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The X-ray crystal structures and thermal stabilities of the inclusion complexes formed between the orga-
nophosphate insecticide fenitrothion [O,O-dimethyl O-(3-methyl-4-nitrophenyl) phosphorothioate] and
the host compounds TRIMEA and TRIMEB (permethylated a- and b-cyclodextrins, respectively) are
reported. In the complex (TRIMEA)2�fenitrothion 1, the guest phosphate ester group is disordered and
the molecule is fully encapsulated within a novel TRIMEA dimer in which the secondary rims of the
two host molecules are in close contact. In contrast, the complex TRIMEB�fenitrothion 2 is monomeric
and the guest molecule is statistically disordered over two positions, with the phosphate group inserted
in the host cavity in both cases. Thermal analysis indicated gradual and partial loss of the guest in 1
during heating between 130 �C and the melting point of the complex (�200 �C), whereas complex 2
displayed significant mass loss only after fusion of the complex at 161 �C.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Molecular encapsulation of organophosphate pesticides by
cyclodextrins (CDs) can enhance the efficacy and facilitate formu-
lation of these agrochemicals in a variety of ways, for example, by
increasing their flowability, wettability, dissolution rate, chemical
and thermal stability, and reducing their volatility.1 The interaction
between CDs and the widely used broad spectrum insecticide and
acaricide, fenitrothion [O,O-dimethyl O-(3-methyl-4-nitrophenyl)
phosphorothioate, Fig. 1], has been investigated in several con-
texts. These include studies of the inhibition of the hydrolytic deg-
radation of fenitrothion by native CDs,2,3 the formulation of
fenitrothion as a CD complex containing also a bioactive synergist
to enhance insecticidal activity,4,5 and the development of insecti-
cidal construction materials based on fenitrothion–CD inclusion
complexes.6

Knowledge of the probable mode of guest inclusion within a CD
is necessary for a mechanistic interpretation of catalytic effects,
such as the solution-phase CD-inhibited hydrolysis of fenitrothi-
on,3 or the enhancement, or otherwise, of the thermal stability of
guest compounds through the formation of their solid CD inclusion
complexes.7 In the former case, kinetics studies coupled with the-
oretical calculations indicate that the fenitrothion molecule is
ll rights reserved.
protected from nucleophilic attack by deep insertion of the phos-
phate group within the b-CD cavity.3 On the other hand, the lack
of published data on the mode of fenitrothion inclusion in CDs in
the solid state hinders the interpretation of analogous processes
that its crystalline inclusion complexes may undergo.

In this report, we describe the modes of inclusion of fenitrothi-
on in its inclusion complexes with two derivatised CDs, namely
hexakis(2,3,6-tri-O-methyl)-a-CD (TRIMEA) and heptakis(2,3,6-
tri-O-methyl)-b-CD (TRIMEB), as determined by single crystal
X-ray diffraction. Novel structural results, of interest from both
the agrochemical and CD crystal packing viewpoints, are pre-
sented. These structures are also briefly discussed in the context
of the observed thermal behaviour of the inclusion complexes.

In contrast to the organophosphate pesticide analogues iodofen-
phos, methylparathion, famphur and ronnel, for which room-tem-
Figure 1. Chemical structure of the organophosphate insecticide fenitrothion.
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perature X-ray structures have been reported,8 fenitrothion is an oil
at an ambient temperature and its structure in the solid state has not
been reported to date. Thus, the X-ray structures of the inclusion
complexes of fenitrothion presented here yield the first accurate
molecular parameters for the insecticide molecule as well as indica-
tions of possible conformations that it may adopt. Since fenitrothion
is thermolabile,9 NMR spectroscopy of dissolved inclusion complex
crystals was employed in this study to confirm the structural integ-
rity of fenitrothion following complex preparation by co-precipita-
tion from aqueous solution at elevated temperatures.

2. Experimental

2.1. Materials and solid complex preparation

The host compounds hexakis(2,3,6-tri-O-methyl)-a-CD (TRI-
MEA) and heptakis(2,3,6-tri-O-methyl)-b-CD (TRIMEB) were pur-
chased from Cyclolab (Budapest, Hungary) and were used as
received. Fenitrothion was isolated as a yellow oil from a commer-
cial sample of Sumithion (Sumitomo Chemical, NY, USA) by column
chromatography over silica gel and was characterized by 1H and 31P
NMR spectroscopy and GC–MS. For complex preparation by the co-
precipitation method, distilled water was used. Solvents for NMR
spectroscopy included D2O (deuterium content 99.9%), obtained
from Merck (Germany) as well as CDCl3 and DMSO-d6 (Sigma–Al-
drich, USA).

The inclusion complex between TRIMEA and fenitrothion was
prepared by adding an equimolar amount of the guest to a satu-
rated aqueous solution of TRIMEA at 20 �C. Stirring for several
hours and subsequent heating to 60 �C led to a turbid solution
which was then removed from the hot plate and stirred at room
temperature. This process was repeated until a clear solution was
obtained at room temperature. Following filtration through a
0.45 lm microfilter, the clear solution was placed in an oven at
60 �C. Colourless single crystals of the inclusion complex 1 formed
over a 12 h period.

A similar procedure was used to prepare the inclusion complex
2 between TRIMEB and fenitrothion. The preparation commenced
with a saturated solution of TRIMEB at 40 �C, to which an equimo-
lar amount of fenitrothion was added. Continuous stirring and cy-
cling through heating and cooling cycles (as for the preparation of
complex 1) yielded a clear solution that was filtered and placed in a
Dewar flask containing water at 60 �C. After five days, a powder
had formed. Upon standing at room temperature for one month,
colourless single crystals of 2 appeared.

2.2. Thermal analysis

Thermogravimetric analysis (TGA) and differential scanning
calorimetric (DSC) measurements were performed using a Mettler
Toledo TGA analyser and a Perkin–Elmer DSC7 instrument with dry
nitrogen purge gas flowing at 30 cm3 min�1 in each case. Samples
in the range 2–4 mg were surface-dried on a filter paper, accurately
weighed, placed in alumina crucibles and vented platinum pans for
the respective analyses and heated at a constant rate of 10 K min�1

in the range 30–300 �C. For hot stage microscopy (HSM), samples
were placed under silicone oil on a cover slip and viewed with a Ni-
kon SMZ-10 stereomicroscope fitted with a Linkam THM hot stage
and a Linkam TP92 temperature control unit.
2.3. 1H and 31P NMR spectroscopy

NMR spectroscopy was employed to determine inclusion com-
plex stoichiometry and to monitor the integrity of the thermolabile
guest fenitrothion. Samples of the inclusion complex crystals were
prepared in CDCl3, D2O and DMSO-d6. 1H and 31P NMR spectra
were recorded at 300 MHz on a Varian Gemini 300 spectrometer
at 298 K.

2.4. Single crystal X-ray diffraction

Intensity data collection for the complex (TRIMEA)2�fenitrothi-
on 1 was performed on a Bruker KAPPA APEX II DUO diffractome-
ter. For TRIMEB�fenitrothion 2, intensity data were measured on a
Nonius Kappa CCD diffractometer. Both crystals were maintained
at 173(2) K using Cryostream coolers (Oxford Cryosystems UK).
For complex 1, unit cell refinement and data reduction were per-
formed using the program SAINT.10 The programs DENZO-SMN and
SCALEPACK were used for unit cell refinement and data reduction
for 2.11 For both 1 and 2, the Laue system was found to be mmm,
indicating the orthorhombic crystal system and the common space
group P212121 was uniquely identified from systematic absences.
Data were corrected for Lorentz-polarization effects and for
absorption (program SADABS

12). Structure solution for 1 was
achieved by direct methods (program SHELXD

13) while the phase
problem for complex 2 was solved by using the host atomic coor-
dinates of the isostructural complex TRIMEB�(S)-naproxen14 as a
trial model. All non-hydrogen atoms except O6, C7, C8 and C9 of
each methyl glucose unit were included in the fragment serving
as the trial model.

Structure development and least-squares refinement for 1 and 2
were not routine and further details follow. Examination of the two
crystallographically independent TRIMEA molecules (A, B) in 1 re-
vealed twofold disorder of three methoxy groups, namely one sec-
ondary –OCH3 group on glucose residue B5 and the primary –OCH3

groups on residues B2 and B5. Disorder was modelled by allowing
the two components to refine isotropically with site-occupancy
factors (s.o.f.s) x and 1 � x. All host atoms except those of the dis-
ordered components and six ordered atoms were treated aniso-
tropically in full-matrix least-squares refinement (program
SHELXH-9715). Attempted refinement of the six ordered atoms pro-
duced unrealistic ellipsoids due to their high thermal motion.
The single guest molecule in the asymmetric unit was located by
difference Fourier (DF) techniques. Initially, all atoms expected
for the fenitrothion molecule, except those of the O,O-dimethyl
phosphorothioate unit, were clearly discernible and refined very
satisfactorily. The appearance of more than the expected number
of DF peaks around the phosphorus atom suggested either molec-
ular disorder or possible decomposition of the fenitrothion mole-
cule (fenitrooxon, the S-methyl isomer of fenitrothion, and 3-
methyl-4-nitrophenol being known decomposition products).9 At
this point, employment of 31P NMR spectra of the crystal batch
(see Section 3.1 below) gave unequivocal proof that the included
fenitrothion molecule was intact. Subsequent refinement and care-
ful examination of DF maps revealed twofold disorder of both the
sulfur atom and one of the –OCH3 groups. All guest atoms, except
those attached to the phosphorus atom, were refined anisotropi-
cally, with appropriate distance constraints (four O–C and two P–
O bonds) applied to the disordered moieties. Owing to the high res-
olution of the X-ray data, some of the guest H atoms were also
apparent in DF maps. However, all H atoms were finally added in
idealised positions in a riding model with Uiso 1.2–1.5 times those
of their parent atoms. The s.o.f.s of the major and minor compo-
nents of guest disorder refined to 0.57 and 0.43, respectively.

The asymmetric unit in complex 2 comprises one TRIMEB mol-
ecule and one guest molecule. Refinement of the host molecule re-
vealed twofold disorder of the primary methoxy group on glucose
residue G6. This was modelled as for complex 1. Anisotropic refine-
ment followed for all ordered atoms except for C9G3 (Uiso

�0.12 Å2), for which an unacceptable ellipsoid was produced on at-
tempted anisotropic refinement due to its relatively high thermal
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motion. Twofold disorder of the included fenitrothion molecule,
with no shared atoms, was evident from DF maps. This was simi-
larly modelled by assigning global s.o.f.s of x and 1 � x to the two
disordered components, the value of x refining to 0.66. Several dis-
tance constraints were applied to maintain reasonable guest geom-
etry. Guest atoms were refined with individual isotropic thermal
parameters. The same H atom treatment described for complex 1
was applied to complex 2.

3. Results and discussion

3.1. Preliminary complex characterization

Since crystallization of methylated CD inclusion complexes is
usually carried out at elevated temperature,16 sensitive guest
compounds may undergo chemical modification during complex
preparation. The known thermolabile nature of fenitrothion and
its analogues9,17,18 prompted the use of 31P NMR spectroscopy
as a tool for confirming the presence of the intact molecule in
complex 1, for which initial X-ray diffraction results indicated
either molecular disorder in the phosphorothioate moiety or po-
tential guest decomposition, as outlined in Section 2.4 above.
Previous work indicated that fenitrothion is readily distinguished
from its thermal decomposition product, mainly the S-methyl
isomer, O,S-dimethyl [O-(4-nitro-m-tolyl)] phosphorothioate,
from 31P chemical shifts.9,19 In the present study, 31P proton-
decoupled NMR spectra for a freshly prepared sample of fenitro-
thion and a solution of crystalline complex 1 in the common sol-
vent CDCl3 were recorded, yielding in each case a single peak at
d = 65.456 and 65.459 ppm, respectively, in accord with the data
obtained previously for fenitrothion.20 The host–guest stoichiom-
etry of 2:1 for 1 was established from 1H NMR integration while
elemental analysis confirmed the 1:1 stoichiometry for 2 (Anal.
Calcd for C63H112O35�C9H12O5NPS: C, 50.67; H, 7.32; N, 0.82.
Found: C, 50.60, H, 7.43, N, 0.61).
Table 1
Crystal data and structure refinement for the complexes 1and 2

1 2

Chemical formula (C54H96O30)2�C9H12O5NPS C63H112O35�C9H12O5NPS
Formula weight 2727.84 1706.75
Crystal system Orthorhombic Orthorhombic
Unit cell constants
Space group P212121 P212121

a (Å) 15.097(2) 15.1588(4)
b (Å) 24.278(3) 21.1279(4)
c (Å) 38.385(4) 27.5575(7)
a = b = c (�) 90 90
V (Å3)/Z 14,069(3)/4 8825.9(4)/4
Dcalcd (g cm�3) 1.288 1.284
Temperature (K) 173(2) 173(2)
Wavelength (Å) 0.71073 0.71073
Dimensions (mm) 0.11 � 0.04 � 0.03 0.24 � 0.13 � 0.11
h-Range collection (�) 1.91–25.09 2.69–25.70
Index range �18 6 h 6 6 �18 6 h 6 18

�27 6 h 6 28 �25 6 h 6 25
�45 6 h 6 34 �33 6 h 6 33

Reflections collected 47,709 121,751
Independent

reflections
24,600 16,732

Reflections with
[I > 2r(I)]

14,645 11,175

Number of parameters 1661 959
Rint 0.0462 0.0568
Goodness of fit 1.010 1.021
R1 [I > 2r(I)] 0.0638 0.0626
wR2 0.1401 0.1428
Largest difference peak

and hole (e Å�3)
0.61/�0.39 0.71/�0.74
3.2. Single crystal X-ray structures

Table 1 lists crystal data and refinement details for the com-
plexes 1 and 2. Inclusion complexes of TRIMEA are generally
monomeric.8 Complex 1 (Fig. 2) is the first example of a TRIMEA
inclusion complex in which a guest molecule is encapsulated with-
in a host head-to-head dimer. [In the inclusion complex (TRI-
MEA)2�metoprolol, the only other known dimeric TRIMEA
complex, whose structure we reported recently,21 the guest is con-
tained within a cage formed by head-to-tail contact of two TRIMEA
molecules]. Host molecule A accommodates the aromatic portion
of the fenitrothion molecule while the O,O-dimethyl phosphoro-
thioate unit is contained within the cavity of host molecule B
(Fig. 2, top). The host molecules are laterally offset from each other
for optimal guest encapsulation (Fig. 2, bottom). Several primary
methoxy groups on hosts A and B act as ‘lids’, sealing the capsule
at both ends.

From the geometric parameters for the crystallographically
non-equivalent host molecules A and B listed in Table 2, it is evi-
dent that host molecule A is considerably more distorted than mol-
ecule B. The former adopts an elliptical shape to accommodate the
planar methyl-nitrophenyl moiety, while the latter, containing the
more isotropic O,O-dimethyl phosphorothioate unit, adopts a more
‘round’ shape. Figure 3 shows perspective views of host molecules
A and B, containing, respectively, the aromatic and dimethyl
phosphorothioate groups, viewed from within the cavity, that is,
from their secondary rims. The ellipticity of the O4-hexagon in
molecule A is evident from the wide range of radii values (l, Table
2), namely 3.79–4.58 Å. The transannular distance O4A3� � �O4A6
(Fig. 3), normal to the plane of the included aromatic ring, is only
7.61 Å, whereas O4A1� � �O4A4, which is roughly parallel to the in-
cluded ring plane, is 8.95 Å. Instead, for host B, the values of l span
the narrow range 4.10–4.41 Å. The more severe distortion of host A
is also reflected in wider ranges of the parameters D and / when
Figure 2. Stereoviews of the 2:1 host–guest unit in complex 1 with only the major
disordered guest component shown (top) and a space-filling diagram of the TRIMEA
dimer (bottom).



Table 2
Geometrical parameters for the host molecules in complexes 1 and 2

Residue la (Å) Db (Å) /c (�) dd (�) ae (Å) D3
f (Å) sg (�)

Complex 1
A1 4.52 4.05 113.1 �13.5 0.231 3.321 28.7
A2 4.50 4.39 113.9 9.5 �0.259 3.347 24.1
A3 3.82 4.44 130.8 5.6 0.035 3.590 6.8
A4 4.45 3.95 116.4 �12.0 0.219 3.369 32.2
A5 4.58 4.55 111.0 7.4 �0.239 3.301 20.2
A6 3.79 4.38 132.5 7.1 0.013 3.699 14.3

B1 4.41 4.12 114.4 �3.4 �0.084 3.306 �3.4
B2 4.10 4.47 126.5 �0.8 0.005 3.800 38.7
B3 4.40 4.15 114.8 2.3 0.058 3.561 7.2
B4 4.26 4.42 122.6 0.6 �0.043 3.683 30.7
B5 4.31 4.19 117.3 �5.4 �0.041 3.237 9.8
B6 4.18 4.33 124.2 6.6 0.105 3.450 27.8

Complex 2
G1 5.18 4.49 124.5 5.7 0.239 3.404 16.4
G2 4.89 4.26 129.2 �23.5 0.441 3.088 28.0
G3 4.83 4.41 131.3 0.8 �0.384 3.242 35.2
G4 5.14 4.40 124.4 25.5 �0.340 3.569 �15.3
G5 5.15 4.29 120.7 �19.0 0.603 3.831 36.5
G6 4.65 4.47 138.2 �12.1 �0.017 3.341 44.2
G7 5.11 4.28 122.6 19.2 �0.541 3.459 �12.1

a Radius O(4n)� � �(centroid of the O4 atoms).
b Glycosidic O4n� � �O4(n + 1) distance.
c O4(n � 1)� � �O4n� � �O4(n + 1) angle.
d O4(n � 1)� � �O4n� � �O4(n + 1)� � �O4(n + 2) torsion angle.
e Deviation of atoms O4n from the least-squares planes (mean e.s.d. 0.002 Å).
f Inter-ring O2(n)� � �O3(n � 1) distance (mean e.s.d. 0.006 Å).
g Tilt angle between the O(4) plane and the mean plane through the atoms

O4(n)� � �C(4n)� � �C(1n)� � �O4(n � 1) (mean e.s.d. 0.1�).

Figure 3. Host molecules A and B in complex 1 with atom and glucose residue
labelling, viewed from their secondary sides and including their respective guest
moieties.
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compared with the data obtained for host B, larger magnitudes in
torsion angles (d) and more significant deviations from the O4-
plane (a) (Table 2). In accommodating the phosphate ester residue,
host B maintains a ‘round’ shape (based on the uniform radii l),
though the individual glucose rings tilt (as reflected in the param-
eter s) with a range of angles wider than those for host A.

The nature of the guest disorder in complex 1 is shown in Fig-
ure 4, where for clarity the entire molecules (a, b) are drawn for
what are essentially two rotamers, the O,O-dimethyl phosphoro-
thioate groups being rotated by 107� with respect to one another
around the O11–P12 bond. The two components (a, b) thus share
all atoms except the sulfur atom and one of the –OCH3 groups.
The major rotamer (a), containing S15A and the methoxy group –
O16A–C17A, has a refined s.o.f. of 0.57 while its counterpart has
s.o.f. 0.43. Conformational differences are reflected in a range of
S@P–O–C torsion angles. The unrestrained P@S bond lengths re-
fined to 1.894(5) and 1.906(8) Å, respectively. Major conforma-
tional features include the slight twist of the nitro group out of
the plane of the aromatic ring (the dihedral angle C4–C3–N8–O9
is �16.3(7)�) and the gauche conformation around the bond C6–
O11 linking the aromatic moiety to the dimethyl phosphorothioate
group (C5–C6–O11–P12 = 57.9(8)�). A search for hydrogen bonds
between host and guest revealed only two significant interactions,
namely C7–H� � �O2B3, linking a phenyl hydrogen atom to a host
methoxy oxygen atom (H� � �O 2.38 Å, C� � �O 3.309(6) Å and angle
C–H� � �O 167�), and C5A6–H� � �O10 (H� � �O 2.53 Å, C� � �O 3.482(6) Å
and angle C–H� � �O 159�), linking a methine H atom to an oxygen
atom of the nitro group.

Packing of the 2:1 host–guest complex units is of the ‘cage’ vari-
ety (Fig. 5), the primary ends of each dimeric unit being abutted by
side-on contact with host molecules of complex units related by
the twofold screw axis parallel to c. Fenitrothion molecules are
isolated from one another by complete encapsulation within the
dimers. Cohesion between host molecules is maintained by several
C–H� � �O hydrogen bonds. TRIMEA inclusion complexes are
generally monomeric with 1:1 host–guest stoichiometry, the
majority crystallizing in head-to-tail channel-mode in the space
group P21.8 The only other known dimeric complex, mentioned
above, has 2:1 stoichiometry and a head-to tail dimer, with identi-
cal packing to that of the monomeric complexes.21 Thus, the
complex 1 is unique with respect to both the nature of the dimer
and the crystal packing.

The monomeric complex unit of 2 is shown in Figure 6. For clar-
ity, only the major component of twofold guest disorder (with s.o.f.
0.66) is shown in the cavity of the host TRIMEB. The guest O,O-di-
methyl phosphorothioate residue is deeply embedded, in contact
with the ‘roof’ of the host cavity, formed by the primary methoxy
groups of glucose residues G1, G2, G3 and G6. A space-filling rep-
resentation shows that virtually the entire molecule is included
within the host cavity, only the nitro group protruding from the
secondary side. The host geometrical parameters (Table 2) are very
similar to those reported for the isostructural complex TRIMEB�(S)-
naproxen.14



Figure 4. Rotamers of fenitrothion giving rise to twofold disorder in complex 1.
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In contrast to the situation in complex 1, the disordered guest
model in 2 comprises two distinct molecules of fenitrothion
(Fig. 7), the component containing the phosphorus atom labelled
A being the major component (s.o.f. 0.66). The methyl nitrophenyl
ring planes are related by an approximate twofold rotation axis as
well as a lateral shift. (In fact, the aromatic ring planes are not co-
planar but intersect at �15�.) Furthermore, as found for the fenitro-
thion molecule in complex 1, the disordered components in 2 are
distinct rotamers which include in the TRIMEB cavity in a similar
fashion. No significant hydrogen bonds occur between the host
and guest molecules.
Figure 5. Space-filling representation of the cage-type packing of complex 1. Four unit ce
shading.
Crystal packing for complex 2 is shown in Figure 8. Monomeric
units of TRIMEB�fenitrothion pack in screw-channel mode in a
head-to-tail fashion. In this well-known packing arrangement,
alternate host molecules in a particular column parallel to the
b-axis are offset by several Ångstroms in the x-direction, resulting
in an undulating host channel, as opposed to a linear one. This
packing arrangement differs from that found in monoclinic TRIMEB
complexes [e.g., with guests butamben, EZAVOQ and 2,4-dichloro-
phenoxyacetic acid, ASIQOI]8 where the channel is linear. The nitro
group occupies an interstitial void created by surrounding host
molecules. Several C–H� � �O hydrogen bonds linking host molecules
were identified. The principal ones are C14A–H� � �O4G6
(H� � �O 2.70 Å, C� � �O 3.483(5) Å, C–H� � �O 136�), C14A–H� � �O2G7
(H� � �O 2.70 Å, C� � �O 3.438(5) Å, C–H� � �O 131�) and C14B–H� � �O6G6
(H� � �O 2.49 Å, C� � �O 3.182(5) Å, C–H� � �O 128�).

While inclusion complexes of methylated CDs may contain a
small percentage of water of crystallization, both 1 and 2 are anhy-
drous, though crystallized from aqueous media. Thus, close pack-
ing of complex units is achieved without incorporation of water
molecules into the crystals.

3.3. Thermal analysis

The thermal stability of a compound may differ depending on
whether it is examined as a pure material, in solution or in the
form of an inclusion compound. In particular, the boiling point of
a pure liquid may be significantly less than or greater than its tem-
perature of desolvation from an inclusion crystal, depending on the
topology of guest inclusion (viz. channel-mode vs isolated-site
occupation).22

In a study of the thermal decomposition of pure fenitrothion,
Tsuji et al. reported that DTA analysis under nitrogen yields two
exothermic peaks in the ranges 210–235 �C and 270–285 �C, and
they identified possible decomposition products.17 As part of the
characterization of inclusion complexes 1 and 2, it was of interest
to record their behaviour on heating to establish whether the ther-
mal stability of fenitrothion in these forms differs materially from
that of pure fenitrothion. Combined TGA, DSC and HSM results are
shown in Figures 9 and 10, respectively.

For the TRIMEA complex 1, the TG profile (Fig. 9) under nitro-
gen indicates an initial linear mass loss of �7% commencing at
around 130 �C, interpreted as gradual loss of fenitrothion from
the inclusion complex (total theoretical mass loss for the 2:1
inclusion complex: 10.2%). This is accompanied by the broad
lls are shown and the screw-related dimeric complex units are distinguished by their



Figure 6. Stereoview of the complex 2 with host residue numbering. For clarity, only the major component of guest disorder is included in the host.
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endothermic peak at �135 �C in DSC as well as crystal cracking,
with evidence of bubble evolution in HSM. The second endo-
therm peaking at �205 �C corresponds to the fusion of the host
TRIMEA, which subsequently decomposes, possibly with simulta-
neous decomposition of the released guest. It seems reasonable
to conclude that prior to fusion of the host, the absence of exo-
thermic effects implies that fenitrothion does not decompose.
From the results of single crystal X-ray diffraction, which indi-
cated virtually complete encapsulation of the fenitrothion mole-
cule within the TRIMEA dimer, it is difficult to rationalise the
escape of the guest from the crystal. A reasonable assumption
is that thermal agitation during heat absorption in the region
of 130 �C causes a rearrangement of the solid complex to a struc-
ture conducive to guest escape. Thereafter, the remaining TRI-
MEA would decompose endothermically at the expected
temperature, as observed.

Analogous thermal data for the TRIMEB complex are shown in
Figure 10. The only significant feature in the DSC trace is the endo-
therm peaking at �161 �C (d) and there was no appreciable TG
mass loss prior to this temperature. The thermal profiles are sim-
pler than those for complex 1 and indicate that the inclusion com-
plex 2 remains intact up to the melting point at 161–163 �C. This
value is in the range of melting temperatures for TRIMEB inclusion
complexes and differs from the melting points of known crystalline
forms of TRIMEB itself (148 �C, 157 �C)23 measured by DSC. Com-
plex decomposition is reflected in the mass loss (e) following com-
plex fusion.
Figure 7. Stereoview illustrating the disorder model for the fenitrothion molecule
in complex 2.
4. Conclusion

X-ray structural investigation of the novel dimeric complex
(TRIMEA)2�fenitrothion 1 shows that both the aromatic and the
phosphate ester moieties of the fenitrothion molecule have the
ability to enter the cavity of the TRIMEA molecule. However, signif-
icant strain is induced by inclusion of the aromatic residue, as evi-
denced by the accompanying distortion of the host molecule which
accommodates it. In the case of the larger macrocyclic host, a
monomeric complex TRIMEB�fenitrothion 2 results and again the
phosphate ester moiety is fully included in the host cavity. These
conclusions, drawn from solid-state studies, are pertinent to ongo-
ing research on the chemical stabilization of fenitrothion by CD
Figure 8. Crystal packing in complex 2 viewed down [1 0 0].



Figure 9. TGA, DSC and HSM data for complex 1. HSM images were captured at 45
(a), 130 (b), 150 (c) and 200 �C (d). The axis on the left refers to the TGA data while
that on the right refers to the DSC data.

Figure 10. TGA, DSC and HSM data for complex 2. HSM images were captured at 25
(a), 154 (b) and 163 �C (c). The axis on the left refers to the TGA data while that on
the right refers to the DSC data.
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inclusion in solution. Our preliminary experiments on the hydro-
lytic degradation of fenitrothion (involving the sensitive thiophos-
phate ester moiety) in basic solution indicate a retardation of the
reaction rate in the presence of methylated CDs. The observed inhi-
bition could be explained if, in solution, the phosphate ester were
similarly included within the host cavity where it would be pro-
tected from nucleophilic attack by the hydroxide ion. Further stud-
ies aimed at elucidating this aspect are in progress and include
NMR spectroscopic investigation of the structures of inclusion
complexes between fenitrothion and methylated CDs in solution
for comparison with the solid-state results.
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