | 120.3(10)
HI0 C10-Co | 118.7(10)

Fractional coordinates (x10") and equivalest isotropic

temperature factors (A% X 16°) for N-phenylpysr lidin

2.0ne at 90K

xfa yib zle Uﬂ

N | 1s00) | o | 4002) | as(n

o0 | 1) | -1ome) { 49030) | 17

c1 1355(2) | ~144(6) | 4800(2) | 13(1)

C2 | 1394@) | 14047 | 54070) | 17(1)

c3 | 1014 | 325m | 50070 | 1900

ce | 1269(2) | 2883 | 4154) | 16¢)

cs | 161 | 2006 | 3@ | 2

ce | s |-aoeen | 2@ | 1600

c7 | s |-202m | 25350) | 190)

c8 | 1218 |-1919¢ | 1893 | 1901

C9 1624(2) -64(7) 1999(2) 15(1)

cro | 1650y | mam | 20 | 18

HT | s6422) | -424268) | 247808 | 1709

HI0 | 197322) | 1853C71) | 2806(17){ 17(3)

HB | 119121 | 246057 | 1417016} | 17(3)
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Ha: | 77800) | 3s6661) | 3TS2015) | 173}

HY | 1953@0)| 40M(@3) | 1610016) | 170)

H5 632020 | 2623(. 6) | 370416 | 17(3)

H42 | 1823(1) | 3224463) | 3978(13) | 17(3)

H21 | 2080(21) { 1378(64) | S5620(id) | 17(3)

H22 { 163020} | B19(58) | ~¥6(15) | 17(3)

H3l 270021y | 3484057y | 503115} | 17(3)

H32 | 1342020) ) 4450(6%) | 5181(16) ) 17(3)

Selected Bond lengths for N-phenylpyrrolidin-2-one
at 90K

Cl-N | 1L3720) |cé N 1,466(5)

C5 N 1.421¢4) |C1 -O 1.229(3)

Cc2 -C1 1.490(5) C3 -C2 1,527(5)

C4 C3 1,536{(4) [C6 -C5 1,392(5)

Cl0-C5 | 1,388 |C7 -C6 1.390(4)

€8 -7 | 140165 |C9 -CB | 1.395(6)

C10-C9 1.392(4)

H21-C2 | L0 {H22.C2 | 1061029

H31 -C3 1.037(28) |H32 -C3 85(38)

H4l Cd 1.075(30) {842 -C4 D79(29)

HE6 -Cé 91229 |BT -C7 H85(42)

H§ -C8 | 90m9) |HO O | .872030)

HI0-C10 | .860(42)




Selected Bond angles for N-phenylpyrrolidiu-2-one at 90K

C4-N C1 |11L3@ o5 N -0l | 12660
C5 N -C4 | 1203 [0 €1 -N | 124.80)
2 ct N [1087¢) [c2 -C1 0 | 126403 |
3 -C2 -Gt | 104503 |cd-c3 .2 | 103.00)
€3 -C4 N | 103103 |C6 -C5 N | 12090)
‘cl0-C5 N | 1189 |C10-C5 C6 | 120.2(3)
C7 -C6 -C5 | 1201(3) |C8 -C7 -C6 | 120.2(%)
C9 €2 €7 | M94®) |cw-co -cs | 120.709)
Co -C10-C5 | 119.8(4)

H21-C2 -CI_ | 106.1(20) |H21.C2 -C3 | 120.029)
H22-C2 -C1 | 1061020 |H22-C2 -C3 | 120.609)
H22-C2 -H2) | 98.3(0) [HS. 03 -C2 | 116.700)|
H3L-C3 -C4 | 106.4415) |H32-c3 -c2 7 113.07 9|
H32-C3 -C4 [ 108.8(17) |M32-C3 -H31 | 108.00,
HAL-C4 N} 111902) [H4L-c4 -3 | 114.0016)
HA2-C4 N[ 105,305 [Md2-c4 -C5 | 11a0m
Ha2 -C4 -H4L | 106.0026) [H6 -C6 -C5 | 115.0(22)
H6 -6 -CT | 124.923) |H7 -C7 -C6 | 119,007
H7 -C7 -C8 | 1208017 [HS -8 €7 1 120.2024)
HS -C8 -Co | 120823 [Me -co -c8 | 115506)
Ho -Co -C10 | 122325 |Hi0-c10-c5 | 119.3¢21)
H10-C10-CY | 120.421)

Fricdonal covrdinates {xm“ and equivalent isotropic

temperature factors (A%, x10%) for N-phenylpyrrolidin-
2one at 100K _
X y/b 2fe t.jg
N 1253(1) T19(3) 40011 230
0 1452¢1) | ~1924(3) 4302(1) 29:5;_-
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Cl | 1354(2) | ~142(8) 411(2) | 26{)
C2 | 1394(2) | 1407(%) 5406(2) | 26(1)
C3 | 1012(2) { 32394) 49972y | 29(1)
C4 | 1264(2) | 2894(4) 41572 | 281
¢5 | 1266(2) | ~185(3) 33602) | 240
%6 | 866() | Q0R6(4) | 32990 | 25Q)
c7 850(2) | -2898(4) 25342 | 3000)
C8 | 1215(2) | -1928(4) 1895(2) | 29()
co | 16272) | -67(4) 2004(2) | 26(1)
C10 | 1645(2) | 769(4) 27243 | 26(1)
H21 | 2115017 | 1564(33) | 5578(13)| 312)
H22 | 1067(16) | 1075(35) | 5888(14) | 31(d)
H31 | 248017 | 3306(35) | 5074(13)] 31(2)
H32 | 1288(16) | 4380(37 | 5214(14) | 31(2)
H41 | B10(16) | 3419(36) | 3787013) | 31D
HA2 | 1907 | 339734 | 4021(13) | 3L
H6 652(15) | 2714037 | S127013) | 31D
HY | S64(17) | -4223(3N | 2456(13) [ 31Q)
HS | 120814) | -2428(39) | 1342014y | 31(2)
H9 | 187%16) | 4D6(36) 1531014y | 31
H10 | 1940(16) | 2036(38) | 278213) | 31(2)
Selected Bond lengths for N-phenylpy:rolidin-2-one
at 100K _
¢! N 1,352(3) {C4 N 1,489(3)
C5 - 1.406(3) jCl -0 1.235(3)
C2 -Ci 1.50003) |C3 -2 1.529(3)
4 -C3 1.513() €6 -5 1.419(3)
Cl0-C5 | LB |C7 -C6 L370(3)
C8 -C7 1.3834) [€9 -C8 | 1.402()




C10-Co | 1.370(4)
H21-C2 | LO4IZD) [H22-C2 | .9734)
H31-C3 | 106122 lum2-c3 | .943025)
HAL-C4 | 96303 |HA2-C4 | 1.01123)
H6 -C6 | 96203 |H7 ©7 | 99604
HS -C8 | 101504 {H9 o0 | 965023
HI0-C10 | .960Q24) |

Selected Bond angles for N-phenylpyrrolidin-2-one at 100K

C4 N -Cl | HL3@) {C5-N -Cl | 127.80)
cs N -4 |12030) [0 ct N | 125.00)
€z -Cl -N | 10950 |2 -C1 0 | 125.40)
C3 -C2 -Cl | 1006 |cé -C3 €2 | 103.5Q)
03 -c4 N 10300 [o6 05 N | 12030
C10-C5 N | 121.00) lcl0-Cs -C6 | 118.60
CT-C6 -C5 | 11920Q) [C8 07 -C6 | 122.20)
€9 -C§ €7 | 11823 [C10-Co -C8 | 120402)
€9 -Cl0-C5 | 1214(2) |

H21 -C2 -C1 | 108.0(13) |n .C2 -C3 | 112.0013)
202 -l | 15304 |H22-C2 -C3 | 115.2(14)
H22 .C2 -H21 | 102.8018) [H31-C3 -C2 | 108.6(13)
HI1-C3 -C4 | 110.7012) |H32-C3 .¢2 | 110.6015)
H32-C3 -C4 | 114.7018) |H32-C3 -H3I | 168.3(19)
H41-C4 -N | 108.2(14) {H41-C4 -C3 | 115.5(14)
Ha2-C4 M | 109.3013) (H-CH -C3 | 112.3(13)
Ha2 -CA -HA1 | 108.2019) [H6 -C6 €5 | 115.0(15)
H6 -C6 -¢7 | 195.815) [H7 -C7 -C6 | 119.8(14)
H7 -C7 -C8 | 118.0(14) [HB -CB €7 | 126,1(15)
HS -C8 -CO | 1157015 [H9 -C9 -C3 | 112.8(15)
HY -C9 -C10 | 126,705 |HI0-C10-¢5 | 120,1015)




H10 -C10-C9 | 118.5015)
Fractional coordinates {xl and equivalent isotrople
temperature factors (A% X10°%) for N-phenylpyrrolidin-
2-ope at Ambient temperatute

1 xa | yb zle U’g
N | 1257 | 713 | 4oty | dac
0 | 1060 | -188203) | 4s6i(l) | 62(0)
Cl | 13620 | -142(5) | 47452) | 44(D)
c2 | e | s | sisse) | s
c3 | 10350) | ey | 9380 | s
C4 | 12R2(3) | 28604) | 40980 | SHD)
cs | e | 2w | 8o | 2o
c6 | s | 2006 | 32300 | s
c7 | ssd |00 | 510 | 68
cs | 1220 |-1450 | 18770 | nw
co | 16173 | -1229) | 1982) | 58¢h)
Cl0 | 1643Q) | 728( | 2696() | 540
H21 | 20012 | 16215 | 55670 | )
H22 | 9160) | 10715 | 5835 | 84
HAL | 280(3) | 3385(5) | SOID) | 8409)
H32 | 13030 | a075) | 5148 | 8403)
Hel | 19753 | 36230 | 3058 | 843
u42 | 7600) | 3100 | 330 | M)
H6 | 597 | 2852(4) | 3716@) | 84(3)
HT | 5560) | 4329(5) | 24%9) | %40
HS | 1204 |-2618(6) | 13160 | 8409
HO | 19053) | 646(5) | 14932 | 84(D)
HI0 | 19552 | 21525 | 2763 | i
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Sélected Bond lengths for N-phenylpyrrotidin-2-one
at ambient temperature
Cl -N | 13573) |c4 N 1.482(3)
5N | 14044 [C1-0 | 12180)
ez o |onsisw Jo3 2 | LS
C4 €3 | 1.522(4) |C6 -C5 | 1.4034)
Cl0.C5 | 13714 [c7 c6 | 1.375@)
€8 -C7 | 1.380(5) |09 -8 | L38O
clo-00 | 137
H21-C2 | L0S0(0) |E22-C2 | 1.080(0)
H31-C3 | 10800 |H32-C3 | 1.080(0)
H41-C4 | 1080(0) |H42-C4 | 1,080(0)
H6 -C6 | 080\ [H7 -¢7 | 1.08000)
H8 -C8 | 1.080(0) |9 -C9 | 1.080(0)
H10-C10 | 1.080(0)

Selected Bond angley for N-phenylpyrrolidin-2-one

at ambient temperature

C4 -N -Ci 11193 |C5 -N -Cl | 127.2(2)
C5 N -C4 11204 JO C1 N 125.4(3)
€2 -C1 -N 109.2(3 |2 -C1 -0 125.4(3)
C3 -C2 €1 | 10320 o4 €3 -C2 | 105.1(3)
C3 «C4 -N | 1024 C6 -C§ -N 120.6(3)
Cl0-C5 -N 120,33) [C10-C5 -C§ | 119,1(3)
C7 -Cs -C5 | 11953y (C8 -C7 -C6 | 121.3(3)
€9 -C8 -C7 | 1183} |Cl0-C9 -CB | 121,1(3)
8 -C16-C5 120.6(3)

H21-C2 -C1 | 1105(2) |[H22.C2 -C1 | 111.2(?)
H22-C2 -H21 | 108.5(0) C3 -C2 -H21 ({ 110.8(2)
C3 «C2 -H22 111112}  H31.C3 -C2 | 110.3(2)




H32-C3 -C2 | 110.8Q) (H32-C3 -H31 | 109.5(0)
C4 -C3 -H3l | 11082 |re -c3 -H3:2 | 11030
E4l-C4 N | 1L4G)  |HAL-C4 -C3 | 11050
H2-C4 N | HLIQ)  [He2-C4 €3 | 11050
H42 -C4 -HAL | 100.50) (M6 -C6 C3 | 120.72)
C7 <C6 -H6 | 119.82) |H7 -C7 -C6 | 119.4(2)
C8 -C7 -HT | 1193Q) |H8 -C8 -C7 | 120.5()
cs -C3 -HS | 12120 [HO -09 €8 | 119.3Q2)
clo-co -H9 | 1i0.5¢)  |H10-C10-C5 | 119.8()
HIO -C10-C9 | 119.62)
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Appendix 2

Selected bond lengths for Leucodrin at 100K _
2 -01 1.365() | c5 -0t 1.440(1)
C6 -07 13330) |c8 07 1,459(1)
2 018 1.203Q) |C6 -O19 | 1.207(5)
€9 «020 | 1L415(1) | C10-021 1.434(1)
C11-022 1.419() | C15-023 | 1.363(1)

€3 -C2 1509(1) | C4 425 1.535(1)
C5 -C4 1555(1) | C12-C4 | 1514(1)
C6 -C5 1530(1) | €9 -5 1.534(1)
co -8 1545 | c10-8 1.518(1)

Cl1 -C10 1.524(1) {C13-C12 | 1,408¢1)
C17-C12 | 1.396(h |ci4-Cl13 | LIBHY
15 -Cl14 1307(1) | C16-C15 | 1.391(2)
C17 -G16 139K

H20 <020 RS |HN 021 | .686014)
H22 -022 Jascay |Es-om | 7sae)
Hla-C3 | L06415) | H3b -C3 964(15)
He -C4 1.024(14) | H8 -CB 1.083(12)
H9 -C9 LOOS(LY) | HI0-CIO | 931014
Hila-Cll | 1.03104) |Hub-Cll | .926014)
H13 -C13 942(13) |H14-Clé | .900014)
H16 -C16 980(13) | BI7-C17 | 1.11304)

Selected bond angles for Levecodsin at 100K

C§ 01 -C2 110.3¢1y | C8 -07 -Cb 110.9(1)

018 -C2 01 12091y | €3 -C2 -01 109.9(1)




£

o3 2018 | 192 v C3 2 104.(1)
Cs -C4 -C3 | 1012 [Ci2-Cr ¢3 | 117900
C12-C4 -C5 | 153() |c4 .05 ot 104,8(1)
c§ -C5 -0l | 108.1() |C§ -C3 -C4 1£2.6(1)
€O -C5 -01 | 113.0() |C9-C5-C4 | L56(D
Co -CS -C6 | 102.71) |019-C6 -07 | 123.2()
Cs -C6 -07 | UL | C5 -C6 019 | 12641
C9 -C8 -07 | 1065() |Cl0-C8 -07 | 108.5()
| m0-cs -co | 1149 fos 09 -020 | 1420
£8 -CO -020 | 108.4(1) | C8 -CO -C5 103.4(1)
C8 -C10-021 | 1077(1) | C11-C10-021 | 108.5(1)
ClI-CIO-C8 | 112.51) |C10-Cl1-022 | 107.3(1)
C13-Cl2-C4 | 1229() |C17-C12-¢4 | 119.41)
cir-ciz-ci3 | ur) (cu-ci-ciz | 2L
Cl5-Cid-C13 | 120.¢) | Cl4-€15-023 | L17.6(1)
Cl6-CI5-023 | 12291 | C16-C15-C14 | 119,5(1)
C17.C16 -C15 | 1200() | CI6-CLT-C12 | 120.5(1)
H20-020-C9 | 111.6(9) |H21-021-C10 | 103.9(13)
2 -022-c1l | 106401 |m3-023-015 | 112.402)
H3a-C3 -C2 | 10848 |H3-C3 -C4 110.9¢)
Hib-C3 -C2 | 10568 |HI-C3 -C4 | 117.40)
H3b.C3 -H3a | 1062011 ¥4 €4 -C3 | ULKE
He 04 -05 | 105.8(8) | M -4 12 | 104,5(8)
ns -c8 -07 | 105.08) |HS -8 -C5 | 110.20)
HB -C8 -CI0 | lI28) [HO -C9 -020 | 113.4(8)
HY €9 -5 | H0B4(% 190 -C9 -C8 | 108.A4(8)
H10-C10-021 | 108.5(9) | HI10-C10-C8 | 110.70)

 HI10-C10-C11 | 108.80) | Hitalll-022 | 108.77)
Hile-Cl1-c10 | 1124 | muiv-cit -0 | 107.79)
HI16-C11 G0 | 105109 | HI1b-C1i -Hita | 115.0(11)
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Hi3-C13-C12 | U7.7(% | H13.C13-Cl4 121.1{%)
H14 -C14 -C13 | 118,%8) | H14-C14.Cl15 120,8(%)
HI6-C16-C15 | 118.8(8) { H16-Cl6-C17 121.2(%)
H17-Cl7-Ci2 | 18009 (| Hi7-C17-Cl6 120.5(7)

Selected bond lengths for Leucodrin at room temperature,

c2 01 1,368(5) | C5 -01 1,430(5)
c6 -07 1.335(5) |8 07 1.458(4)
2 018 1.2018) | ¢6 -019 1.200(5)
co -020 1.424(8 | €10.021 1.4775)
Cl1-02 | 142%5) |C€15-023 1,373(5)
C3 ~C2 1.503(5) | C4 €3 1,545(5)
Cs -Cd 1.550(5) | C12-C4 1.515(5)
| 5 -C5 1.523(6) | ¢9 C5 1.526(5)
co -C8 1,540(5) | €10 -C8 1,525(5)
C11 -CI0 L515(6) | C13-C12 L40L(6)
C17 -C12 1.399(5) | C14-Cl3 1,300(6)
C15 -Cl4 1.395(6) | c16-C15 1,398¢7)
C17 -C16 1,384(6)
H20-020 | 1,080(0) | H21-02t 1,080(0)
H2-022 | 1.080(0) | H23.023 1.080(0)
I 7136 .3 1.080(0) | m3a -3 1.080(0)
H4 .24 | LOSO(D) | M8 -CS 1.080(0)
HY -CO 1080 | HIO-CI0 |  LOBOW)
Hlla-Cl1 10800) | HIIL-Cl1 1,080(0)
H13 -C13 1,0800) | H14 -Cl4 1,080(0)
HiS-C16 | 1080wy | Hi7-C17 1.080(0)
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Sulected bond angles for Leucodrin at room fempesawre

c5 -0l -C2 110.8(3) {C8 -0O7 -C6 110.7(3)
018-C2 -01 | 121.2¢4) {C3 -C2 -01 109.5(3)
C3 -C2 -018 | 129.0¢4) |[C4 -C3 C2 104.0(3)
C5 -C4 -C3 | 10133 |c12-c4 -C3 117,403
c2-c4 -¢5 | 15203 [c4 C5 -0l 104.3(3)
C6 -C5 -0l 108.003) | C6 -C5 -C4 113.2(3)
€9 -C5 -01 112203 |co -5 c4 116,2(3)

Co Ch -CH 102.3(4) | 019-C6 -07 122.1(4)

Cs -C6 07 | 1.0 |cs5 6 010 125.8(4)

Ce -C} -O7 06.4(3 | C10-C8 07 107.93)
C10-C8 -C9 114.03) [ C5 -C9 -Q20 113.8(3)
C8 L9 -020 108.3(3) |C8 -C9 C5 105.2(3)

C8 -C10-021 | 107.53) |C11-Ci0-021 108.6(3) |

C11 -C10 -C8 12,06 | €10-C11 <022 107,6(4)

Ci3 €12 (4 1324 | C17-CI2 -C4 118,014

Cl7-Ci2-C13 [ 117.84) | Cl4-C13-Cl2 121,74

C15-C14-C13 | 119.1(% [ Cl4-C15-023 117.2(4)

Cl6-C15-023 | 122.4(4) | C16-CI5 -Cl4 120.3(4)

CI7-Cl6-C15 | 119.4(4) | C16-C17-Cl2 121.5(4)

Co -020-H20 | 113.0¢2) | C10-021 -H21 114.9(2)

Cl1-022-H22 | 111L2(2) |C15-023-H23 | 114.0()

Hib-C3 -C2 | 110.6() | Hia-C3 -C2 110.9(3)
H3a-C3 -H3b | 109.50) |C4 -C3 -H3b 111.0G)
Cé -C3 -Hla | 1082 |H4 -C4 -3 111,6(3)
C5 «C4 -H4 | 1152() |cCi12.c4 B4 97.0(%)
HE -C§ -07 | 1142 |9 -C8 -HS 108,002)

C1)-C8 -HS 106.6(2) | H9 -9 020 105.8(2)

H9 -C9 -C5 110.6(2) | B9 -C9 -CB 115.4(2)

H10 -C10-021 | 112.5(2) ! HID-C10-C8 108.7(2)
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C11 -CID-HI0 | 107.6() | HllaC11.022 | 109.802)
Hila-C11-CI0 | 110.1(2) | HIb-CH.022 | 110.1(2)
HUL-CIL-CI0 | 168G | B116-Cl1-Hila | 109.500)
HI3-C13-Ci2 | 1188Q2) |Cl4-CI3-HI3 | 119.5(3)
H14 -C14 -C13 | 1204(3) |C15.Cl4-HI4 | 120.60)
H16 €16 C15 | 1204) | C17-Cl6-HI6 | 120.2303)
HI7-CI7-C12 | 119.00) |HI7T-Cl7-Ci6 | 119.40)
Selected bond lengths for Conocarpin at room

2 01 1340( | C5 -Of el

c6 01 1.346¢) | C8 -07 1A67(3)

2 018 1.2023) |C6 -019 | 1.183(3)

co 02 141103) |clo-021 | 142209
Cli-022 | 1433 |C15.023 | 1.3750)

c3 2 1,487 | €4 -3 1.526(4)

cs -C4 LS4 | C12 €4 1,530(3)

c6 -5 15304 |9 -C5 1.524(3)
Co-C8 | 1537H |Clo.c8 1.52003)

C11 10 L515) |C13-C12 | L3904)
c17-Ci2 | 1389 (cie-c13 | 1392

15 -cld 1387(4) | C16-C15 | 1.380(4)
C17-C16 | 1.388(3)

H20-020 | LOSO(® |H21-021 | 1.0800)
H22-022 | 1080(0) |HZ3-C | 1.080(0)

Hib -C3 1,080(0) | H30 -C3 1.080(0)

H4 -C4 1,0800) | H8 -C8 1.080(0)

H9 -C9 1.080(0) | HI0-C10 | 1.08000)
Hila-Cli | 1080(0) |Hilb-C1l | 1.08000)
HI3-C13 | 1080() |Hi4-C14 | 1,080(0)
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H16 -C16

1.080{0)

H17-C17

1.080(0)

Selected bond angles for Copocarpin 2; room temperature

cs o1 -c2 | 10990) |cs -07-c6 | 11200
O18-C2 -0l | 1203() |C3 €2 01 | 11070
C3 2 018 | 12900 |C4 C3-C2 | 10220
C5 -C4 -C3 | 107 |c2-c4-c3 | 117.32)
Ci2-C4 -C5 | 11720) |C4 -5 -01 | 10272
6 .C5 -0l | 10542) |C6 G5 -C4 | 112.3()
o -C5 -01 | 10992) o -C5-c4 | 1207)
C9 -C5 -C6 | 105.1@) |019-C6 -07 | 123.68)
C5 -C6 -07 | 109.6Q) | C5 -C6 -019 | 12680
co 8 -07 | 1064 |ci0-c8 -07 | 10680
C10-C8 -C9 | 1135%) |5 -8 -020 | 11L.9¢)
C8 -C9 -030 | 113.1(2) |CB €5 -C5 | 1040
Cc8 -C10-021 | 10850 |Cl1-Cl0-021 | 1114)
C11-C10-C8 | 1LIQ) |Cl0-Cli-022 | 111.3@)
C13-C12-C4 | 12120) | CI7-CI2-C4 | 120.10)
C17-C12-C13 | 1188Q) |Cl4-CI3-C12 | 12043
CI5-Cl4-CI3 | 1993 |cu-c15-018 | 117.90)
CI6-CIS-023 | 12L9G3) | C16-C15-Cl4 | 120.22)
CI7-C16-C15 | 119.63) | C16-m17-C12 | 121103)
o -020-H20 | 133.9¢) | cio-o021 B2t | 16350
Cli-022 -2 | 135.6@) | Cl5-023-H23 | 123.90)
H3b-C3 -2 | utr |mla-c3 c2 | 1Ls@
| H3a-c3 30 | 10950 |t -c3 b | HiL3)
C4 -C3 -H3a | LKD) |H4 -C4 -C3  , 113.1(D)
C5 -C4 Hé | 11330 |cia-ce He | 955
HE -CB 07 | 14000 [0 -8 -m8 | icsaq)
cia-cs -H3 | 1079 |mo oo -020 | 10320




111.8(1)

HO -C9 -C5 | 113.2(1) | H9 -C9 C8
H10-C10-021 | 108.9¢0 [H10-cl0-C8 | 109.601)
C11-C10 -H10 | 107.0¢) | Hlla-Ci1-022 | 108.1(1)
H11a-CI1 -C10 | 109.1t°y ) H11b-C11-022 | 109.002)
H11b-C11 -CI0 | 108.9¢1) | H11b-Cl1 -Hila | 109.5(0)
Hi3-Cl3-Cl2 | 11992 |cmH-c13-H3 | 11972
Hi4-Cl4-C13 | 1202(2) |cCi15-Ci4-HI4 | 119.8)
H16-C16-C15 | 120.0Q) | C17-C16-H16 | 120.4()
H17-C17-C12 | 119.52) |HI7-C17-Ci6 | 119.4()
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Appenrdix 3

Selected Bond lengths for Vi at room temperature.

C6 BR__ | 1.959¢5) |5 -0 1.3916)
Nl 02 | 1225() |Ni -3 11577
C3 NI Lagm) | o -2 L1340
c2 cl 15210 | ¢6 -C1 1.530(7)
c7 -t 1535 | €3 -2 1314(7)
9 -c2 14337 | o4 €3 1.488()
cs.ce | 1ssin |8 -ca 1.518(7)
c6-c5 | 1s2) | c8 <7 1.555(8)
Hoi-ol | 10800 |mt -1 1.0800)
Hé -C4 | LOB0QO) |BHS -CS 1,080(0)
H6 -C6 | 1.0800) |H7L-C7T | 1.080(O)
un-c7 | Loso |mei-cs | 10800
HE2-CB | 10800) |

Séle_cteu Rond angles for VI at room temperature,

03 -NI -02 | 12700 |C3 -N1 -02 | 1150(5)
c3 NI -03 | 11786) |6 -cl -C2 | 103.5()
C7 «Cl €2 | 10874 |C7.Cl.C6 | 110.8(4)
€302 -Cl | 1214 | C9 .c2 -Ct | 118.6(8)
Co -c2-c3 | 12025 {c€2 03 NI | 1211
c4-c3 NI | oW |e4 32 | 0@
C5 -C4 -C3 | 1062(4) {CB -C4 -C3 | 108.5(4)
€8 -C4 -C5 | 10°0M) | C4 -C5 -O1 | 112.004)
€6 -CS -01 | 10740 |C6 -C5 -c4 | 107.664)
€l -C6 -BR | 109.2¢) |CS -C6 -BR | 112.4(3)
©s -6 -c1 | 110,65 |C8 07T -Ct | 108.7(4)
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C7 -C8 -C4 | 1100 |C2 09 N2 | 17L5(6)
CS -0l -HOL | 1664() |C2 -Cl -H1 | 11420
C6 -Cl -HI | 11233 |C7-Cl 1 | 107.40)
He -C4 €3 | 1150) (5 -C4 H4 | 11250
C8 -C4 -Hé | 109.8%) |H5-C5 -0l | 108.3(3)
HS -C5 -C4 | 108.5@2) | C6 -C5 -HS | 113.003)
H6 -C6 -BR | 108.5() |H6 -C6 -C1 | 109.1(3)
H6 -C6 -C5 | 105.8(3) |H71-CT -Cl | 109.7G)
H71.C7 -C1 | 108.6(3) | H71-C7 -HT1 | 109.5(0)
C8 -C7 -HTI | 109.7¢3) {C8 -CT <7t | 109.7(3)
HS81.C8 04 | 105.3¢% | He1-c8 €7 | 10930)
H82.C8 -C4 | 109.5¢% |H82-C8 -C7 | 109.309)
H82-C8 -HEL | 109.5(0)

Selecied Bond lengths for VI at 100K, _

C6 -BR 1.9514) | ¢5 -o1 1.410(5)

N1 .02 1.2234) | N1 -03 1,158(5)

C3 NI 1.526(5) | C9 N2 1.1504) |
2-cl | 15196 |cé o1 1,542(5)

c7 -cl L53NS) | C3 -C2 1.347(5)

co -2 Las | o4 3 LAYHS)

Cs .ré 1L547(5) | €8 -C4 1.539(5)

6 -C5 1,5385) | C8 -7 1.530(5)

HO -0 944(32) | Hi -C) 1,470(32)

HA T4 1.069(37) | HS -C5 1.146(37)

H6 -C6 103237 | H71 +C7 LOL7(37)
H72-C7 | 1.01031) | H81-C8 1.036(34)

HB2 -C8 £59037)
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Selected Bond angles for VI at 100K,

03 -N1 -02 | 13078 | C3 NI -02 | 112.5(3)

C3 -NL-03 | 11673 |c6-cl-C2 | 1041(3)

C7 -CL-C2 | 10803 |c7-c1-c6 | 110503)

C3 G2 <Gl 112.63) (€9 -C2 Cl | 118.603)

€9 -C2-C3 | 1.83) |C2-C3-NI | 121.2(9)

C4 -C3 -Ni 12323 {C4 03 -2 | 1156(3)

C5 -3 €3 | 10683 |C8-C4 03 | 108.3(3)

C8 -Cé -C5 | 107.8() |Cd-C5-01 | 11220

C6 -C5 -01 | 107.6() |C6-C5 -C4 | 108.3(3)

Ci -C6 BR | 10573 |CS-C6 -BR | 113.00)

cs -c6 -1 11083 |c8 7 1 110.13)

C7 -C8 -C4 100.43) [C2-C9 N2 | 172.14)

HO -01 -C5 | 19725 |H1 €l -C2 | 73.807)
Al -C1 -C6 | 1274(1¢) [m1 .c1 07 | 1202017
HA -C4 -C3 | 110.0Q0) | w4 .04 -5 | 110.4(18)
H4 «C4 U8 | 1128000 |[H5 -C5 -01 | 122.9(16)
HS -C5 -C4 93.907 |HS -C5 -C6 | 110.807)
H6 -C6 -BR | 107.5Q) (M6 .C6 -C1 | 10L018)
H6 06 -C5 | 14119 |m7i-07 -C1 | 111.7020)
H71-C7 -C8 | 102.5(18) | H72-C7 -C1 | 108 0@2])
H72.C7 -C8 | 117.6119) |H72-C7 <HTI | 106.9(29)
H81-C8 -C4 | 1127023 |H81-C8 -C7 | 109.1(18)
HR2-C8 -C4 | 112.501) {HS2.C8 «C7 | 819029

HE1-C8 -H8! | 125.8(40)




Appendix 4

Programs used

3l

3
6‘

SHELX76, Sheldrick, 1978

SHELXS86, Sheldrick, 1985

NRCVAX, Gabe, Lee and Le Page, 1985
SCHAKAL, Keller, 1989

BRISK, written duriag this pre, .
CENTER, written during this project,




R ]

Appendix §

Program listings

Brisk

Strueturs determination and refinement was canr”..d out using the SHELX [Sheldrick, 1985]
set of prograi-is. The program BRISK was wiilin to faclitate the transfer of structurel
information, such as atomic coordinates. thermal parameters and esd’s to the NRCVAX
[Gabe, Lee dnd Le Page, 1985] system of programs, The later was then used for
geoietrical calculations and for producing ORTEP {Yohnson, 1965]) diagrams etc, Brisk
also calavists the equivalent isotropic temperature factor for anisotropicalty refined atoms
by the method of Hamilton (1859,

n:.l-s - ot
U, 3§J-E1 Uga*a'faya)

The error in Ueq is evaluated according to the method suggested by Schiomaker and Marsh
(1983). Finally BRISK compiles tables of fractional coordinates, anisotropic thermal
parameters and selected bond lengths and angles, The latter having been caleulated uring
the SHELX BOND insiruction,

PROGRAM BRISK

CHARACTER*12 CH

CHARACTER* KEYW(7)

INTEGER*] MULT

inleger type,crdmul,adpmu

real x(3),ex13),1(6),etl(6),50f,5f,1v21 ,fv31

real dum(4),ax(3),axs(3),ali(3),calf(3,3)

CHARACTER NAMEM, BS%2,inf%120, flag*] code™4

DATA KEYW /WGHT','AFIX',' ,temp','BLOC','ILSF','ANIS/
¢ Comments wriiten o the screen

print '(240)', Program -« BRISK~-~ version 3,20"

print '(a26)',' wriltes by D.G.Billing'

print '{a26)",' 23-November-19090 °



140

110
115

prlnt '(al)',' [l
print '(a49)’,' 'This program merges PUNCH file data (SHELX) with'
print '(a35)','CD file data from NRCVAX, in ASCIT'

pl‘lﬂt ' {al)l [

print '(a30)",' Need 4 od file created by "CDFILE" and converted’
print '(a26)",’ to ascH using "BINASC".'

print '(a49)",' NB the atom types should be entered with edfile’

print '(a5G)*,” in the same onder as the SHELX sfac instruction.’
print ‘1), ’ :

write(*,"(A\)')'SDo you want to continue? {Y):'
tead(*,'(A1)") flag

call yesno(flag)

if (flag.eq. N goto 1000

call fopen(ecode)

wrile(™, '(a\)'} $Coordinates in tables to be muitiplied by 10E'
“read(¥, 100)erdmui

format(i3)

write(*,"(a\)')*$Adp'"s in tables to be multiplied by 10E!
read(*, 100)adpmul

write(3,110)crdmul

write(3, 1 15)adpmut

format(3x,'Coordinates have been multiplied by 10E',il)
write(11,115)adpmul

format(3x,' Adp''s have been multiplied by 108',i1)

C INITIALIZE ATOM COUNTER

2

NATOM = 0
WRITE(*,"(A)")’ Enter Z, the no of molecules in unit cell: *
READ(* 2)MULT
FORMAT(13)

¢ Read cell info from od file

read(7,5) inf

read(7,5) inf

read(7,5) inf

format{al20)

read(7,7) ax(1),ax(2),ax(3),dum(1),dum(2)
read(7,7) dum{1),dum(2}),dum(3y,dumid)alf(1}
vead(7,7) alf(2),alf(3),axs(1),axs(2},axs(3}
formnt{Se14.6)

do 8 n=1,3

calffn,m)=1.0

calf{1,2) = cos(alf(3))
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celf(1,3) = cos(alf(2))
calf(2,3) = cos(alf(1))
calf(2,1} = cos(ali(2)
calf(3,1) = cos(alf(2))
calf(3,2) = cos(alf(1))

call edprep

C $TART MAIN LOOP

18
19
22

2

7

FEAD (1,19CH

FORMAT(A12)

DO 22,N=1,7

IF (CH(1:4),FQ.KEYW(N)) GOTO 18

CONTINUE

IF (CH{1:4).EQ.'FVAR J then
backspac-{1)
read(1,20)name, sf,fv21,fv3l

format(as,3£10.5)

goto 18
endif

I¥ (CH(1:3),EQ."END’) GOTO 37
IF (CH(6:8).EQ,"-—' AND.CH(1:1).EQ." Z"THEN
CALL BOND
GOTO 18
ENDIF
IF (CH(6:8),EQ."...".AND,CH(1;1}.EQ,' ) GOTO 18
TE (CH(6:6).EQ.'-' . AND.CH(11:11),eq.'-" .AND.CH(1:1).EQ,' YTHEN
CALL ANGLE
GOTO 18
ENDIP
call pehreadiname,x,ex tf,etf, fv21,fv31,s0f, type,es)
CALL ATOMi(name,x, ex,tf,etf,axt.axs,calf,erdmul adpmul,es)
C.gLTB CDWRITE name,x,ox, i, etf,sof,¢ ype,es,mult)
6] 18

continve

call edend

call tabi(code)
call 12b2(code)
call tab3(code)
call tabd{code)

pl'illt |(a1)l,l ]
wiite(*,40)code
format(' Next nin BINASC, using 'ad,"nued.ase az input file')



write(*,50)

50  format({ ' GOOD LUCK!, Hope the tables are satisfactory!")
print '(aty’,* *
print '(aly, *

1000  continue

¢ closa files
close(1)
close(2)
clase(3)
close(d)
close(1())
close(11)
close(7)
close(®)
close(9)
close(12)
close(13)
close(14)

STOP
END

subroutine cdprep
¢ Copies data generated by CDFILE, convensd to ASCIl by BINASC,
¢ it codeCD,ASC TO ¢odeNUCD,ASC

character*120) inf

ewind(7)

5 tead(7,20) inf
if(inf({:6).eq,"ENDCOD’) goin 40
write(2,20) inf
pOto 5

20 fortaat(al2()

4) Tetum
end

subiouting edend
character*120 inf

backspace(7)

5 read(7,2),end =40} inf
write(2,20) inf

20 format{al20)
poto 5

40 réturn
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end

subroutine pchread(name,x,ex,if,etf,fv21,fv31, sof type,es)

¢ reads in data from a SHELX punch file run with BOND and LIST cards
integer type
REAL sof temp, fv21,fv3t

real x(3),ex(3),4(6),eti(6)
CHARACTER name'd,os%2

BACKSPACE(L)

READ(1,44)name,type, (x(i),i=1,3),s0f,tf(1),tf(2) e8
44 FORMAT(A4,I5,6F10.5,A2)
F (BS,EQ.' =") THEN
READ(L ATHF(3),t6(4),4(5),LE(6)
a7 FORMAT(SX,4F101.5)

else

2 = 0.0

t(3) = 0.0

(4} = 0.0

H{S) = 0,0

#(8) = 0,0

if(f(1).eq.21.0) tf(1) = fv21

if(t6(1).eq.31.0) tf(}) = tv3l
endif

READ(1,54) (ex(i},i=1,3),(eti(i).i=1,6)
34 FORMAT(4X,9F8.5)

¢ swap temperature factors to et them in the more conventional order
temp = tf{4)
tf(4) = ti6)
1f(6) = temp
temp = etf(4)
etf(4) = etf(6)
etf(6) = temp

returs
end

SUBROUTINE CDWRITE(name,x,ex,tf.etf,50f, type,es,mult)
' Adds coordinates ete. to cd file of NRCVAX, generated with BINASC
INTEGER SITESYM,SYMCONST, FIXSOF BLOUKNO, ANISEL
INTEGER*] MULT



20

real sigoec,occ

integer type -

real x(3),ex(3),L(6),etf(6),s0f
CHARACTER NAME*4,E5*2

SITESYM =1
SYMCONST = 0
FIXSOF = 10
BLOCKNO = 0
SIGOCC = 0.0

WRITE(2,50)name,SITESYM, SYMCONST
50 FORMAT(A4,2X,219)
OCC = SOF - FIXSOF
WRITE(2,55)0CC, {x(1),1=1,3),ti{1}
WRITE(, 35)(t6(0),i=2,6)
WRITE(2,35)SIGOCC, (ex(l),i=1,3),etf(1)
‘WRITE(2,35)(etf(i},i=2,6)
55  FORMAT(SE14.6)

IF(ES.BQ." =') ANISFL = -1
IF(ES.NE.' ="} ANISFL = 0
WRITE(2, 60)ANISFL, TYPE,MULT
60  FORMAT(2I6,' 4006'5X,'0",5X,'1",16,9X,"0")
WRITE(2,70)
V'RITE(2,70)
WRITE(2,70)
WRITE(2,70)
70 FORMAT(3X,'.000000E-+00",3X,’.000000E-+00",3X." UO0000E-+00",
& 3X,".000000E+-00',3X,",000000E+00")
WRITE(2,80)
80  FORMAT(SX,'0',5%,'0',5X,'0",5%,'0",5X,0",5X, 0",
& 3X,’ 0000005 -+00')
WRITE(Z,*)

RETURN
END

SUBROUTINE BOND
¢ writs bondlenghts found in punch file to a serateh file
character™s atl,at2
real bl,ebl
integer jeblunit

vackspace()
unjt=4



10

30

read(1,10) atl,at2,bl,ebl
formai(lx,ad,3x,a4,18.3,2x,§6.3)

jebl = nint(1000%eb)

if (atl(1:1)eq, Y unlt=12
if (at2(1:1).eq. H') unit=12

write(unit,30)at1,at2,bl,lebl
fﬂl’mal(lox, a4, ’-',a4,5x.f8.3, '('!ia! ') l}

RETURN
END

SUBROUTINE ANGLE

¢ writes botdangles found in puach file to a scratch file

10

30

character™4,atl at2,at3
real ag,eas
integer ieas,unit

backspace(l)

read(l, 100atl,ut2, at3,as,088
format(lx,ad, Ix,a4,1x,a4,1x,£5,1,2%,4,1)
unit=10

ieas = nint(10*eas)
iffatI(1:1).eq,"H") unli=13
iffat3(1:1).eq.'H') unit=13

write{unit,30)at1 at2,a13,as,jeas
format(10x,ad,"-' ,ad,'-',a4,5x,16.1,"(".i2,")")

RETURN
END

SUBROUTINE ATOM iame,x,ex,tf,etf ux,axy,calf,crdmul  adpinul,es)

integer type

real x(3),ex(3),t{(6),etf(6),s0f
real 61(3),333(3}&&1“3,3},3{3,3)
CHARACTER name*d, B '2
integer ix(3),iex(3),1tf(6),ietf(6)
real ueg,eveq

integer jueq,ieveq,crdmul,adpmut
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do 3,1=i,3

call mult(x(i),erdmul,ix())

eall mult(ex{i),crdmul,iex())
3 continug

#(ES.eq.' =") then
¢ insert ueq cale here

a{l, 1e=tf(1}
a(2,2)=tf(2)
#(3,3)=tf(3)
&{1,2)=tf(4)
a(1,3) =i(5)
a(2,3)=tf(6)
a(3,2)=a(2,3)
#(3,1)=a(1,3)
a(2,1)=a(1,2)
teg =

do 5nl=1,3
do 5 n2=1,3

5 veq=ueq-alnl, n2)*axs(nl)*axs(n2)*ax(n1)*ax{n2)y*calfini,n2)

¢ to here

i5

teq = uegfi.0
eneq = elf{1)*eif(1)+etf(2)*etf(2) +-etf(3)*eti(3)
eueq = sqrifeueq/18)

call mutt(ueq,adpmuol, fueq)
call mult(eveg,adpmul,ieveq)

writa3, 10)name, {ix(i),jex(i),i=1,3),lueq,jeveq

do 15,i=1,6

eall mult((i),adpmul,itfii))
call mult{etf(l) adpmul,ietf()
continug

write(11,20name, (itf(),ietf(1),i=. ,0)

2 format(5x,ad,6(1x,i5,'(i3,"}')
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10

10

93

alse
call mult{tf(1),3,iveq)
call multfetf(1),3,ieueq)

if{name(1:1).eq,"H") then

write(3, 10)name, {ix (1}, iox(i),i=1,3),iueq,jeveq
else

write(3,40)name, {ix(i),lex(i),i=1,3},iueq,jetreq
endif

format(2x,a4,303%,i7,'("13,') ),4%,15,'(",i3,'} )

format(2x,a4,3(3x,17,'(",i3,")'),4,15,'(',i3, )*')
endif

RETURN
END

subroutine yesro(flag)
character flag*l

if (flag.eq.' 'y flag="Y’

if (flag.eq.'y") flag="Y"

¥f (flag.eq.'n') flag="N"

if (fNag.eq,”Y") return

if (flag.eq,"N") retumn _
write(™,"(A\)")'$Shithead "y","¥","n" "N*® or " " only Try again:’
read(*,'(A1}") flag

gota 10

return

end

subroutine mult(val,mul,ival)
real val,temp
integer mul,ivai

if(mul.eq.0) tempeaval*]
if{mul.eq.1) temp=val*10
if(mul.eq.2) tetnp=val*130
if(mul.eq.3} tempe=val*1000
if(mul.ed.4) tetnp=val*10000
if(mul.eq.5) tempe=val*100000
iffmul.eq.6) tfemp=val*1000000
ival=pint(temp)

rettri

end
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subroutine fopen{code)

C OPEN 'THE FILES

10

n

character*12 filel, file2, file3, filed, fileS, file6, file”
character*12 fileB, file9
character coda*4,flag¥1

write(*,"(2\)") * Bnter crystal code (4 Characters): *
read(*,"(2)") code

filel = code//'.pch’
write(™, 10) file!
format("$The input PCH file is ',al2)
write(*,'{A\)")"$1s this OK? (Y}'
read(*,"(Al)') flag
call yesno(flag)
if (flag.eq."N') then
write(*, *(A\)")'$Enter PCH filenase: *
read(™,'(A12)") filel
endif
open(l,file=filel, status="old")

file2 = code//'nucd.ase’
write(™, 11} fe2
format('$The OUTPUT file Is *,al2)
write(*,' (AV)")'SIs this OK? (Y):'
read(™,'(Al)") flag
call yesno(flag)
if (flag.eq."N') then
write(*;'(A\)")'SEnter OUTPUT filename; *
read (™, (A12)") file2
endif
open(2,file=file?, status="umknown")

file3 = code//*crds,tab’
OPEN(3,8TATUS = "scratch')
filed = code//'bond.tab'
OPEN@,STATUS = "scratch')
fileS = cade//'angl.tab'
OPEN(10,STATUS = "scratch')
file6 = code//"adp tab’
OPEN{I1,statug = ‘zeratch”)
file® = code//*hs.tab’
open(9, 5t tog=x"serateh')

¢ it 12 - H burds

open(12,xtatug="scratch’



¢ unit 13 - H angles

12

15

open(13,status=="scraich")

file? = codef/'¢d.asc'
write(*,12) file7
format("$The ASCHI CD INPUT file is *,a12)
wrlte(*,'(AV)")'$1s this OK? (Y)'
read(*,"(A1)") flag
call yesno(flag)
if {flag.eq."N*) then
write(*,'(AV)")'$Enter ASCII CD INPUT filename: '
read(*,"(A12)") file7
endif
open(7, file=file7,status="old")
file8 = code//".tab’
write(*,15) fileB
format("$The final TABLE file iz ",al2)
write(™, (AV)")'$is this OK? (Y)»'
read(*,'(AL)") flag
call yesno(flag)
if (flag.eq.'N") then
write(*,'(A\)'y'$Enter final TABLE filename: '
read(*,'(A12)" file8
endif
open(8, file = file§,status = 'unknown')
open(14,file = ‘dave,wp',status = ‘unknown")

return
end .

subroutine tab1{code)

¢ reads brisk table files and writes it neatly

[ 5]

integer crds(3),scrds(3),ueq,eteq,nol,erdrmul,adpmul,unit
¢haracter name*4, flag*i, tof*1,code*d,f1*], lab
character*3 car(3),careq

to =char(12)
tab=char{®

rewind(3)
rewind(9)

unit=3

read{3.2)erdmul
format(d2x,il)
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read(3,3)adpmul
3 format(3éx,i1)

write(8,15) tof
) write(14,16) tof
.+ . format(al)

write(8,20)crdmul
20 format(5x,' Lil)
write(8,22)
22 formaf(Sx,"TABLE : Practional atomtic coordinates (x10 ) and equiv
&alent")
23 wrie(8,24)
24 format(" )
write(8,25)adpmut
25 format(5x,' o2 i)

2% write(8,28)code
28  format(Sx,' isotropic temperature factors (A x10 ) for!
& a8

write(8,24)
wrile(8,24)
write(8,24)

write(8,30)

30 format(i5x,"x/w', 11x,'y/b', 11x,'2/¢',12x,'U")
write(8,32)

32 format(59x,'eq")

write(8,24)
write(8,24)

nol=0
5 read(unit,10,end = 1000} name, (erds(i), scrds(i),i=1,3),ueq,eueq, il
10 format(2x,ad,3(3%,17,1x,i3,1x)4%,15, 1%,i3, 1x,21)
nol=nol+-1
if(not.ge,50) then
nol=0
call newpage
endif

do 50,i=1,3
call space(serds{i),car(i))



50  continue :
call space(eueq,careq)

write(8,100) name,{crds(i),var(i),i=1,3),ueq,careq,fl
100  format(5x,a4,3(3x,i7,'(",a3),5x,15,'(",a3,al)

write(14, 101) name, tab, (crds(i).car(i), tab,i=1,3),ueq,careq,fl
101  format(ad,al,3(i6,'{",a3,a1),i5,'(",a3,a1)

goto §
1000 continue

if(unit.eq.d) then
unit==9
nol=0
write(*,' (A\)")'$Write H coords in separate table? (¥):'
read(*,'(A1)") flag
call yesno(flag)
if (flag.eq."Y") then

write(8,24)
write(8,110)
110 format(ix, "™ isotropic temperature factors’)

write(14, 16)tof
write(8, 16)tof

write(8, 120)crdmut
120 format(5x,' il
write(8,122)
122 formai(Sx,"TABLE : Hydrogen atomic coordis: stes (x10 ) and")

goto 23
eise
unit=9

goto §
endif

endif

refurn



10
15
20

end

stbroutine newpage
cliaraster tof*}
tof=char(12)
write(8,10)

fol,mat(! I) .
write(8,15)
formai({'Data continued on next page")
write(8,20) tof
format(al)

return

end

subroutine tabZ(code)

¢ reads brisk adp.iab file and wriles it neafly

integer u(5),su(6),nol,adpmul

character name*d,tof*1, flag*1,code*d, tab*}
character*3 cu(t)

tof=char(12)

tab=char{9)

rewind(11)
read(11,3)adpinul
format(36x,i1)

¢ write table heading

25

write(8,5) tof
write(14,5) tof
format(al)

write(8, 10)adpmul

format(3x," _ o2 i}
write(8, 15)code

format(5x,"TABLE : Anisotropic temperature factors (A x10 )",
' for '.ad}

write(8,20)

format{' )

write(8,20})

write(8,20)

write(8,25)

fotmat(9x,6¢U", 10x))

write{8,30)
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30

55
50

61

100

format(9x,’ 11',' 22+, s 2

&, 3, 231

write(8,20)
write(8,20)

nol=l
read(11,50,end = 100) name,{u(i},su(i},i=1,6)
format(5x,ad,6(1x,i5,1x,i3,1%))
nol=nol+1
if(nol.ge.50) then
no]_ =)
call newpage
endif

do 200,i=1,6
call space(su(i},cu(i))
continue

write(8,60) name, (u(f),cuti),i=1,6)
formal(2x,a4,6(1x,i5,"("a3," )
write(14,61) name, (ol cu),i=1,6)
format(2s,a4 ,6(1%,i5,'¢",a0," ™

goto 55
continue
retumn

end

subroutine tab3{code)

¢ brisk bond lenghts printed neatly

character atm1{2)™4.atm2(2)*4,tof*1,code*d, flag™*1, tah*1
integar sb1(2),n0l,unit

character*3 esbi(2}

real bl(2)

rewind(4)
rewind(12}
utlite24

tof=char(12)
tab=char(9)
write(8,5)tof
write( 14,5)10f
format(ul)



10
15
20

40
50

10
71

100

110
1

write(8,10)

format(5x," o)
write(8,15)code

format(5x,"TABLE ; Selected bond lenghts (A) for ',ad)
write(8,20)

format(" ")

write(8,20)

not==0

do 60,i=1,2
read(unit,50,end =} 00)atm1 ), atm2(D), bl(1),sbl{i)
formai{10x,a4, 1x,24,5x,18.3,1x,i3,1x)

call space(sbk{i),csbi(i))

continue

write(8, 70)(atm 1(i),atm2 (1), bi().csbl(d),i=1,2)
format{2(10x,a4,'-" ,a4,3x,28.3,'(",&3,' ')
write(14,71)(atm1(i),atm2 (i), tab, (i), cabl(l), tab,i==1,2)
format{2(ad,'-',a4,al,f8.%,'(",a3," ' .alp)

el =nol+1
if(nol.ge.50) then
nol=0
call cewpage
engif

goto 40
continue
ifii.eq.2) then

write(8, 1 10)am1{1),atm2(1},bi{1),csbI(1)
format(10x,ad,'~' ,ad,5x,18.3,'¢",a3," 1

write(14, 11 Daten] (1), atm2(1),tab,bI{1),csblc1)
format(a4,’-'.a4,a1,f8.3,'(‘,a3,' ')

endif

if(unit,eq.4) then
umits=12
nol=0
write(*, '(A\)"Y'$Write H bonds in separate table? (Y):'
read{®,"(A1)") flag
call yesno(flag)
it (flag.eq.'Y"} then

100
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write(8,5)t0f
write(14,5)tof
write(8,210) -
210 format(5z,' o
write(8,215)code
215  format(5x,'TABLE : Hydrogen bond lenghts (A} for ',ad)
write(8,220)
220 format(' ')
write(8,20)

goto 40

else

unit=12

goto 40

endif
endif

return
end

subroutine tabd(code)
¢ writes brisl: bond angles neatly
characier*4 atm](2),atm2(2),atm3(2),code*d, flag ]
character tof*1, tab*1
integer nol,san{2),unit
real as(2)
character®3 csaa(2)

rewind(70)
rewind(13)
unitz=10

tof=char(12)
tab==char(9)
write(8,S)tof
write{14,5)0f
5 formatial}
write(8,10)
10 format(5x,’ o'
write(8, 15)code
15 format(5x,"TABLE : Sclected bomd anples () for ",a4)
wiite(g 20)
20 forimai(’ 9
write(8,20%

nol =0



40
50

3 8

1

100
110
53

210
215
220
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do 60,j==1,2"

read(unit,50,end = 100)atm (), atm2(0),atm3(1},as(i),san(i)
format(10x,a4, 1x,a4, 1x,a4,5x,£6.1,1%.12}

call space(san(i),csan(i))

continue

write(8,70) (atm (i), tm2(1), atm (D), as),csan(i),i=1,2)
format(2(10x,a4,"-',a4,"'-",a4,5x,£6.1,'(",a3))
write(14,71)(atm 1), acm2(i),atm3(), tab, as(idcsnn(i), tab,i==1,2)
fmat(z(a"" -t IM! ! !ad'lal ;m- 1 ] ' 153 o 1))

nol=noj+1
if(nol.ge.50) then
nol=0
call newpage
endif

goto 40

continue

if(i.eq.2) then
write(8,110)atm1(1),atm2(1),atm371),a9(!),csan(l)

format(10x,ad,'-* 24, '-' a4, 9x,§6.1,'(",a3)
write{14,111)atmi(1),aim2{1),atm3(1),tab,as(1),csan(1)

forinat(ad,'-' a4, '~',ad,al,f6.1,"(",a3}

endif

iflunit,eq.10) then
unit=13
nol=0
write(®,'(A))")'$Write B bond angles in reparate table? (Y):'
read(*,'(A1)") flag
call yesnarflag)
if (flag.eq.”Y") then

write(8, 5}tof
write(14,5)tof

write(d,210)

formay(sx,’ o)
write(8,215)code

format(5x,"TABLE. : Hydrogen bond angles { ) for *,24)
write(8,220)

Tormat(' ")

write(8,20)



gow 40

else

unit==13

goto 40

endif
endif

write(8,5)tof
write{14,5)tof

returmn
end

subtoutine spacein,cout)
integer iin,ione,itwo
character®3 cout

if(iin.le.9) then
cout(1:1) =char(iin-+48)
cout(2:3)=") !
endif
if(lin.]e,29.and.iin.gt.9) then
fone=iin/10
itwo=iin-(ione*1(%
cout(l: 1)=char(ione-+48)
cout(2:2) =char(itwo+48)
cout(3:3)=""
endif

retitrn
end
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Center )
The program CENTER calculates the errors in the centring of the crystal, using the ideas
put forward in chapter 6,

PROGRAM CENTER
REAL R RS, TH,CHIM,THX,THY

REAL CHI1,CHI2,CHI3,CHI4, TH1, TH2, TH3, TH4
REAL DH,DX,DY,DZ,VARI,VARZ,Pl
CHARACTER™(2 FILEL,FLAG

CHARACTER*30 COM

C OPEN QUTPUT FILE

write(*,'(A\)")’ Enter QUTTPUT file name 3
read(*, '(4)" FILEL
open(l,file = FILEL,status = ‘unkwown')

C STANDARD DISTANCES FOR CAD4

PI=3,141592654
RS=140
RC=173

WRITE(*,'(A)") '$SENTER DE1; -"TOR HEIGHT ERROR (DETER):'
READ(*,*) DH

C %3,02 WITHOUT EXTENDER, SRE MANUAL
DH = DH*3.0

C INPUT THETA VALUES

10 WRITE(*,%)
WRITE(*, (A)") *$ENTER THETA VALUE FOR SETTING ONE: *
READ(*,*) TH1
THI = THi*PU180
WRITE(*,'(AY)") "$SENTER THETA VALUE FOR SETTING TWO: '
READ(**) TH2
TH2 = TH24PI/180
WRITE(*,(A\)'} 'SENTER THETA VALUE FOR SETTING THRES: '
READ(*,*) TH3
TH3 = TH3*PI180
WRITE(*,}{(AY)") 'SENTER THETA VALUE FOR SETTING FOUR: '
READ(%,%) TH4
TH4 = TH4*PI/180



C INPUT CHI VALUES

WRITE(*,(A\)") '$ENTER CHI VALUE FOR SETTING ONE: '
READ({*,*) CHIL

CHI = CHI1*PI/180

WRITE(*,"(A\)") '$ENTER CHI VALUE FOR SETTING TWO: °
READ(*,*) CHI2

CHI2 = CHI2*PI/180

WRITE(*,"(A\)") '$SENTER CEl VALUE FOR SETTING THREE: '
READ(*,*) CHI3

CHI3 = CHI3*PL/18)

WRITE(®,'(A\)') 'SENTER CHI VALUE FOR SETTING FOUR:
READ(*,%) CHI4

CHI4 = CHI4*PI/180

C CALCULATE AVERAGE THETA VALUE
TH = (ABS(TH1)+ABS(TH2)-+ABS(THI)+ABS(TH4))/4

WRITE(*,'(A})") 'SAVERAGE YALUE OF THETA ~'
WRITE(*,100) TH*180/PI

CERRORIN Z

CHIM = CHI1-+CHI2-CHI3-CHI4
VARI = DH/(2*RC*SIN(TH))
VAR2 = 2*SIN(TH)/(/RS5+ I/RC)

DZ = (4*CHIM-VARI)*VAR2
WRITE(*,'(A)") 'SERRORIN Z = '
WRITE(*,110) DZ

C ERROR IN X

THX == TH1-TH2+TH3-TH4

DX = THR/A4SINITH)*(1/RS+1/RC))
WRITE(*,'(AV)") 'SERRORINX ="
WRITE(*%,110) DX

CERRORINY

THY = TH2+THI-THI-TH4

DY = THY/(4*COSTH)*(I/RS-1/RC))
WRITE(*,{A\)") 'SFRROR IN Y = *
WRITE(*,110) DY

WRITE(*,"
WRITE(*,'(A\)") "SCOMMENT: *

105



106
READ("','(A)‘)I CoM

C QUTPUT TO FL.E

100
110
120
138
140
150
160
170
180

WRITE(, 120) DH
WRITE(1,130) THI*180/PT, TH2*180/PT, TH3*180/P!, THd*180/PI
WRITE(1,140) CHII*180/P1,CHI2*180/PT,CHI3*130/PI,CHI4*180/PI
WRITE(1,150)

WRITE(1,160) DZ

WRITE(1,170) DX

WRITE(L,180) DY

WRITE(1,"(A)") COM

WRITE(1,"

WRITE(*,
WRITE(*,'(A\)') 'SREPEAT? (Y/N) *
READ(*,'(A)") FLAG

IF¥ (FLAG.EQ.'Y") GOTO 10

FORMAT(F7.3," degrees')
FORMAT(F7.4,'mm")

FORMAT('DETECTOR ERROR= ',F7.4,' (MULTIPLIED BY 3.02)")
FORMAT('TH] =" F7.3, TH2="F"1.3,' THY="F71.3," TH4="'FL3)
FORMAT('CHIt =" F7.3,' CHI2=",F7.3,' CHI3=",F73,' CHl4="F7 3)
FORMAT({'CRYSTAL QFFSETS")

FORMAT('DZ = ' F7,4,'mm')

FORMAT('DX = ',F1.4,'mm")

FORMAT('DY = ' F7.4,'mm")

CLOSE(1)
STGP
END
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TABLE : Anisotropic temperati.ive factors (A ,*1L0 ) for orée7

11

56(2)
105(2)
52(2)
77 (2)
R0(3)
77(2)
44(2)
55 (2)
65(2)
73 (2)
80(3)
67(2)

22

29 (1)
30(1)
39 (2)
41(2)
33(2)
23 (2)
35(2)
39(2)
54 (2)
75(3)
60(3)
47(2)

33

49 (2)
65(2)
53({2)
50(2)
75(2)
64(2)
48(2)
58(2)
66(2)
53 (2)
53(2)
49 (2)

02

12

=t
B B3 2 DI B DI BI B BB =
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3

13

~1(1)
1(1)
5(2)
1{2)
0(2)
~10(2)
-4(2)
0(2)
-10(2)
~12(2)
2(2)
0(2)

23

7(1)
12 (1)
5(2)
=3(2)
-5(2}
4(2)
2{1)
3(2)
-10(2)
-15(2)
14 (2)
4(2)



Cc1
c2
c3
C4
C5
cé

Cs
C9
Clo

TABLE

02

3

: Anisotropic temperature factors (A ,%*10 ) for 1t0102

11

27 (1)
45 (1)
24 (1)
33 (1)
33(1)
31(1)
21(1)
27 (1)
30(1)
35 (1)
37 (1)
29 (1)

22

16 (0)
17(0)
20(1)
23(1)
18 (1)
15 (1)
21(1)
22(1)
28(1)
39(1)
ag(1)
26 (1)

33

18 (1)
29 (1)
23 (1}
24 (1)
33 (1}
27 (1)
21(1)
26(1°
31(1)
23(1)
21 (1)
23(1)

12

-1(0)
2(1)
1(1)
2(1)
2(1)

~3(1)
1(1)

-2(1)
0(1)
7(1)
2(1)

-2{1)

13

-2(0)}
0(1)
2(1)
2(1)
G(1)

-4 (1)

-2(1)
1{1)

~4(1)

-6(1)
1(1)

~1(1)



TABLE

3 Anisotropic temperature factors (A ,%10 ) for 1to03

11

22(1)
33 (1)
17(1)
26 (1)
29 (1}
27 (1)
18(1)
20(1)
23 (1)
25(1)
23 (1)
23 (1)

22

17 (1)
16(1)
26(1)
22(1)
16(1)
14 (1)
20(1)
22(1)
24 (1)
28 (1)
29 (1)
22(1)

33

32(1)
41 (1)
33(1)
32(1)
38(2)
39 (2)
34 (1)
35(1)
40(2)
36 (1)
34(2)
34 (1)

Q2

12

0(1)
1(1)
~2(1)
1(1)
-1(1)
-3(1)
4(1)
1(1)
2(1)
7(1)
4(1)
0(1)

3

13

0(1)
1{1)
2(1)
1(1)
-3(1)
=4 (1)
=3(1)
-1(1)
-3(1)
~3(1)
=1(3)
-3(1)

0(1)
2(1)

3(1)
~3(1)
-3(1)
5(1)
3(1)



cl

C3
C4
Ch
Cé
c7
(o}
co
clo

TABLE

! Anisotropic temperature factors (A ,*10 ) for 1toOl

11

14 (1)
21(1)
10(1)
16(1)
17(1)
16(1)
10(1)
11(1)
14 (1)
15(1)
15 (1)
12(1)

22

22(3)
14 (2)
14 (3)
23(3)
19(3)
19(3)
18(3)
27 (3)
18 (3)
28 (3)
26(3)
24 (3)

33

14 (1)
19 (1)
14 (1)
16(1)
19 (1)
17(1)
1Z{1)
18 (1)
21(1)
15 (1)
12 (1)
17(1)

o2

12

2(1)
1(1)
0(1)
1(1)
=-1(1)
=1(1)
3{1)
2(1)
1(1)
5(1)
3(3.)
~3(1

3

13

0(1)
1(1)
2(1)
1(1)
1(1)
~-1(1)
-2(1)
0(1)
-2(1)
=2(1)
1(1)
-1(1)



01

018
019
020
021
022
023
c2
c3
C4
c5
cé
Cc8
c9
clo
Cl1
Clz2
Cl3
cl4
C15
Cls
Cc17

TABLE

o2

3

: Anisotropic temperature factors (A ,*10 ) for Leucodrin

11

‘23(2)

20(1)
28(2)
29(2)
21(2)
18(1)
39(2)
50(2)
18(2)
34(3)
21(2)
18 (2)
26(2)
18(2)
17(2)
20(2)
28(2)
27(2)
38 (2)
39(3)
42(3)
45(3)
30(2)

272

23 (1)
15(1)
27 (2)
19 (1)
22 (1)
25(2)
19 (1)
41(2)
20(2)
19(2)
18(2)
17(2)
20(2)
14 (2)
16(2)
17(2)
20(2)
20(2)
28 (2)

34(2)

26(2)
31(2)
26 (2)

24(1)
38 (2)
49(2)
46(2)
34 (2)
56(2)
35(2)
34(2)
14 (2)
30(2)
22(2)
20(2}
25(2)
27(2)
24(2)
26(2)
41(2)
21{2)
29(2)
30(2)
26(2)
29 (2)
33(2)

3(2)
=-3(1)
2(2)
-6(2)
-8(1)
5(1)
4(2)
-5(2)
=-4(2)
5{2)
1(2)
0(2)
1(2})
~5(2)
~-2(2)
1(2)
~2(2)
-2(2)
..5(2.)
~4(3)
1(2)
-2(3)
-2(2)

-3 (1)
~1(1)
~5(2)
2(2)
1(1)
-7(2)
-1:2)
-20(2)
-1(2)
~4(2)
1(2)
-1(2)
1(2)
2(2)
~2{2)
-2(2)
3(2)
0(2)
-3(2)
~B(2)
-9 (2}
~2(2)
-1(2)

23

4(1)
-1 (1)
14 (1

5(1)

2(1)

-12(1)
=7(1)

8(1)

4(2)
-1(2}

1(2)

2(2)
-1(2)
-2(2)
-1(2)

0(2)

=10{(2)
-1(2)

0(2)

1(2)

1(2)

7(2)

4(2)



TABLE

U
11

98 (3)
77(3)
99 (3)

111(3)
89(3)
81(3)

142(3)

167(4)
77(3)

125 (4)
94 (3)
78 (3)
86(3)
80(3)

73(3)

81(3)
97 (4)
107 (4)
136 (4)
128(4)
143(4)
147 (4)
122 (4)

at 100K

22

96(3)
78(2)
110(3)
95(3)
117 (3)
111(3)
96(3)
168 (3)
a5(3}
36(3)

90(3)

84(3)
93(3)
75(3)
20(3)
83(3)
97(3)
100(3)
118 (3)
137 (4)
121.(4)
133(4)
123 (4)

u
33

103 (3)
153 (3)
177(3)
173 (3)
129 (3)
192(3)
140(3)
141(3)
133({4)
128(4)
99(3)
90(3)
101(3)
114 (3)
99 (3)
110(3)
147 (4)
95(3)
108 (3)
127 (4}
100(3)
122 (4)
125 (4)

02

U
12

20(3)
-6(2)
8(3)
-18(3)
-34(3)
24 (3)
15(3)
-12(3)
-6(3)

4

13

-14(3)
~4(3)
~16(3)
8(3)
1(3)
-33(3)
~7(3)
59 (3)
1(3)
-6 (3)
-4 (3)
-6(3)
~2(3)
~5(3)
~1(3)
~4(3)
0(3)
=-2(3)
=9 (3)
-26(3)
-23(4)
-10{4)
~1(3)

: Anisotropic temperature factors (A ,x10 ) for Leucodrin

23

11(2)
~3(3)
43(3)
14 (3)
12(3)
-40(3)
-17(3)
39(3)
16(3)
=3 (3)
3(3)
2(3)
0(3)
-3(3)
3(3)
-4(3)
~29 (3)
~5(3)
12(3)
2(3)
~4 (3)
30(3)
12(3)



o2 3
TABLE : Anisotropic temperature factors (A ,x10 ) for Conocarpin

v u U U U U
11 22 33 12 13 23

o1 39(1) 28 (1) 35(1) -6(1) (1) 4(1)
07 24 (1) 55(1) 35{1) -2(1) 1(1) ~13(1)
018 60(1) 30(1) 56(1) -21(1) 2(1) ~1(1)
019 33(1) 53(1) 64 (1) 12 (1) 2(1) -9(1)
020 33(1) 44(1) 41(1) 13 (1) ~7(1) -5(1)
021 34(1) 30(1) 37(1) 7(1) 2(1) 8(1)
022 43 (1) 70(1) 32(1) 11(1) ~13(1) -17(1)
023 48 (1) 30(1) 57(1) -4 (1) -16(1) 13 (1)
c2 33(2) 32(1) 40(2) -2(1) 6(1) -4(1)
c3 43(2) 29 (1) 32 (1) -12(1) -3(1) -1(1)
c4 33(2) 28 (1) 25(1) -3(1) 3(1) 0(1)
cs 26 (1) 24 (1) 29 (1) -1({1) o(1) 1(1)
C6 30(2) 38(1) 32 (1) -2(1) 4(1) 3(1)
cs 28 (1) 32(1) 30(1) 2(1) 0(1) ~3 (1)
c9 25(1) 36 (1) 25(1) 0(1) 0(1) -3 (1)
10 32(1) 27(1) 27(1) 3(1) -1(1) -2(1)
c11 35(2) 50(2) 33(1) -3(2) -6(1) ~11(1)
c12 34 (1) 27{1) 27 (1) -3(1) 1(1) 1(1)
C13 43 (2) 36 (1) 44(2) -8(2) -11(2) 3(1)
c14 43(2) 39 (2) 46(2) ~11(2) -17(2) 11(1)
c15 43(2) 28(1) 35(1) -3(1) ~1(1) 1(1)
c16 34 (2) 33(1) 44(2) -5(1) -6(1) 1(1)

¢17 36(2) 34(1) 39(2) -4 (1) -5 (1) 5(1)



TABLE

+ Anisotropic temperature factors (A ,x10 ) for orsé3

52 (0)
28(2)
62 (3)
84 (4)
41(3)
30(2)
24(2)
24 (2)
32(3)
23(2)
21(2)
27(2)
41(3)
37(3)
31(3)

22

66 (1)
52(3)
69 (3)
101(5)
30(3)
55(3)
39(3)
27(3)
29 (3)
30(3)
35(3)
36(3)
44(3)
40(3)
35(3)

33

94 (1)
54(2)
59 (3)
79({3}
45(3)
66(3)
37(3)
36(2)
30(2)
37(2)
40(3)
48(3)
33(3)
41(3)
35(2)

02’

12

7(0)
0(2)
~4(3)
25{4)
~2(2)
-4(2)
4(2)
-1(2)
~2(2)
8(2)
2(2)
3(2)
6(3)
3(3)
-4(2)

3

6(2"
12 (2

5(2)

23

48(0)
-14(2)
22 (3)
52(3)
3(2)
~5(3)
8(2)
~1(2)
1(2)
2(2)
2(2)
5(3)
-2(2)
~4(2)
-5(2)



TAB

E

: Anisotropic temperature factors (A ,%x10 ) for 1t06

11

1.6 (0)
12(1)
19 (1)
26 (1}
12(1)
11(1)
9(1}
9(1)
12(1)
11.(1)
8(1)
19(1)
15(1)
15(1)

9(1)

22

24 (0)
20 (1)
29 (1)
32(2)

7 (1)
24 (1)
16 (1)
15 (1)
14 (1)
15 (1}
15(1)
13 (1)
23 (1)
15(1)
16 (1)

a3

3110)
20(1)
24(1)
30(2)
38(2)
22(2)
14 (1)
13 (1)
16(2)
16(2)
17(2)
18(2)
15(2)
15(2)
16(1)

02

12

2(1)
0(1)
3(1)
1(1)
0(1)
0(1)
-1(i)
0(1)
(1)
0(1)
1(1)
2(1)
-1(1)
-1(1)

3

13

7(0)
0(1)
-5 (1)
13 (1)
-10(2)
4(1)
1(1)
2(1)
3(1)
3(1)
1{1)
5(1)
a(1)
3(1)
3(1)

23

16(0)
-G (1)
8(1)
10(1)
-7 (1)
_4(1)
1(1)
=1(1)
0(2)
0(1)
a(1)
3(1)
-1(1)
~1(1)
1(1)
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