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- The Crystal Structure of Solaphyllidine, C20H4NOs, a New Steroidal Alkaloid

By IsaBELLA L.KARLE
Laboratory for the Structure of Matter, Naval Research Laboratory, Washington, D.C. 20390, U.S.A.

(Received 20 October 1969)

The structural formula of solaphyllidine, a new steroidal alkaloid, isolated from the leaves and green
berries of Solanum hypomalacophyllum Bitter, a tree native to the Venezuelan Andes, has been established

to be

The molecule is completely extended with ring junctions 4/B, B/C and C/D all trans. The average planes
of the O-acetyl group and the 3-hydroxy-5-methylpiperidyl group are nearly perpendicular to the
average plane of the steroid nucleus. Rings 4, B, C and E have the chair conformation while ring D has
the B-envelope conformation with atom C(13) 0-68 A out of the plane of the other four atoms in the ring.
Asymmetric centers in the piperidyl group are 22R, 23S(eq) and 25R(eq). The steroidal alkaloid crys-
tallizes with CH3OH in a 1:1 ratio. A layered structure is formed by four independent hydrogen
bonds between steroid molecules and the CH3OH group. The material crystallizes in space group
P2,2,2, with a=1524+003, b=1032+0-02 and ¢=17-50+0-03 A and Z=4. The structure was
solved by the application of the symbolic addition procedure for phase determination in noncentro-

symmetric space groups.

Introduction

Steroidal alkaloids have been isolated from both animal
and plant sources. Complete crystal structure analyses,
which determined the structural formulae as well as the
stereochemistry, have been performed on batrochotox-
inin A, a very lethal venom from the Colombian poison
arrow frog (Karle & Karle, 19694; see also Tokuyama,
Daly & Witkop, 1969), samandarine, the venom from
the European fire salamander (Wolfel, Schopf, Weitz
& Habermehl, 1961) and veratrobasine, from the Euro-
pean hellebore, a perennial plant (Reeke, Vincent &
Lipscomb, 1968). Structural studies by X-ray diffrac-
tion have also been made on tomatidine. HBr (Ken-
nard, Riva di Sanseverino & Rollett, 1967) and the
isomorphous tomatidine.HI (Hohne, Ripperger &
Schreiber, 1967), a steroidal alkaloid from the Sola-
num group. A new steroidal alkaloid has been iso-
lated from the leaves and green berries of Solanum
hypomalacophyllum Bitter, a tree native to the Vene-
zuelan Andes. The present X-ray analysis has confirmed
and supplemented chemical observations in establish-
ing the structural formula of solaphyllidine. A prelimi-
nary note describing the chemistry and structure of sol-
aphyllidine has been published (Usubillaga, Seelkopf,
Karle, Daly & Witkop, 1969).
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Structure analysis

Colorless, opaque, diamond-shaped tabular crystals of
solaphyllidine grown from methanol were made avail-
able through the cooperative efforts of Drs B. Witkop
and J. Daly of the National Institutes of Health, Be-
thesda, Maryland, and Drs A. Usubillaga and A. Seel-
kopf of the Universidad de los Andes, Merida, Vene-
zuela. The non-transparent nature of the crystals made
it difficult to observe optical extinctions under crossed
Nicol prisms. The a and b axes of the orthorhombic
unit-cell corresponded to the diagonals of the diamond
face. Cell parameters and space group were obtained
from precession photographs. These values are listed in
Table 1. Intensity data were collected by the multiple-
film, equi-inclination Weissenberg technique and read
by visual comparison with a calibrated film strip. Lay-
ers 0-11 along the g axis and 0-1 along the b axis were
recorded. Lorentz, polarization and spot-size correc-
tions were made, the data from the two axes were cross-
correlated and put on the same scale, and normalized
structure factors | E| as well as structure factors | F| were
derived.

The atoms in this steroid of partially unknown struc-
tural formula and containing no heavy atoms were lo-
cated by means of an E map computed with phase
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angles derived directly from the structure factor mag-
nitudes using the symbolic addition procedure (Karle
& Karle, 1964; 1966) for noncentrosymmetric crystals.
The phase determination was initiated by applying the
relationship

P~ P+ Pniir - 1)

This relationship is contained in the first nontrivial ine-
quality (34) relating structure factor magnitudes in the
complete set of inequalities based on the non-negativity
principle (Karle & Hauptman, 1950). To implement
equation (1), the origin was specified (Hauptman &
Karle, 1956) by assigning the phase values +x/2, +7/2
and 0 to the reflections 3,0,13, 052 and 506 respectively,
and, in addition, the reflections 022, 020, 819 and 919
were assigned the symbols g, b, p, and g to represent the
phase angles. In the course of applying equation (1), it
became apparent that b=x, a probably was equal to
zero, and p and g were near +z/2. To specify an enan-
tiomorph in space group P2,2,2;, the symbol p was
chosen to have the value +7/2.* Accordingly, two pos-
sibilities remained since g could be either +7r/2 or
—mn/2. In addition to the assigned phases, phases for 43
additional reflections had been derived with equation

* The values appearing in Table 2 correspond to p= —x/2.
After the structure determination was completed, the enantio-
morph was changed to agree with the absolute configuration
of cholesterol.
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(1). These 50 phases, now assigned numerical values,
were used as input into the tangent formula (Karle &
Hauptman, 1956):

g Ey Ey_y sin (¢ + duy)
g E ' Ey_y cos ($+ dy)

@

tan ¢, =

The input phases were refined by one iteration, and
then phases for additional reflections were obtained by
the use of (2). A total of 425 reflections with |E|>1-0
were used to compute E maps. The twelve strongest
peaks of the E map based on g= —x/2 could be identi-
fied with atoms in the four rings of a steroid nucleus.
Phases based on these twelve atom positions for reflec-
tions with |E|>1-5 and |Fea1e] > 03| Fons| were used as
input in equation (2), in order to compute phases for
additional reflections with |E|> 1-0 (Karle, 1968). The
resulting £ map showed the location of 30 atoms in the
molecule. The remaining five atoms in the steroid and
a CH;OH molecule cocrystallized with the steroid were
found in a difference map.

A full-matrix least-squares refinement on the coordi-
nates and thermal parameters was performed utilizing
the computer program of Busing, Martin & Levy
(1962). Several cycles of refinement with anisotropic
thermal factors, based on the minimization of the func-
tion Sw(|F,| —|F.|)* where w=0-5 for F,=0, w=1 for

Table 1. Physical data for solaphyllidine

Molecular formula
Molecular weight
Melting point
Habit
Crystal size
Space group
g ’
b
- . . C .
: 14
4
Density (calc)
Density (obs. by flotation)
Radiation
Number of independent reflections
{(IE]) for hkl
IEE2-1])
IEI>

1 for kK0, Okl, hO!
LER-1])

C29H47NOs.CH3;0H
489:7+32:0
165-170°C
Opaque diamond tablets (001)
~1:0x1-0x0-3 mm
P21212;
15244003 A
10:32+0-02 A
17-50+0:03 A
2889 A3 ,
4 molecules per unit cell
1:199 g.cm™3
1178 g.cm—3
Cu Kz, 1-5418 A
2603
0-837
0-788
0797
1-023

S0

- - Fig.1. Stereodrawing of the solaphyllidine molecule, drawn by computer from a program prepared by Johnson (1965).
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| Fol <30 and w= 30/|F,| for |F,|>30 and using the A difference map revealed the location of 32 hydrogen
scattering factors listed in International Tables for X-ray ~ atoms (out of 51). Inclusion of the 32 hydrogen atoms
Crystallography (1962), reduced the R index to 13-2%.  as constant parameters and further refinement on the

Table 2. Observed and calculated structure factors for solaphyllidine
The columns are the index /, 10| Fo|, 10]F.|, and the phase in cycles ( x 100).
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heavy atoms resulted in an R index of 9:9 %. Observed
and calculated structure factors are listed in Table 2.

Discussion

The X-ray analysis has shown the structural formula
and the stereoconfiguration of solaphyllidine to be
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A three-dimensional view of the molecule may be ob-
tained from the stereodrawings in Fig. 1. The absolute
configuration has not been established (the presence of
a heavy atom is normally required to determine the ab-
solute configuration from anomalous dispersion stud-
ies) but is assumed to be the same as that determined
for cholesterol (see e.g. Fieser & Fieser, 1959).

The molecule is completely extended. The A/B, B/C
and C/D ring junctions are all trans and the C(3)- -
C(16) distance, a measure of the length of the steroid
nucleus, is 9-11 A. The C(3)- - - C(16) distance is 9-02 A
in androsterone (High & Kraut, 1966), a steroid with a
comparable nucleus, i.e. with saturated rings and all
trans ring-junctions, but the distance is only 7-25 A in
digitoxigenin (Karle & Karle, 19695), where the 4/B
and C/D ring junctions are cis. Rings 4, B, C and E are
in the chair conformation even though ring 4 is a sub-
stituted cyclohexanone. Ring D has the f-envelope con-

Table 3. Least-squares planes

C(1)-C(17)

C(14)-C(17)

C(), C(3), C(5), C(10), C(7), C(8)
C(5), C(6), C(8), C(9), C(12), C(13)
C(22), C(24), C(25), N .

C(2), C(1), C(10), C(8), C(14), C(15)

—2:6137x+10-6592y— 0-7682z=
—0:1673x+ 9-4536y— 8-5357z=
—5:4512x— 0-5474y+16-3198z=

Mazximum

deviation
040 A
0-06
0-11
0-02
0-02
0-18

Plane

1-1465x+10-5069y — 4-0338z=
1-7998x+10-2167y — 5-4257z

1-5699
10134
27330
04323
2:5625
6-5160x+ 7-7035y— 9-7666z= —0-3746




ISABELLA L. KARLE

HO,

% 18892

23 %
0 27
21 ./7 %5 7536
e ~} m
555

T N A3
2075 K =~
o s,;/ 12917
% :
12 )
> %,39@’7%
16 |.4440‘

-4] “ﬁ X 29
)
o g - B N
2/ \(\)/o » %8 51 I

S T
S (a)

Oz

Ho,

\!099 2
1091?3/Hz§\
70,0 n__-27

21 2
1012309 4

1099 >3z 123

)

112,620 /uo.z\“m 1094
6 113.8 1ol —~

18

124 / 17 2.

A pdsios

3
11hse 104931015 1046
1068%6 ——0.

7 ial 1086 1,42‘ 028 04 185N09
! . " us?ﬂwm

A2 5092 19T
I

0
lll28

N

10511085 1098120
05

110131085 110451123 11027

Ao 38 T3 INI05

1227 l 123.3

Hi

£ 5-10-19 109.2
z 1-10-9 109.8
Z12-13-17 115.3
z14-13-18 112.2

®
Fig.2. (a) Bond lengths; (b) bond angles.

O

¥

P4
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formation with atom C(13) 0-68 A out of the plane of
the other four atoms, The torsion angle about the
C(13)-C(14) bond with respect to ring D is 46° 20, com-
parable with an average value of~45° for various ster-
oids with trans C/D ring junctions (Brutcher & Leo-
pold, 1966).

The plane of the acetyl group at 16« is oriented ap-
proximately perpendicular, 79° to the average plane
(Table 3) through the steroid nucleus. Ring E is also
nearly perpendicular, 73°, to the steroid nucleus and
oriented so that the OH group is directed upwards and
the N atom downwards.

Least-squares planes computed for various portions
of the molecule are listed in Table 3. Coordinates from
Table 4 may be substituted directly into the equations
in Table 3 to obtain the deviations of atoms from these
planes. The values on the right side of the equations are
the origin-to-plane distances in A units. Deviations of
atoms C(1), C(4), C(6) and C(9) from plane III, atoms
C(7), C(10), C(11) and C(14) from plane V, and atoms
C(23) and C(26) from plane V are all in the range of
0-60 to 0-73 A. These values along with the torsional
angles listed in Table 5 indicate that rings 4, B, C and
E have nearly ideal chair conformations. Plane VI char-
acterizes seven atoms forming a zigzag chain from ring
A to ring D, The systematic deviations of atoms from
this plane indicate that the steroid nucleus is bowed
slightly with an upward bulge near atom C(10).

Fractional coordinates and thermal parameters are
listed in Table 4. Values for the bond lengths and angles
are shown in Fig. 2. The standard deviations based
solely on the least-squares refinement are 0:011-0-013 A
for the bond lengths, except for the CH;OH molecule,
C-0=1:376 A, where the standard deviation is 0-017 A.
The standard deviations for the angles are of the order
of 0-7°. There are no unusual bond lengths. The average
of 28 saturated C—C single bonds is 1-540 A.

The packing of the molecules in a unit-cell is illustra-
ted in Fig. 3. The average plane of the steroid nucleus
is nearly parallel to the ac plane of the cell. However,
hydrogen bonding between molecules creates a layered
structure with the layers perpendicular to the ac plane.
Four independent hydrogen bonds, O(1)H- - -O(M) at
272 A, O(M)H- - -O(3) at 277 A, O(3)H- - - N at 2-90
A, and NH- - -O(2) at 3-03 A, labelled 4, B, C, D respec-
tively in Fig. 4, tie together four different steroid mole-
cules and one molecule of methanol, which has co-
crystallized with the steroid. A repetition of the hydro-

Fig.4. A section of an infinite sheet formed by steroid and CH3OH molecules linked together by four independent hydrogen bonds,
labelled 4, B, C and D, The molecules can be referred to the axes @ —, b4 and c up.
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gen bonding in each unit-cell forms infinite sheets of
molecules.

There is no hydrogen bonding between layers. The
nearest approaches between atoms in different layers
are O(5)- - -C(27) at 3-26 and C(12)- - -C(29) at 3-48 A
where O(5) and C(29) are part of the acetyl group.
Within the same layer, the nearest intermolecular ap-
proach, O(5)- - -C(M) at 3-07 A also involves the keto
oxygen atom of the acetyl group. Except for O(M)- - -
C(3) at 3-31 A and O(3)---C(26) at 3-36 A, both of
which are adjacent to hydrogen bonds, all other inter-
molecular separations are greater than 3-4 A for C---O
approaches and greater than 36 A for C-.-C ap-
proaches.

In the natural steroidal alkaloid, it is interesting to
note that the substituents at C(3), C(16), C(17), C(23)
and C(25) are all in the equatorial positions.

C2H47NOs, A NEW STEROIDAL ALKALOID

The author wishes to thank Dr Bernhard Witkop of
the National Institutes of Health for suggesting the
problem and providing the crystals and for informative
discussions.
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Table 5. Torsional angles in the rings*

Ring 4 Ring B Ring C Ring D Ring E
Bond ¢4-B Bond ¢a-s Bond Q4a-B Bond QA-B Bond Qa-B
1—2 556° 5—6 58-1° 8—9 51-8° 13-14 46-3° N-22 60-3°
2—3 50-1 6—7 58-8 9-11 49-8 14-15 347 22-23 531
3—4 552 7—8 57-0 11-12 54-3 15-16 99 23-24 49-8
4—5 62-8 8—9 564 12-13 557 16-17 18-5 24-25 54-0
5-10 60-6 9-10 54-0 13-14 627 17-13 39-2 25-26 596
10—1 577 10—5 546 14—8 62-7 26-N 63-0

* @a-pis the torsional angle about the 4-B bond, in which the other two atoms required to define the bond are those attached

to either end of the bond and are in the ring in question.
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The Crystal Structure of Hexabarium 17-Titanate

By EKKEHART TILLMANNS AND WERNER H.BAUR
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(Received 20 October 1969)

The crystal structure and the chemical composition of BagTii7040, a new compound in the system
BaO-TiO;, have been established by single-crystal methods. Hexabarium 17-titanate crystallizes in space
group C2/cwitha=9-883,b=17-08,c=18-92 A, f=98°42’, Z=4. The 2094 observed Fr:: were used in a
combination of Patterson and Fourier methods to determine the crystal structure and to refine it to
R=0-06. The structure can be described as a three-dimensional framework of TiO¢ coordination
octahedra. The most prominent features of this framework are ribbons of octahedra of composition
Ti3O10 which extend in the [T10] direction at height z=0, and in the {110] direction at z=14. The rib-
bons are joined by clusters of octahedra of composition Ti;;O49. The voids in this framework are
filled by the Ba atoms. An alternate way of looking at the crystal structure is to regard it as a hex-
agonally close-packed array of oxygen and barium atoms with the titanium atoms filling the energet-
ically most favorable octahedral voids. The direction of packing is [103] and the stacking sequence is
ABCACABCBCABABCACABCBCAB. BagTi1704¢ is another example in the short list of titanates
which can be described as close-packed arrays, while most belong to the Wadsley-Anderson type
phases with one cell edge of about 4 A. The details of the atomic arrangement show appreciable dis-
tortions of the bond lengths and angles. The individual bond distances Ti-O vary from 1-77 to 2+43 A.
The mean of all Ti-O bond lengths formed by one oxygen atom can be predicted by using the expres-
sion dri_o=(1-552+40-200) A, where ¢ is the sum of the electrostatic valences received by this oxygen
atom. This is in accord with the extended electrostatic valence rule.

and BaTisOy; (Tillmanns, 1969) have been described.
Rase & Roy (1955) report another compound in this
system of composition BaTi;O, and two more are
mentioned by Kwestroo (1960): Ba,TisO,, and
Ba,TigO,. The X-ray powder patterns for these three
compounds are not indexed and single-crystal work
has not been undertaken.

Introduction

Compounds in the system BaO-TiO, have been exten-
sively studied in recent years. So far the crystal struc-
tures of Ba,TiO, (Bland, 1961), cubic BaTiO; (Megaw,
1947), hexagonal BaTiO; (Burbank & Evans, 1948),
BaTi,Os (Harrison, 1956), BaTi4O, (Lukaszewicz, 1957)



