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The possible conformations in the most stable structure of cyclophosphamide were investigated
at the DFT-B3LYP and MP2/6-311G** levels of calculation. The axial structure is calculated to be
lower in energy than the equatorial form of cyclophosphamide by 5 (MP2) to 6 (DFT) kcal mol !
because of a very weak anomeric effect and weak conjugation. Further it is the same structure as the
one found in the X-ray investigations both of the hydrate and of the anhydrous form. The computed
DFT vibrational frequencies of the axial structure were used to analyze the infrared and Raman
spectra using normal-coordinate calculations to provide reliable assignments to the normal modes of

the molecule.
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Introduction

The conformational stability of vinyl phospho-
nic dihalides [1] and the acids F,PO(OH) and
CI,PO(OH) [2] was investigated as part of a series
of phosphorus containing compounds by theoretical
DFT-B3LYP and ab initio MP2 methods. Vinyl phos-
phonic difluoride and dichloride were predicted on the
DFT-B3LYP/6-311+G** and MP2/6-311+G** levels
of theory to exist in cis < gauche conformational equi-
libria with the cis (phosphonic oxygen eclipses the
vinyl group) being the predominant conformer at am-
bient temperature. The energy difference between the
two conformers was calculated to be 1.5 kcalmol™!,
with the cis-gauche rotational barrier being about
3 kcalmol~! in both molecules [1].

The F,PO(OH) acid was calculated to exist in
a structure in which hydrogen eclipses the phosphoryl
PO bond, while the Cl,PO(OH) acid exists in a struc-
ture with an O—P—O-H torsional angle of about 14 and
30° at the DFT-B3LYP and MP2 levels, respectively.
The P-O rotational barrier in the two acids was calcu-
lated to be about 2 -3 kcal mol ™!, that is significantly
lower as compared to the corresponding C—O barrier in

carboxylic acids. This low barrier was attributed to the
weak covalent character of the P-O bond in the phos-
phorus containing molecules [2].

As a continuation of studies of structural properties
of important organo-phosphorus compounds, the
conformational stability of the anticancer agent [3 — 5]
cyclophosphamide {N,N-bis(2-chloroethyl)-1,3,2-
oxaza-phosphinan-2-amine-2-oxide} was  studied
in the present work. The crystal structure of cy-
clophosphamide monohydrate has been investigated
previously and its molecules were reported to be held
together in three dimensions by one N-H---O and
two O-H--O hydrogen bonds [6]. Cyclophosphamide
is a drug known under various trade names such as
Endoxan, Cytoxan, Neosar, Procytox, Revimmune, or
Cytophosphane [7]. It is a mustard alkylating agent [8]
and used in the treatment of various cancers and
autoimmune disorders. It is used against lymphomas,
brain cancers, leukemia [9] and solid tumors [10]
or also against systemic lupus erythematosis with
lupus nephritis [11]. Further it is used to treat severe
rheumatoid arthritis [12], Wegener’s granulomatosis
(under the trade name Cytoxan) [13], and multiple
sclerosis (under the trade name Revimmune) [14].
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It was concluded that low-dose cyclophosphamide
is a candidate for combination therapies, e.g. in
immunotherapy, with tyrosine kinase inhibitors, and in
antiangiogenesis [15]. Actually, cyclophosphamide is
not the active substance itself, but is converted in the
liver to active metabolites [16].

The energies of possible structures of the molecule
were optimized at the DFT-B3LYP and MP2 levels of
theory using the extended 6-311G** basis set. Vibra-
tional frequencies of the molecule were also calculated
at the DFT-B3LYP level, and vibrational assignments
were made on the basis of combined computed (using
our PED — Potential Energy Distribution — program)
and experimental data.

Computational Details

The program GAUSSIAN 03 [17] running on a 128 node
High Performance e-1350 IBM Cluster was used to catry out
the calculations. The structure of cyclophosphamide in its
axial form (Fig. 1) was optimized by minimizing the energy
with respect to all the geometrical parameters. The calculated
structural parameters of the molecule are listed in Table 1,
the energies are given in Table 2. The optimized structural
parameters were used to calculate the vibrational wavenum-
bers of cyclophosphamide in its axial structure. A reliable as-
signment of the fundamentals was proposed on the basis of
the combined theoretical [17, 18] and experimental spectra
retrieved from the link in ref. [19]. Mainly normal-mode cal-
culations (using our PED — Potential Energy Distribution —

I
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Fig. 1. Atom numbering of the axial structure of cyclophos-
phamide and a sketch of the molecular formula.

program) were used for this purpose, while the GAUSSVIEW
program [18] was used just to give some guidelines. In Ta-
ble S1 the internal coordinates are shown and in Table S2
the symmetry coordinates used in the normal-mode PED cal-
culations with our program [20]. Note, that the set of in-
ternal coordinates is overcomplete in order to facilitate the

Table 1. X-Ray (from the monohydrate [6] and the anhy-
drous form [21]) and calculated structural parameters of the
non-hydrogen atoms of the axial conformer of cyclophos-
phamide.

Parameter B3LYP MP2 X-Ray diffraction
monohydrate anhydrous
Bond lengths (A)
N;—Co 1.467 1.461 1.462(6) 1.463(2)
N;—Cyo 1.470 1.463 1.463(6) 1.463(2)
P,-N; 1.666  1.656 1.630(4) 1.641(2)
P,-03 1.483 1.481 1.470(4) 1.4753(14)
P,—-Ny 1.691 1.684  1.625(5) 1.633(2)
P,-Os 1.624  1.622 1.582(4) 1.5881(13)
05-C 1.448 1442  1.460(7) 1.462(2)
Ce—Ny 1.483 1479 1.472(7) 1.478(2)
Ce—Cg 1.529 1.525 1.494(8) 1.514(3)
C7-Cg 1.524 1.521 1.493(8) 1.518(3)
Co—Cyy 1.526  1.526 1.505(7) 1.526(3)
Ci10—Ci2 1.528 1.524  1.507(7) 1.514(3)
Cy1—Cloy 1.819 1.819 1.784(6) 1.789(2)
Cp—Clyy 1.819 1.784  1.794(6) 1.791(2)
Bond angles (deg)
N|—P>-Ny4 1054 103.7 106.8(2) 105.84(8)
P»,—-N4—Cg 1182 1164  121.9(3) 119.98(13)
P,-05-C5 1188 116.3 118.6(2) 117.45(11)
P,-N;—Cy 121.6  120.7 121.1(2) 120.41(13)
P,-N;-Cjo 119.5 118.8 121.9(2) 120.04(13)
03-P>-N; 1123 1129 110.0(1) 110.86(8)
03-P,-0;5 115.8 1154  114.1(1) 112.29(8)
Ny—P>-N; 1054 103.7 106.8(2) 105.84(8)
Os5-P>-N; 1037 1040  102.4(1) 105.48(8)
O5—P,—Ny 100.0  99.9 104.7(1) 101.85(8)
N;—Co—Cyy 110.8  109.9 110.7(3) 112.6(2)
N;—C10—Ci2 1117 1117 110.8(3) 114.9(2)
Ny4—C¢—Cs 110.5 109.8 110.7(3) 109.8(2)
05-C7—Cg 1102 109.8 110.3(4) 110.11(15)
Ce—Cg—C7 111.5 1109 111.3(4) 111.1(2)
Co-N;—Cjo 117.6 1167 116.8(3) 118.1(2)
Clps—C11-Cy 110.5 109.9 109.5(3) 108.33(4)
Cly7—C12—Cyo 1104 109.9 108.7(3) 111.26(15)
Torsional angles (deg)?
03-P,-N;-Cjo —114 —-19.9 -1.92 -9.3(2)
P,-N|—Co—Cy —101.4 —106.9 —35.50 —101.8(2)
N;—C9—C11-Clps 182.6 1822 183.15 179.29(13)
P,-N1—C10—Ci2 —825 —763 —88.20 —116.1(2)
N;—C9—C12—-Cly; 186.8 185.3 172.60 58.1(2)

2 A torsional angle A—-B—C-D is defined as the angle (the one less or
equal than 180°) between the projections of the A-B and C-D bonds
on the plane perpendicular to the B—C bond. It is positive when the
A to D direction is clockwise.
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Structure® B3LYP MP2 Table 2. Calculated total energies £
(1, ¢2) E AE (01, 92) E AE (hartree) and relative energies AE

71 .
Axial (79, —77) —1797.772839 0.000 (79, —77) —1794.577873 0.000 (kcalmol™") of Cyclophosilikamlde
Equatorial (=155, 159) —1797.762706 6.359 (—160, 164) —1794.570412 4.682  at the DFT-B3LP/6-311G** and

MP2/6-311G** levels of theory.

2 ¢ and ¢, are the torsional angles C¢—N4—P,—03 and C7;—0s—P,—03, respectively.

set up of symmetry coordinates. Our program detects and
removes redundant internal coordinates automatically [20].
The data of the vibrational assignments are listed in Table 3,
while in Table S3 calculated and observed intensity data are
listed which were used as a rough guideline in the assign-
ment. Note, that tables incorporated in the Supplementary
information, which is available online only, are given a num-
ber and the prefix S. The calculated intensity data can only
be a guideline, because according to our experience they do
not agree too well with observed intensities in many cases.
Fig. 2 shows the experimental infrared and Raman spectra of
cyclophosphamide monohydrate as retrieved from the link
given in ref. [19].

Results and Discussion

Structure

The present study provides a thorough comparison
between the X-ray structure of the monohydrate [6]
and also of the anhydrous material [21] with the cor-
responding structure obtained at the DFT-B3LYP/6-
311G** and MP2/6-311G** levels of computation.
The equatorial conformer cannot be the ground state
(as found in the calculations; see Table 2) because in
the axial conformer the lone pairs of the oxygen and
the nitrogen atoms in the ring can donate electrons into
the antibonding orbitals of the phosphoryl PO group
thus stabilizing the system in the axial conformer.
This effect, although weak, which is rather similar to
the common anomeric effect, leads to a weakening of
the phosphoryl PO bond and thus to lower wavenum-
bers of its stretching vibration as compared to phos-
phonic acid derivatives (see discussion of spectra be-
low). The three stabilizing interactions between the
lone pair orbitals on nitrogens and oxygen and the
phosphoryl PO bond are visualized by dashed lines
in the GAUSSVIEW plots of the structure, indicating
that three partial double bonds are formed between the
phosphorus atom and the oxygen and nitrogen atoms
around it.

Note that Herndndez-Laguna et al. [22] published
a thorough study of the phosphoryl PO bond in several
compounds using localized orbitals and also Natural
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Fig. 2. KBr infrared spectrum (top) and powder Raman spec-

trum (bottom) of cyclophosphamide monohydrate retrieved
from the link given in ref. [19].

Bond Orbitals in which they found that the phospho-
ryl PO bond is not at all a double bond, but a partially
polarized triple bond. Since our calculated properties
of the phosphoryl PO bond in cyclophosphamide, such
as bond lengths and Mulliken charges, are almost the
same as in the systems Herndndez-Laguna et al. [22]
studied, without any doubt also the phosphoryl PO
bond in cyclophosphamide, in accordance with pre-
vious descriptions, can be taken as a partially polar-
ized strong triple bond [22], leading to rather weak
anomeric and conjugation effects. Thus Natural Bond
Orbital calculations are not needed to justify these find-
ings. In the equatorial form, however, there are only
two instead of three of these interactions in the axial
conformer, because the out-of-ring nitrogen atom is in
the wrong geometry. It is interesting to note that the
extra-ring nitrogen atom in the axial form has a near
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planar surrounding (leading to an amide like struc-
ture) which is evidence for a weak conjugation with
the phosphoryl PO bond.

This conjugation effect leads to the higher stability
of the axial form, even more than the above discussed
anomeric-like effect, while there is nothing like that
in the equatorial form in which the extra-ring nitro-
gen atom clearly has a pyramidal surrounding and its
lone pair points away from the phosphoryl PO bond.
Although these interactions may represent a weak con-
jugation (also found by Herndndez-Laguna et al. [22]
between a vinyl group and the phosphoryl PO bond),
the PO bond has a high ionic character with a Mulliken
charge of +1.26 on the P and of —0.56 on the O atom,
and thus the effects of orbital overlaps will be much
weaker than common conjugation effects. A clear in-
dication for the presence of orbital overlaps is the al-
most planar structure of the PNCC group in the axial
form, while this group is pyramidal in the equatorial
form as already mentioned. Further, the out-of-ring PN
bond in the axial conformer (1.67 A) is shorter than
that in the equatorial conformer (1.70 A). Also the par-
tial charges both on the phosphorus and the extra-ring
nitrogen atom in the equatorial form indicate reduced
conjugation in the higher energy conformer. Sterical
hindrance between the chloroethyl groups in the equa-
torial form cannot be ruled out. These effects make the
axial form by about 6 kcalmol~! (DFT) and by about
5 kcalmol~! (MP2) lower in energy than the equato-
rial one.

The theoretical data in principle represent an iso-
lated molecule that is controlled by intramolecular in-
teractions, while the crystal structure is controlled also
by strong intermolecular forces. In the following we
want to concentrate on the conformer that is also found
in the two X-ray diffraction investigations [6, 21]. The
primary objective of the study is to compare the X-ray
structure of the solid to the theoretical structure (which
best represents an isolated molecule). The comparison
shall also be used to determine the limitations of the
computed parameters for a description of the molecu-
lar structure of the system as found in the solid.

Table 1 indicates that most of the bond lengths cal-
culated with DFT and MP2 are not much different from
each other and agree rather well with the experimen-
tal ones [6, 21]. Only those for the PO and PN bonds
are somewhat smaller in experiment, which might be
due to hydrogen bonding interactions in the crystalline
hydrate [6] or intermolecular interactions in the anhy-

drous form [21]. The CCI bonds are calculated longer
than measured. This is probably due to the lack of dif-
fuse functions in our basis set, but since it seems to
concern only CCI bond lengths, this lack of diffuse
functions is obviously not very crucial. However, in
a highly correlated system like ours the use of a va-
lence triple zeta basis with polarization functions is
necessary. The Gaussian basis sets with diffuse func-
tions as implemented in the program are not well bal-
anced and lead to basis set linear dependencies, making
calculations with them not very useful (see the compar-
ative calculation published in [23]). There is no well
balanced valence triple zeta basis set with polarization
and diffuse functions at our hands. However, obviously
the lack of diffuse functions influences only CCI bond
lengths. Most of the bond angles are again in fair agree-
ment between our calculations and the experimental
values. MP2 and DFT values differ generally very lit-
tle. Rather large differences of about 6 degrees between
theory and experiment are found for the P,—N4—Cg and
the O5—P,—N4 bond angles. In the former case the DFT
value is even better than the MP2 one. The discrepan-
cies are due to interactions between the rather highly
charged P, O and N atoms and their environment. Di-
hedral angles are more different from the experimental
values than bond angles. Here one has to take into con-
sideration that the crystalline environment has a larger
influence on dihedral angles than on other geometrical
parameters.

We tried to find previous theoretical studies of the
conformers of cyclophosphamide in several data bases,
but with not much success. Two of them dealt explic-
itly with the preferred conformations of cyclophos-
phamide and date from 1996 [24] and 1973 [25]. Both
were using just semiempirical methods like AM1, PM3
and CNDO, and their results agree with our finding of
a chair conformation of the six-membered ring with the
phosphoryl PO bond in axial position. Another study
dealt more with the reactivity of mustard and phos-
phorus compounds [26], but used also semiempirical
methods.

Discussion of vibrational spectra

The vibrational wavenumbers of the axial confor-
mation were then calculated at the B3LYP/6-311G**
level (Table 3). The molecule has C; symmetry and
the 81 vibrational modes span the irreducible rep-
resentation A and should be polarized in the Ra-
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Observed* Calculated Obs./Calc. PED
Infrared Raman
3426 vs 3435 vvw 3547 0.97 100% NH str (S49)
3224 vs most probably OH stretches in the lattice water molecules
3185 vvw 3162 1.01 54 % CH,(Cl) asym str iph (S;2)
37 % CH,(Cl) asym str oph (S30)
2999 sh 3094 0.97 79 % CH,(Cl) sym str iph (Ss)
17 % CH,(C1) sym str oph (S»3)
2970 sh 3074 0.97 33 % y-CH, asym str (S43)
29 % y-CH; asym str (See)
16 % y-CH, sym str (S44)
13% y-CH; sym str (Se7)
2964 s 2963 s 3063 0.97 78 % CH, sym str iph (S)
13 % CH, asym str oph (Sx9)
2950 s 3054 0.97 76 % CH; sym str oph (S19)
14 % CH, asym str iph (S;;)
2932 s 2927 sh 3035 0.97 37% y-CH, sym str (S¢7)
35% y-CH, sym str (S44)
11% y-CH; asym str (S¢6)
2890 m 2896 m 2991 0.97 36 % y-CH, sym str (S¢7)
33% y-CH, sym str (Sa4)
15% y-CH; asym str (S43)
14 % y-CH; asym str (See)
1636 m 1525 1.07 95 % 7y-CH, def (scissor) (Ss3)
1490 sh 1492 1.00 49 % CH, def (scissor) oph (Sz9)
33 % CH,(Cl) asym def oph (Sy6)
11 % CH,(Cl) sym def oph (Szs)
1472 m 1476 1.00 90% 6-CH, def (scissor) (Ss7)
1453 s 1448 m 1455 1.00 40% NH bend ipl (Ss;)
33 % y-CH; wag (Sss)
11% y-CH, wag (S79)
1431s 1431 sh 1408 1.02 68 % CH, wag iph (S3)
1380 sh 1373 vw 1382 1.00 70% CH, twist oph (S31)
1340 s 1340 vvw 1330 1.01 69 % CH,; twist iph (S;3)
20% CH,(Cl) rock iph (Si6)
1285 sh 1287 1.00 25% CH,(Cl) sym def iph (S7)
25 % CH,(C1) sym def oph (Ss)
10% CH,(Cl) asym def iph (Sg)
10% CH,(Cl) asym def oph (Sy6)
1278 m 1278 1.00 36 % CH,(Cl) rock oph (S34)
17 % CH; rock oph (S3;)
1249 vw 1243 1.00 51% y-CH, twist (Sse)
14 % y-CH; rock (Ss4)
1232 w 1234 0.99 45% 6-CHj twist (S73)
1227 vvs 1217 w 1226 1.00 19% CH,(Cl) rock iph (Si6)
17 % NC, asym str (S33)
17 % P=0 str (S47)
11% CH; rock iph (S14)
10% 6-CH, twist (S73)
1130 s 1143 0.99 45% NC, asym str (S3g)
30% CH,(Cl) asym def iph (S;s)
13% CH, twist iph (S13)
1106 sh 1106 1.00 38 % CH,(Cl) as def oph (S33)
13 % ring str def I (Ssp)
1092 vs 1099 0.99 26 % ring str def I (S7¢)
24 % ring str def I (Sso)
16 % CH,(Cl) as def oph (S33)
1051 m 1050 1.00 49 % CH,(Cl) rock oph (S4)
33 % CC str iph (S¢)
1047 vs 1036 w 1042 1.00 50% CC str iph (S¢)
29 % CH,(Cl) rock oph (Sy4)
987 s 1032 0.96 37 % CH,(Cl) asym def iph (S;s)

35% CH; rock iph (S14)
11% NC, asym str (Ssg)

Table 3. Observed (infrared and Raman)
and calculated (B3LYP/6-311G**) vibra-
tional wavenumbers (cm™') of axial cy-
clophosphamide together with the PED
(Potential Energy Distribution, only values
larger 10 % are given) for assignment.
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Observed® Calculated Obs./Calc. PED Table 3. (continued).
Infrared Raman
981 sh 985 vw 997 0.98 37% NC, sym str (S41)

19 % CH,(Cl) as def oph (Ss3)
15 % PN str (Sag)
14 % CH, rock oph (S37)

975 sh 971 1.00 22 % ring str def IV (S77)
20 % ring str def V (S7g)
11% y-CH; rock (Ss4)

950's 962 w 961 0.99 26 % ring asym bend def (Se2)

17 % ring str def I (Ssp)
16 % 8-CH; rock (Ssg)

896 m 911 0.98 61 % y-CH; rock (Ss4)
12 % ring str def V (S7g)
872 m 870 vvw 863 1.01 60 % ring str def IT (Ss;)

11% 5—CH2 rock (553)

11 % ring breathing (Ss)
838's 821 1.02 31% ring str def V (S7g)

16 % ring sym puckering (S¢;)

12 % ring breathing (Ss)

813 w 795 1.02 21 % PN str (Sag)

17 % NC, sym str (S41)

12 % ring breathing (Ss;)
777 s 779 w 779 1.00 23 % CH,(Cl) rock iph (S;6)

21% CH, rock iph (S14)

14 % CH,(Cl) rock oph (S34)

12 % CH; rock oph (S32)

747 s 749 vs 741 1.01 56 % CCl str oph (Sy,)

18 % CCl bend oph (Szg)
706 w 734 0.96 39% CCl str iph (S4)

24 % ring breathing (Ss;)
658 m 704 0.93° 34 % CCl str iph (S4)

11 % ring breathing (Ss;)
598 m 653 0.92"  349% NH wag (S¢1)

12 % ring breathing (Ss)
11% ring str def IT (Ss;)
518 m 567 0.91° 38 % ring as bending def I (S¢7)
22 % NH wag (S¢1)
14 % 6-CH, rock (Ssg)
513 m 520 vvw 525 0.98 20% CCl str oph (S»2)
16 % CCC bend oph (Szs)
16 % NC; rock (S37)
12 % PON def (scissor) (Ss9)

472 vw 470 vw 497 0.96 34 % PON rock (Seo)

12 % NC,; scissor (S49)

440 vw 447 0.98 32 % ring as bending def II (S79)
12% PON wag (S74)

380 vvw 398 0.95 34 % ring as bending def II (S79)
30% PON wag (S74)

345 vvw 352 0.98 26 % ring sym puckering (Se3)
19% PON twist (S75)

310 vvw 302 1.03 32 % ring asym puckering (Se4)
20 % ring sym puckering (Se3)

267 wm 241 1.11 27 % PON def (scissor) (Ss9)

20% CH,(Cl) rock oph (S27)
15% CH,(Cl) rock iph (So)

231s 229 1.01 57 % CCC bend iph (S;o)
15% CH,(Cl) rock iph (S¢)
150 sh 155 0.97 55 % ring twisting (Sgo)
31% PON twist (S75)
115 sh 105 1.10 47 % C,H,4Cl torsion iph (S;3)

30 % CH,Cl torsion iph (S;7)

% Abbreviations used: sh, shoulder; v, very; s, strong; m, medium; w, weak; str, stretch; def, deformation; sym, symmetric; asym or as, antisym-
metric; iph, in phase combination on both ethylchloride subunits; oph out of phase combination on both ethylchloride subunits; ipl, in plane;
opl, out of plane; ® note that in these cases of low-wavenumber vibrations there are relatively large anharmonicities and here in addition, the
movements of large parts of the molecule are influenced by the packing in the solid state.
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man spectrum of the liquid. Tentative assignments
of the normal modes of the molecule were proposed
on the basis of the calculated infrared band intensi-
ties, Raman activities, depolarization ratios, and the
GAUSSVIEW graphical animations [18] as a guide-
line, normal-mode calculations and reported exper-
imental spectra of cyclophosphamide monohydrate.
Unfortunately we are unable to find in SciFinder and
other databases any regular paper reporting the ex-
perimental spectra, so that we could only retrieve
them from the link to the Japanese National Insti-
tute of Advanced Industrial Science and Technology
as given in ref. [19], which has no details about sam-
ple origin or preparation and about authors. The re-
sults are listed in Table 3. The following discussion is
focused only on the assignments of the most intense
spectral features that characterize cyclophosphamide
(Fig. 2). Note that there are always small differences
between the GAUSSVIEW animations and a PED re-
sult since the latter is based on potential energy while
the former shows just the atomic motions in a normal
mode.

In general most of the experimental normal modes
fit nicely with the calculated ones except for a few
of the IR results which were in discrepancy as a re-
sult of the hydration in the monohydrate. This is true
especially for the very strong OH stretching mode at
3224 cm~! observed in the infrared spectrum due to
the water molecules in the lattice of the hydrate. An-
other very strong infrared feature is the NH stretch-
ing mode at 3426 cm™! (100% PED). The methylene
and ring-CH symmetric stretches are strong features
both in the infrared (at 2964 cm~' with 78% PED
from in phase CH, stretch and at 2932 cm ™! with 83 %
PED from several y-CH> stretches) and in the Raman
(2950 cm~! with 76% PED from out of phase CH,
stretch) spectra. Also strong bands in the infrared spec-
trum are the methylene wagging modes at 1453 cm™!
(44 % PED from y-CH, wags and 40 % PED from NH
in plane bend) and 1431cm™! (68% CH, in phase
wags) while methylene twists are strong infrared bands
at 1340 cm™! (69 % CHj in phase twists) and again at
1130 cm™! containing 30 % in phase methylene defor-
mation coupled with 45 % NC, antisymmetric stretch,
and 13 % in phase methylene twist.

The phosphoryl PO stretching mode is a very strong
band in the infrared at 1227 cm~! (17% PO stretch
coupled with several other modes) while it shows up
roughly 60 wavenumbers higher in vinylphosphonic

acid [1, 2], due to the weakening of the phosphoryl
PO bond by orbital overlaps as described above and
because of the highly mixed character of this normal
mode. This large degree of mixing is also indicated
by the rather large width of this band (Fig. 2). Two
very strong bands in the infrared appear at 1092 and
1047 cm™!, the latter being mainly 50% CC in phase
stretch, while the former is highly mixed and contains
16 % out of phase methylene (at the chlorine atoms)
deformations and 50 % of two different ring stretching
deformations. Note that the Raman lines in the region
between 1490 and 779 cm~! have intensities just be-
tween very weak and medium or are shoulders. Further
37 % in phase methylene antisymmetric deformation,
35% in phase rock, and 11% NC, symmetric stretch
(987 cm™!) and 25 % ring asymmetric bending defor-
mation, 17 % ring stretching deformation, and 16 % &-
methylene rock (950 cm™!) correspond to strong in-
frared bands. A further strong band in the infrared
spectrum is at 838 cm™! and has 31% ring stretching
deformation, 16 % ring pucker, and 12 % ring breath-
ing in it. In this system ring deformations can appear
with relatively large intensities in the infrared when
they involve the hetero-atoms in the ring, leading to
appreciable dipole moment changes. The strong band
in the infrared at 777 cm™! is highly mixed, contain-
ing four contributions from different methylene rocks.
The very strong Raman line at 749 cm~! which is also
strong in the infrared at 747 cm~! is mainly due to CCl
out of phase stretch (56 %) with a very small contri-
bution from out of phase CCl bend (18 %). The lower
lines are all very weak to medium, besides one (see
below).

Due to earlier experience with aromatic rings [27],
we expect ring breathing lines with rather low inten-
sities in the Raman spectrum because of the electron-
rich ring system containing oxygen, nitrogen and phos-
phorus. As expected, ring breathing appears highly
mixed in three Raman lines, a very weak one at
985 cm~! with only 12% ring breathing mixed with
NC, symmetric stretch, PN stretch, and out of phase
methylene rock, and at 870 and 813 cm™! with only
11% and 12 % ring breathing, respectively. The low-
est wavenumber mode in the spectra, besides two
shoulders, is a strong line in the Raman spectrum
(231 cm™ 1) which is mainly a 57 % CCC in phase bend
combination in the chloroethyl subunits. The shoulders
at 150 and 115 cm™! are 53 % ring twisting and 47 %
in phase chloroethyl torsion, respectively.
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Conclusion

In conclusion, the axial structure of cyclophos-
phamide was found at the DFT-B3LYP and MP2 levels
of theory to be more stable than its equatorial form.
The results were compared to the X-ray structure data
of the hydrate [6] and of the anhydrous form [21] and
found to be in reasonable agreement. Reliable vibra-
tional assignments of the normal modes of cyclophos-
phamide in its axial structure are provided on the ba-
sis of combined theoretical DFT and experimental in-
frared and Raman data. The calculated wavenumbers
were found to fit reasonably well the observed ones.
No evidence was found for the presence of the high-
energy equatorial form in the spectra of the molecule,

which is not surprising because the calculated low-
energy axial conformer is solely found in the X-ray
structure analyses [6, 21].

Supporting information

Internal coordinates, the symmetry coordinates used in
the normal-mode calculations, and calculated and observed
intensity data used in the vibrational assignment are given
in tabular form as Supporting Information available online
(DOI: 10.5560/ZNB.2012-0069).
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