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ABSTRACT: Three anticancer agents cyclophos-
phamide, iphosphamide, and bromophosphamide
were studied using *C and 3'P SS NMR. © 2004 Wiley
Periodicals, Inc. Heteroatom Chem 15:388-394, 2004; Pub-
lished online in Wiley InterScience (www.interscience.
wiley.com). DOI 10.1002/hc.20028

INTRODUCTION

Cyclophosphamide (CP), iphosphamide (IF), and
bromophosphamide (BF) (Fig. 1) are anticancer
agents [1-4]. These compounds were studied in ad-
vance by X-ray crystallography [5-13], ODESSA ex-
periment [14,15], and XRPD [16]. These oxazaphos-
phinanes are solid, so solid state NMR (SS NMR)
study is very useful for them [17]. In this work we
present 3C and 3'P solid state NMR studies of these
compounds.

Pharmaceutical drugs can crystallize in more
than one crystallographic form (polymorph, crys-
talline modification). These differences in the crys-
talline structure can affect the physicochemical pa-
rameters of the substance (solubility, dissolution
rate, hardness, etc.), which in turn can have an im-
pact on important pharmaceutical properties of a
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drug (bioavailability, stability, dosage form). It is
worthy to note that we observed two polymorphs in
the case of IF crystallized from methylcyclohexane.

RESULTS AND DISCUSSION
31p Solid State NMR

The *'P nucleus is a very attractive probe for struc-
tural studies of phosphoroorganic compounds be-
cause of the high sensitivity and 100% natural abun-
dance [18-20]. The room temperature 3'P CP/MAS
spectra of the oxazaphosphinanes CP, IF, and BF
show a set of spinning sidebands from the large
chemical shielding anisotropy (CSA). The principal
components of the 3'P chemical shift tensors §; were
calculated from spinning sidebands intensities em-
ploying WIN-MAS program that is based on the
Berger-Herzfeld algorithm [21,22]. The calculated
values of principal tensors elements é; and shielding
parameters are given in Table 1.

The accuracy of calculations was confirmed
by comparison with experimental and theoretical
spectra (Fig. 2).

The analysis of principal elements of 3'P chem-
ical shift tensor is a source of structural infor-
mation. It is well known that anisotropy parame-
ter Q reflects the distortion of molecular structure
from ideal tetrahedral, whereas the asymmetry pa-
rameter k corresponds to asymmetry of electron-
density distribution about central atoms [23]. As
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FIGURE 1 The anticancer drugs: CP, IF, and BF.
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FIGURE 2 The theoretical and experimental 3'P SS NMR spectra of compounds CP, IF, and BF.
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TABLE 1 The Calculated Values of Principal Tensors Elements §; and Shielding Parameters of Compounds CP, IF, and BF
Compound 811 (opm) S22 (ppm) 833 (bpm)  Siso? (PPm) QP (ppm)  «C (ppm)
Rac. CP 93 45 —-92 15 185 0.49
(-)CP 70 56 —91 12 161 0.82
Rac. BF 76 52 -93 11 169 0.71
(=) BF 68 60 -92 12 160 0.90
Rac. IF 85 58 -9 17 176 0.70
(=) IF 71 55 -90 12 160 0.80
Rac. IF/methylcyclohexane 84 59 —-90 17 174 0.70
66 59 —87 12 153 0.89
Rac. IF/methylcyclohexane after 24 h 94 49 —95 16 188 0.51

Estimated errors in 641, 622, 633 are =3 ppm.
3biso = 1/3(811 + 622 + b33).

bQ = 611 — bs3.

%k = 3(022 — diso)/ 2.

seen, the anisotropy parameters (2) are different for
racemates and enantiomers in each case, and they
are always smaller for enantiomers. The values of
k are between 0.49 and 0.9 for a series of oxazaphos-
phorinanes. This indicates that P shielding is not lo-
calized to a particular bond but is averaged out over
the entire tetrahedral.

Although a drug substance may exist in two
or more polymorphic forms, only one form is
thermodynamically stable at given temperature and
pressure. The other forms would convert to the
stable form. Different polymorphs of the same com-
pound will possess different sets of 3'P chemical shift
values. We have been using solid state 3'P NMR spec-
troscopy with cross polarization and magic-angle
spinning (CP/MAS) to investigate polymorphism
in racemate of IF, which was crystallized from
methylcyclohexane.

The room-temperature 3P CP/MAS spectra of
rac. IF crystallized from methylcyclohexane and
those of rac. IF crystallized from methylcyclohexane
after 24 h are displayed in Fig. 3. Both spectra show
a set of spinning sidebands from the large CSA. In
the spectra we can see two polymorphs, which after
24 h converted into one thermodynamically stable
form. The 3'P §; parameters established from spin-
ning sideband analysis for both rac. IF are given in
Table 1.

13C Solid State NMR

High resolution solid state 1*C NMR spectra for race-
mates and enantiomers of the studied compounds
are shown in Fig. 4. Most of these resonances are
singlets but some of them are broadened and split
by BC-“N dipole-dipole coupling [24,25]. We used
the two-dimensional phase-adjusted spinning side-
bands (2D PASS) experiment [26,27] with the aim of
correctly analyzing these spectra.

The 2D PASS technique offers good sensitivity
compared to other techniques [28-31] that are used
for the separation of isotropic and anisotropic part
of spectra with heavily overlapped systems.

Figure 5 displays the 2D PASS spectra of sam-
ples rac. BF and (—) BF recorded with a spinning
rate of 500 Hz. Due to the separation of the spin-
ning sidebands for each carbon and by employing
a calculation procedure, establishing the *C §; pa-
rameters was possible by proper data shearing. In
this presentation the F2 projection corresponds to
the TOSS (Total Suppression of Sidebands) [32,33]
spectrum while F1 represents CSA.

The magnitudes of the principal elements of the
CSA were obtained from the best-fitting simulated
spinning patterns. Simulations of the spinning CSA
sidebands spectra were performed on a PC; to cal-
culate the *Cé; parameters we used the SIMPSON
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FIGURE 3 The room-temperature 3'P CP/MAS spectra
of rac. IF crystallized from methylcyclohexane and rac. IF
crystallized from methylcyclohexane after 24 h.
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FIGURE 4 High resolution solid state 3C NMR spectra for
racemate and enantiomer compounds CP and BF.

The experimental and the best-fitting simulated
1D spinning CSA sideband pattern for selected
carbons of rac. BF are given in Fig. 6.

The same procedures (as in the case of rac. BF)
were employed to obtained data from the 2D PASS
cross-sections of compounds (—) BF, (—) CP, and rac.
CP. The obtained principal elements of chemical shift
tensors for these samples are given in Table 2.

In conclusion, we have demonstrated 1D and
2D techniques in interpretating the spectra of very
important anticancer agents. These results obtained
from SS NMR are complementary with those from
liquid phase [35-38] and X- ray crystallography
[39-44].

EXPERIMENTAL
Solid State NMR Spectroscopy

CP/MAS solid state 3P NMR spectra were run on
a spectrometer Bruker, model Avance DSX 300, at
121.46 MHz. All spectra were recorded with a con-
tact time of 1 ms and a repetition rate of 6s; 120
scans were accumulated in the presence of high-
power proton decoupling. Powdered samples were
placed in a 4 mm ZrO, rotor and spun at 2.0-4.5
kHz. *'P chemical shifts were calibrated indirectly
through bis(dineopentoxyphosphorothioyl)disulfide
resonance signal set at 84.0 ppm.

The solid state CP/MAS 3C experiments were
performed on the same spectrometer, Bruker DSX
300, at a frequency of 75.47 MHz , that was equipped
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FIGURE 5 2D PASS spectrum of compound BF.
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FIGURE 6 The experimental (a) and the best-fitting simulated (b) 1D spinning CSA sideband patterns for selected carbons of
rac. BF.
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TABLE 2 The Calculated Values of Principal Tensors Elements é;; of Compounds CP and BF by SIMPSON Program

Compound 611 (ppm) 622 (ppm) 633 (ppm) biso? (Ppm) QP (ppm) « (ppm)
Rac. CP 99.0 72.4 29.6 67.0 69.4 0.23
92.1 485 —0.46 46.7 925 0.05
49.8 41.0 25.6 38.8 24.2 0.27
33.9 23.3 14.2 23.8 19.7 —-0.07
(-)CP 166.1 67.5 -33.2 66.8 199.3 0.01
77.7 53.0 16.0 48.9 61.7 0.19
88.4 39.6 —7.03 40.3 95.4 -0.02
67.1 42.4 145 41.3 52.6 0.06
Rac. BF 98.7 72.7 27.3 66.2 71.4 0.27
69.5 43.8 29.2 475 40.3 -0.27
61.4 43.6 26.2 437 35.2 —0.01
48.8 26.6 8.8 28.0 40.0 -0.10
325 25.1 16.8 24.8 15.7 0.05
(-) BF 98.3 71.7 29.2 66.4 69.1 0.23
61.4 45.3 21.4 427 40.0 0.19
53.8 27.8 11.3 30.9 425 —0.21
34.1 25.2 19.8 26.3 14.3 -0.23

Estimated errors in 614, 622, 633 are =3 ppm.
3610 = 1/3(611 + 622 + 633).

bQ = 611 — bs3.

%k = 3(522 - 6iso)/Q-

with a MAS probehead, using 4-mm ZrO, rotor. A
sample of glycine was used to set the Hartmann-
Hahn condition and adamantane was used as a sec-
ondary chemical-shift reference (6 = 38.48 and 29.46
ppm from external tetramethylsilane (TMS).

The spectra were recorded with a proton 90°
pulse length of 4 us and a contact time of 2.5 ms;
the repetition delay was 6 s. The spectra data were
processed using WIN NMR program [21,22].

A sample spinning speed of 500 Hz was used in
2D PASS experiments [26,27]. The magnitudes of the
principal elements of the CSA were obtained from
the best-fitting simulated spinning patterns. Simu-
lations of the spinning CSA sidebands spectra were
performed on a PC, using the SIMPSON program
under the LINUX environment [34].
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