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A complete crystal structure analysis of one member in the infinitely adaptive series, namely Ba9(Fe2S4)8, has 
been completed in the space group P4/mnc with a = 7.7758 (10), c = 44.409 (8) A and Z = 2. The Ba atoms 
are in strings along e and form an/-centered subcell, space group I4/mmm, with a' = a, c' = ~c, and Z' = 2. 
The Fe atoms are tetrahedrally coordinated by S, and these tetrahedra share opposite edges to form infinite 
chains along e. The Fe2S 4 subcell exhibits an/-centered space group I4/mcm, with a" = a, c" = ~c, and 
Z" = 2. The supercell space group P4/mnc is the mathematical intersection of the two subcell space groups. 
The supercell reflections exhibited absences characteristic of a four-dimensional/-centered Bravais lattice. 
For those 679 reflections not space-group absent in the four-dimensional space group and with F > o(F), the 
crystallographic R(F 2) is 0.12. For the complete set of 1954 reflections R(F 2) is 0.14. The space-group 
analysis and structure principles have been extended to the other members in this series, and structures are 
proposed for all parity combinations ofp and q. 

Introduction 

The system Ba- -Fe-S  contains an intermediate phase 
which can be designated Ba~+xFeES 4 or Bap(Fe2S4) ~ 
where p and q are integers and these compounds are 
part of  a series to which the designation 'infinitely 
adaptive' was applied by Anderson (1973). Initially, 
one of  these compounds, Ba9(Fe2S4)8, was synthesized 
and its characterization undertaken in these labor- 
atories by Hong & Grey (1970, unpublished), and 
Reiff, Grey, Fan, Eliezer & Steinfink (1975). Recently, 
Grey reported crystal-chemical and structural data for 
several phases in this system including a detailed single- 
crystal X-ray diffraction study of  Balo(Fe2S4)9 (Grey, 
1974, 1975). We report here a single-crystal X-ray dif- 
fraction study of  the phase Bag(Fe2S4) 8 in which the 
relationship between the two incommensurate subcells 
and their space groups to the actual crystal structure 
and its space group is detailed. Similar problems have 
been encountered and solved in (TTF)7I 5 (Johnson & 
Watson, 1977), MnisSi26 (Knott, Mueller & Heaton, 
1967) and Rhl7Ge22 (Jeitschko & Partht, 1967). 

Experimental 

The Ba9Fe16532 material for this analysis was prepared 
by reacting a mixture of  BaS, Fe, and S powders with 
the stoichiometry 16:29:55.  The mixture was packed 
into a capped carbon crucible and then sealed in a 
Vycor tube under a vacuum of  10 -4 torr. This mixture 
was heated to 800°C for 3 d and slowly cooled at a 
rate of  300°C d -~. X-ray diffraction powder patterns 

showed that the product was Ba9Fe16S32, and pyrite. A 
needle-shaped crystal o f  dimensions 0.05 x 0.08 x 
0.18 mm was selected for single-crystal structure 
analysis. 

The three-dimensional X-ray diffraction data can be 
indexed on the basis of  a primitive tetragonal unit cell 
with a = 7.7758 (10), c = 44.409 (8) A, Dealt = 3.90 g 
cm -3, and Z = 2 for Ba9(Fe2S4) 8. Two subcells are 
defined by very intense reflections occurring for l = 9n, 
c' = 4 .9341/k,  and l = 8n, c" = 5.5509 A. The former 
is indicative of  a Ba periodicity and the latter of an Fe2S 4 
unit periodicity (Grey, 1974). The lattice constants 
were determined from a least-squares refinement of  
precise 20 measurements of  24 reflections between 27 
and 95 ° at room temperature from a crystal mounted 
on a quarter-circle single-crystal diffractometer with 
the instrument set at 1 o take-off angle and a 0.05 ° slit 
in front of  the scintillation counter, and with Mo Ka 
radiation, ,t I = 0-70926 and/l 2 = 0.71354/l, .  

Three-dimensional X-ray intensity data were collec- 
ted with an automated diffractometer having the 
Weissenberg geometry and using a stationary-counter 
moving-crystal mode, and Mo Ka radiation mono- 
chromatized by a graphite crystal. The crystal was 
aligned so that the a axis was parallel to the spindle axis 
of  the machine. The procedure has been described in 
Lemley, Jenks, Hoggins, Eliezer & Steinfink (1976). 
Ten reciprocal-lattice layers were explored for k < h 
out to (sin 0)//1 = 0.7035 with 1954 independent reflec- 
tions being measured. The intensities were transformed 
into structure factor amplitudes through the appli- 
cation of  Lorentz-polarization and absorption correc- 
tions (transmission factors 0.162-0.560,  g t = 1 2 1  
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cm-9.  The structure factors for any symmetry-related 
reflections which were measured were averaged. The 
atomic scattering factors, including the real and im- 
aginary corrections for anomalous scattering, were 
taken from Cromer & Mann (1968). 

Some problems in the data collection were encoun- 
tered because o f  the long c axis and the very large 
intensities o f  the subcell reflections. A compromise had 
to be made in the selection of  the counter aperture size 
and scan angle so that individual reflections were 
resolved and the complete intensities of  the subcell 
reflections were collected. This compromise caused 
some errors in the data, especially in those reflections 
whose l index differs from a very intense subcell reflec- 
tion by 1. 

The diffraction pattern of  dual subcell systems in- 
variably exhibits many systematic absences not related 
to space-group extinctions. We illustrate this phe- 
nomenon in Fig. 1 by a satellite intensity function. 
The subcell periodicities along c allow us to write the 
selection rule for intensities, l = 8r + 9s, where r and s 
are integers. This equation is used to form a table with 
entries l = 8r + 9s _< 63. The three contours shown 
represent maximum Fo values for a given I. The solid 
contour represents Fo > S(Fo), the dashed line repre- 
sents Fo -~ F~ = 90 and the dotted line is for Fo ~ Fc = 
400. The contour Fo = 90 illustrates very well the ex- 
istence of  a further subcell corresponding to the F e - F e  
repeat distance in the Fe2S 4 subcell, i.e. the r = 2n are 
the intense reflections. Moreover, the satellite reflec- 
tions exhibit the systematic absence hkl  (h ,k ,8r  + 9s), 
h + k + r + s = 2n, indicative of  a body-centered four- 
dimensional Bravais lattice. Some interesting concepts 
involving modulated structures and four-dimensional 
space have been developed by DeWolff  (1974). 

Space-group determination 

The systematic absences for the complete data set are 
hkO, h + k = 2n + 1, Okl, k + l = 2n + 1, andhhl,  l =  
2n + 1, which indicate a probable space group of 
P4/nnc.  The systematic absences for the Ba subceU, a 

= 7.7758, c' = 4.9341/l , ,  Z = 2, characterized by l = 
9n, are hkl, h + k + l = 2n + 1, consistent with 
1 4 / m m m  or the corresponding non-centrosymmetric 
groups. The systematic absences for the Fe2S 4 subcell, 
a = 7.7758, c" = 5-5509 ,~,, characterized by l = 8n, Z 
= 2, are hkl, h + k + l = 2n + 1, Okl, l = 2n + 1, con- 
sistent with I 4 / m c m .  Grey's data also exhibit the same 
systematic absences for the subcells. All compounds in 
this series are expected to display the Ba and Fe2S 4 sub- 
cells with the same space groups. The space group of  
the supercells of  a given structure in this series must be 
within the intersection of  the two subcell space groups 
with the proper number of  repeat translations. If  the 
subcell space groups are expressed in terms of space- 
group generators, including sublattice translations, all 
equivalent positions for the supercell can be generated 
from each subcell. The positions in common, i.e. the 
intersection, will form the highest possible symmetry of 
the supercell space group (Johnson & Watson, 1977). 
If  the subcells are assumed to have the highest possible 
symmetries, 1 4 / m m m  and 14 /mcm,  then a centrosym- 
metric supercell can be obtained if the symmetry cen- 
ters, 4 / m  sites, of  the subcells are superimposed. The 
subcell translations are 0,0,0; 1,0,0; 0,1,0; 11 1/2n; 
where n is the number of  subcells in the supercell. 

An example of  an equivalent point generation from 
the subcell space group 14 /mcm is illustrated by apply- 
ing the c glide once and the translation ,1 (~,~, 1/2q) 
( q -  1) times. Thus x,y ,z  ~ x, y,  1/2q + z due to the c 
glide, and then the translation operations do the 
following: 

(~,~, 1 /2q) '~- l (x , f  ,, 1/2q + z)--+ 

( q -  1)/2 + x, (q - 1)/2 - y ,  ½ + z. 

When q is even the resultant equipoint is ½ + x, ½ - y ,  
½ + z; for q odd the point is x, #, ½ + z. The mirror 
operation from the space group 1 4 / m m m  with the 
translation (½, ½, 1/2p) produces point ½ + x, ½ - y ,  ½ + z 
for p odd and x, ~, ½ + z, for p even. The application of  
all symmetry operators present in the two subcell space 
groups will produce many points but only those which 
are common in both sets will describe the correct space 
group of  the supercell. 

-_/7 -6 -s -4 -../3 -2 -~ 0 ! 2 l 5 5 ! 7 

s~ 46 ~ - 3 ~ -  - l ~ - A - 6 - 1  1 ""~ 8 ,"17 ~-~-6--~-s-  ~ _#?_ (62 
47 [X~ 29 C 2-0--" .  I i .  "I-- --2 - 7 ! 1 6  ! 2 5  34 43 52 61 ~ 
. ~o-- ~-~ - -~- - -3- -3  ~ ~ ~ i~o ::33 ~,~ ~ o  

38 47 ' ~  
(37 46 _ _ ~  64 

Fig. 1. Intensity map for Ba9(Fe2S4) s based on the selection rule l = 9s + 8r. The tabulated values of l are contoured for maximum Fo value 
in a given layer line 1. 
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The highest-symmetry space groups contained in the 
intersection for the various combinations of  the 
stoichiometric coefficients p and q are" 

p odd, q even P4/mnc 

p even, q odd P4/mcc 

p odd, q odd 14/m 

example Ba9(Fe2S4) 8 

example Bal0(Fe2S4) 9 

example Ba21(Fe2S4)19. 

Grey's (1975) choice o f  space group P4/ncc for 
Bal0(Fe2S4)9, presumably because h + k = 2n + 1 for 
the hkO set, is not correct. Those absences are due to 
the body-centered subcells. However, the choice o f  
P4/mcc would cause only small changes in the 
structure. 

Solution and refinement o f the structure 

For the Fe2S 4 subcell, S tetrahedra which contain Fe 
and share opposite edges are formed when the Fe atom 
is on the 4(b) site and the S is on the 8(h) site o f  
14/mcm. A three-dimensional Patterson map cal- 
culated for this subcell gave x ~ 0.17. Refinement of  
the subcell yielded x = 0.162 with an R(F) = 0.21. For 
the Ba subcell the Ba atom must be on the 2(a) site in 
14/mmm. Refinement of  this subcell yielded 
R(F)  = 0.29. 

This type o f  structure gives rise to many problems in 
least-squares refinements. These are due to numerical 
singularities in the matrix and the high correlations be- 
tween subcell translations o f  related atoms. The 
weighting scheme is very important when a full-matrix 
least-squares program is used, and refinement was 
possible only when all reflections were used and 
weighted equally. Final refinements of  the structure 

were done with a modified version of  a full-matrix least- 
squares program, GENLES.* The final value of  R(F  2) 
was 0.14 and R ( F ) = 0 . 2 9  for all 1954 reflections. 
R(F) = 0-06 for 320 reflections which have Fc > 90. A 
value o f  F =  90 corresponds roughly to those reflec- 
tions which we observed by normal film techniques. 
There are 811 reflections which satisfy the conditions h 
+ k + r + s =  2n and r + s < 7 for wh ichR(F)  =0.14.  
Within this group there are 679 reflections with 
F > o(F) and for these R(F) = 0.12. Anisotropic tem- 
perature coefficients were used for the Ba atoms and 
isotropic B values for the Fe and Se atoms. The maxi- 
mum value o f  shift/o for the final refinement was 1.1 
while the average value was 0-2. The atomic param- 
eters are listed in Table 1. 

Attempts to refine the structure in the non-centro- 
symmetric space group P4nc were not successful. In 
addition to the previously discussed problems, there is a 
problem with the definition of  the origin. Fixing the 
position of  one Ba atom was not sufficient to define the 
origin for the Fe atoms. Consequently, the column o f  
Fe atoms would drift with respect to the column of  Ba 
atoms. This is caused by insufficient interactions be- 
tween the two subcells. Least-squares refinement was 
possible only when the positions o f  one Ba and one Fe 
were fixed, i.e. define different origins for the two sub- 
cells. However, the relationship between the two posi- 
tions is unknown. For these reasons no least-squares or 
Fourier refinement was possible in the non-centrosym- 
metric space group. The observed and calculated struc- 
ture factors are given in Table 2. 

* The program, which was written principally by A. C. Larson, 
was obtained from Los Alamos Scientific Laboratory and is docu- 
mented in reports LA-3198, LA-3259, and LA-3309. 

Table 1. Final atomic parameters and their standard deviations (x 104); Ul2 = U I 3  = 

G3 = 0 
The temperature factor is: 

expl-2rr2(Ull h2a*2 + U22k2b .2 + U33/2¢.2 + 2U~2hka*b* + 2U13hla*c * + 2U23klb*c*)]. 

x y z Ull 

Ba(l)'l" 0 0 93 (2) 16 (2) 
Ba(2) 0 0 1062 (I) 20 (1) 
Ba(3) 0 0 2207 (1) 20 (1) 
Ba(4) 0 0 3362 (1) 13 (1) 
Ba(5) 0 0 4481 (2) 25 (2) 
Fe(1) 0 ½ 310 (2) 12 (1) 
Fe(2) 0 ½ 920 (2) 15 (2) 
Fe(3) 0 ½ 1553 (2) 15 (2) 
Fe(4) 0 ½ 2177 (2) 14 (1) 
S(1) 3699 (15) 1964 (15) 0 8 (3) 
S(2) 1260 (13) 3084 (13) 609 (2) 23 (2) 
S(3) 3688 (1 I) 1815 (10) 1227 (2) 9 (2) 
S(4) 1672(11) 3424(11) 1884(2) 13(2) 
S(5) 3465 (17) 1534 (17) ~ 40 (5) 

22 U33 
16 (2) 29 (5) 
20 (I) 26 (3) 
20(1) 21 (2) 
13 (1) 26 (3) 
25 (2) 94 (6) 

"[" Occupancy of Ba(1) is 0.50. 
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Table 2. Observed and calculated structure factors for Ba9(Fe2S4) 8 

The column headings are k, L]Fo J, and ]Fc I" An asterisk denotes reflections which have Fo < o(Fo). 

• ,':~.~'L~'" .' '7:° . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

ii ii if! !i ;'i,ii; i i! :i! :il i'!,?i ii!!i ~! !i: i il ,i if' i ii ~il iiil i ii!'i ~i ?'il ~i ii i,i i ~i! i~i ,! i; 
i ii,:i! iil i :i :!!: i)i :!! :iil :i i ii i i !i i !i ,ii; :il i ,i  ii" i,i i! i il ::i 'i? i i i 
i l ;? !i' i !i ;? ii'~ i ~! i iill il i', !~! ! !i= i ! ii iliil i i := i i i!!: i! i i', ii i i i ! !:i~ !i~i! ~ 

i o . 

I I 

Discussion o f  the structure 

A stereoscopic drawing illustrating one-half the unit 
cell is shown in Fig. 2 while Fig. 3 shows a projection 
down the [001] direction. The important interatomic 
distances are listed in Table 3. The S - S  distances 
within a tetrahedron as well as intercolumn contacts 
vary from 3.38-4.17 .A. The structure consists of 
chains of edge-shared Fe--S tetrahedra along the c 
direction with the chain of Ba atoms in channels be- 
tween the S atoms. The packing of these two chains 
causes considerable distortions from the 'ideal' posi- 
tions in x,v,z for S and in z for Ba and Fe as listed in 

Table 4. The Fe--S distances vary from 2.21 to 2.32 
A. The ionic charges on independent Fe atoms cal- 
culated by the method of Hoggins & Steinfink (1976) 
also show considerable variation, from 2.54 to 3-20, 
with an average of 2.88 which is in good agreement 
with the stoichiometry. However, the individual charges 
should all be approximately the same since the M6ss- 
bauer spectrum shows only an averaged charge on Fe. 
The average F e - S  distance of 2.26 A from the subcell 
refinement agrees very well with that expected from the 
M6ssbauer spectrum. The large variation in Fe charges 
is probably indicative of errors in the structure solution. 
These errors are also evident in the S positions which 
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do not average to the value found in the subcell 
refinement. 

The B a - B a  distances along the chains vary from 
4-30 to 5-13 ,~. The coordination around the Ba atoms 
varies from 8 to 12; the coordination polyhedron goes 
from a square antiprism to a face-capped tetragonal 
prism. The B a - S  bond lengths in the square antiprism 
are 3-22 to 3.29 ,~ while in the face-capped tetragonal 
prism they are 3.28 to 4.13 A. Ba(1) which is in the 
tetragonal prism is slightly o f f  the mirror. This suggests 
that the ideal Ba position in BaFe2S 4 is such that the 
coordination polyhedron about Ba is a square anti- 
prism, i .e .  z(Ba) = 0.25. This square-antiprism coor- 
dination is seen in various B a - F e - - S  compounds 
(Lemley e t  a l . ,  1976). Thus, infinite columns of  alter- 

' / 7 ¢  ,/ ~ o S 

Fig. 2. Stereoscopic drawing showing approximately one half of 
the supercell. The c /2  axis is vertical and a is toward the viewer. 
Atoms at x = 0 and 1 are eliminated for clarity. The largest cir- 
cles are S, the smaller circles are Ba, and the smallest are Fe. 

o 

Fig. 3. The [001] projection of the supercell with S atoms in 
averaged positions showing S coordination around Ba and Fe 
atoms. 

nately full and empty, face-sharing, square antiprisms 
are formed. However, the space group for this struc- 
ture would be the non-centrosymmetric 14 rather than 
I 4 / m .  Alternatively, i f  z(Ba) = 0 then infinite columns 
of  face-capped tetragonal prisms are formed, as 
suggested by Grey (1974). 

These two coordination possibilities suggest that the 
maximum Ba concentration in this system occurs when 
the Ba coordination alternates between these two types, 
i .e .  square antiprisms share opposite faces with tetrag- 
onal prisms. This structure corresponds to the phase 
Ba4(Fe2S4) 3 or Bal.333Fe2S4. We plotted Grey's  (1974) 

Table 3. B o n d  d i s t a n c e s  (A) i n  Bag(Fe2S4)8 

2Fe(1)-S(1) 2.291 (10)  4Ba(1)-S(1) 3.282 (12) 
2Fe(1)-S(2) 2.224(11) 4Ba(1)-S(1) 4.051 (12) 
2Fe(2)-S(2) 2.256 (10)  4Ba(1)-S(2) 3.459 (12) 
2Fe(2)--S(3) 2-212 (9) 4Ba(2)-S(2) 3.279 (11) 
2Fe(3)--S(3) 2.263 (9) 4Ba(2)-S(3) 3.280 (8) 
2Fe(3)-S(4) 2-316 (9) 4Ba(3)-S(4) 3.291 (9) 
2Fe(4)-S(4) 2.209 (9) 4Ba(3)-S(5) 3-222 (7) 
2Fe(4)-S(5) 2.215 (15)  4Ba(4)-S(3) 3.240 (9) 

Fe(1)-Fe(1) 2.751 (17 )  4Ba(4)-S(4) 3.065 (9) 
Fe(1)-Fe(2) 2.710 (13)  4Ba(5)--S(1) 3.452 (10) 
Fe(2)-Fe(3) 2.809 (11)  4Ba(5)-S(2) 3.292 (10) 
Fe(3)--Fe(4) 2.773 (12 )  4Ba(5)-S(3) 4.129 (10) 
Fe(4)--Fe(4) 2.868 (15) 

Table 4. D i s p l a c e m e n t s  ( • )  f r o m  ' i d e a l '  p o s i t i o n s  

( x l 0  ~) 

A z  A x  A y  A z  

Ba(1) 41 Fe(3) -4  
Ba(2) -22 Fe(4) -5  
Ba(3) -7  S(1) 25 25 0 
Ba(4) 13 S(2) -28 -22 -7  
Ba(5) 16 S(3) 23 16 -10 
Fe(1) --I S(4) 8 3 -4  
Fe(2) -8  S(5) 7 -7  0 

Table 5. A p p r o x i m a t e  s t r u c t u r e s  f o r  t h e  s e r i e s  

Bap(Fe2S4)q 

P 4 / m n c :  p odd, q even 
Ba 4(e) z ~- O, 1/p, 2 /p  . . . < ½ 
Fe 8(f) z ~- 1/4q, 3 /4q,  • • • < ½ 
S(1) 16(0 x ~ - O . 3 4 ; y ~ - O . 1 6 ; z ~ - O , l / q , . . ' < - ]  
S(2) 16(0 x ~ _ O - 1 6 ; y ~ _ O . 3 4 ; z ~ _  1/2q, 3 / 2 q , . . . < ]  

P 4 / m c c :  p even, q odd 
Ba(1) 4(g) z ~- O, 1/p, .  . . < 
Ba(2) 4(h) z ~ 1/2p, 3 /2p , .  . . < ¼ 
Fe 8(0 z ~- 1/4q, 3 /4q , .  . . < ½ 
S(1) 16(n) x ~ - O . 3 4 ; y ~ - O . 1 6 ; z ~ - O ,  1 / q , . . . < k  
S(2) 16(n) x=O.16;y-~O.34;z=l/2q, 3/2q,.--<k 

I 4 / m :  p odd, 
Ba 4(e) 
Fe 8(q) 
S(1) 16(0 
S(2) 16(0 

q odd 
z=0,1/p,  2 /p , . . .<½ 
z =l/4q, 3/4q,  • • • < ½ 
x --- 0-34;y -~ O-16; z ~- O, l / q , . .  • < 
x ~ O. 16;y ~ 0.34; z ~- l / 2q ,  3 /2q , .  • • < 



678 COMPOUNDS IN THE INFINITELY ADAPTIVE SERIES Bap(Fe2S4)q: Bag(Fe2S4) 8 

data for the Fe2S ¢ subcell c" axis versus Ba concentra- 
tion and by extrapolation we obtain c" = 5.88 A. Thus 
c = 17-64 A and the Ba--Ba repeat distance is 4-41 A 
in this phase. Attempts to prepare those two com- 
pounds, BaFe2S 4 and Bava33Fe2S4, to confirm the 
above are currently underway. 

The basic structure principles for Ba9Fe16S32 can be 
extended to postulate the approximate structures of all 
other members of the series Bap(Fe2S4)q where p and q 
are integers (Table 5). 

It had been proposed that this system presents a 
model system for testing current theories which 
postulate that quenched high-temperature structures 
represent frozen 'quantum states' of  the periodic ther- 
mal vibrations of the atoms (Grey, 1974). We made a 
study of  the X-ray powder diffraction pattern at tem- 
peratures up to 535°C. Only the normal thermal 
expansion was observed up to approximately 450°C. 
Above this temperature the sample began to decom- 
pose slowly. No phase transformations were observed. 
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Activated Cyclophosphamide Anticancer Drugs: Molecular Structure of 
4-H ydropero xycycloph o sphamide 
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4-Hydroperoxycyclophosphamide is an active cytostatic agent closely related to an active metabolite of the 
antitumor drug cyclophosphamide. CTHIsCI2N204P, monoclinic, P2Jc; a= 14.229(4), b=  7.706(3), 
e =  11-891 (3) ,4,,/3 = 103.06(2) ° , Z = 4 ,  Dx = 1.533 g cm-3; T = - 5 ° C .  The structure was solved by 
direct methods and refined by full-matrix least-squares methods to R = 0.055 for 1957 observed reflections. 
The configuration at the P atom is phosphoryl O axial and dialkyamino group equatorial. The peroxide group 
attached to C(4) is axial and is thus cis to the phosphoryl O. 

Introduction 

Cyclophosphamide (CPA) (Fig. 1), an antitumor 
alkylating agent, is one of  the most widely used drugs 
in the treatment of  many types of  cancer. Though it is 
an effective antineoplastic agent against many tumors, 
C PA has virtually no cytotoxic activity against mam- 
marian cell cultures (Arnold, Bourseaux & Brock, 

1958); in vivo pharmacological activity requires con- 
version of CPA to alkylating substances by the mixed 
function oxidase system of liver microsomes (Brock & 
Hohorst, 1963; Cohen & Jao, 1970). It is becoming in- 
creasingly clear that mono-oxidation at C(4) is respon- 
sible for activation of CPA with the first step being 
production of 4-hydroxycyclophosphamide (HCPA) 
(Hohorst, Ziemann & Brock, 1971; Hill, Laster & 


