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Crystals of endoxan were crystallized from an ether solution at — 10°C. The crystals are triclinic, with
space group PT and cell dimensions: a=13-402, b=8-669, c=6-003 A, a=100-3, =964 and y=106-8°.
The structure was solved by direct methods for phase determination, and successive Fourier syntheses.
The structure was subsequently refined by the full-matrix least-squares method to an R value of 0-042
for 2255 reflexions collected on an automatic diffractometer with Mo K« radiation. All the hydrogen
atoms were located in a difference Fourier synthesis. The molecules are held together in three dimensions
by one N-H-:-O and two O-H- - - O hydrogen bonds.

Introduction

The study of the crystal structure of endoxan was car-
ried out to collect new data for those interested in the
use of citostatics for the chemotherapy of cancer
tumours. Endoxan has partially solved some of the
main problems caused by nitrogen mustard in the
human organism (Arnold & Bourseaux, 1958). Mus-
tards were used for a long time in the therapy of neo-
plastic diseases, since they can control the smaller
metastases which are innaccessible by other techniques
such as surgery and radiation.

The citostatic effect of the chloroalkyl-amine of the
nitrogen mustard stems from the large lability of the
chlorine atoms located in the S-position of the nitrogen
atom. According to Ross (1945), the dissociation of
these compounds results in a positively charged car-
bonium ion with biological activity. The amine groups
of the mustard behave as alkylating agents in a bio-
logical medium reacting with active atoms of H. This
is similar to the behaviour of SH groups in proteins
or enzymes producing lessening of growth or even a
destruction of the malignant cells.

Experimental

The crystals of endoxan were kindly supplied by
ASTA-WERKE laboratories (Chemische fabrik, West-
falia, Germany). The samples were recrystallized from

an ether solution prepared by means of ether extrac-
tion in a Soxhlet aparatus and subsequent cooling of
the solution to a temperature of —10°. The crystals
are prismatic with the longest dimension along the
¢ axis. Preliminary cell dimensions were obtained from
Weissenberg photographs taken from a crystal ro-
tated about the b and a axes. Precise unit-cell constants
were determined by the least-squares method from the
angular settings of 24 independent reflexions measured
on an AED Siemens diffractometer. The density was
measured by flotation in a mixture of carbon tetra-
chloride and n-heptane.

Crystal data

Cl,PN,0,C;H;5.H,0, M.W. 278:98, m.p. 40-41°C,
crystal size: 0-15x0-26x0-33 mm. Triclinic, a=
13-402 (20), b=8-669 (10), ¢ =6-003 (8) A, 0 =100-3 (5),
f=96-4 (5), y=106-8 (5)°, D,=1-41 g.cm=3, D,=
1-423 g.em™3, Z=2. Linear absorption coefficient for
Mo Ko radiation g=4-31 cm™1,

The statistical averages suggest that the electron den-
sity distribution within the unit cell is centrosymmetric.
Hence the space group PT was assumed for the study,
and this was confirmed by the successful structure anal-
ysis.

The reflexion intensities were measured on an auto-
matic diffractometer (four circle AED Siemens) using
Zr-filtered Mo Kx radiation. Intensities for 2552 re-
flexions were measured by scanning in the 6-26 mode
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up to 20=51° Of these, 1276 reflexions were con-
sidered to be unobserved, because their net intensities
did not exceed twice the estimated standard deviation
from counting statistics. The standard deviations in
the intensities were calculated, in this case, from the
formula o(/)=[1% +(0-027_)*]"* where I, =i,+1i, and
I_=i,—i, (i, is the peak intensity and i, is the back-
ground intensity, both of them are integrated). The
intensities were corrected for the Lorentz and polariza-
tion factors. Absorption and extinction corrections
were not applied.

Structure determination and refinement

The structure was solved by direct phasing methods,
applying the Sayre relation (Sayre, 1952).

After the observed structure factors were scaled and
normalized to |E| values by means of a Wilson plot,
355 reflexions with |E| values greater than 1-5 were
obtained.

The whole process was performed using a Fortran
IV computer program (Long, 1965), but only 260 re-
flexions with values of |E| = 1-6 were introduced. The
E map corresponding to the solution of highest con-
sistency index (¢=0-992) revealed a set of peaks of
which two were higher than the rest. It was assumed
that they are associated with the chlorine or phos-
phorus atoms. The vectors CI(1)-CI(1), Cl(2)-Cl(2),
CI(1)-ClI(2), CI(1)-P, CI(2)-P and P-P were confirmed
in a preliminary three-dimensional Patterson synthesis.
In addition eleven other peaks were consistent with
nitrogen, oxygen and carbon atoms of a stereochemi-
cally reasonable model of the endoxan molecule. A
more complete Fourier synthesis revealed the confor-
mation of the endoxan molecule. A structure-factor
calculation based on the non-hydrogen atom coor-
dinates and a uniform isotropic temperature factor of
4-5 A? gave an R value of 0-286, which dropped to
0-132 in three cycles of isotropic least-squares refine-
ment. The Oak Ridge National Laboratory least-
squares program (Busing, Martin & Levy, 1962), modi-
fied by R. Shiono, was used in the refinement. At this
stage, three anisotropic least-squares cycles on the
non-hydrogen atoms reduced the R value to 0:067. A
three-dimensional difference synthesis was computed
including the contribution of non-hydrogen atoms.
This synthesis revealed the 17 hydrogen atoms. Up to
this stage, the refinement was performed with unit
weights. In subsequent least-squares cycles an indi-
vidual weighting scheme was employed.

The quantity minimized in the least-squares calcula-
tions was >w(F,— F,)? and the weights applied were:
w=1/6F) where o(F)=0-5 F,0(1)/I+0-001 and o({)
is defined above.

Three additional anisotropic least-squares cycles, re-
fining the positional parameters and anisotropic tem-
perature factors of the non-hydrogen atoms, and only
the positional parameters of the hydrogen atoms gave
an R value of 0-042 and a weighted R=0-031. The
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hydrogen atoms were given the isotropic thermal par-
ameter of the atom to which they were bonded, and
these were not refined.

The atomic scattering factors for all heavy atoms
were taken from Hanson, Herman, Lea & Skillman
(1964); those for hydrogen atoms were taken from
International Tables for X-ray Crystallography (1962).
The anomalous dispersion corrections for chlorine and
phosphorus atoms were also taken from International
Tables.

The final fractional atomic coordinates and their
standard deviations for heavy and hydrogen atoms are
given in Tables 1 and 2. Table 3 shows the final aniso-
tropic thermal parameters for non-hydrogen atoms.
The thermal parameters U;; as given here are defined
by: exp [— 273U ,a**h? + U,,b* 2%k + Usye®?? +
2Ua*b*hk +2U za*c*hl+ 2Uyb* c* k1.

Table 1. Final fractional atomic coordinates and their
standard deviations (in parentheses) for
non-hydrogen atoms

x y z
CI(1) 0:4004 (1) 0-7879 (1) 0:0214 (2)
CI(2) —-0-1193 (1) 0-3191 (1) 0-7532 (2)
P 0-2086 (1) 0-2415 (1) 0:4619 (2)
o(1) 0-3054 (1) 0-3498 (2) 0-3704 (3)
0(2) 0-1156 (1) 0-1510 (2) 0-2831 (3)
o) 0-1091 (2) 0-9458 (3) 0-8447 (4)
N(1) 0-1794 (1) 0-3732 (3) 0:6522 (4)
N(2) 0-2629 (2) 0-1342 (3) 0:6025 (4)
C(1) 0-2969 (2) 0-6567 (5) 0-7950 (6)
C(2) 0:2600 (2) 0-4860 (4) 0-8418 (6)
C(3) 0-0738 (2) 0-3913 (4) 0:6346 (6)
C4) 0-0056 (2) 0-2809 (4) 0-7640 (6)
C(5) 0:3447 (3) 0-0681 (5) 0-5191 (7)
C(6) 0-4266 (3) 0-1975 (5) 0-4455 (7)
C(M) 0-3778 (3) 0-2703 (5) 0-2723 (7)

Table 2. Parameters of hydrogen atoms with their
standard deviations (in parentheses)

The B values are in A2,

x ¥y z B
HQ) 0-330 (3) 0-657 (5) 0-655 (7) 3-85
H(Q2) 0-240 (3) 0-706 (5) 0-799 (7) 3-85
H@3) 0-316 (3) 0-446 (4) 0-851 (6) 295
H@4) 0-231 (3) 0-489 (4) 0-984 (6) 2-95
H(5) 0:039 (3) 0-355 (4) 0-473 (6) 2:61
H(6) 0-079 (3) 0-505 (4) 0-703 (6) 2-61
H(7) 0-031 (3) 0-296 (5) 0-912 (6) 3-04
H(8) —0-007 (3) 0-177 (5) 0-699 (7) 3-04
H() 0-311 (3) 0-972 (5) 0-380 (7) 3-75
H(10) 0-378 (3) 0-036 (5) 0-640 (7) 3-75
H(11) 0-480 (3) 0-148 (4) 0-376 (6) 3-98
H(12) 0-470 (3) 0-280 (5) 0-571 (7) 3-98
H(13) 0-335 (3) 0-181 (6) 0-144 (7) 423
H(14) 0-426 (3) 0-357 (5) 0-230 (7) 4-23
H(15) 0-036 (3) 0-907 (5) 0-800 (6) 3-76
H(16) 0-116 (3) 1-003 (5) 0-967 (7) 3-76
H(17) 0-222 (3) 0-067 (4) 0:675 (6) 1-52

A table of final observed and calculated structure
factors is available from the authors on request.
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Fig. 1. The configuration of the molecule of endoxan.

Table 3. Final

CI(1)
Cl(2)
P

o)
0(2)
o(w)
N(1)
N(@2)
c(1)
C(2)
C(3)
C4)
C(5)
C(6)
(6 ¢)]
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Discussion of the structure

The molecular conformation

The configuration of the molecule of endoxan is il-
lustrated in Fig. 1. This molecule consists of two parts:
the bischloroethylamine (nitrogen mustard) or active
group, and the phosphamidic ring or transport unit.
In Table 4, various calculated least-squares planes of
the molecule are collected. The maximum deviations
of the atoms in planes I and II were considered some-
what higher in order to obtain a perfectly planar con-
formation.

The ethylene chloride chains present an extended
conformation, which was derived from the calculation
of torsion angles (Sundaralingam, 1969) through the
bridges C(1)-C(2), C(2)-N(1), N(1)-C(3), C(3)- -C4)
and P-N(1). In Table 5 the above-mentioned torsion
angles are collected. The C(1)-C(2) torsion angle is
higher than C(3)-C(4). This difference is, however,
smaller than in the case of the bridges N(1)-C(2) and
N(1)-C(3). Table 5 shows that the torsion of the
bridge P-N(1) is the smallest (~1-92°).

The angle defined by the normals to the planes III
and IV is 89-10° i.e. the hetercyclic ring is practically
normal to the ethylene chloride chains.

anisotropic thermal parameters for non-hydrogen atoms with standard deviations in parentheses
U values in A2,

Un Uz Uss Uz Uz Ux
0-0610 (6) 0-0824 (8) 0-0867 (8) —0-0026 (5) 0:0064 (6) —0-0289 (6)
0-0459 (5) 00707 (7) 0-0841 (7) 0-0205 (5) 0-0255 (5) 0-0146 (5)
0-0401 (5) 0-:0449 (5) 0-0366 (5) 0-0154 (4) 0-0086 (4) - 0-0052 (4)
0-050 (1) 0-060 (2) 0-050 (2) 0-023 (1) 0-023 (1) 0-023 (1)
0-049 (2) 0-062 (2) 0-047 (2) 0-016 (1) —0-002 (1) —0-009 (1)
0-057 (2) 0-076 (2) 0-049 (2) 0-014 (2) 0-017 (2) 0-014 (2)
0-032 (1) 0-042 (1) 0-039 (1) 0-016 (1) 0-004 (1) 0-003 (1)
0-046 (2) 0:043 (2) 0-046 (2) 0-019 (2) 0-016 (1) 0:016 (2)
0-053 (3) 0052 (3) 0-061 (3) 0-000 (2) —0-001 (2) —0-001 (2)
0042 (2) 0-051 (2) 0-:047 (2) 0:018 (2) 0-002 (2) 0-002 (2)
0-039 (2) 0-041 (2) 0-049 (2) 0-016 (2) 0-013 (2) 0-012 (2)
0-041 (2) 0-053 (2) 0-066 (3) 0-019 (2) 0-014 (2) 0-020 (2)
0-052 (3) 0:053 (3) 0-086 (4) 0-028 (2) 0-025 (2) 0-016 (2)
0-042 (3) 0-070 (3) 0-086 (3) 0-024 (2) 0-018 (2) 0-020 (3)
0-060 (3) 0-093 (4) 0-068 (3) 0-031 (3) 0-034 (3) 0-017 (3)

Table 4. Equations of least-squares planes in the endoxan molecule
and distances of the atoms from these planes

The equations of the planes are of the form 4AX+ BY+ CZ=D, where X, Y, Z are coordinates (in A) referred to the

Plane

1

11

III

v

Plane I

CI(1) —0-019
C(1) 0-019
C(2) 0-024
N@) —-0-024

orthogonal axes.

Atoms in plane A B C D
CI(1)-C(1)-C(2)-N(1) —0-7868 0-3861 0-5259 1-2755
ClI(2)-C(4)-C(3)-N(1) 0-2029 0-5100 0-8248 4-4478
P-N(1)-C(2)-C(3) —0-3471 —0-7434 0-5684 0-1368
P-N(2)-C(5)-C(6)-C(7)-O(1) 0-3646 0-4555 0-7913 3-5091
Plane II Plane III Plane IV
Cl(2) 0-024 P —0-007 P —0-139
C(4) —0-023 NQ1) 0-020 N(2) 0-147
C(3) —0-030 CQ) —0-007 C(5) —0-203
N(1) 0-029 C@3) —0-007 C(6) 0-258
(N —0-275
o(1) —0-212
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Table 5. Conformation about the
bis-B-chloroethylamine group

N(1)-C(2)-C(1)-CI(1) 183-15°
P-N(1)-C(2)-C(1) —35-50
N(1)-C(3)-C(4)-Ci(2) 172:60
P-N(1)-C(3)-C(4) —88:20
C(3)-N(1)-P-O(2)* —-192

* The torsion angle about P-N(1) was determined by
0O(2)-P-N(1) and P-N(1)-C(3)-C(2).

Plane IV indicates that the six-membered ring ex-
hibits almost a chair conformation. The two atoms
which are linked to this ring, O(2) and N(1), are dis-
placed from this plane —1-468 and 1-042 A respec-
tively and their conformations are axial and equatorial
respectively.

Bond lengths and bond angles

The bond lengths and bond angles with their esti-
mated standard deviations are listed in Table 6. In
this structure the exocyclic C-C single bonds have a

CRYSTAL STRUCTURE OF ENDOXAN

\ H c(s)

Fig. 2. Bond angles within the phosphamide group.

value of 1-506 A, i.e. a little shorter than the single
C(sp*)-C(sp®) bond (~40). The C-C single bcnds of
the ring are 0-01 A shorter than the exocyclic ones.
One might suggest that the heterocyclic ring is under
strain. The angle C(5)-C(6)-C(7) of 111-3° is slightly

Fig. 3. Crystal packing and hydrogen bonding as viewed down the ¢ axis.
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greater than tetrahedral. The C-N average bond is
1-465 A, in good agreement with the accepted value.
Similarly the C-H average is 0-96 A. The C-O bond,
however, at 1-460 A is greater than the C(sp®)-O bond
(1-43 A). Furthermore, the C(1)-CI(1) bond is 1-784 A
and the C(4)-CI(2) 1794 A. Both of them nearly
agree with the expected value for the paraffinic C-Cl
bond (1-77 A). Although the error is within 3a,
this result may indicate, particularly for the bond
C(4)-Cl(2), a partial polarization, which is consistent
with the fact that this compound is known to be an
alkylating agent. It can also explain the shortening of
the C-C bonds in chlorocthylated chains. Fig. 2 shows
the phosphamide group; the two P-O bonds are dif-
ferent from each cther. The P=O bond of 1-470 A is
very similar to the P=O bond in adenosine-3'-phos-
phate (Sundaralingam, 1966). On the other hand, the
P-O of 1-582 A is quite similar to the bonds such as
P-OC in serine phosphate (McCallum, Robertson &
Sim, 1959) and dibenzyl hydrogen phosphate (Dunitz
& Rollet, 1956). The P-N bonds are 1:630 and 1-625 A.
These values are in agreement with those obtained by
Ahmed & Pollard (1971) for the segments P-N-C. The
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O-P-0, O-P-N and N-P-N angles in the phosphamide
group lie in the range 102 to 117°. The smallest angle
involves the substituted atoms, while the largest involves
the unsubstituted atom O(2).

Table 6. Bonds lengths and angles and their standard
deviations for non-hydrogen atoms

Distance (A) Angle (°)

CI(1)-C(1) 1-784 (6) CI(1)-C(1)-C(2) 109-5 (3)
C(1)-C(2) 1-505 (7) C(1)—C(2)-N(1) 110:7 (3)
C(2)—N(1) 1-462 (6) C(2)—N(1)-C(3) 116-8 (3)
N(1)-C(3) 1-463 (6) N(1)-C(3)-C(4) 110-3 (3)
C(3)-C@4) 1-507 (7) C(3)-C(4)-CI(2) 108-7 (3)
C(4)—Cl(2) 1:794 (6) C(2)—N(1)-P 1211 (2)
N(1)-P 1-630 (4) C(3)—N(1)-P 121-9 (2)
P——N(2) 1-625 (5) N(1)-P——-N(2) 106-8 (2)
N(2)—C(5) 1-472 (7) P-—-N(2)-C(5) 121-9 (3)
C(5)—C(6) 1-494 (8) N(2)—C(5)—-C(6) 110-7 (3)
C(6)—C(7) 1-493 (8) C(5)—C(6)-C(7)  111-3 (4)
C(7)-0(1) 1-460 (7) C(6)—-C(7)-0(1) 110-3 4)
Oo(1)-P 1-582 (4) C(7)—-0(1)-P 1186 (2)
0Q2)-P 1-470 (4) 0O)-P——N(2) 102-4 (1)
O(1)-P——0(2) 114-1 (1)

0(2)-P—-N(1)  110:0 (1)

O(1)—P——-N(1) 104-7 (1)

’
/
/
.
/
/

| S

Fig. 4. Hydrogen bonding and molecular packing as viewed down the b axis.

AC28B-2
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Molecular packing

Figs. 3 and 4 show the molecular structure along the
¢ and b axes. Each molecule possesses three intermo-
lecular hydrogen bonds: O-H---O of 2:87 and
2:85 A respectively, and N-H-..O of 2:93 A. The
hydrogen bonding geometry around the water molecule
is shown in Fig. 5.

The phosphamide group is involved in three hydro-
gen bonds; the N(2) atom is a hydrogen-bond donor,
while the O(2) atom is an acceptor from the O(W)
atom. The phosphate ester oxygen [O(1)] does not con-
tribute to the intermolecular hydrogen bond, as al-
ready suggested by Sundaralingam (1970).

The molecules are arranged unidirectionally in the
form of strings along the ¢ axis by means of the inter-
molecular hydrogen bonds, related by symmetry cen-
tres, to form a stable three-dimensional intermolecular
network. In addition to the water hydrogen bonds,
there are intermolecular forces of the van der Waals
type. In Table 7 the intermolecular distances less than
3-00 A are given.

Table 7. Intermolecular distances involving hydrogen
atoms <3-00

Symmetry code Distance
CH(2)—H(24) —x, y, 11—z 2-94 A
Cl(2)—H(19) —-x,1-y,2-2 292
O(H—H(19) X, v, 1—2z 3-00
O(2)—H(23) X, —y,1—z 2:82
O(W)-H(20) —-x, 1=y, 1-z 2-96
H(i16)-H(26) l—x, 1=y, 1-2z 2:67
H(20)-H(21) -x, 1=y, z 2:50
H(20)-H(30) -x, 1=y, 1—z 2:42
H(31)-H(32) x, l+y, z 2:42
H(22)-H(30) -x,1—-y,2—z 2:72

All computer calculations on this structure were
performed on the 7090 IBM computer of the Centro
de Calculo de la Universidad de Madrid, and on the
Univac 1108 computer of the Ministerio de Educa-
cién y Ciencia de Madrid.

The authors wish to express their gratitude to Pro-
fessor D. Mootz (University of Braunschweig) for the
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”'/H(w)

Fig. 5. Environment of the water molecule.

use of the diffractometer and to Dr J. Fayos for his
kind help in collecting the intensity data.
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