
761 

Acta Cryst. (1955). 8, 761 

A Direct  D e t e r m i n a t i o n  of Molecu lar  Structure:  DL-isoCryptopleurine Meth iod ide  

BY J. FRIDRICHSONS AND A. McL. M_~TnZESO~ 

Chemical Physics Section, Division of Industrial Chemistry, Commonwealth Scientific and Industrial Research 
Organization, Melbourne, Australia 

(Received 3 March 1955 and in revised form 8 July 1955) 

DT.-isoCryptopleurine methiodide, a derivative of eryptopleurine, is monoclinic with unit cell 
dimensions, a = 9.95, b = 24.2, c --- 9.95/ix, fl = 112 ° and space group P21/n. Starting only with 
the empirical formula, C25H~003NI, and using no assumptions regarding the structure or normal 
bond lengths and angles, the crystal structure has been solved in a direct manner by the use of the 
'heavy-atom' technique combined with a new application of generalized projections, the principle 
of which is as follows. 

The data  for each layer about one axis, e.g. Hlcl, can be combined to yield a modulus projection, 

I@H(Y, z)l - [C~(y, z)+S2H(y, z)]½. 

This projection will in its main features be the same as @0(Y, z), the normal projection derived from 
0kl data. Hence, from n layers, n views of the same projection can be obtained. For such 'heavy- 
atom' compounds, since signs initially can be fixed only by the 'heavy-atom' contribution, the 
projections both normal and modulus will be in error but errors in the n projections will not coincide 
since each projection is derived from a different set of data. Hence it is possible to combine several 
of the unrefined modulus projections with the unrefined normal projection to obtain the correct 
atom locations (y, z parameters). Then the approximate x parameters can be assessed from Cl(y,z ) 
and Sl(y, z) and refinement carried through. 

isoCryptopleurine is shown to be 2': 3': 6 '- trimethoxyphenanthro (9' : 10'-- 2 : 3) quinolizidine 
and this analysis constitutes the first observation of the phenanthreno (9": 10'--2:3) quinolizidine 
ring system. 

1. Introduction 

In  the  s t ruc ture  analyses of modera te ly  complex 
organic molecules (15-50 a toms excluding hydrogen) 
main ly  by  the  use of ' heavy-a tom '  derivat ives (for a 
review, see Mathieson, 1955), chemical evidence has 
been used implicit ly or explicitly to guide (a) in the  
selection of probable molecular models and (b) in the 
allocation of the  correct a tom types  to the peaks in 
the  electron-densi ty distribution.  In  the present  paper  
we have  a t t emp ted  to demonst ra te  in a pract ical  
manner  t h a t  the chemical informat ion is not  a neces- 
sary  ad junc t  to the analysis (apar t  from a rough 
empirical  formula)  and tha t  the X - r a y  method of 
determining the molecular s t ructure  of such com- 
pounds can be carried out  solely on the  basis of the 
diffraction data .  For  this purpose we required a com- 
pound about  which chemical evidence of a s t ructura l  
na tu re  was minimal.  We are therefore grateful  to Drs 
J .  1%. Price and E. Gellert, of the Organic Chemistry 
Section of this Division, for making  available to us 
crystals  of isocryptopleurine methiodide, a derivat ive 
of the  alkaloid, cryptopleurine.  

Nei ther  the  s t ructure  of cryptopleurine or of its 
derivat ives was known, nor had any  probable formula- 
t ion been proposed (Gellert & Riggs, 1954). Chemical 
evidence of s t ruc tura l  interest  regarding isocrypto- 
pleurine methiodide was limited to (a) the empirical 
formula,  (b) the presence of three me thoxy  groups 

and (c) the  similari ty of the  ultra-violet  spect rum of 
cryptopleurine and its derivat ives to t h a t  of phenan- 
threne and tr iphenylene.  F rom the infra-red absorp- 
tion spectra,  no s t ruc tura l  information was obtained.  
Because of the  pauc i ty  of information,  this compound 
therefore provided an excellent oppor tuni ty  to illus- 
t ra te  t h a t  X - r a y  techniques can determine molecular 
s t ructures  in a direct manner .  

A brief note of the  result  of this analysis has been 
published (Fridrichsons & Mathieson, 1954a) while a 
description of the method of analysis was presented 
a t  the Third In te rna t iona l  Congress on Crystallo- 
g raphy  (Fridrichsons & Mathieson, 1954b). 

2. Exper imenta l  

The crystals were prepared by Dr E. Gellert by  
repeated slow crystall izations from methanol .  They 
are tabular ,  with (010) the principal face, the edges 
of the plate being parallel to a and c. Measurement  of 
rota t ion and equi-inclination Weissenberg photographs  
established the unit  cell as monoclinic with 

a = 9.95, b = 24.2, c = 9.95 A; /~ = 112 °, 

the space group being P21/n. The derivation of the 
space group revealed t h a t  the specimen was a race- 
mate.  With  four units of C25Ha003NI, the calculated 
densi ty was 1.548 g.cm. -a, t ha t  measured being 1.54 
g.cm. -3. 
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In tens i ty  da ta  for hkO, hk£, Okl, lkl  and 5kl spectra 
were collected on equi-inelination Weissenberg photo- 
graphs. Two packs, each of four films (Ilford Indust r ia l  
Type G), were exposed for 30 hr. and 1 hr., respec- 
tively. The intensit ies were es t imated by  comparison 
against  a scale of s tandards.  The dimensions of the 
crystal  were 0.40 × 0.18 x 0.28 mm. Intensi t ies  of hkO 
and Okl spectra were corrected for absorption, 
/~(CuKa)  = 125 cm. -1, by  a modification of the 
method  of Joel, Vera & Garaycochea (1953). The ab- 
sorption corrections were es t imated for a var ie ty  of 
points in reciprocal space and  the results were con- 
toured;  this  enabled the corrections to be derived and  
applied more rapidly.  The contour map  of absorption 
corrections for Okl spectra could be used also for lkl 
spectra since the equi-inclination angle, /~1, for the 
first-layer da ta  is small  (4.4 ° ) and the absorption 
corrections do not  va ry  rapid ly  with Pl  in this  region. 
I t  was not  considered tha t  the use of the  correction 
map  could be extended to the 5kl data, and therefore 
no absorpt ion corrections have been applied to these 
reflexions. The observed structure ampl i tudes  were 
placed on an  absolute basis at  a later  stage by  com- 
pa1~son wi th  the calculated values. The sealing and 
tempera ture  factors were derived from plots of 
log (-~lFcl-~lFol} against sins O, summations being 
made over ranges of sin e O, 0-0-0-1,  0 .1-0-2 ,  etc. 
Values of B for the respective sets of reflexions are 
given in Table 1. 

Table 1. The reflexions used in the various Fourier 
syntheses 

nobs. is the number of reflexions observed, ntot. the total 
theoretically observable; Robs. and Rtot. are the corresponding 
reliability indices. 

The total number of non-equivalent reflexions observed 
was 1072 (theoretical, 1550), the mean values of Robs. and 
Rtot. being 0.156 and 0.162 respectively. 

hkl •obs. ntot. Robs. Rtot. B (A ~) 
0kl 215 290 0.135 0.145 3.9 
lkl 389 570 0.177 0.187 3.9 
5kl 341 490 0.154 0.158 4.8 
hk0 182 280 0.129 0.129 5.3 

Calculation of Fourier  syntheses  was carried out 
with 3 ° Beevers-Lipson strips (Beevers, 1952a), a and  
c being subdivided into 60 par t s  (0.166 A) and  b into 
120 parts  (0.2017 A). The carbon and  oxygen contribu- 
tions to the structure ampl i tudes  were calculated with 
3 ° Beevers-Lipson strips, the  in terpola t ion me thod  
(Beevers, 1952b) being used. The scattering curve for 
I was taken from Internationale TabeUen zur Be- 
stimmung yon KristaUstrukturen (1935) while those for 
C, N and 0 were based on McWeeny ' s  (1951) values. 

During the progress of the analysis ,  the  assessment 
of atom locations deduced f rom the various electron- 
densi ty distr ibutions was grea t ly  faci l i ta ted by  the  
use of a suitable method of display.  On a thick cork 
ma t  was placed an ac cross-section of the  uni t  cell 
subdivided into 60×60  sections. Each  a tom was 
represented by  a wooden ball, supported on a brass 
rod whose length represented the  y parameter .  The 
rod was then  inserted in the  cork ma t  at the  ap- 
propriate x, z position. 

3. Structure analysis  

The initiM step was to locate the  iodine atoms by  
computing Pat terson functions,  P(y, z) and P(x, y). 
The approximate  parameters  of the iodine atoms 
were refined by  calculation of Fourier  projections, 
100(Y, z) and 100(x, y) (Fig. l(a)  and  (b)), those terms 
being used whose signs could be assumed as f ixed by  
the iodine contribution, i.e. if the  geometrical  struc- 
ture factor was > 0.1 (max. 1.0). On the  basis of the  
two projections, an ambigu i ty  in  the values of the  
parameter  existed. If  x and  y are defined, the  th i rd  
parameter  m a y  be z or 1 - z .  This  diff icul ty was re- 
solved by  consideration of a sui table  th i rd  projection 
along the [101] axis which lies at  124 ° to both  the  
[100] and [001] axes. F rom inspection of the  hk/~ 
structure ampli tudes,  the correct choice for the z 
parameter  was made. A Fourier  projection, l~o(X-Z, y) 
was then  computed with the  h/cA spectra, the ma jo r i ty  
of the term-signs being fixed b y  the iodine contribu- 
tion. 

b 

J L ~  o ~ " ~ 

c sin p (a) o o c sin ~8 
(b) 

Fig. 1. (a) lo0(y, z) and (b) l o0(x, y) are the unrefined normal projections of electron density down 
the a and c axes respectively. 
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None of the contour maps,  ~Q0(x, y), loo(Y, z) or 
1Q0(x-z, y) showed a dis t r ibut ion which might  cor- 
respond to the molecule or any  par t  thereof, e.g. the 
phenan threne  r ing suggested by  the ul traviolet  spec- 
t rum.  This was not  to be expected since the projection 
axes are all  of the order of 10 A and there is la t i tude 
for extensive overlap of atoms. Since no chemical 
s tructure for this  molecule had  so far been proposed, 
it was not  possible to proceed by  the usual  method of 
adjus t ing such a model  over two projections unt i l  the 
approx imate ly  correct f i t  was achieved, and then 
refining. I t  was therefore clear tha t  the structure of 
this  molecule mus t  be determined solely from the 
diffraction data.  The problem was therefore restr icted 
to tha t  of locating 29 ' l ight '  atoms in the asymmetr ic  
volume of the uni t  cell. B y  the nature  of the problem, 
ni trogen and  oxygen a toms could not differentiated 
from the carbon a toms and  hence, for the ini t ial  stage 
of the invest igation,  all  a toms were assumed to have 
the scat tering power of carbon. Since there was no 
indicat ion of the possible location of the molecules 
in the uni t  cell, a t t en t ion  was focused on a purely 
a rb i t ra ry  but  convenient  asymmetr ic  volume, Va, 
enclosed by  x = 0  to a, y = 0  to ¼b a n d z = 0  to c. 
W h e n  the 29 atoms have  been located in Va, the 
par t icular  grouping of atoms which consti tute a 
molecule can be de te rmined  and then  the distr ibut ion 
of molecules in the un i t  cell made  evident.  

The first  a t t empt  at  a solution of the crystal  struc- 
ture was based on the  use of the three unrefined pro- 
jections, 1Qo(X, y), l~0(Y, z) and l~0(x-z,  y). I t  was 
considered that ,  if these projections approximated  
sufficiently to the t rue  electron-density distributions, 
it  should be possible to extract  from them the distribu- 
t ion of atoms in Va. The first method tried was based 
on the  following idea. For  any  given value of y, 
a m i n i m u m  funct ion (Buerger, 1951), 

My(z,  z) = . M [ l ~ 0 ( x  , y), 1Qo(Y, z), lQo(X-Z, y)] 

was ext rac ted  from the  corresponding lines of the 
same y parameter  in  the  three electron-density maps  
and  the result  contoured in the x, z plane. This was 
tested for several values  of y, but  did not lead to any  
resolution of atoms. The second method was based on 
an a t t empted  correlation of the x, z and x - z  para- 
meters of peaks at  approx imate ly  the same y level, 
by  visual  inspect ion of the three contoured maps. 
Both  methods failed and  it was concluded tha t  the 
three projections contained too m a n y  false features: 
(a) there were incomple te ly  developed peaks where 
atoms did exist;  (b) there were spurious peaks where 
no atoms occurred; and  (c) such peaks as were correct 
were suff iciently in error in locat ion to prevent  
correlation of the  three projections.* 

* The add i t ion  to the  ca lcu la ted  s t ruc ture  ampl i tudes  of 
con t r ibu t ions  cor responding  to the  sampling of the  unref ined 
Four ie r  m a p s  a t  regions above  a certain va lue  of electron 
dens i ty  (in a m a n n e r  s imilar  to t ha t  suggested b y  Carlisle & 
King  (1954)) did  no t  lead to fu r ther  solut ion of the  p rob lem 

An invest igat ion in three dimensions was therefore 
necessary. However, the avai lable  computing facilities 
were insufficient  for a complete three-dimensional  
s tudy  on such a large molecule and  it  was decided to 
test  the appl icabi l i ty  of generalized projections 
(Cochran & Dyer,  1952) in solving structures ab initio. 
Since the projection down the a axis, Fig. l(a),  ap- 
peared to offer the best resolution of atoms, the cor- 
responding first- layer spectra, lkl ,  were used. The 
iodine contr ibut ions were calculated, and where the 
geometrical s tructure factor was > 0.1 (max. 1.0), the 
iodine sign was used for the corresponding observed 
structure ampli tude.  The components,  1C1 and  1S1, of 
the generalized projection, 1~1 = 1CI+ilS1, were com- 
puted from (1) and  (2):~ 

C 1 
2 k l _ ] 
"-2 "~' Z {F( Ik l )+F( lk l ) }  cos 2~ky cos 2~lz / o o ( h + k + l  = 2n) 

k l 
2 .~, Z ,  { F ( l k l ) - F ( l k l ) }  sin 2zeky sin2xdz 

A o o ( h + k + l =  2 n + l )  

(1) 

S~ = - - ~  .~, Z { F ( l k l ) - F ( l k l ) }  cos 2~ky sin 2glz 

o o ( h + k + l  = 2n) 
2 k z (2) 

Z .Z {F(lkl)  +F( lk l )}  sin 2~rky cos 2zdz 
A o o ( h + k + l =  2 n + l )  

b 

c sin ,8 0 

Fig. 2. [loI(y, z)] = [1C~(y, z)~-lS~(y, z)]~ is tile first modulus 
projection using lkl spectra. 

The resul tant  distr ibutions (not shown) contain a 
great deal of spurious detail.  Since the a tom locations 
are not  known, even so far as their  y, z parameters ,  
one cannot use the component  maps,  1C1 and  1S1, to 
extract  x parameters .  However, it  was noted tha t  

since the peaks corresponding to atoms are not known. That 
this method should fail is indicated by comparison of Fig. l(a) 
and (b) with the corresponding final refined projections. It 
appeared that this type of 'refinement' tends merely to re- 
produce what one has inserted in the data. 

~Vhen referring to n~Or, nCr and n,%. the prefix n denotes 
the ~th stage of refinement and the suffix r the particular 
layer. 
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Fig. 8. (a) aCt(y, z), (b) 3S1(y, z) and (c) ]391(y,z)[. Contour levels are at intervals of 1 e./~ -2, beginning at 2 e.A -~, except 
for iodine in 3S1, where intervals are at. 5 e.A -2, beginning at 10 e.A -2. Broken lines represent negative values of functions 
3C1 .and aS t. The contours corresponding to iodine have been omitted from I~QI! and in most of the subsequent figures. A 
diagwam of one molecule is superimposed. 

Cz and  S 1 could be combined to yield the modulus of 
the  generalized projection, I~ll = [C~+S~I] ½-* 

The dis t r ibut ion l~l  is in essentials similar  to ~0, 
i.e. i t  represents the  view of the unit-cell  contents 
projected down the a axis and contains only y, z para- 
meters,  bu t  is derived from data  different from those 
used in  the  normal  projection. The modulus projection 
I ~ Q l l ,  Fig. 2, contained a great deal of spurious detail, 
as did 1Q0, Fig. l(a),  bu t  as the two projections are 
based on non-equivalent  sets of data,  peaks corre- 
sponding to real atoms tend to coincide in location 
in the two maps  while spurious peaks do not. I t  was 
therefore possible to derive from ~0 and ]1~1 an 
electron-density dis t r ibut ion which is more correct 
t han  either. To extract  this  information,  the  concept 

of a m i n i m u m  funct ion (]~uerger, 1061) was again 
used and  M(1Q0, Ix&l) was contoured/f  This distribu- 
t ion still contained spurious detail  but  25 peaks were 
selected as authent ic  a tom sites. The m i n i m u m  func- 
t ion yielded the  y, z parameters ,  and inspection of 

* Only later was it noted that Clews & Cochran (1949) 
had computed this function, which they referred to as 
R(h~ y, z). They did not use this function to solve the structure, 
but to refine the parameters. 

~f When the solution was achieved, it was realized that the 
simpler summation function I(x~ 0, ]l~zl) may have certain 
advantages for this purpose. 

1C1 and 1S1 gave the approximate  x parameters .  
Structure ampli tudes,  lk l ,  were then  computed wi th  
the iodine a tom and the 25 ' l ight '  atoms, the  re l iabi l i ty  
index (R = .~[IFo]-[FcI[+.~fFol) being reduced from 
0.36 (with iodine only) to 0.23. The signs of about  
40 terms,  previously unused, were f ixed and 9.C1 and 
2Sz were computed. The components were then  com- 
bined to yield the modulus projection, ],~11, which was 
a great improvement  in appearance over [1Q1[- Apar t  
from the iodine peak, the dis t r ibut ion could be ac- 
counted for by  29 ' l ight '  atoms, 26 clearly resolved, 
and, of the three remaining,  one was adjacent  to and  
par t ia l ly  masked  by  the iodine atom and the two 
others too close together to permi t  clear resolution, 
bu t  obviously corresponding to two atoms. There 

were no dubious features, all spurious peaks having  
been removed. The x parameter  of each atom was de- 
te rmined by  the relation, 2~x/a=tan-z~Sx(y,z) /~Cl(y ,  z), 
y, z being the parameters  determined from I~1l. As 
the location of each peak was transferred to the  dis- 
play-grid, i t  was possible to see two s t ructural  uni ts  
taking shape in V~. Each uni t  suggested a ra t ional  
a r rangement  of atoms and, by  transferr ing one uni t  
across a centre of symmet ry  so as to l ink wi th  the 
other unit ,  the whole molecule became clearly defined. 
No gross discrepancies in in tera tomic distances or 
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Fig. 4. (a) ~Cs(y, z), (b) ~Ss(y, z) and (c) Iz%(Y, z)l. Contour levels are at intervals of 0.5 e.A-% beginning at 1-5 e.A -2, except 
in the case of the iodine atom, where higher contours are at intervals of 10 e.A -2. The scale is absolute, as in Fig. 3: hence 
the lower atom peak heights. 

angles occurred and the distribution of intermolecular 
approach distances afforded evidence of compact 
molecular packing in the crystal. At this stage, the 
structures of the crystal and the molecular skeleton 
had been solved in essentials and the later stages of the 
analysis were aimed at  refinement of the atomic 
parameters and definition of atom types. 

Although the majori ty  of atom sites were unchanged, 
several transfers to different regions of Va had oc- 
curred in 1291[ compared with I1~11 and also all 29 
atoms had been located. Recalculation of the structure 
amplitudes, lkl, with the new and complete set of 
atomic coordinates reduced the reliability index to 
0.19, and the signs of all observed terms could be fixed. 
aC1 and aS1 (Fig. 3(a) and (b)) were then computed, 
the 'less than '  Fourier terms being included with 
either their calculated or limiting values. The corre- 
sponding modulus projection, la911 (Fig. 3(c)), showed 
excellent resolution of atoms and clearly indicated the 
heavier oxygen atoms (except one adjacent to the 
iodine atom). Even the nitrogen atom peak could be 
distinguished from the oxygen and carbon peaks. From 
aC 1 and aS1, x parameters of all atoms were derived 
and the structure amplitudes for 5kl spectra were 
calculated. With the signs of the majori ty  of terms thus 

fixed, 1C5 and 1S5 were computed and combined to 
give the modulus projection ]1Qsl which showed good 
agreement with 13911- Fur ther  refinement of x para- 
meters was derived from the relation 27e.5x/a = 
tan-l lSs(y,  z)/1Cs(y, z), and these values were then the 
basis for recalculation of the 5kl structure amplitudes. 
9C 5 and 2S5 (Fig. 4(a) and (b)) were computed and com- 
bined to give the modulus projection 12~5J (Fig. 4(c)). 
Okl structure amplitudes were calculated and the 
normal projection 2~o(Y, z) (Fig. 5(a); cf. Fig. l(a)) was 
computed. To obtain the best y, z parameters, the 
three final a-axis projections were combined to give 
~)2: = ½" 2~)0 -~- 13~1] -~- [2~)51 (Fig. 5(b)). For confirmation 
of the x parameters, the h/c0 structure amplitudes 
were computed (R = 0.13) and the projection down 
the c axis was computed, 2Q0(x, y) (Fig. 5(c); cf. Fig. 
l(b)). The best x parameters were derived from a 
comparison of ~C 5, 2S 5 and 2~o(x, y). The atomic para- 
meters of the atoms of the asymmetric unit are given 
in Table 2, and the intramolecular distances and angles 
calculated from these parameters in Table 3 and Fig. 
6(a). Some of the more important  intermolecular 
approach distances are also listed in Table 3 and Fig. 
6(b). The observed and the calculated structure am- 
plitudes are compared in Table 4. 
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Fig. 5. (a) 2Q0(Y, z) is the normal  project ion down the  a axis derived from Okl spectra. Contour  levels are at  intervals of 1 e./k -2, 
beginning at  3 e.A -2 (broken line). (b) Qz(Y, z) = ½2O0(Y, z)q-[301(y, z)I-~ [2o5(y, z)[ is the  dis t r ibut ion obta ined by combining 
the projections derived from Okl, lk l  and 5kl spectra. In  region P ,  carbon, ni t rogen and oxygen a toms  are ad jacent  and can 
be different iated on the  basis of peak height.  (c) ~o0(x, y) is the  normal  project ion down the  c axis derived from hkO spectra.  
Contour  levels are at  intervals of 1 e.A -~, beginning at  4 o.A -~. 
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Tab le  2. Atomic parameters of one asymmetric unit 
(molecule) 

Atom x/a y/b z/c 
I 0.778 --0.148 1.135 
O(1 ) 0.922 0.0567 0.250 
0(2 ) 0.933 0.153 0.383 
0(3 ) 0.682 0" 167 0.955 
N 0"657 -- 0" 139 0"667 
C(1 ) 0.817 0.0117 0.398 
CO) 0"873 0"0583 0"360 
C(a ) 0.880 0" 108 0.433 
C(4 ) 0.833 0" 110 0.547 
C(5 ) 0.722 0.113 0-775 
C(6 ) 0.672 0.116 0.888 
C(v) 0.608 0.0692 0.917 
C(s ) 0.610 0.0208 0.845 
C(9 ) 0.658 --0.0333 0.667 
C(lO) 0.703 -- 0.0363 0.552 
C(lz) 0.767 0-0138 0.512 
C(ls) 0.775 0.0625 0.585 
C(t3) 0-722 0.0650 0.698 
C(14) 0.668 0.0188 0.737 
C(15) 0.712 -- 0.0892 0" 468 
C(1~) 0.623 -- 0.136 0.505 
C(1~) 0.630 -- 0.193 0.445 
C(ls) 0.547 -- 0.238 0.483 
C(tg) 0.600 -- 0.242 0.648 
C(2o) 0.575 -- 0.186 0-705 
C(21) 0.600 -- 0.0858 0"708 
C(s2) 0.808 -- 0.146 0.747 
C(23) 0.923 0.0108 0.172 
C(24) 0.937 0.206 0.448 
C(~5) 0.637 0.169 1.072 

4. S t r u c t u r e  a n d  c o n f i g u r a t i o n  of the  m o l e c u l e  

The s t ruc tu r e  ana lys is  revea led  t h a t  the  molecule 
consists  of five s i x -membered  r ings fused toge ther ,  
wi th  one m o n a t o m i c  a n d  th ree  d ia tomic  subs t i t uen t s  
( ignoring hydrogen) .  F r o m  the  p e a k  he ights  in the  
e lec t ron-dens i ty  d is t r ibut ion ,  the  n i t rogen  a n d  th ree  
o x y g e n  a t o m s  can be d i f fe ren t ia ted  f rom the  ca rbon  
a toms ,  showing t h a t  n i t rogen  is c o m m o n  to r ings 
A a n d  B (Fig. 6(a)) a n d  has  C(22) a t t a c h e d  to it, while 
O(~)-C(~a), O(e)-C(~a) a n d  0(3)-C~25) cons t i tu te  the  dia- 
tomic  s u b s t i t u e n t  groups.  The  bond  lengths  and  angles 
(Table 3) wi th in  the  CDE r ing s y s t e m  indica te  an  aro- 
ma t i c  nucleus  (phenan th rene)  a n d  this  is conf i rmed by  
the  f ac t  t h a t  t he  m e a n  dev ia t ion  of a t o m s  C(1 ) • • • C(14) 
f rom t h e  p lane  L,  

0.9106x'-O.2360y+O.3391z'-7.1211 = 0 

is 0.02 J~ ( m a x i m u m  devia t ion ,  0.08 /~).* F u r t h e r -  
more ,  as is to be expected ,  C(15), C(.,~), 0(1), 0 (~ )and  
O(a) lie in th is  p l ane  wi th  a m e a n  dev ia t ion  of 0-04 .~ 
(max.  0.06 ~) .  The  in t e ra tomic  d is tances  of a t o m s  
a t t a c h e d  to 0(1), 0(2) a n d  O(a) are in ag reemen t  wi th  
s ingle-bond values  a n d  hence the  groups,  O(1)-C(2a), 
0(2)-C(~4) and  O(3)-C(ss) are  m e t h o x y l  groups  in sub- 
s t i t uen t  posi t ions 2, 3 a n d  6 of the  p h e n a n t h r e n e  

* The coordinates x', z' refer to rectilinear axes, a' normal 
to c and c' collinear with c. Hence x'----.v, sin/3 and z '= 
z+xcos f l .  

Table  3. Bond lengths and angles, and approach 
distances 

(a) Intramoleeular bond lengths 

Length Length Length 
Bond (A) Bond (A) Bond (A) 

O(1)-C(2 ) 1" 35 C(13)-C(5) 1- 39 C(1o)-C(15) 1" 54 
O(1)--C(23) 1.35 C(5)-C(6 ) 1.40 C(15)-C(~6) 1.55 
O(2)-C(a ) 1-36 C(e)-C(v) 1-37 C(~e)-C(z:) 1.52 
O(2)-C(24) 1.42 C(7)-C(8 ) 1- 37 C(17)-C(18) l- 52 
O(3)-C(e ) 1.38 C(8)-C(la) 1-40 C(18)-C(19) 1.52 
O(3)-C(25) 1.40 C(~D- C(~3) 1 "36 C(19)-C(2o) 1.54 
C(1)-Ct2) 1.37 C(11)-C(12) 1.37 C(2o)-N 1.53 
C(2)-C(3 ) 1.40 C(1)-C(n ) 1-39 N-C0e ) 1-53 
C(s)-C(, ) 1"38 C(9)-C(~o) 1-38 N-C(2s) 1.42 
C(4)-C(13) 1.39 C(9)-C(14) 1.43 N-C(2 ~ ) 1.51 
C(z2)-C(13) 1.42 C(lo)-C(11) 1.47 C(2~)-C(9 ) 1.52 

(b) Intramolecular bond angles 

Bonds Angle (°) Bonds Angle (°) 
C(~)-O(1)-C(23) 124 C(ll)-C(12)-C(la) 119 
C(a)-O(2)-C(24) ] 19 C(12)-C(la)--C(s ) ] 23 
C(e)-O(a)-C(25) 115 C(12)-C(la)-C(Ia) 120 
C(n)-C(1)-C(2 ) 120 C(s)-C(la)-C(14) 117 
C(1)-C(2)-O(1 ) 120 Ct13)-C(5)-C(6 ) 123 
C(1)-C(2)-C(3 ) 121 C(5)-C(e)-C(7) 117 
C(a)-C(2)-O(1 ) 119 C(5)-C(6)-O(a ) 116 
C(2)-C(3)-C(4 ) 119 C(7)-C(6)-O(s ) 125 
C(2)-C(3)-O(2 ) 116 C(e)-C~v)-C(s) 120 
C(4)-C(a)-O(2 ) 125 C(7)-C(s)-C(14) 121 
C(a)-C(4)-C(12) 120 C(s)-C 04)-C(13) 120 
C(4)-C(ls)-C(n ) 121 C(s)-C(14)-C(s ) 119 
C(4)-C(12)-C(1a) 120 C(9)-C(1.0-C(13) 122 
C(14)-C(9)-C(~o) 120 N-C(,6)-C(I~) 117 
C(14)-C(9)-C(sl) 120 C(16)-C(lv)-C(18) 116 
COo)-C(9)-C(sl) 118 C(lv)- C(Is)-C(ls) 109 
C(9)-C(10)-C(n ) 120 C(18)-C(19)-C(2o) 107 
C(le)-C(n)-C(ls) 120 C(19)-C(~0)-N 114 
C(lo)-C(11)-C0) 121 C(20)-N-C(le) I 13 
C(1)-C(n)-C(12) 119 C(ls)-N-C(20 106 
C(n)-C(10)-C(15) 115 Ct20)- N-C(22) 110 
C(9)-C(10)-C(15) 125 C(~1)-N-C(22) 110 
C(lo)-C(1s)-C(16) 110 C06)-N-C(22) 111 
C(15)-C(le)-N 112 C(20)-N-C(21) 105 
C(1a)-C(16)-C(17) 118 N-C(21)-C(9 ) 115 

(c) Nearest approach distances 

Atoms d (A) Atoms d (A) 
I-C(2e) 3.96 I-C(25) 3.90 
I-O(2 ) 4.56 O(a)-C(17) 4.08 
I-C(17) 4.03 C(19)-C(24) 4.36 
I-C(19) 4.10 C(5)-C(16) 3" 56 
I-C~24) 4.06 C(5)-C(eI) 4.72 
I-C(ls) 4.44 C(a)-C(21) 4.14 
I-O(3 ) 4.35 C(a)-C(21) 4.45 
O(a)-C(19) 3.50 C(14)-C(10) 3.76 
O(3)-C(24) 3.93 O(.~)-C(22 ) 3.30 
O(a)-C(ls) 3.44 

nucleus.  The  a t o m s  C(9) and  Coo ) of the  p h e n a n t h r e n e  
r ing s y s t e m  fo rm p a r t  of  the  a d j a c e n t  r ing B. A p a r t  
f rom C(9)-C(10), the  bond lengths  wi th in  the  A B  r ing 
sys t em are no rma l  s ingle-bond C-C or C - N  values .  
The angu la r  n i t rogen  a t o m  c o m m o n  to r ings A and  B 
is q u a t e r n a r y .  The conf igura t ion  of the  A B  (quinolizi- 
dine) r ing  sys t em is p a r t l y  de t e rmined  by  the  asso- 
c ia ted p h e n a n t h r e n e  nucleus.  Thus  the  bonds  
C(10)-C(15) and  C(9)-C(21) are m a i n t a i n e d  in the  p lane  
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T~ble 4. Comparison of observed and calculated structure ampliSudes 

k F c F o k F c F o k F c F o k F c F o k F c F o k F c F o k F c F ° 

CkO Okit Ok8 l k l  l~4(contd.) I~9 I~3 

k Pc Fo k PC Fo 

Ik6 (contd.) Ik ~ (contd.) 

"2 +70 62 0 -109 110 0 +49 59 0 +36 3.5 17 436 38 0 "-37 /43 0 -218 161 20 -2 <9 8 -6  <9 
6 k -200 177 1 -49 1;8 1 +17 15 1 -57 19 18 -37 37 1 -2 <9 t 2 +93 100 2t +32 19 9 +25 27 

-.177 161 +35 36 2 -11 1t -83 82 19 +2 <9 -13 14 +66 57 22 0 <9 10 +9 16 
8 +78 100 3 -9  <6 3 +3 <6 3 -77 83 20 -15 t3  3 - 4  <9 3 +bl 29 23 -18 13 1t -20 19 

10 -170 16it it +97 97 4 -b1;. 1;6 4 -/48 35 21 -27 28 it -34 3.5 it ".'t29 100 24 +5 <9 12 +1 <9 
12 +38 /43 .5 +28 2.3 .5 -19 t l  .5 +it9 36 22 +40 38 .5 -7 <9 .5 -93 100 25 -5 <9 13 -10 13 
14 +95 1 t l  6 -97 101 6 +33 49 6 +90 98 23 + t t  <9 6 +10 11 6 -147 106 26 +3 <9 14 -6 <9 
16 -45 37 7 +11 8 7 ,21 35 7 -56 30 24 -6 <9 7 -16 32 7 +12 35 27 ¢19 12 15 +16 t i  
t8 -41 bO 8 -49 55 8 +38 1;8 8 + 50 63 25 +5 <9 8 +26. <9 8 -/46 47 t k~  tk I'2 
2O +66 66 9 -17 12 9 +3t 30 -62 77 26 -16 +14 9 -5 16 9 +22 16 
22 -17 21 10 +112 110 t0  -56 63 10 -99 96 27 -9 <9 10 -32 51 10 +63 28 0 `+70 80 I " 4  '(9 
24 -58 5') 11 "-10 12 11 -18 24 t l  +23 29 28 +15 t2  11 +2  '(9 11 -68 88 1 -57 58 +25 22 
26 +13 <6 12 -16 9 12 +2 <6 12 + l i t  26 l k  5 12 +8 11 t2  -38 35 2 -20 17 3 -6 <9 
28 + t 8  14 13 +2 <6 13 -17 17 t3 +37 6it 13 -2 <9 13 -46 3t 3 -44 37 
30 -20 t2  14 -77 71 lt~ +/41 /;9 t 4  +8t 70 10 -33 /47 14 +2g 29 t4  -63 67 11 -b,2 42 540 

t5 -4  <6 15 +12 <6 15 -55 63 +19 17 15 -9  16 15 +69 68 5 +69 70 1 "¢'35 /45 
041 16 +39 1;2 16 -17 19 16 -43 32 2 +10 t2  16 -13 49 16 +ti8 b,2 6 +1;2 1;2 -it1 27 
-68 59 17 -8 <6 17 - t  <6 17 +8 <9 3 +25 32 t7  +2 <9 17 +3 <9 7 -30 30 3 -73 82 
+ 76 63 18 + 28 28 18 -14 18 t 8 -53 /41 4 + 68 70 18 -9  13 18 + 36 1;b,. 8 + 32 31 4 +36 36 

3 -112 100 t9  +24 23 19 -12 <6 t9  -9  15 .5 -53 .58 19 +3 '(9 19 -53 /43 9 -49 1;5 .5 "¢"5 11 
it -b,.O 37 20 -1;5 ld~ 20 + 24 21 20 +56 51 6 -64 77 I 4t 0 20 -1;8 45 t 0 -63 60 6 ""36 33 

-11 10 21 +4  <6 21 +i t  <6 21 -6.5 74 7 +8 <9 21 +18 t8  11 +45 41 7 -'-76 7-3 
-108 101 22 +7 <6 049 22 +30 3t 8 -~8 26 1 +11 11 22 -4  <9 12 - t  <9 8 -22 19 
+1.35 1/=3 23 -1.3 9 2.3 -21 38 9 +.32 40 +22 22 2.3 +22 12 13 +26 14 9 -20 18 
+53 60 24 "¢'31 27 I +3 <6 24 -30 30 t 0  +75 7t 3 - t 8  t7  24 +25 22 1/4. +33 22 10 +2 <4 

9 -87 t 05 25 + 9 '( 6 -," 1;5 /43 2.5 + 14 30 1 t -t/4. 12 1;. -6 '(9 25 -28 t 7 t .5 -34 33 11 -3.5 23 
t0  +21 32 26 -16 16 3 - t 6  28 26 +16 <9 t2  +6 <9 5 + t t  <9 26 - t 2  t2  t6 -22 17 12 +12 t l  
t I -34. 30 27 + 1 <6 b. -33 39 27 -1 <9 t 3 -.5 <9 6 -3  < 9 27 - 2  <9 t 7 +6 < 9 13 +.51 46 
12 -.58 /49 28 -17 t 6 ~ -1.5 23 28 +t 3 < 9 1 4  -5.5 1$5 7 + 32 30 28 -15 12 18 -6  <9 14 -22 18 
t3  +70 75 29 -4  <6 -37 38 29 -14 26 ~ +27 31 8 +27 30 29 - t 3  <9 19 +30 19 15 +13 18 
1/4. +26 27 01;.5 7 -2 <6 30 -14 <9 +35 3.5 9 +8  <9 30 +16 14 20 +19 13 t6  - t  8 
15 ÷ 2 <6 8 -~ 33 32 142 17 - t  <9 t0  + 1 <9 t k~  21 -1.3 13 17 -37 36 
16 +/4-7 39 1 -.55 63 9 +2 <6 18 +23 22 t l  - t 3  t t  22 +1 <9 18 +1t  7 
17 -39 33 -77 63 10 +13 t 0  1 +104 75 19 - t 4  <9 t 2  -21 22 1 , t 2  17 23 -13 13 19 -2 8, 
18 -27 2t 3 + 63 68 11 - t  5 2/$ 2 + h-4 62 20 -38 29 13 + 17 1 7 2  + 60 6t 21; - t  2 10 20 +2 < 4 
19 +19 t.5 4 +.53 ~ 12 - t l  <6 3 -t.50 t27  2t +4 <9 tl4 +12 13 3 +25 <9 25 ~.17 1.5 21 +2t 21 

22 -9  9 20 + 5 16 .5 + t8  19 t3  -10 20 1;. -81 108 22 +4- <9 15 - t  '(9 1$ -28 37 14'~ 
21 + 8 ttl. 6 +53 53 l k  +26 29 5 - t l  <9 23 +9 13 23 - t 5  t5 
22 +27 21 7 -33 43 1.5 +3 <6 6 -.51 5t 2ll. +28 t7  141t 56 -8  <9 -91 75 t -2  <9 24 +2 <k 
23 -10 <6 8 -7.5 67 16 +17 16 7 +157 136 25 - 4  <9 0 0 9 7 -3.5 27 +56 66 2.5 -"/ t0  
24 -19 t 9  9 +19 2/4 17 -7  11 8 +it2. it9 26 -13 12 + t 9  20 8 +9.5 103 .3 + i t  (9  26 +5 <ll. 
25 ";7 <6 10 -12 <6 18 - t 9  t6  9 -159 55 t46 2 + 1 <9 9 +14 <9 /4 +33 39 27 +12 10 
26 -2.5 18 11 +27 632 t 9  +'3 <6 t 0  -12 35 3 +8  9 10 +38 12 ~ `+1 <9 28 -.5 <~- 
27 +19 l k  12 +69 20 -7  7 11 -79 82 1 -.38 37 it -2 <9 11 -4  l i t  +hO ~ 541 
28 + 14 <6 13 -32 3.5 21 ÷ iS <6 12 -466945 -64 70 65 -2.5 24 12 -t0.5 99 7 -30 33 0 + 100 90 
29 -/4. <6 14 -9  9 0410 13 +77 3 +87 107 + t <9 t3  - t 0  ,<9 8 -2.3 22 1 -16 9 
30 + .5 '(6 15 -8  21 14 +1} 26 k +7 11 7 + 8 '(9 1ll. +13 23 9 -35 4t -6  10 

16 -39 37 0 -27 2ll. 1.5 +11 111. .5 +9 14 8 + i t  9 15 +21 ,<9 10 +10 16 3 +6 <tl. 
042 17 +29 28 1 +27 32 16 +20 ,<9 6 +32 31 9 +115 16 16 + 5it 33 11 +16 ,<9 it -69 65 

0 +14 t7  18 +.5=1 47 + 7  ,<6 17 -87 89 7 -54 66 t0  -3  ( 9  17 +1 ,<9 12 +64 57 5 +21 10 
1 '*229 180 19 +10 22 3 +11 '<6 18 -36 36 8 -37 /40 14~' 18 -49 40 13 0 <9 6 +51 .50 
2 -61 65 20 +11 ,<6 /4 +13 <6 19 +9 <9 9 +21 28 19 - 6  <9 115 -10 .<9 7 + 2  4 
3 + 113 t00  21 -17 23 5 -35 /40 20 +8 t2  10 -2 <9 0 -50 26 20 - t 3  .<9 15 + 1 '(9 8 +27 30 
it +2  8 22 -27 18 6 -15 t3  21 +39 34 11 +58 59 1 - t12  55 2t +4 '(9 16 -28 19 9 +10 1~ 
.5 -17/4. tt13 23 +8 <6 7 "+9 ,<6 22 +21 20 12 +34 -3~ 2 +1~ 21 22 +1;1 28 17 +tl. <9 10 -69 63 
6 -6  11 24 +5 '(6 8 -7  ,<6 23 -28 25 13 "-43 /42 .3 -1 t  9 23 - 3  ,<9 18 +29 22 11 +2  ,<4 
7 +41 35 25 "¢'6 <6 9 + t 9  23 2/$ -5 <9 t/4. -3  14 it .t.t10 80 24 +13 <9 19 -2  <9 t2  -3  .<it 
8 -it  9 26 +21 16 10 +17 16 25 - t 5  12 15 -5 <9 5 +180 120 25 -2  .<9 20 +12 <9 13 -6  '(ll. 
9 + 1 7 . 5 1 7 / $  27 -10  ,<6 1t -21 21 26 -9  ,<9 16 -1.5 '(9 6 -123 t t 8  26 -29 22 21 -2  <9 115 +1~. 39 

10 + 37 1~2 28 -1.3 9 12 +5 '(6 27 +30 26 17 +31 44 7 -19  23 27 0 '(9 22 -26 15 15 +i t  9 
11 -79 78 29 - t  .<6 13 -15 13 28 + 8 9 18 +15 16 8 +20 28 t;¢'~ 2.,'3 +it <9 16 -y~ itO 
12 + t 7  <6 111. - i t  <6 29 +t  <9 19 -1t  <9 90 -87 85 149 t7  - 2  <k 
13 -50 56 046 ~ +13 13 30 +4 <9 20 +6 <9 I +65 /48 0 +153 1157 18 -20 25 
lit -23 29 0 +14 1.3 +9 1.5 21 -35 31 11 +79 63 I +105 115 0 -36 /46 19 -4 <k 
1.5 + 96 88 1 -79 79 17 - 2  .<6 t43 22 -11 <9 12 -37 26 2 + 8 <9 ~ -14  19 20 +215 20 
t6  - i t  <6 2 -10 8 0 +79 8.5 23 +20 20 13 +29 ~0 3 +39 35 +2 .<9 2t +6 6 
17 -7 ,<6 -3 -it1 43 0411 I +63 .59 24 -1 <9 14 -57 -> /4, -88 88 3 -9 <9 22 -2 <4 
t 8  +10 <6 it 0 <6 1 -13 15 -35 27 15 -75 69 5 -69 68 /4 +36 -39 23 +'7 <4 
t 9 -71 72 5 + 68 73 2 + 9 16 3 + 51 1t-9 11;7 16 +/,tO l;5 6 +~3 85 5 + 23 22 24 -1.5 I k 
20 -8  <6 6 +21 27 5 -'27 2 ,  it +57 60 t0 -7  21 ,1"7 + t i t  <9 7 +.5 <9 6 +17 19 2~ -5  6 
21 +3.5 29 7 -6 <6 it +2 ,<6 5 -89 95 -35 11.6 18 -15 30 8 +41 35 7 -18 21 ",'-7 7 
22 -.3 <6 8 +39 37 ~ +3 <6 6 +67 71 2 -17 11 t9  *52  / 4 8 9  +67 ~7 8 +6 <q 27 0 <b. 
23 +22 l i t  9 -75 82 -4 <6 7 +39 53 -3 -2 49 20 -k~ 50 10 -80 80 9 o +~ 38 542 
24 + 14 t it t 0 -2.5 25 7 -32 31 8 +19 11.9 L& + .3 < 9 21 -22 23 t t -ld4 43 1 41 
25 -37 27 11 +53 /49 8 +3 '(6 9 +93 78 5 +57 70 22 + t 6  12 12 4-21 31 11 +9 '(9 t +26 2it 
26 0 .<6 12 + it .<6 9 + t0  8 10 -37 37 6 -18 30 23 +2t 29 13 - t ~  37 12 -/4- .<9 2 +4.5 35 
27 - i t  <6 13 +29 31 10 +5 <6 11 -92 97 7 -10 23 24 + t i t  14 t 4  ..60 ~() 13 +9 <9 3 -6  6 
28 -2  <6 lb. +20 ,<6 11 +17 19 12 +17 <9 8 + 2 ,<9 25 +26 20 t.5 +b9 45 14 -37 37 h -32 30 
29 + 24 22 15 -52 52 12 -7 10 t 3 -6 t  55 9 -31 25 26 -7  < 9 t 6 + 26 28 1.5 -30 27 5 + t 10 
30 +9 11 16 -13 11 13 -15 ,<b 111. +39 45 10 +15 27 27 +6 ,<9 17 0 49 16 +21 ,<9 6 -32 15 

1.5 +62 56 11 +29 30 28 -8 <9 18 -15 <9 17 -6 ,<9 7 +12 6 17 -7 15 0412 18 +13 <9 8 +Z$6 45 0~¢3 18 -2.5 23 16 -28 29 12 +/4 .< 9 29 -22 22 19 -52 .52 
-93 88 19 +28 25 0 -10 t0  17 -5 19 13 +15 .<9 30 +11 10 20 +30 29 19 +17 13 9 -13 1.5 

+123 128 20 "+  9 13 1 -9  <6 18 -16 27 t i t  -8 .<9 t42 21 +16 <9 20 -20 20 10 +8 5 
./3 * . .~  .~  87 2t - 2 9 2 9  19 -5t  38 t.5 -38 36 2~ " .  :1. (9  I k 1"~ 11 -8  t l  

22 + 8 8 l k0  20 + 2.5 26 16 + 2 ,<9 1 -130 108 23 + 17 12 -37 28 
.5 + ?  <6 23 -22 24 t -19 10 21 + 19 20 17 + 1 <9 2 -/45 <9 24 -30 20 1 -22 22 13 +11 12 
6 -47 .56 24 -8 <6 ,= -156 160 22 -3  .<9 t8  + t1  .<9 3 +t7/4 t1;2 25 -21 1/.1. 2 +17 <9 t 4  +20 24 
7 -121 117 25 + 203 17 3 *4  <9 23 ÷ 26 20 19 +3t  21 it +1;1 <9 26 +12 12 3 +36 1;1 15 '+19 22 
8 +44 35 26 '(6 4- +200 180 24 -20 22 20 -4  <9 5 -7  <9 27 -2  <9 4 -5 <9 16 *47  43 
9 -25 1;8 047 56 -29 t7  25 -19 t2  21 -11 <9 6 +/4 <9 146 5 +.5 <9 17 +7 12 

10 -33 1;7 +142 t62 26 +5 <9 7 - t48  133 6 -5 <9 18 -16 10 
11 +52 ~it 1 +50 /45 7 +39 .50 27 -8 .<9 I48 8 -30 <9 ~ +15 16 7 -27 27 19 ~6 I0 
12 -77 79 2 -16 29 8 -163 130 28 0 <9 1 +31 25 9 +133 t22  -26 30 8 +13 <9 20 -11 8 
13 -51 47 3 -55 55 9 -19 <9 1~4 2 -42 46 I0 +38 <9 3 -9.5 98 9 +12 14 21 +5 <4 
14 * 4 <6 4 +9 9 10 -10 26 3 -28 28 11 +126 138 /4 0 <9 10 -5 <9 22 +20 21 
15 -16 11 9 -1 (6 t l  -35 42 1 -~8 52 ~ +27 28 12 +25 29 5 -b, (9 11 ,tZO 13 23 -10 13 
16 "+31 35 6 + t8  25 t2  . , -138134 2 +125 t15 . 5 3 3 - 2  <9 13 -117 t04  6 -~ .<9 12 -9  <9 24 -,-t 4 
17 +59 51 7 +51 43 13 +31 22 3 +65 79 6 + 4t 14 -7 21 7 +7 66 13 -23 19 25 -5 8 
18 -23 21 8 -15 29 1[$ -57 37 4 -79 85 7 +35 36 15 -17 23 8 +12 <9 t 4  +4 <9 
19 -17 22 90 -19 24 15 +31 31 5 - I 0  15 8 -46 46 16 +6 '(9 o9 ~164 37 15 -12 13 
20 -19 30 1 -20 27 16 -66 79 6 -55 51 9 -25 20 17 +64 59 1 - <9 16 +2 ,<9 
21 -32 2b, 11 -24 23 17 -46 13 7 -47 56 I0 -17 14 18 +19 20 11 -29 25 17 +20 19 
22 .~.28 2/4 12 +9 11 18 ÷90 105 8 +89 82 t l  -20 22 19 -15 t3  12 '*'5 <9 t k ~  
23 • 29 27 13 "'27 32 19 +51 63 9 "" 7 17 t2  +/40 /41 20 , -7 <9 13 +59 55 
24 -3 '{6 14 + 3 '(6 20 +78 105 10 +35 35 13 +17 '(9 21 -5 t  /41 l k  +4 <9 0 -it~ 11; 
25 ~ 8 .<6 15 +12 15 21 +11 .<9 1t + 9 9 t 4  -17 16 22 -5 15 15 '+15 <9 1 +20 20 
26 -17 15 16 -17 20 22 -35 2.5 12 -50 53 15 +6 <9 23 +27 22 16 ,,-7 <9 2 "*2 <9 
27 -23 13 17 -/42 42 23 -1.5 15 t3  -/$9 62 16 -25 19 2/¢ +2 <9 17 -55 45 3 -6 <9 . 
28 -11 <6 18 .,-10 <6 24 +9 <9 1L~ + h i  36 17 -16 16 25 .13  12 18 -7 <9 4 -3 <9 

20 +8 11 + <~ 24 t6  +1;6 1;5 19 +L~ <9 27 -,co 19 6 -11 <9 
21 +22 10 27 .,.10 <9 20 + L$ <9 28 0 <9 7 • 4 <9 
22 -3 6 28 -1"7 1~$ 21 +10 <9 29 -5 12 
"3 -~1 20 29 -b. <9 22 -16 ; 1.5 30 ','6 9 
24 -* ~. <6 30 -7 <9 



J. F R I D R I C H S O N S  A N D  A. MoL. M A T H I E S O N  769 

Table 4 (cont.) 
k F c F ° k F c F o k Po Fp k F¢ F o • Fo F o k ~c Yo k Pc Fo k F c F o k F c F o 

5k3 5~5 5kT ( c o n t d . )  5~3 ( c o n t d . )  5~6(con td .  ) 5~9(con td .  ) 5k~'2 ( c o n t d . )  hkO ( ¢ o n t d , )  7kO(contd.  ) 

? -16 25 19 +6 80 10 ",'~ <h 2:3 -b, 6 10 +28 52 2 -2 </4 12 -12 9 h -50 /47 15 +1 (7 
+5/4 5.5 20 -12 1 11 +/49 h2 2.0, +20 20 11 -b,o 33 3 - t 7  20 5k13 5 -111 122 17 .¢.33 37 

i -15 8 21 -2 (.h 12 .1 (̀/4. 25 13 <is 12 -9 6 b, "'9 10 6 .-5.2 50 18 -b, (7 
+35 55 5k6 13 " 5 9  56 26 --~ 11 t 5  -i- 1/4 7 (~ + 2~. 3~ ? +2 `(/4 '7 +25 26 19 -10 `(7 

/4 -1 10 1/4 " '7 <is 27 0 `(b, t/4 +18 18 +7 8 8 .¢.28 28 20 0 <7 
5 -/45 /47 1 -5 8 15 -/48 /47 28 -9  11 15 -2  /4 7 -5  <b, 2 -1 <is 9 *61 61 21 -1/4 1/4 
6 -22 22 -2b, 22 16 -b, (b, 16 t 8  8 -is </4 10 -58 9~6 22 0 <7 
7 -5 .5 3 ÷ 2 <b, t 7  ÷ 1 </4 5k4 +19 2kO 17 -21 12 9 -27  28 11 -59 57 23 + 11 9 
8 +7 .5 /4 .,.19 19 18 -3  `(/4 1 -59  71 18 -11 11 10 +5  (/4 0 -260 207 12 * 6  11 2b,. 0 <7 
9 +b,2 /40 .5 ,"5 </4 19 .-28 2/4 +9-5 95 19 +9  9 11 +16  17 I +/45,7 60 13 -26 26 8kO 

10 +23 25 6 ---15 1is 20 "5 ~ -5 .,.314 -5/4 20 -h. <k 12 +1 <4. 2 -59 59 1/4 ÷/47 
11 -27 27 7 -5  </4 21 -18 /4 -21 25 21 +12 /4 13 +15 15 .5 -5  1/4 15 .-/40 36 0 -16 16 
t2  0 <b, 8 -107 t<~ 22 0 </4 5 -/4 t 0  22 +8 6 1/4 --5 </4 b, ÷168 t56  16 -29 27 1 +35 56 
1-5 -25 21 25 -1 10 6 --50 18 23 -1-5 13 15 -18 t 8  5 +116 109 17 -/4 ( 7  +5 ( 7  
1/4 -16  t 7  10 -2  <is 2/4 -is <b, 7 -51 /47 2/4 -2  (b, 16 +-5 </4 6 -116 116 t 8  -1/4 <7 3 +16 19 
~5 + 2 7  2 .  11 ÷ 4  <is ~s +,~ 13 8 +50 ,5~ 25 - 3  <,, 17 , , ,  <is 87 : ~  29 1~ -22 22 /4 .'.2 ,~ 
15 0 <b, 12 ",'19 20 26 +2  (/4 9 +27 2-5 26 -7  7 18 +2  </4 56 20 .¢.25 25 5 -b,8 155 
17 -/4 <is 1.5 -6  </4 27 +3 (/4 10 +16 </4 19 +10 8 9 -3/4 .58 21 +25 27 6 -11 '(7 
18 ~ </4 1/4 -.5 (̀b,. 28 +3  '(/4 11 +35 36 5k7 20 -3  `(/4 10 + t00  90 22 " 2  <'7 7 ,÷b, ( 7  
19 - 2,/4 t5  "~  <h t 2  -29  2/4 0 +b,/4 60 21 -10  1is 11 +hJ', -57 23 +12 12 8 -6  `(7 
20 - 4  </4 16 5k2 15 -27  -52 1 -8  < 14 :Sk t'0 12 - 3  8 2/4 -1 k 13 9 .-36 -55 
2t +11 /4 17 ".-2 <'/4 1 --58 29 1/4 +/4 4/4 -8  1,5 13 0 <'7 25 -13 13 10 +6 <7 
22  +1 </4 18 +13  1~ -72 81 15 -4  '(4 .5 -8  <./4 1 -8  8 1/4 -E3 6-5 26 +9 11 11 -22 21 
2-5 +5 <4 19 -2 (b, .5 +6h h9 16 .19 10 5~ -50 50 -10 16 4:: -J,O -59 27 0 <7 12 <7 
2.0, +11 12 /4 +9 t 8  17 ÷24. 21 +18 16 .5 +29  28 ~:5 *.L.~ /48 28 +7 <7 1.5 -22 20 
25 - t 9  20 5k7 5 "'9 <b,. 18 -18  15 6 +138 ~ h + 9  12 17 +9 <7 29 +9  7 1/4 -2 <7 

5k4 0 +15 t 2  6 +50  58 19 --5 '(is 7 +/4 (./4 5 0 ( 4  18 +26 15 6kO 15 -21 20 
1 -15 1/4 7 -/45 26 20 " 2  5 8 +7  11 6 +/4 8 19 -2  19 16 +5 `(7 

? ~  20 ~ -/4 /4 ~ -~2 /47 21 -11 . . -.5~ ,5~ 7 - -  2~ 20 -.5.5 . o -/4o ,5~ 1~ -1 <~ 
• 10 -11 t 0  9 +18 2-5 22 +17 17 10 -/4t .57 8 -2  '6 21 -.5 `(7 -65 72 18 " 0 <7 

33 +/40 27 4 - t l  8 10 -1/4 1/4. 2~ +11 11 11 -26  .:55 09 +11 10 22 +2 ' 7  2 ÷4 <7 19 -17 t6  
/4 - I  <4 ~ +17 19 11 +13 .5 -2 </4 12 +5 11 1 <14 2.5 +I (7 '5 --55 h/,, 
5 +/4 <It' +'7 12 +56 59 25 +/4 <4 1.5 -5  1,5 11 +15 15 2b, 4.28 26 /4 " 2  <7 9kO 
6 - t 6  16 7 0 <'/4 1,5 -,50 28 5k ~ t15 +_52 28 12 +./4 9 25 .¢.10 <7 5 +9t 97 1 "15  17 

-25  23 8 $5 <4 t/4 --5t 29 15 -10 /4 13 -lb,. 1-5 26 -9  '(7 6 .,'.2 <7 ~ .,.11 lb, 
8 +/4 ( 4  9 -12 1t 15 -2 1,5 -'5 9 16 -18 t 8  14 -1 </4 27 ÷1 `(7 7 +5 <.7 -29 23 
9 +17 19 t 0  -9 8 16 -22 2-5 ? +80 9/4 17 --6 `(/4 15 -3  `(/4 28 -12 12 8 *,-8 <7 b, -2 `(7 

10 +.1 '(/4 11 +12 9 17 +.30 22 2 -5  `(is 18 -12 11 16 -5 11 29 -5  `(7 9 -/49 /49 5 +1 <7 
~1 +18 15 12 +'2 </4 18 + t 6  1-5 :3 +59 -50 t 9  * 5  <is 17 -*-15 17 -50 +9  9 10 .,-t9 19 6 -7  `(7 

-1/4 15 15 +7 </4 19 -6  .5 b, -5 <is 20 +19 19 18 +7 11 ,51¢ 0 ~1 "35  .57 7 .,-3t 28 
t 3  -26 28 1.[1- +8  '(/4 20 +7  9 5 -102 106 21 -2  '(/4 19 -2 '(is -11 10 8 * 6  <7 
1/4 .-6 </4 15 -11 1is 21 - t 5  ~6 ~ 6 +12  '(4. 22 +2 `(/4 1 4--21 23 1,3 "39  33 9 -12 12 
15 -is (/4 22 -18 7 +20  2/4 23 -3  (is 5k1"1 2 +1h2 119 1is -21 28 10 T~ <7 
t 6  +7  7 5k8 23 .¢.8 7 8 +6 <is 2/4. -15 18 0 - t 9  22 3 +/41 56 15 -27 26 11 - 16 

18 ~ <b, <14 25 + 3  '(/4 1 -~  </4 +5 5 5 +21 28 17 + 2 ( 7  13 -17 16 
19 --- 8 -5 -15 15 26 .'.9 11 11 -/45 /4t 5k8 33 +-5 /4. 6 -56 /49 18 ... 6 '(7 lb, + 5 <7 
20 0 ,(is /4 -1 '(/4 12 -b, ,(4 t *-t9 2-5 15 +15 17 7 -57  59 19 +29 29 15 -,-2 .(7 
21 -11 7 5 +.5 ,(/4 5k3 13 -9  9 2 -32 26 5 -/4. `(is 8 +122 102 20 -12 1t 16 +2 <7 
22 +-5 ,(/4 ~ 6 -,5' ,(4 0 -105 111 t/4 .'.,5 6 .5 -22 28 6 -1./4 16 9 +5 <7 21 -15 12 17 -12 8 

5~5 8 0 ,(/4 59 16 +2 ,(/4 5 ÷ 1 (is 8 -9 11 11 ÷38 56 23 -13 9 lOkO 
9 -7  ,(4 ,5 -25 2-5 17 -5  </4 6 +21 21 9 0 b, 12 -85 82 2is 4-7 8 

-38 -57 10 0 <is k +117 t 2 4  18 -8  `(is 7 +22 3-5 10 +15 t 8  13 -50 /48 25 <-15 1is 0 .13  13 
-5 7 1t -8  8 5 +11 '(is 19 -23  2-5 8 -25 23 11 -2  (/4. 1/.$ .,.31 31 26 0 `(7 1 -17 15 

2 1-11 t 3  6 -81 81 20 0 `(is 9 ÷ 1 `(is 12 0 <is 15 -18 16 7kO 0 .(7 
,5 -10  8 5k9 7 -19 20 21 .,,-13 11 13 <4 16 ÷43 /4:5 3 -7 <7 lO : ~  1~ ;~ 
/4 +-55 -59 0 +11 t l  8 -'53 -5-5 22 4"2 `(/4 1t 2is 1/4 - 15 17 +23 15 ~ -h.8 50 b, - I 0  11 
5 +21 21 1 + 6  5 9 +12 18 23 +12 12 12 + 2 4  215 15 * 5  `(is 18 -..52 65 "5  <7 5 +18 18 
6 -27 28 2 -b, 6 10 +78  70 2/4 -'5 `(/4 15 ..-15 1,5 16 +8 7 19 -20 25 .5 +6t 57 6 ,-~ <7 

_;~ ,~ ,5 +1 `(/4 11 -~  9 2~ - 1 .  1-5 1is -8  ~ ~ . ~  20 +-5 <~ is - , 8  ~, ~ -6 `(~ 
9 -17 16 /4 -6  <4 12 -6  ,(/4 26 +-5 `(/4 1 5 .¢. is <is 21 -27 "27 5 - t  5 10 8 * b, <7 

t 0  +27 25 .5 -5  5 1 ]  . *6  '(/4 16 -18 13 1 -2  is 22 +2.5 24 6 - l .h 16 9 -1L~ 11 
11 + 9 9 5k'T t 4  -/47 1.1.7 5k6 17 -15 17 " '16 16 2.5 .+19 2is 7 -69 77 10 -8 <7 

15 -9  '(/4 1 +-56 36 18 +12 9 3 0 </4 2/4 -is <7 8 +1 ":7 ~1 +~  ~ 
12 -5 ,(/4 ? ,'-6 17 .16 -,-31 -52 2 +/47 55 19 +-_~ <is /4 -8 7 25 ,÷8 11 9 +29 25 12 +~. (̀7 
13 +.5 '(/4 -101 87 17 -8  12 -5 -~0 /48 20 (̀ /4 5 0 '(is 26 -15 16 10 0 <7 ~3 + 7 <7 
1/4 -18 18 2 ~(~ `(/4 18 -,-15 17 4 ~ --57 -58 21 +10  lis 6 -8  11 27 -13 1.5 11 ~57 34 14 ÷7 7 
t~ -18 2~ ~ - ~ 1~ 0 ,(/4 ~ -t5 1,5 22 -1~ ~ 87 ;~ ~ ~ o  , 2  . i s  `(~ 1~ - , 2  lO 
16 + 1 2 16 /4 -2is 9 20 -26 2/4 6 -26  'sis + 1 1 3 -hO ht 11 k 0 
17 -2  <is 5 +10.5 86 21 -6  7 7 +Lt~ /41 5k'9 9 -3 <is 0 -5  15 1is " 3  '(7 
18 +12 15 6 -17 ~is ~2 +/4 /4 8 +2~ 55 0 -~0 26 10 +5 <b. 1 ..1/47 1.58 15 -16 16 I -8 (7 

'" 7 -71 67 '(/4 1 -17 24 11 0 `(4 2 -17 32 2 -13 1.5 
8 - 5 0  28 3 +18 12 .5 ~'10 '(7 
9 -70 60 

L and the remainder of ring B is determined by the the plane L by only 0.01, 0.10 and 0-07/~ respectively, 
tetrahedral configuration about N and C(165, i.e. if N and hence their associated hydrogen atoms are also 
lies above plane L, C(lm lies below it. The ring A has the limited in location by the adjacent hydrogen atoms of 
'chair' form which has been shown to be the most the phenanthrene unit. 
stable configuration for the cyclyhexane ring (Hassel, The complete structure of the molecule is therefore 
1953). The bonds N-Chin and C(185-C(195 lie at an angle C25Hs00aNI, and not C95Ha003NI. H20 as first sug- 
to the plane L which is imposed by the configuration gested (Gellert & Riggs, 19545.* 
of ring B with respect to the phenanthrene ring 
system. 

Having thus defined the carbon, oxygen and nitro- 5. Discuss ion  
gen skeleton of the molecule both dimensionally and According to the results Of this structure analysis, 
spatially, the hydrogen atoms can be located by con- isocryptopleurine methiodide is 
sideration of the types of bonds and the effects of 
steric factors. The positions of hydrogen atoms at- * The present analysis was initiated on the basis of the 
tached to the phenanthrene nucleus are defined, as empirical formula, C.~sHa0OaNI. l-I20. Only on completion of 
are also those attached directly to rings A and B. the X-ray analysis was it clear that there was no water of 
The methyl group C(925H a is limited in angular move- hydration in the compound, and analysis of the actual batch 

of crystals from which our specimen was selected confirmed 
ment around the bond N-C(~ m by the hydrogen atoms this observation. (Found: C, 58.05; H, 6.1; O, 9.1. C.~sHa003NI 
of ring A. The atoms C(.,35, C(.z4) and C(255 deviate from requires: C. 57.8; H, 5.8; O, 9.2 %.) 
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Fig. 6. (a) Intramolecular bond lengths and angles in DT,-/socryptopleurine methiodide. (b) The packing arrangement of 
molecules in the crystal is indicated by a selection of the more important intermolecular approach distances. The area 
shown is y =  0 to ½b, a n d z =  0 tocsinfl.  

Table 5 

Type of No. of Mean Mean Maximum Standard 
bond bonds value (A) departure (A) departure (A) value (A) 

C-C (aromatic) 16 1.39 0.02 0.08 1.39 
O-C (aliphatie) 7 1-53 0.01 0.02 1-54 
C~-O 6 1.38 0.02 0.04 1.42 
C--N 4 1.50 0.04 0-08 1-49 

2' : 3': 6 ' - t r imethoxyphenanthro (9': 10 ' -2 :3 )  
quinolizidine methiodide.  

CHs--O 

I - CHs~ ~a~ 

CHs 

\ o  

i . CH 3 

( i )  

(i)  

This analysis appears to constitute the first observa- 
tion of the phenanthro (9': 1 0 ' - 2  "3) quinolizidine ring 
system. The natural  product, L-cryptopleurine, may  
be merely the L form of 'DL-isocryptopleurine' or may 
differ from it in the configuration and/or the conforma- 
tion of the quinolizidine moiety. Any difference be- 

tween cryptopleurine and isocryptopleurine must  lie 
in the A B  ring system, particularly in relation to the 
nitrogen atom since the conversion of L-cryptopleurine 
to DL-isocryptopleurine occurs only through the me- 
thiodide (Gellert & Riggs, 1954). The presence of the 
quinolizidine ring system in isocryptopleurine (and 
perhaps in cryptopleurine) suggests tha t  these com- 
pounds may  be assigned to the lupinane group of 
alkaloids (Henry, 1949). 

The locations of the atoms have been determined 
by the use of generalized projections, without am- 
biguity and more precisely than would be possible 
with normal projections (compare [aell (Fig. 3(c)) and 
JgQsJ (Fig. 4(c)) with 2Qo (Fig. 5(a))). The y, z coor- 
dinates derived from ~z (Fig. 5(b)) should be almost 
as accurate as if derived from a complete three- 
dimensional synthesis, but  the x parameters are less 
precise. No a t tempt  has been made to estimate series- 
termination errors. The iodine atom is probably 
located within 0.02 •. For the light atoms, an estimate 
of accuracy can be made by considering the departure 
from the mean value for groups of bonds of the same 
type (Table 5). The mean and maximum departures are 
of a similar order to tha t  noted in the refinement of 
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potassium benzylpenicillin (Pitt, 1952), which used 
1680 hkl reflexions, whereas the analysis of iso- 
cryptopleurine methiodide used only 1070 selected 
reflexions. The bond-length determinations in the 
present s tudy are therefore probably accurate to 
within 0.05 A, adequate to define the molecule and to 
differentiate the types of bonds when the different 
species of atoms are distinguished and the configura- 
tion around each atom is taken into account. 

The molecule is approximately planar, with only 
C(2e) projecting from the general plane of the molecule. 
The packing of the molecules is mainly determined 
by their approximately planar shape and the required 
proximity of the iodine anions. The principal ion- 
molecule and molecule-molecule approach distances 
are listed in Table 3 and shown in Fig. 6(b). The 
closest approach of the iodine anion to nitrogen is 
indicated by I-C(~), 3.96 _~, while the remaining 
minimal ion-molecule approach distances are in the 
range 3.9-4.1 A, in accordance with normal packing 
considerations. The approach distances between mole- 
cules are normal, the shortest being C(~2)-O(2), 3.30/~. 
In general, the approach distances involving an oxygen 
atom are rather shorter than those involving two 
carbon atoms (CHa or CHe). 

The shape of the molecule and its orientation in the 
unit cell can be correlated with the wide variation in 
temperature factor, B (Table 1). Theplane of the mole- 
cule is approximately parallel to (211) and, since the 
maximum thermal vibration of the atoms is perpen- 
dicular to the plane of the molecule, the hk0 reflexions 
are affected to a greater extent than the Okl reflexions. 
This is borne out by the particular values of B. 

Generalized projections (q~ = Cn+iS,) ,  or rather 
the component projections, Cn and Sn, have been 
used mainly to s tudy details of structure (Zachariasen, 
1954) and to fix and refine the third (say z) parameters 
in analyses of 'heavy atom' derivatives of organic 
compounds (Dyer, 1951; Cochran & Dyer, 1952; 
Zussman, 1953). Although useful for such refine- 
ments, the component projections cannot generally 
be used to solve crystal structures unless the approxi- 
mate molecular structure is known from chemical or 
physicochemical data  and can be fitted to the normal 
projection so tha t  correct points in component projec- 
tions can be sampled (in particular, see Dyer, 1951; 
Zussman, 1953). 

To solve crystal structures of this type (i.e. 'heavy 
atom' derivatives) with no assumptions regarding the 
shape of the molecule, the modulus projection, 
[~o~1 = [C~+S~,] ½, offers many advantages. The pos- 
sibility of deriving a modulus projection was first 
noted by Clews & Cochran (1949) but was used to 
provide accurate two-dimensional parameters. The 
principal advantage of the modulus projection appears 
to lie in the fact tha t  the evidence regarding the third 
dimension contained in the component projections in 
terms of heights of peaks is obliterated and the avail- 
able three-dimensional data are compressed into two 

dimensions. From this arises its power in solving struc- 
tures, since as many views of the projection can be 
obtained as there are layers. Because each layer rep- 
resents completely independent experimental data, 
the errors in each modulus projection will be different. 
Hence, as shown in § 3, the various modulus projections 
can be combined so as to reduce spurious peaks and 
accentuate real ones. By this means, the correct 
molecular model in projection can be determined 
directly from the diffraction data. From then on, the 
normal use of component projections permits the 
determination and refinement of the third (z) para- 
meters. 

In addition to refining z parameters, modulus proj ec- 
tions can assist in obtaining x, y parameters more 
accurate than those derived from the normal projec- 
tion. This is particularly well illustrated by comparison 
of Fig. 3(c) and Fig. 5(a).* The atomic parameters 
from individual modulus projections can be combined 
to yield a mean value or the modulus projections can 
be combined to form one projection, Qz, from which 
final parameters are measured. Clews & Cochran (1949) 
used the former method while we have favoured the 
latter (Fig. 5(b)) since it appears to give due weight 
to each layer. Apart  from the undoubted improvement 
in accuracy due to combining several modulus projec- 
tions, it is probable tha t  the individual modulus 
projection (particularly corresponding to the lower 
layers) is more accurate than the normal zero-layer 
projection. Thus, in many cases, the first layer contains 
twice as many reflexions as the zero layer, owing to 
the particular space group and projection axis, e.g. 
in P21/n, n( lk l)  ~ 2n(Okl) and n(hll)  ~ 2n(hO1). The 
positive and negative excursions of the functions C= 
and S~ lead to an apparent improvement in resolution 
which may be by its nature part ly spurious. However, 
where atoms overlap i t  is often possible to select a 
suitable layer for which one component of the cor- 
responding generalized projection will give a clear 
view of the selected atom. The greater resolution of 
higher-layer projections over those of lower order has 
been ascribed by Phillips (1954) to the flatter range of 
the scattering curves for such layers, but often the 
amount of data has decreased appreciably, counter- 
balancing this effect (cf. Figs. 3(c) and 4(c)). 

When two atoms of the same atomic number coin- 
cide in the normal projection (peak height, 2p), either 
fortuitously or owing to the presence of a mirror plane, 
the height of the peak in the modulus projection ranges 
from I/2. p, when atoms are separated by ~c, to zero, 
when atoms are separated by ½c (where c is the projec- 
tion axis). This effect may constitute the main dis- 

* Tile improved peak separation also played a part in aiding 
solution of the crystal structure, for it is dubious if this struc- 
ture (in which one molecule overlaps the other) would have 
been soluble by normal projections alone (even if they could 
have been refined). It would have been difficult clearly to 
differentiate x, z parameters of atoms of approximately the 
same y parameter (Fig. 5(a) and (c)). 
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advantage of the modulus projection for solving com- 
plex strucVures, but there is a slight compensation in 
the reciprocal relationship: namely that  if overlap 
leads to a small peak height in a modulus projection, 
the contributions of these two overlapping atoms to 
the structure amplitudes of tha t  particular layer are 
correspondingly small. Also, it is somewhat rare for 
complete overlap to occur fortuitously, and when 
initiating a crystal analysis with modulus projections 
the projection axis with the greatest probability of 
clear projection should be chosen. 

Finally, modulus projections have the advantage 
tha t  'heavy atom' derivatives of complex organic 
molecules can be solved ab initio with partial  three- 
dimensional data, thus placing analysis within the 
scope of laboratories not equipped with automatic 
computers for handling the complete three-dimensional 
data  otherwise necessary for these compounds. 
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A New Method for Calculating the Effect of the Collimating System on 
the Small-Angle X-ray Scattering Pattern 

BY PAW W. S ~ D T  

Department of Physics, University of Missouri, Columbia, Mo., U .S .A .  

(Received 11 April 1955 and in revised form 26 May 1955) 

The angular distribution of small-angle X-ray scattering, corrected for the effects of the collimating 
system, is expressed in terms of the pair distribution flmction. This formulation, which has not 
previously been used for determination of collimation corrections, is convenient when the slit 
height or scattering angle is large. When the slits are of infinite height and negligible width, the 
slit-corrected ftmctions are almost as easy to calculate as the perfect-collimation functions. Evalua- 
tion in terms of known functions is made for hollow spheres of uniform charge density, and the 
results are tabulated. The use of the tables for analysis of scattering data is described. 

1. I n t r o d u c t i o n  

In recent years the scattering of X-rays at angles of 
5 ° or less has been used to gain information about the 
size and shape of particles in the size range 20-2000/~, 
including several viruses and proteins (Ritland, Kaes- 
berg & Beeman, 1950; Leonard, Anderegg, Shulman, 
Kaesberg & Beeman, 1953; Schmidt, Kaesberg & 
Beeman, 1954). Under these conditions the small-angle 
scattering is due to diffraction from small particles 
and is little affected by atomic structure. 

A common practice in the analysis of the scattering 
data is to compare the experimental scattering curves 

with scattering curves calculated under the assump- 
tion of a dilute solution of identical particles of a 
particular shape. This procedure is in practice usually 
preferable to an inversion of the scattering curve, 
because there may be sufficient uncertainty in the 
data  to make the inverted curve unreliable and be- 
cause of the difficulty of relating the inverted curve 
unambiguously to the particle size and shape. 

Theoretical scattering patterns have been calculated 
for a few simple shapes, assuming perfect collimation 
(Fournet & Guinier, 1950; Porod, 1948-9). However, 
with collimating slits of the size usually needed to 
obtain sufficient scattered intensity, the effects of the 


