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A Direct Determination of Molecular Structure: DL-isoCryptopleurine Methiodide
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DpL-isoCryptopleurine methiodide, a derivative of cryptopleurine, is monoclinic with unit cell
dimensions, @ = 995, b = 24:2, ¢ = 9-95 A, § = 112° and space group P2,/n. Starting only with
the empirical formula, C,;H;,0;NI, 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. Hkl, can be combined to yield a modulus projection,

lea(y, 2)| = [Chly, z)+Sk(y, 2)1} .

This projection will in its main features be the same as g,(y, 2), 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 C,(y,z)
and S,(y, z) and refinement carried through.

tsoCryptopleurine is shown to be 27:3":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 structure analyses of moderately complex
organic molecules (15-50 atoms excluding hydrogen)
mainly by the use of ‘heavy-atom’ derivatives (for a
review, see Mathieson, 1955), chemical evidence has
been used implicitly or explicitly to guide (@) in the
selection of probable molecular models and (b) in the
allocation of the correct atom types to the peaks in
the electron-density distribution. In the present paper
we have attempted to demonstrate in a practical
manner that the chemical information is not a neces-
sary adjunct to the analysis (apart from a rough
empirical formula) and that the X-ray method of
determining the molecular structure 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 structural
nature was minimal. We are therefore grateful to Drs
J. R. Price and E. Gellert, of the Organic Chemistry
Section of this Division, for making available to us
crystals of isocryptopleurine methiodide, a derivative
of the alkaloid, cryptopleurine.

Neither the structure of cryptopleurine or of its
derivatives was known, nor had any probable formula-
tion been proposed (Gellert & Riggs, 1954). Chemical
evidence of structural interest regarding isocrypto-
pleurine methiodide was limited to () the empirical
formula, (b) the presence of three methoxy groups

and (c) the similarity of the ultra-violet spectrum of
cryptopleurine and its derivatives to that of phenan-
threne and triphenylene. From the infra-red absorp-
tion spectra, no structural information was obtained.
Because of the paucity of information, this compound
therefore provided an excellent opportunity to illus-
trate that X-ray techniques can determine molecular
structures 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
at the Third International Congress on Crystallo-
graphy (Fridrichsons & Mathieson, 19545).

2. Experimental

The crystals were prepared by Dr E. Gellert by
repeated slow crystallizations from methanol. They
are tabular, with (010) the principal face, the edges
of the plate being parallel to @ and ¢. Measurement of
rotation and equi-inclination Weissenberg photographs
established the unit cell as monoclinic with

a=995 b=242 c=99 &; p=112°,

the space group being P2,/n. The derivation of the
space group revealed that the specimen was a race-
mate. With four units of CyH,,O,NI, the calculated
density was 1-548 g.cm.~3, that measured being 1-54
g.cm.”3,
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Intensity data for k0, hkh, Okl, 1kl and 5kl spectra
were collected on equi-inclination Weissenberg photo-
graphs. Two packs, each of four films (Ilford Industrial
Type G), were exposed for 30 hr. and 1 hr., respec-
tively. The intensities were estimated by comparison
against a scale of standards. The dimensions of the
crystal were 0-40x0-18 x0-28 mm. Intensities of ~&0
and Okl spectra were corrected for absorption,
#(Cu K) =125 em.”!, by a modification of the
method of Joel, Vera & Garaycochea (1953). The ab-
sorption corrections were estimated for a variety 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 1kl
spectra since the equi-inclination angle, u,, for the
first-layer data is small (4-4°) and the absorption
corrections do not vary rapidly with x4, in this region.
It was not considered that the use of the correction
map could be extended to the 5kI data, and therefore
no absorption corrections have been applied to these
reflexions. The observed structure amplitudes were
placed on an absolute basis at a later stage by com-
parison with the calculated values. The scaling and
temperature factors were derived from plots of
log {Z|F,|+X|F,|} against sin?f, summations being
made over ranges of sin2?6, 0-0—0-1,0-1—0-2, ete.
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. 18 the number of reflexions observed, ntot, the total
theoretically observable; Robs. and Riot. 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.

Rkl Tobs. ntot. Robs. Riot. B (A?)
Okl 215 290 0-135 0-145 3-9
1k 389 570 0-177 0-187 39
5kl 341 490 0-154 0-158 4-8
RhEO 182 280 0-129 0-129 53
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A DIRECT DETERMINATION OF MOLECULAR STRUCTURE

Calculation of Fourier syntheses was carried out
with 3° Beevers-Lipson strips (Beevers, 1952a), @ and
¢ being subdivided into 60 parts (0-166 A) and & into
120 parts (0-2017 A). The carbon and oxygen contribu-
tions to the structure amplitudes were calculated with
3° Beevers-Lipson strips, the interpolation method
(Beevers, 19520) being used. The scattering curve for
I was taken from Internationale Tabellen zur Be-
stimmung von Kristallstrukturen (1935) while those for
C, N and O were based on McWeeny’s (1951) values.
 During the progress of the analysis, the assessment
of atom locations deduced from the various electron-
density distributions was greatly facilitated by the
use of a suitable method of display. On a thick cork
mat was placed an ac cross-section of the unit cell
subdivided into 60x60 sections. Each atom 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 mat at the ap-
propriate x, z position.

3. Structure analysis

The initial step was to locate the iodine atoms by
computing Patterson functions, P(y,z) and P(z, y).
The approximate parameters of the iodine atoms
were refined by calculation of Fourier projections,
100(%, 2) and ,0,(2, ) (Fig. 1{a) and (b)), those terms
being used whose signs could be assumed as fixed 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 ambiguity in the values of the
parameter existed. If z and y are defined, the third
parameter may be z or 1—z. This difficulty was re-
solved by consideration of a suitable third projection
along the [101] axis which lies at 124° to both the
[100] and [001] axes. From inspection of the hkk
structure amplitudes, the correct choice for the z
parameter was made. A Fourier projection, ,0,(x—2, ¥)
was then computed with the kkk spectra, the majority
of the term-signs being fixed by the iodine contribu-
tion.

PNt

(b)

Fig. 1. (a) 100y, 2) and (b) ,04(2, y) are the unrefined normal projections of electron density down
the a and ¢ axes respectively.
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None of the contour maps, ;00(%,y), 104(y,2) or
100(x—2, y) showed a distribution which might cor-
respond to the molecule or any part thereof, e.g. the
phenanthrene ring suggested by the ultraviolet spec-
trum. This was not to be expected since the projection
axes are all of the order of 10 A and there is latitude
for extensive overlap of atoms. Since no chemical
structure for this molecule had so far been proposed,
it was not possible to proceed by the usual method of
adjusting such a model over two projections until the
approximately correct fit was achieved, and then
refining. It was therefore clear that the structure of
this molecule must be determined solely from the
diffraction data. The problem was therefore restricted
to that of locating 29 ‘light’ atoms in the asymmetric
volume of the unit cell. By the nature of the problem,
nitrogen and oxygen atoms could not differentiated
from the carbon atoms and hence, for the initial stage
of the investigation, all atoms were assumed to have
the scattering power of carbon. Since there was no
indication of the possible location of the molecules
in the unit cell, attention was focused on a purely
arbitrary but convenient asymmetric volume, V,,
enclosed by =0 to @, y =0 to 1 and z = 0 to c.
When the 29 atoms have been located in V,, the
particular grouping of atoms which constitute a
molecule can be determined and then the distribution
of molecules in the unit cell made evident.

The first attempt at a solution of the crystal struec-
ture was based on the use of the three unrefined pro-
jections, ,00(%, ¥), 100(%,2) and jp4(r—z,y). It was
considered that, if these projections approximated
sufficiently to the true electron-density distributions,
it should be possible to extract from them the distribu-
tion of atoms in V,. The first method tried was based
on the following idea. For any given value of y,
a minimum function (Buerger, 1951),

My(x’ z) = M[1Qo(w’ ?/), 1@0(?/) Z): 100(75—3, ?/)]

was extracted 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 attempted correlation of the z, z and x—z para-
meters of peaks at approximately the same y level,
by visual inspection of the three contoured maps.
Both methods failed and it was concluded that the
three projections contained too many false features:
(a) there were incompletely developed peaks where
atoms did exist; (b) there were spurious peaks where
no atoms occurred; and (¢) such peaks as were correct
were sufficiently in error in location to prevent
correlation of the three projections.*

* The addition to the calculated structure amplitudes of
contributions corresponding to the sampling of the unrefined
Fourier maps at regions above a certain value of electron
density (in a manner similar to that suggested by Carlisle &
King (1954)) did not lead to further solution of the problem
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An investigation in three dimensions was therefore
necessary. However, the available computing facilities
were insufficient for a complete three-dimensional
study on such a large molecule and it was decided to
test the applicability of generalized projections
(Cochran & Dyer, 1952) in solving structures ab initio.
Since the projection down the a axis, Fig. 1(a), ap-
peared to offer the best resolution of atoms, the cor-
responding first-layer spectra, 1kl, were used. The
iodine contributions were calculated, and where the
geometrical structure factor was > 0-1 (max. 1-0), the
iodine sign was used for the corresponding observed
structure amplitude. The components, ,C, and 8, of
the generalized projection, ,0, = ,C;+%,8;, were com-
puted from (1) and (2):}

G
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Fig. 2. [,0,(y, 2)| = [,C¥y, 2) + Sy, 2)]¢ is the first modulus
projection using 1kl spectra.

The resultant distributions (not shown) contain a
great deal of spurious detail. Since the atom locations
are not known, even so far as their y, z parameters,
one cannot use the component maps, ;C,; and ;8;, to
extract x parameters. However, it was noted that

since the peaks corresponding to atoms are not known. That
this method should fail is indicated by comparison of Fig. 1(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.

1 When referring to »0r, »Cr and »S;. the prefix n denotes
the nth stage of refinement and the suffix » the particular
layer.
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Fig. 3. (a) 301(y, 2), (b) 3S.(y,2) and (¢} |30,(, 2)|. Contour levels are at intervals of 1 o.A—2, beginning at 2 e.A—2, except

for iodine in ,S;, where intervals are at 5 e.

—%, beginning at 10 e.A—2. Broken lines represent negative values of functions

301 and 4S;. The contours corresponding to iodine have been omitted from |40, and in most of the subsequent figures. A

diagram of one molecule is superimposed.

C, and 8, could be combined to yield the modulus of
the generalized projection, |g,| = [C2+83)b.*

The distribution |p,| is in essentials similar to g,
ie. it represents the view of the unit-cell contents
projected down the a axis and contains only y, z para-
meters, but is derived from data different from those
used in the normal projection. The modulus projection
l104], Fig. 2, contained a great deal of spurious detail,
as did 0o, Fig. 1(a), but 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. It was
therefore possible to derive from 0, and |0, an
electron-density distribution which is more correct
than either. To extract this information, the concept

of a minimum function (Buerger, 1951) was again
used and M(,9,, |;0,]) was contoured.f This distribu-
tion still contained spurious detail but 25 peaks were
selected as authentic atom sites. The minimum func-
tion 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.

1 When the solution was achieved, it was realized that the
simpler summation function X(,0,, |;0,!) may have certain
advantages for this purpose.

:C; and ;8; gave the approximate x parameters.
Structure amplitudes, 1%l, were then computed with
the iodine atom and the 25 ‘light’ atoms, the reliability
index (R = Z||F,|—|F||+Z|F,]) being reduced from
0-36 (with iodine only) to 0-23. The signs of about
40 terms, previously unused, were fixed and ,C, and
o8, were computed. The components were then com-
bined to yield the modulus projection, |,0,|, which was
a great improvement in appearance over |;0,|. Apart
from the iodine peak, the distribution could be ac-
counted for by 29 ‘light’ atoms, 26 clearly resolved,
and, of the three remaining, one was adjacent to and
partially masked by the iodine atom and the two
others too close together to permit clear resolution,
but obviously corresponding to two atoms. There

were no dublous features, all spurious peaks having
been removed. The x parameter of each atom was de-
termined by the relation, 2nx/a=tan—1,8,(y,2)/.C,(¥,%),
¥, z being the parameters determined from [,0|. As
the location of each peak was transferred to the dis-
play-grid, it was possible to see two structural units
taking shape in V,. Each unit suggested a rational
arrangement of atoms and, by transferring one unit
across a centre of symmetry so as to link with the
other unit, the whole molecule became clearly defined.
No gross discrepancies in interatomic distances or
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Fig. 4. (a) 405(y, 2), (b) ,Ss5(y, z) and (c) |,05(y, 2)|. Contour levels are at intervals of 0-5 e.A—2, 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 majority of atom sites were unchanged,
several transfers to different regions of V, had oc-
curred in |,0,| compared with |,0,] and also all 29
atoms had been located. Recalculation of the structure
amplitudes, 1kl, 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.
,C; and ,S, (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, |50,| (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
20, and ;S,;, x parameters of all atoms were derived
and the structure amplitudes for 5kl spectra were
calculated. With the signs of the majority of terms thus

fixed, ,0, and ,S; were computed and combined to
give the modulus projection | 05| which showed good
agreement with |30,|. Further refinement of x para-
meters was derived from the relation 27x.5z/a =
tan—1,8,(y, 2)/,05(y, 2), and these values were then the
basis for recalculation of the 5kl structure amplitudes.
.5 and ,S; (Fig. 4(a) and (b)) were computed and com-
bined to give the modulus projection |,05| (Fig. 4(c))."
0kl structure amplitudes were calculated and the
normal projection ,04(y, 2) (Fig. 5(a); cf. Fig. 1(a)) was
computed. To obtain the best y,z parameters, the
three final a-axis projections were combined to give
0z = 3900+ 1201 +1a05] (Fig. 5(8)). For confirmation
of the x parameters, the Ak0 structure amplitudes
were computed (B = 0-13) and the projection down
the ¢ axis was computed, ,00(x, y) (Fig. 5(c); cf. Fig.
1(3)). The best z parameters were derived from a
comparison of ,Cj, ,8; and ,04(z, ¥). 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.



766

A DIRECT DETERMINATION OF MOLECULAR STRUCTURE

o

T

le

e
v

..

)

%
)X
T

)

(0

)
(

)((%

;\;) —/)Jasin 8

0

—»b
%

Fig. 5. (a) 404y, 2) is the normal projection down the @ axis derived from 0kl spectra. Contour levels are at intervals of 1 e.A~2,
beginning at 3 e.A~2 (broken line). (b) 0x(y, 2) = $200(¥» 2)+ |301(¥, 2)| +|205(y. 2)| is the distribution obtained by combining
the projections derived from 0k, 1kl and 5kl spectra. In region P, carbon, nitrogen and oxygen atoms are adjacent and can
be differentiated on the basis of peak height.

(¢) 200(%, ¥) is the normal projection down the ¢ axis derived from AkO spectra.
Contour levels are at intervals of 1 e.A~2, beginning at 4 e.A~2,
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Table 2. Atomic parameters of one asymmetric unit

(molecule)
Atom xzla y/b zlc
I 0-778 —0-148 1-135
0 0-922 0-0567 0-250
0¢) 0-933 0-153 0-383
0e) 0-682 0167 0-955
N 0-657 —0-139 0-667
Ca 0-817 0-0117 0-398
Ce) 0-873 0-0583 0-360
Ce) 0-880 0-108 0-433
Ca) 0-833 0110 0-547
Cs) 0-722 0113 0-775
Cee) 0-672 0-116 0-888
Cey 0-608 0-0692 0-917
Co) 0-610 0-0208 0-845
Clo) 0-658 —0-0333 0-667
Cao) 0-703 —0-0363 0-552
Can 0767 0-0138 0-512
Cae) 0715 0-0625 0-585
Caa) 0-722 0-0650 0-698
Caa) 0-668 0-0188 0-737
Cas) 0-712 —0-0892 0-468
Cae) 0-623 —0-136 0-505
Can 0-630 —0-193 0-445
Cag) 0-547 —0-238 0-483
Clio) 0-600 —0-242 0-648
Ceeo) 0-575 —0-186 0-705
Clen) 0-600 —0-0858 0-708
Claz) 0-808 —0-146 0-747
Cles) 0-923 0-0108 0-172
(o) 0-937 0-206 0-448
Cio) 0-637 0-169 1-072

4. Structure and configuration of the molecule

The structure analysis revealed that the molecule
consists of five six-membered rings fused together,
with one monatomic and three diatomic substituents
(ignoring hydrogen). From the peak heights in the
electron-density distribution, the nitrogen and three
oxygen atoms can be differentiated from the carbon
atoms, showing that nitrogen is common to rings
4 and B (Fig. 6(a)) and has C,, attached to it, while
O—Ceasy, O(2~Craqy and O(—Cpe5) constitute the dia-
tomic substituent groups. The bond lengths and angles
(Table 3) within the CDE ring system indicate an aro-
matic nucleus (phenanthrene) and this is confirmed by
the fact that the mean deviation of atoms Cg,y - - - Cqy)
from the plane L,

0-91062’ —0-2360y +0-33912' —7-1211 = 0

is 002 A (maximum deviation, 0-08 A).* Further-
more, as is to be expected, Cus), Cpayy» Owy, O and
O, lie in this plane with a mean deviation of 0-04 A
(max. 0-06 A). The interatomic distances of atoms
attached to Oy, O and O, are in agreement with
single-bond values and hence the groups, Ogy~Ciss),
O@y—Ceesy and Og-Cias are methoxyl groups in sub-
stituent positions 2, 3 and 6 of the phenanthrene

* The coordinates 7, 2’ refer to rectilinear axes, @’ normal
to ¢ and ¢’ collinear with ¢. Hence &’ = xsin § and 2’ =

z+x cos fi.
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Table 3. Bond lengths and angles, and approach
distances

(a) Intramolecular bond lengths

Length Length Length
Bond (A) Bond (A) Bond (A)
OwyCe 185 CapCs 189 CupCay 154
Oay-Crey 135 Cts3~Cte) 1-40 CusyCae)  1°55
O@-C) 1-36 Co)~Cen) 1-37 ChueyCan 1-52
O(2)—Cag) 1-42 C—Cg) 1-37 Can—Che 152
OwCe 188  CCqp 140 Cue-Cquy 152
Oy~Cias) 1-40 (1a-Cug)  1-36 (19~Cep)  1-54
Cay~Cia) 1-37 Can—Caz 137 (20N 1-53
Cio>-Caz) 1-40 C—Can 1-39 N-Cag) 1-53
CieyCaa) 1-38 Cio~Caro) 1-38 N-Ctaz) 1-42
CiayCaa) 1-39 Coy-Caa 1-43 N-Ciap) 1-51
Cup—Can 142 CuoyCayy 147 Cian—Ceo) 1-52

(b) Intramolecular bond angles
Bonds Angle (°) Bonds Angle (°)

C()~O1yCa) 124
Ca)Oe)~Ctaa) 19
Ct6y~O(3~Cz5) 115
Can-Car-Ceo) 120

Cay-Cu2~Chz) 119
Ct12)-Cas)-Cis) 123
C129~Cas~Caa 120
Cs5-Ca3)~Cre) 117

Cy—Cy-O0a) 120 Cus)‘C(s)_C(e) 123
Ct)~Ci2)~Cz) 121 C5)~Cte)~Ca) 117
Ci3)~Ci2)-O) 119 Cts)~Ce) O 116
Ci2)~Ciay~Cia) 119 C(7)~Cie)-O(a) 125
C(2~Cay~Oxz) 116 Cey-C)—Cie) 120
Ciay-Ca-O¢) 125 Ciy~Cis)~Cara) 121
Cay-Ci)—Cao) 120 Cis)=Cra)~Caz) 120
C(d)_C(IZ)_C( 11) 121 C(s)‘C(M )‘C(o) 119
Cy-Ca2Caa) 120 Co)-Can-Caas) 122
Cun~Ci)~Cao) 120 N-C16-Caa1) 117

Cu6yCan—Cas) 116

Can~Cas)—Cas) 109
C1syC19)-Claoy 107

C1)~C0)~Ctan) 120
CaoyCio)-Cery 118
C(9)-Ct10~Ci11) 120

Ctoy-Can—Cas) 120 C19)~Clog)-N 114
Can-Can-Cpy 121 Cta0)-N-Cyg) 113
Cy~Cuan—Caa) 119 Cae)-N-Ceep 106
Cary-C10)~-Caas) 115 Cia9)- N—Czp) 110
Ctoy~C10)~C15) 125 C21)~N-Cezz) 110
CaoCasCaey 110 Cragy"N-Coa) 111
Cus)~Ce-N 12 Ca0)~N-Ca1) 105
Ca5)-Cae-Can 118 N=Cta1)-Cs) 115

(c) Nearest approach distances

Atoms d (A) Atoms d (A)
I-Cigq) 3-96 T-Cgs) 3-90
I-O¢, 4:56 O@Can 408

-Car) 403 CaoyClar) 436
I-Cti9) 4-10 C(5)-Cuae) 3:56
I-Cag) 4-06 C(S)_(:(ﬂ) 4-72
I-Cpg) 4-44 Cay-Cean) 414
I-Og) 4-35 CayCep 445
O@)~Caip) 3-50 Cta-Cao) 3-76
O@yCrer 393 O@-Ce 330
O@—Caze) 3-44

nucleus. The atoms Cg, and C) of the phenanthrene
ring system form part of the adjacent ring B. Apart
from Cg)—C(1), the bond lengths within the 4B ring
system are normal single-bond C-C or C-N values.
The angular nitrogen atom common to rings 4 and B
is quaternary. The configuration of the 4 B (quinolizi-
dine) ring system is partly determined by the asso-
ciated phenanthrene nucleus. Thus the bonds
CuoyCasy and Cgy-Cpyy are maintained in the plane



768 A DIRECT DETERMINATION OF MOLECULAR STRUCTURE

Table 4. Comparison of observed and calculated structure amplitudes

x F, P, x F, F, k P, F, k F, F, x P, F, X F, F, k F, F, k F, F k F. F,
cko okl Ch8 1K1 1kl4(contd. ) 1k9 153 16 (conta.) 1k {1 (contd. )
2 +70 62 0 =109 110 0 +49 59 0 +36 33 17 +36 38 0 +37 43 0 -218 161 20 -2 <9 8 -6 <9
L =200 177 1 -4 L8 1 +17 15 1 =57 19 18 =37 37 1 -2 <9 1 +93 100 21 432 19 9 425 27
6 +177 161 2 +35 36 2 -1 1 2 -83 82 19  +2 <9 2 -13 14 2 +66 57 22 0 <9 10 +9 16
8 +78 100 3 9 36 3 +3 <6 3 -77 83 20 -15 13 3 <L <9 3 o+ 29 23 -18 13 1M1 <20 19
10 -170 16k L +97 97 L -us L6 jra 35 21 -27 28 L -3n 35 L +129 100 2L 45 <9 12 +1 <9
12 +38 L3 5 +28 23 5 =19 1 5 +Ly 36 22 +40 38 5 -7 <9 5 =93 109 25 -5 <9 13 19 13
1 +95 111 6 -97 101 6 +33 49 6 +30 98 23 +11 <9 6 +10 11 & -1L7 106 26 +3 <3 Wb -6 <3
16 -u5 37 7 +11 7 +21 35 7 -56 30 2y <9 7 -6 32 7 +12 35 27 +19 12 15 +16 14
18 -ui Lo 8 U3 55 8 +38 48 8 +50 63 25 o+ <9 8 +26 <9 8 b6 U7 %7 %3
20 +66 66 9 -7 12 9 +31 30 9 <62 77 26 -16 +14 9 -5 16 9 +22 16
22 -17 21 10 +112 110 10 -56 63 10 -99 96 27 -9 <9 10 -32 3 10 +63 28 0 +70 80 sy <9
2y -58 59 1 +10 12 11 -18 2k 11 +23 29 28 +15 12 1M <2 <9 11 -68 88 1 =57 58 2 +25 22
26 +13 <6 12 -16 12 +2 <6 12 +1L 26 1%5 12 +8 11 12 -38 35 2 <20 17 3 6 <9
28 +18 14 13 +2 <6 13 17 17 13 +37 64 13 -2 <9 13 46 31 3 -uy o 37 %0
30 20 12 i =77 7 14 +41 L9 i +81 70 0 =33 L7 4 +29 29 14, 63 67 Yy <42 2
okt 15 -4 <6 15 +12 <6 15  -55 63 1 +19 17 15 -9 16 15 +69 68 5 +63 70 1435 45
16 +39 U2 16«17 19 16 =43 32 2 +0 12 16 -13 <9 16 +48 L2 6 +42 L2 2 -u 27
1 68 59 17 -8 <6 17 -1 <6 17 +8 9 3 +25 32 17 +2 <9 17 +3 <9 7 -3 30 3 -73 82
2 +76 63 18 +28 28 18 -4 18 18 =53 ud L +68 70 18 -9 13 18 436 uh 8 +32 3 L +3% 36
3 =112 100 19 +24 23 19 -12 <6 19 -9 15 5 =53 58 19 +3 <9 19 =53 L3 9 =49 L5 ] +5 11
i o 37 20 -u5 L 20 +24 21 20 +56 51 6 ke 1%10 20 -LB 15 10 -63 60 & 36 33
5 =11 10 21 +4 <6 21 +4 <6 24 =65 74 7 +8 <9 21 +18 18 1 +45 W .7 476 73
6 -108 101 22 +7 <6 ok9 22 +30 A 8 -8 26 1«11 1 22 -4 <% 12 -1 <9 8 -22 13
7 +135 1b3 23 -13 23 -29 38 9 +32 40 2 +22 22 23 +22 12 13 +26 1L 9 -20 18
8 +53 60 2L +31 27 1 +3 <6 2 -30 30 10 +75 7 3 -18 17 2L +25 22 b +33 22 10 +2 <4
9 -87 105 25 +9 <6 2 +L45 43 25 41 30 1 -1 12 L -6 <9 25 -28 17 15 =34 33 "M =35 23
10 +21 32 26 -16 16 3 -16 28 26 +1 <9 12 +6 <9 5 +11 <9 26 -12 12 16 =22 17 12 412 1
1M - 30 27 +1 <6 4L =33 39 27 -1 <9 13 -5 <9 6 =3 <9 27 -2 <9 17 +6 <9 13 +51 46
12 -58 L9 28 17 16 5 -15 23 28 +13 <9 i =55 U5 7 +32 30 28 -15 12 18 -6 <9 14 -22 18
13 +70 75 29 -4 <6 6 -37 38 29 -4 26 12 +27 AN 8 +27 30 29 +13 <9 19 +30 19 15 +13 18
14 +26 27 oks 7 -2 <6 30 -4 <9 1 +35 35 9 +8 <9 30 +16 14 +19 13 16 -1
] +2 <6 8 +33 32 1x2 17 A O 10 +1 <9 ren 21 43 43 17 =37 36
16 +47 39 1 -55 63 9 +2 <6 18  +23 22 11 -3 11 22 #1 <9 18«14
17 -39 33 2 =77 63 10 +13 40 1 +10, 75 19 AL <9 12 21 22 1 e12 17 23 13 13 19 -2 8
18 -27 21 3 463 68 11 <15 2 2+ 62 20 -38 25 13 +17 17 2 +60 61 2L -12 10 20 +2 <k
19 +19 15 L +53 48 12 A1 < 3 ~150 127 21 +4 <9 1L +12 13 3 425 <9 25 +17 15 21 +21 2f
20 +5 16 5 +18 19 13 -0 20 I 1 408 22 +4 <9 15 -1 <9 L -28 37 &8 2 -9 9
21 +8 b 6 +53 53 1L +26 29 5 -1 <9 23 +9 13 *11 5 <9 23 5 15
22 +27 2o 7 =33 L3 15 +3 <6 6 -51 51 2L +28 17 6 -91 75 1 =2 <9 2 +2 <k
23 -10 <6 8 -75 67 16  +17 16 7 +157 136 25 -4 <9 [ o 9 7 =3 27 2 +56 66 25 -7 10
2L 19 19 9 +19 24 17 <7 1 8 + L9 26 -3 12 1 +19 20 8 +95 103 3 44 <9 26 5 W
25 =7 <6 10 12 <6 18 -19 16 9 =49 55 1%6 2 +1 <9 9 +#L <9 L +33 39 27 #1210
26 -25 48 1M +27 32 19 +3 <6 10 42 35 3 +8 9 10 +38 12 S +1 < 28 -5 <&
27 +19 14 12 +69 2 20 -7 7 1. =79 82 1 =38 37 4 -2 <9 11 -4 14 6 +40 5k1
28 +14h <6 13 =32 35 21 44 <6 12 46 45 2 84 70 5 -25 2 12 -105 99 7 -30 33 0 +100 90
29 -4 <6 14 -9 9 0K10 13 +77 9 3 +87 107 6 +1 <9 13 <10 <9 8 -23 22 1 -6 9
30 +5 <6 15 -8 21 b +13 26 L +7 N 7 +8 <9 i +13 23 9 =35 I 2 -6 10
or2 16 -39 37 o -27 24 15 +11 14 S +9 14 8 +l 15 +21 <3 10 +10 16 3 46 <k
17 +29 28 1 +27 32 16 +20 <9 6 +32 3 9 +14 16 16 +54 33 11 +16 <9 L -69 63
0 +14 17 18 +51 47 2 +7 <6 177 87 89 7 -54 66 10 =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 4o 1xT 18 -49 40 13 0 <9 6 +51 50
2 =61 65 20 411 <6 L +13 <6 19 +9 <9 9 +21 28 19 -6 <9 il -10 <9 7 +2 4
3 +113 100 21 -17 23 5 35 40 20 +8 12 10 -2 <9 0 -50 26 20 13 <« 15 +1 <9 8 +27 30
4 +2 8 22 27 18 6 -15 13 21 +39 34 11 +58 59 1 -112 55 21 +Lh <9 16 -28 19 9 +10 13
5 174 148 23 +8 <6 7 +9 <6 22 +21 20 12«3 3 2 +4y 21 22+ 28 17 +4 <9 10 -69 63
6 11 24 +5 <6 8 -7 <6 23 -28 25 13 43 L2 3 -4 23 -3 <9 18 +29 22 " +2 <4
7 +4 35 25 +6 <6 9 +19 23 24 -5 <9 14 -3 14 L +110 89 24 413 <9 19 -2 <9 12 -3 <4
8 -4 9 26 +2¢ 16 10 +17 16 25 -15 12 15 -5 <9 5 +180 120 25 2 <9 20 +12 <9 13 -6 <4
9 +175 174 27 -10 <6 11 -21 29 26 -9 <9 16 -15 «¢9 6 =123 148 -29 22 21 <9 14 +42 39
10 +37 42 28 -13 9 12 +5 <6 27 +30 26 17 +3 Ll 7 -19 23 27 <9 22 26 15 15 +4
11 =79 78 29 -1 <6 13 15 13 28 +8 9 18  +15 16 8 +20 28 T34 23 +4 <9 16 =37 40
12 +17 <6 ox6 114 <6 29 +1 <9 19 -11 <9 9 87 85 13 17 -2 <k
13 -50 56 15 +13 13 30 +4 <9 20 +6 <9 10 +65 0 +153 147 18 -20 25
Ul =23 29 0 +14 13 16 +9 15 *®3 21 =35 3 1 +79 6 1 +105 115 0 <36 46 19 <4 <i
15 +96 88 1 <79 79 17 -2 <6 22 <11 9 12 =37 2 2 +8 <9 1 -4 19 20 +24 20
16 -4 <6 2 -10 8 k11 0 +79 85 23 +20 20 13 +29 Lo 3 +39 35 2 42 <9 21 +6 6
17 -7 <6 3 -ht 43 1 +63 59 2y -1 <9 i =57 9 4 8 88 3 -9 <9 22 -2 <4
18 +10 <6 L 0 <6 1 13 15 2 -3 27 "7 15 =75 69 5 -69 68 L +36 39 23 +7 <4
19 -1 72 5 +68 713 2  +9 16 3 +51 49 16 +40 L5 6 73 85 5 +23 22 24, -15 14
20 -8 <6 6 +29 27 3 +27 24 L +57 60 [ -7 21 A7+ <9 7 +5 <3 6 +17 19 25 -5 [3
21 +35 29 7 -6 <6 L +2 <6 5 9 95 1 =35 46 18 15 30 8 +41 5 7 -18 21 % 7 7
22 =3 <6 8 +39 37 5 +3 <6 & +67 T 2 -7 11 19 452 9 +67 &7 8 +6 <9 27 0 <4
23 +22 14 9 -75 82 6 -4 <6 7 +39 53 3 =2 <9 20 -Ly 50 10 -80 80 9 -lrg 38 5Kk2
24 +14 1 10 -25 25 7 =32 3 8 +#19 U9 L +3 <9 21 ~22 23 11 by 43 10+ U3l
25 -37 27 11 453 49 8 +3 <6 9 +93 78 5 +57 70 22 +16 12 12 +21 3 11 +9 <9 1 +26 24
26 <6 12 +L <6 9 +10 8 10 =37 32 6 -18 30 23 +21 29 13 L6 37 12 4 <9 2 +45 35
27 -4 <6 13 +29 31 10 +5 <6 11 =92 97 7 -0 23 2L +14 Ak 1L, +60 60 1 +9 <9 3 6 6
28 -2 <6 1 +20 <6 11 +17 19 12 +17 <9 8 +2 <9 25 +26 20 15 +49 45 i =37 37 L -32 30
29«24 22 15 -52 52 12 -7 10 13 61 55 9 -3 25 26 -7 <9 16 +26 28 15 -30 27 5 +1 10
30 +9 11 16 13 11 13 15 <o 14 +39 45 10 +13 27 27 +6 <9 17 0 <9 16 +20 <9 6 -32 15
o3 17 =7 15 ox12 15 +62 56 11 +29 30 28 -8 <9 18 -5 <9 17 -6 < 7 +12
18  -25 23 16 -28 29 12 +h <O 29 22 22 19 -52 52 18  +13 <9 8 +u46 u5
1 -93 88 19 +28 25 -10 10 17 -5 19 13 +15 <9 30 +11 10 20 +30 29 19«17 13 9 =13 13
2 +123 128 20 “+9 13 1 -9 <6 18 -6 27 i -8 <9 1x3 21 +16 <9 20 -20 20 10 +8
3 .89 87 240 -29 23 10 19 -51 38 15 =38 36 22 -1 <3 170 "5
L -25 26 22 +8 20 +25 26 16 42 <9 1 -130 108 23 +2h 17 12 -37 28
5 +? <6 23 -22 24 1 -19 10 21 +19 20 17 +1 <9 2 <45 <9 2k, =30 20 1 =22 22 13 +11 12
6 7 56 2, -8 <6 2 <156 160 22 -3 <9 18 +11 <9 3 w17 12 25 -21 k4 2 17 <9 1 +20 24
7 -121 117 25 +23 17 3 W« 23 +26 20 19 +31 21 L o+t <9 26 +12 12 3«36 41 15 +19 22
8 sus 35 26 <6 L +260 180 24, -20 22 20 -4 <9 5 -7 <9 27 -2 <9 4 -5 <9 16 +47 43
9 -25 L8 ok? 5 -29 17 25 -19 12 a1 -1 <9 6 +4 <9 H 5 +5 9 17 +7 12
10 =33 47 6 +42 162 26 +5 <9 ®8 7 -148 133 * 6 <5 <3 18 -16 10
11 452 ay 1450 45 7 +39 50 27 -8 <9 8 -30 <3 1 +15 16 7 =21 27 19 46 10
12 -717 19 2 -6 29 8 -163 130 28 [ Y] 1431 2 9 +133 422 2 -26 30 8 +13 <9 20 11 8
13 =51 47 3 =55 55 9 -19 <9 *®y 2 =42 10 +38 <9 3 -95 98 9 +12 14 21 +5 <u
i <y <5 L -9 9 10  -10 26 3 -28 28 11 +126 138 & 0 <9 10 -5 <9 22 +20 2t
15 =16 1 5 =1 <6 1M =235 42 1 <48 52 L +27 28 12 +25 29 5 <4 @ 1 +20 19 23 10 13
16 +31 35 6 +18 25 12 4138 134 2 +125 115 5 -2 <9 13 -117 104 6 -1 <9 12 -9 <9 2L +1 n
17 +59 5% 7 +51 43 13«31 22 3 +65 79 6 433 ul 1 -7 2 7 +71 66 13 =23 19 25 -5 8
18 -23 21 8 -15 29 1L =57 37 4 -79 85 7 +35 36 15 47 23 8 +12 <9 i +b <9
19 -17 22 9 19 24 15 431 39 5 =10 15 8 -6 16 +6 <9 9 +L4 37 15 12 13
20 -19 35 10 -20 27 16 86 79 6 -55 51 9 -25 20 17«64 59 10 <16 <9 16 +2 <9
21 -32 2y 11 =24 23 17 -16 13 7 -47 56 10 ~17 14 18 419 20 11 <29 25 17 +20 13
22 .28 24 2 +9 1 18 +90 105 8 +89 82 11 =20 22 19 =15 13 12 +5 <9 1xi1
25 =29 27 13 +27 32 19 +51 63 9 +7 17 12 +LO 41 21 =7 <9 13 +583 55
2k -3 <6 -3 <6 20 .78 105 10 +35 35 13 417 <9 21 =51 Wi 1 Sy 9 o - 1L
22 +8 <6 15 +12 15 21 +11 <9 11 +9 9 1 17 16 22 5 15 15 +15 <9 1 +20 20
26 17 15 16 17 20 22 .35 25 12 =50 53 15 +6 <9 23 .27 22 6 .7 <3 2 +2 Q
27 -23 13 17 -u2 L2 23 15 15 13 -9 62 16 -25 19 2L +2 <9 17 -55 L3 3 -6 <9
28 .17 <6 18 +10 <6 2 +9 <9 1+ 36 17 16 16 25 .13 12 16 27 <9 L 309
23 4% <& 19 +12 9 25 -4 <9 15 =15 15 18«21 21 26 -2 <9 19 +15 16 2 =31 35
20 +8 11 26 +29 2L 16 +u6 U5 19  +4 <9 27 -26 19 6 11«9
21 +22 10 27 «10 <9 20 +3 <9 28 0 <9 7otk <9
22 =3 28 -17 14 21«10 < 29 -5 12
&3 -z1 20 29 < <9 22 -16 15 30 +6 9
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Table 4 (cont.)
x F, P k¥ F, P, k P, P kK P, Fy X F, F, k P, F, k P, Py k P, P, k P, P,
5k3 55 5k1({contd.) 5k3(contd. ) 5k6(contd, ) 5%9(contd. ) Sk12(contd.) L4k0(contd. ) 7k0(contd. )
0 =16 25 19 +6 10 +2 <h 23 -4 6 10 +28 32 2 -2 <4 12 -12 9 L -50 47 15 1 <7
1 +54 55 20 -12 10 11 +49 42 2 +20 20 11 -0 33 3 17 20 Sk 5 «111 122 17 #3337
2 -5 '8 21 -2 < 12«1 < 25 43 <y 12 -9 & L +9 10 3 6 +h2 50 18 4 <7
3 +35 35 5%6 13 +39 3 26 11 11 13 #1147 5 +29 31 +2 <4 7 25 25 19 -0 <7
L =1 10 Wb 7w 27 0 < 1L +18 18 & -4 6 1«7 8 8 +28 28 20 0 <7
5 =b5 47 1 -5 8 15  -48 47 28 -9 1" 15 -2 L 7 -5 <b -1 4 9 +51 61 29 -14 14
& -22 22 2 -2h 22 16 -u <y I 16 +19 18 8 L <y 2k0 10 -5 56 22 0 «7
7 -5 5 3 +2  <h 17 +1 <y Sk 17 21 12 9 ~27 28 11 -69 67 23 +11 9
8  +7 L +19 19 18 -3 <4 1 -59 71 18 -1 11 10  +5 < 0 -260 207 12«6 11 2k 0 <7
9 +u42 Lo 5 +5 <4 19 +28 24 2 +93 95 19 +9 9 11 +16 17 1 +47 60 13 -26 26 8ko
10 +23 23 6 413 14 20 +3 < 3 +34 34 20 =L <y 12 +1 <4 2 -59 59 14 +47 uy
11 =27 27 7 =3 <y 21 -18 1 L =21 25 21 12 4 13 +15 15 3 -5 1h 15  +LO 36 o -16 16
12 0 <4 8 17 1 22 0 <4 5 <4 10 22  +8 6 14 =3 <L L +168 156 16 -29 27 1 433 3
13 =25 21 9 < 23 -12 10 6 -3 18 23 -13 13 15  -18 18 5 +116 109 17 b <7 2 +5 <7
14 =16 17 10 -2 <4 2l -4 <y 7 <51 47 2k -2 < 16 +3 <L 6 -116 116 18 -1 <7 3 416 19
15 +27 24 1 4 <y 25 +15 13 8 +50 38 25 -3 <4 17 +L <l 7 -3 29 19 =22 22 I +2 <7
16 [ 12 +19 20 26 +2 < 9 +27 23 26 -7 7 18 +2 <Y 8 -68 56 20 +25 25 5 -48 45
17 -4 < 13 -6 <4 2 +3 <y 10 +16 <L K 19 +10 8 9 =34 38 21 +25 27 6 -1 <7
18«2 < G -3 < 28 +3 <y 11 +35 36 5%7 20 -3 b 10 +100 30 22 42 <7 7 44 <7
19 24 24 13 -5 <4 5k3 12 ~29 24 0 +Lh4 60 21 -10 14 11+ 37 23 +12 12 8 6 <7
20 -4 <h 16 -6 13 =27 32 1 -8 <l D 12 -3 8 2 -1 13 9 +36 35
21 414 17 +2 <k 1 38 29 1 +h <k 2 -8 13 5% 13 0 <7 25 13 13 10 6 7
22, +1 <4 18 +13 13 2 72 8f 15 -4 <h 3 -8 <4 1 -8 8 1L €3 63 26 +9 11 11 22 2
23 +5 <b 19 -2 <4 3«64 L9 16 +19 10 L -50 50 2 -0 16 4 -0 39 27 o <7 12 -1 <7
2L +11 12 5x7 L +9 18 17 +2h 21 5 +18 16 3 +29 28 <5 e, L8 28 +7 <7 13 =22 20
25 -19 20 5 +9 <4 18 -18 15 6 +38 Ly L +9 12 17 +9 <7 29 49 1l -2 <7
Skl 0 +13 12 6 +50 58 19 -3 <i 7 +h4 < 5 0 <b 18 +26 15 6%0 15 421 20
1 =15 14 7 =45 26 20 +2 5 8 +7 1 6 4 8 19 -2 19 16 +5 <7
1 <27 20 2 b oy 8 =52 L7 21 119 9 -35 35 7 -28 28 20 -33 37 o 40 39 17 -1 <7
2 +1 10 3 <11 10 9 +18 23 22 +17 17 10 -k 37 8 -2 6 21 3«7 1 -65 72 18 0 <7
3 440 27 L -1 8 10«14 1L 23«11 A4 1 -26 35 9 +11 10 22 +2 <7 2 L <7 19  -17 16
L -1 <y 5 #1719 11 +13 5 2 -2 <y 12 +5 11 10 0 < 23 41 <7 3 -33 Lb 90
5 +b4 <y 6 +7 7 12 +56 59 25 44 <l 13 -5 13 11 +15 15 2 +28 26 Lo o+2 <7
6 <16 16 7 0 «<b 13 =30 28 kS 14 +32 28 12+ 3 25 +10 <7 5 491 97 1 +15 17
7 -25 23 8 45 <y 1L -3 29 5k5 15 10 4 13 -y 13 26 -9 <7 & 42 <7 2 41 1y
8 +4 <4 9 -2 11 15 =2 13 o -3 9 16 -18 18 i -1 <h 27 +1 <7 7 +5 <7 3 -29 23
9 +17 19 10 -9 8 16 22 23 1 +80 9L 17 -6 <4 15 -3 <4 28 -12 12 8 48 «7 L -2 <7
10 +1 < 11 +12 9 17 +30 22 2 -3 <y 18 12 14 16 -5 11 29 -5 <7 9 Uy L9 5 +1 <7
11 +18 15 12«2 <h 18 +16 13 3 +30 30 19«5 <4 17«15 17 30 +5 9 10«19 19 6 7 <7
12 -1 15 13 +7 <L 19 -6 5 4 -5 < 20 +19 19 18 7 11 3%0 11«35 37 7 +31 28
13 -26 28 1 +8 <4 20 +7 9 5 -102 106 21 -2 < 19 -2 < 12 =11 10 8 +6 <7
15 -6 <y 15 11 14 21 -15 1 6 +12 <4 22 +2 <4 skf1 1 21 23 13«39 33 9 -2 12
15 -4 <y 5k8 22 18 1 7 +20 24 23 -3 <4 2 +142 119 1 -21 28 10 -2 <7
6 +7 7 23«8 7 8 46 <i4 2, 15 18 o -19 =22 3 ebt 56 15 -27 26 11 -9 16
17 #1712 1 +9 12 2«4 < 9 +50 56 25  +3 <u 1 +6 6 L -43 39 16 +3 <7 12 -6 <7
18 -2 <y 2 -1 <y 25  +3 <4 10 13 3 2 +5 5 5 +21 28 17 +2 <7 13 47 16
19 8 3 -5 15 26 +9 11 11 45 L1 5 3 43 b 6 -5 49 18 +6 <7 14 +5 <7
25 0 <k Lo < B3 12 <L <y 1 +19 23 E +15 17 7 57 59 19 +29 29 15 +2 <7
21 -1 7 5 +3 <4 5 13 -9 9 2 -32 26 5 -4 < 8 +122 102 20 -12 11 16 +2 <7
22  +3 <4 -° 6 -3 <y 0 -105 111 14 +3 6 3 -22 28 6 -4 16 9 +5 <7 21 ~15 12 17 12
23 +9 9 7 +19 22 1 -25 25 45 +46 45 L +18 19 7 +4 4 10 +12 10 22«1 <7 18 -4 <7
5K5 8 0 <4 2 +5 59 16 +2  <i 5  +1 <y 8 -3 11 11 +38 36 23 -13 1050
9 -7 <4 3 =25 23 17 -5 <h 6 +21 21 9 i 12 -85 82 2h +7 8
o -38 37 10 0 <u L +117 124 18 -8 <l 7 +22 33 10 +15 18 13 -50 L8 25 #1514 0 413 13
1 -5 11 -8 8 5 +11 <4 19 -23 23 8 -25 23 1" -2 <4 1 +31 3 26 0 <7 1 -17 15
2 411 13 5K9 6 -81 8 20 0 <k 9 +1 < 12 0 <4 15 -18 16 750 2 9 <
3 -10 7 -19 20 21 +13 14 10 -~ 15 13 -1 <& 16 +43 L5 3 7«7
L +35 39 0 +14 M 8 -33 33 22 +2 <4 11 A 2y 1 -12 15 17 +23 15 1 -8 50 boo-19 11
5 +21 21 1 +6 5 9 +12 18 23 +12 12 12 +24 24 19 +5  <b 18 -52 65 2 +5 <7 5 +18 18
6 -27 28 2 -l 6 10 +78 70 2, -3 <4 13 413 13 16 +8 7 19 -20 25 3 +61 57 6 vu <7
7 -7 3 +1 <4 11 -7 9 25 -1b 13 14 -8 8 s 20 +3 <7 L -8 3 7 -6 <7
8 -16 16 L -6 <4 12 -6 <L 26 +3 <L 15 4L <lh 5 21 =27 27 5 =15 10 8 <7
9 -7 16 5 -5 5 13 +6 <4 & 16 <18 13 1 2 4 22 425 24 6 -1 16 9 -4 11
10«27 25 ST i -7 47 5 17 15 17 2 +16 16 23 +19 2y 7 69 77 1 -8 «7
11 +9 9 15 =9 <y 1 +36 36 18  +12 9 3 0 <4 2L -4 <7 8 <1 <7 1" L1111
12 =3 <4 [} +6 17 16 +31 32 2 +L47 5 19 -1 <L In -8 7 25 “8 1 9 +29 25 12 +U4 <7
13 +5 <l 1 =101 87 17 -8 12 3 =40 35 20 +7 <4 5 0 <y 26 -15 16 10 0«7 15 7 <7
4 -~18 18 2 -2 <L 18 +15 147 4« =37 38 21 +10 14 6 -8 11 27 -13 13 11 +37 34 1 +7 7
15 -18 23 3 -50 53 19 0 <4 5 13 13 22 -15 16 7 -5 9 4k0 12 4 <7 15  -12 10
16 +12 16 L -2y 9 20 -26 24 6 -26 3L 8 +16 16 13 40 L1 11%0
17 -2 < 5 +103 86 21 -6 7 7 +u8 It 5%9 9 -3 < o -5 15 1 sy <7
18 +12 15 6 -17 34 2 +4 L 8 +53 55 0 -30 26 10 +5  «<b 1 4147 158 15 -6 16 1 -8 <7
7 -1 67 9 & <b 1 17 24 11 <l 2 17 32 2 13 13
8 -30 28 3 .18 12 3 =+10 <7
9 -70 60

L and the remainder of ring B is determined by the
tetrahedral configuration about N and Cs, ie. if N
lies above plane L, C 4, lies below it. The ring 4 has the
‘chair’ form which has been shown to be the most
stable configuration for the cyclyhexane ring (Hassel,
1953). The bonds N-C,q) and C(;,~C(1g, lie at an angle
to the plane L which is imposed by the configuration
of ring B with respect to the phenanthrene ring
system.

Having thus defined the carbon, oxygen and nitro-
gen skeleton of the molecule both dimensionally and
spatially, the hydrogen atoms can be located by con-
sideration of the types of bonds and the effects of
steric factors. The positions of hydrogen atoms at-
tached to the phenanthrene nucleus are defined, as
are also those attached directly to rings 4 and B.
The methyl group C,zH; is limited in angular move-
ment around the bond N-C,, by the hydrogen atoms
of ring A. The atoms C ), Caqy and Cyys) deviate from

the plane L by only 001, 0-10 and 0-07 A respectively,
and hence their associated hydrogen atoms are also
limited in location by the adjacent hydrogen atoms of
the phenanthrene unit.

The complete structure of the molecule is therefore
CpsH3yO3NI, and not C,;Hy,O,NI. H,O as first sug-
gested (Gellert & Riggs, 1954).*

5. Discussion

According to the results of this structure analysis,
isocryptopleurine methiodide is

* The present analysis was initiated on the basis of the
empirical formula, C,H;,0;NI. H,0. Only on completion of
the X-ray avalysis was it clear that there was no water of
hydration in the compound, and analysis of the actual batch
of crystals from which our specimen was selected confirmed
this observation. (Found: C, 58-05; H, 6-1; O, 9-1. C,sH,,O,NT
requires: C, 57-8; H, 5-8; 0, 9.2 %.)
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csin
(a) (b)
Fig. 6. (@) Intramolecular bond lengths and angles in DL-ésocryptopleurine methiodide. (b) The packing arrangement of

molecules in the erystal is indicated by a selection of the more important intermolecular approach distances. The area
shown is ¥y = 0 to 3b, and z =: 0 to ¢sin f.

Table 5
Type of No. of Mean Mean Maximum Standard
bond bonds value (A) departure (A)  departure (4) value (A)
C-C (aromatic) 16 1-39 0-02 0-08 1-39
C-C (aliphatic) 7 1-53 0-01 0-02 1-54
-0 6 1-38 0-02 0-04 1-42
C-N 4 1-50 0-04 0-08 1-49

2’:3’:6’-trimethoxyphenanthro (9':10'—2:3)
quinolizidine methiodide . (I)

(1

This analysis appears to constitute the first observa-
tion of the phenanthro (9':10'—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 ¢socryptopleurine must lie
in the 4B ring system, particularly in relation to the
nitrogen atom since the conversion of L-cryptopleurine
to DL-tsocryptopleurine occurs only through the me-
thiodide (Gellert & Riggs, 1954). The presence of the
quinolizidine ring system in isocryptopleurine (and
perhaps in cryptopleurine) suggests that 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 |30,| (Fig. 3(c)) and
ls0s] (Fig. 4(c)) with ,0, (Fig. 5(a))). The y, z coor-
dinates derived from gy (Fig. 5(b)) should be almost
as accurate as if derived from a complete three-
dimensional synthesis, but the z parameters are less
precise. No attempt has been made to estimate series-
termination errors. The iodine atom is probably
located within 0-02 A. 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 that 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 study 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(e2y 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-Ceg, 3:96 A, 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 Cgg-O¢z), 3:30 A.
In general, the approach distances involving an oxygen
atom are rather shorter than those involving two
carbon atoms (CH, or CH,).

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). The plane 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 40 reflexions
are affected to a greater extent than the 0%! reflexions.
This is borne out by the particular values of B.

Generalized projections (g, = C,+1¢8,), or rather
the component projections, C, and §,, have been
used mainly to study 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 that 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,
los| = [C2+82%]t, 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 that 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
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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 ¢n 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 projec-
tions can assist in obtaining #, 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, g5, 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 that 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 P2,/n, n(1kl) ~ 2n(0kl) and n(kll) ~ 2n(h0l). The
positive and negative excursions of the functions C,
and §, lead to an apparent improvement in resolution
which may be by its nature partly spurious. However,
where atoms overlap it 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 )2.p, when atoms are separated by }c, to zero,
when atoms are separated by $c (where ¢ is the projec-
tion axis). This effect may constitute the main dis-

* The improved peak separation also played a part in aiding
solution of the crystal structure, for it is dubious if this strue-
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 z,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 structures, 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 that 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
that ‘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 Paur. W. SceMiDT
Department of Physics, University of Missouri, Columbia, Mo., U.S.A.

(Recewved 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 function. 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 functions 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. Introduction

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 A,
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



