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Abstract

Thermal and crystallographic characterization of one solvent-free bis(iminophosphorane)ethane (BIPE) form and three
solvates with acetonitrile (ACN), dimethyl sulfoxide (DMSO) and toluene is presented. Thermal behaviors of new com-
pounds indicate that the solvent is removed differently from the BIPE structure, accordingly with the stoichiometric solvent
molecule amount incorporated. Thus, the solvent-free BIPE reveals high thermal stability up to 315 °C, while BIPE solvates
have a similar pattern behavior with low stability about 130 °C. The kinetic parameters of the thermal decomposition process
were determined by three different methods Flynn—Wall-Ozawa, Kissinger—Akahira—Sunose and nonparametric kinetic.
Crystallographic data revealed that the solvent plays the role of space filler without strong interactions with host molecules.
Guest-free BIPE, BIPE,, 5,n and BIPE 355050 crystallized in monoclinic C2/c (N215) space group, while BIPEq; ypng 1D @
triclinic P- 1 (Ne2) one. Crystallographic and thermogravimetric data show a good correlation between molecular structures
and activation energies.

Keywords Bis(iminophosphorane)ethane - Solvates - Single crystal X-ray diffraction - Thermal stability - Non-isothermal
kinetics

Introduction

Numerous studies suggest an increasing number of new
solvates demonstrating their significant role in organic syn-
thesis, crystal engineering and pharmaceutical drug develop-
ment [1-3]. Depending on the stoichiometric/non-stoichi-
ometric amounts, the solvent molecules can have different
structural functions in organic compounds, for example as
participants in strong intermolecular interactions with the
host molecules, leading usually to stoichiometric solvates
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[4, 5] and as space fillers between solute molecules, with no
strong interactions between the solvent and solute molecules
[6]. The last ones may be often non-stoichiometric solvates
with the partial occupancy of their solvent molecules posi-
tions in the crystal where solvent molecules decrease the
total void spaces and improve the packing [7].

In this context, it is very interesting to study the cases
of different solvent molecules incorporation in the same
host structure which give the isostructural solvates. They
allow establishing the identical packing motifs of the host
molecule with common sites of solvent positions [8]. The
relation between molecular shapes of the guest molecule,
solvent-host interactions, and formation of isostructural
solvates were ascertained [9, 10]. However, a number of
publications which highlight this phenomenon is very lim-
ited and it requires more attention. Over the last years, clas-
sification of solvents which form solvates has changed and
the tendency to use toluene instead of benzene increases due
to its lower toxicity, besides other top popular solvents such
as acetonitrile (ACN), dimethylformamide (DMF), dimethyl
sulfoxide (DMSO) and dioxane [11, 12].
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Thermogravimetry and single-crystal X-ray diffraction
are valuable analyses for studying and understanding the
solvates formation and their stability. Herein, we present
the crystal structures and thermal kinetic behavior of new
bis(iminophosphorane)ethanes (BIPE), one solvent-free
form and three solvates with ACN, DMSO and toluene
(Scheme 1). Despite the versatility of BIPE to act as
valuable building blocks in organic, organometallic and
coordination synthesis of biologically active compounds
[13-15], only two organic crystal structures with ethane
spacer between iminophosphorane fragments are currently
known [16-18]. Nature and inclusion mode of different
solvent molecules within the framework formed by the
host were investigated comparatively. Combination of
thermogravimetric analysis, differential thermal analysis
and single-crystal X-ray diffraction were used.

Experimental
Materials and physical measurements

All used reagents (diphenylphosphoryl azide and
1,2-bis(diphenylphosphino)ethane) and solvents (DMF,
ACN, DMSO and toluene) were acquired from commer-
cial sources in analytical purity and were used without
further purification.

Thermal behavior was determined using a Diamond
Thermobalance TG/DTA PerkinElmer in a dynamic
air atmosphere (synthetic air 5.0 Linde Gas with flow
100 mL min~!). The experiments were carried out from
25 °C up to 500 °C, at heating rates f=7, 10, 12, 15 and
20 °C min~!, and masses around 8 mg of samples were
weighted in open aluminum crucibles.
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Scheme 1 The preparation of BIPE compounds in different solvents
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Synthesis of compounds BIPE, BIPE, s,y
and BIPE 35pyso

Bisiminophosphoranes BIPE, BIPE|, 5, oy and BIPE ) 355050
were synthesized according to Staudinger method [16,
19, 20] in DMF (BIPE), ACN (BIPE 5,cn) and DMSO
(BIPE 35pMms0) at room temperature. Colorless crystals were
precipitated after a few days and were purified by recrystal-
lization in the appropriate solvents.

X-ray crystallography

Diffraction measurements for compounds BIPE, BIPE 5,y
and BIPE ;5p\so Were carried out at room temperature on
an Xcalibur E diffractometer equipped with CCD area detec-
tor and a graphite monochromator utilizing MoKa radia-
tion. Final unit cell dimensions were obtained and refined
on an entire data set. All calculations to solve the structures
and to refine the proposed models were carried out with
the SHELX1.2014 program package [21]. All non-hydrogen
atoms were refined anisotropically. Hydrogen atoms attached
to carbon and nitrogen atoms were positioned geometrically
and treated as riding atoms. In BIPE 35p\vso crystallization,
DMSO molecule is disordered over two positions (71/29%
occupation). The disordered DMSO molecule has been
well treated by restraining it to have the SAME geometric
parameters as the well-determined ordered DMSO molecule
and was refined isotropically. The X-ray data and the details
of the refinement for both compounds are summarized in
Table 1. Figure 1 was produced using the Mercury program
[22]. The solvent accessible voids (SAVs) were calculated
using PLATON [23]. Crystallographic data of the new com-
pounds reported herein were deposited with the Cambridge
Crystallographic Data Centre and allocated the deposition
numbers CCDC 1956713-1956715.

Results and discussions

Bis(iminophosphorane)ethanes BIPE, BIPE s,y and
BIPE 35pMmso Crystallize in the centrosymmetric monoclinic
space group C2/c (Nel5) and are isostructural (Table 1), in
contrast to toluene solvate (BIPEq; ygng) Which crystal-
lizes in a triclinic P —1 (Ne2) space group [16]. All struc-
tures adopt almost the same packing arrangements, with
solvent molecules incorporated in the crystal lattice via
weak hydrogen-bond interactions. In the BIPE 5,y and
BIPE 35n0s0 compounds, solvent molecules are involved
in the C—H:*N(O) intermolecular interactions with host
molecule, C31-~N1A=3.658 A, C16:-01S=3.353 A and
C37-+-01S=3.566 A (Fig. 1a). In BIPE o, ygng SOlvent,
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Table 1 Crystallographic data and structure refinement details for compounds BIPE, BIPE 5,y and BIPE ) 5spvso

BIPE BIPEq 5pcn BIPE 35pMms0
Empirical formula CsoHysN2OgPy Cs1H1uN; 5006P, Cs0.70H46.10N206.35P4S0 35
Formula mass 894.77 911.76 920.09
Temperature/K 293(2) 293(2) 293(2)
Wavelength/A 0.71073 0.71073 0.71073
Crystal system Monoclinic Monoclinic Monoclinic
Space group C2/c C2/c C2/c
z 8 8 8
alA 41.006(4) 41.180(3) 41.2529(15)
bIA 11.1370(8) 11.2006(5) 11.1604(3)
c/A 20.9175(12) 21.0745(10) 21.1627(7)
pl° 110.110(6) 111.007(5) 110.680(3)
V/A3 8970.3(12) 9074.409) 9115.5(5)
DJgcm™ 1.325 1.335 1.341
p/mm™! 0.221 0.220 0.236
F(000) 3744 3804 3846
Crystal size/mm® 0.60x0.25x0.20 0.30x0.20%x0.17 0.38%0.36x0.20

Reflections collected/unique

14,256/7843 (R(int) = 0.0366)

15,002/7960 (R(int) =0.0499)

27,869/8079 (R(int)=0.0491)

Reflections with [/>20(1)] 4690
Data/restraints/parameters 7843/0/559
GOF on F? 1.001

R, WR, [I>20(D)] 0.0566, 0.1161
R,, WR, (all data) 0.1106, 0.1355

4107 4977
7960/0/565 8079/6/615
0.979 1.007

0.0678, 0.1276
0.1460, 0.1539

0.0534, 0.1091
0.0983, 0.1276

toluene molecule are accumulated in the crystal lattice
via C—H---& interactions, with carbon atom...phenyl ring
centroid distance equal with 3.189 A (Fig. 1b). The struc-
ture of guest-free iminophosphorane BIPE contains neg-
ligible 322.4 A3 solvent accessible voids (SAVs), which
corresponds to about 3.6% of unit cell volume [23]. No
SAVs were found in solvate structures BIPE 5,y and
BIPE 35spmso- The calculated volumes occupied by these
solvent molecules in discussed compounds are represented
in Table 2.

Thermal analysis

Thermogravimetry (TG) and derived thermogravimetry
(DTG) were performed in the air atmosphere to analyze
the thermal behavior of the studied sample. The result is
shown in Fig. 2 and proved that the guest-free BIPE is
stable up to 315 °C. Thermoanalytical curves obtained in
the atmosphere of synthetic air at a speed of 10 °C min™!
show one decomposition step for BIPE. On the Heat Flow
(HF) curve, an endothermic process can be observed,
which is attributed to the melting of the compound with
a maximum at 138 °C. The decomposition process high-
lighted in the range 315.6-430.9 °C occurs with a loss of
66.54% of the sample mass. Analyzing the DTG and HF
curves, it is observed that within this interval at least two

decomposition processes take place, both exotherms being
difficult to separate on the thermoanalytical curves.

BIPE 55N has a melting point at 137.6+0.3 °C. The
mass loss step in the range 120-150 °C is difficult to
observe, given that the amount of solvent bound inside
the structure (0.5 mol ACN) is very small. The decom-
position process according to the HF curve takes place at
slightly higher temperatures than in other solvates, which
indicates higher stability of the sample in the presence of
this solvent. The mass loss, in this case, is about 67% of
the sample mass in the temperature range 339-440 °C.

In the case of BIPE ;5pumso. the thermoanalytical
curves obtained at 10 °C min~' in the thermal range
30-500 °C highlight two processes of decomposition: the
first in the interval 111.6-143.1 °C with a mass loss of
2.29% of the sample mass, which can be accounted by
the loss of the DMSO solvent bound by weak hydrogen
bonds within the basic structure of compound BIPE. The
HF curve shows the endothermic process of melting the
sample with a maximum at 134.7+0.2 °C. The TG curve
shows the presence of a decomposition process with a loss
of 67% of the sample mass in the range 338.03-437.9 °C.
The decomposition process is similar to that observed in
the guest-free BIPE, except that the decomposition occurs
at higher temperatures by about 20 °C.
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Fig.1 Crystal packing in BIPE, BIPE 5,y and BIPE 55p\s0- The
violet balls show the positions voids (empty or occupied by solvent
molecules) in the structure and manner of solvent molecules inter-

action with surrounding BIPE molecules (a). Crystal packing in
BIPE (), ygng structure illustrates the inclusion of toluene (b)

Table 2 Selected geometrical

. Compound SG Unit cell volume/A3 Solvent accessible voids ~ Reference
fmd .crystal packing parameters (SAVs)/A3%
in discussed compounds
BIPE C2/c 8970.3(12) 322.4 (3.6) Present work
BIPE 5xcn C2/c 9074.4(9) 394.9 (4.4)* Present work
BIPE 35pMs0 C2/c 9115.5(5) 432.3 (4.7)* Present work
BIPE o1 uENE P-1 1265.57 229.8 (18.2)* [16]

2SAVs calculated upon the removal of the solvent molecules

The thermal analysis carried out in the case of
BIPE o yene shows similarities to BIPE 35pMmso, the
decomposition being done by two stages of loss of mass:
the first in the range 121.1-147.97 °C with a mass loss of
2% of the sample mass, and the second proceeding in the
range 326.1-428.6 °C with a mass loss of 67% of the sam-
ple mass similar to the previous ones, which shows that the

@ Springer

final stage takes place with the same decomposition process.
The melting point of the sample is 136.7 +0.3 °C. In the
case of BIPE 35pmso and BIPE;q; ypng Samples, solvent
removal occurs before the samples are melted. This is clearly
observed on the HF curves obtained for the two samples.
In the case of BIPE| 5,cy, solvent removal occurs with the
sample melting.
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Fig.2 Thermoanalytical curves obtained in an air atmosphere with 10 °C min~! in the temperature range 10-500 °C for guest-free BIPE (a),
BIPE, 55cn (b), BIPE( 55pms0 (€) and BIPE o) ypng (d) compounds. Inset Zoomed part of the mass loss related to the evaporation of solvents

From the thermogravimetric study performed for the
four compounds, it is observed that the solvent is removed
differently from the BIPE structure. Thus, the use of
DMSO and ACN solvents results in the decomposition of
the corresponding solvents at higher temperatures, while
in the case of BIPE-q; ypng the solvent loss occurs at
lower temperatures. This can be explained by the size of
the solvent molecule.

As the main decomposition process that occurs in all
compounds is similar in mass loss (approximately 67%),
the kinetic study will aim to analyze the first decompo-
sition step to highlight the influence of the solvent on
the thermal behavior of the studied samples. It can be
observed that in all cases the residues obtained from
the heat treatment carried out in the air atmosphere up
to 500 °C represent 25-27% of the mass of the initial
samples.

Kinetic analysis

In the literature, several methods are presented that lead to
obtaining kinetic parameters for the solid phase reactions
that occur during the decomposition processes.

It is considered that, for an elementary reaction, the
expression of the reaction speed can be illustrated by the
relation (1) and (2):

da/dt = k(T) X f(a) (1

where 7 is the reaction time, temperature 7 and @-conversion
degree.

(f X da/dT), = k(T) X f(a) )

where f is the heating rate, (da/dT) is the direct available
DTG data, and f(er) is the conversion function.
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The data were obtained at several heating speeds, namely:
p=5,7,10, 12 and 15 °C min~!. For obtained the kinetic
data, two integral methods were used: Flynn—Wall-Ozawa
(FWO) (Eq. 3) [24, 25] and Kissinger—Akahira—Sunose
[26, 27] (KAS) (Eq. 4), respectively, and the nonparametric
kinetic method (NPK) developed by Sempere et al. [28, 29]
modified and developed by Vlase et al. [30, 31].

The Ozawa method uses Eq. 3, being developed by inte-
grating the Arrhenius equation and assumes that neither the
activation energy nor the kinetic model changes in the whole
reaction.

Inf=InA/[R- g(a)]-5.331-1.052-E/R-T ?3)

In(8/T%) = n[A - R/E- < g(a)]-E/R-T 4)

Kissinger—Akahira—Sunose uses Eq. 4. The previously
presented methods are “model-free” nothing being asserted
about the conversion dependence of the reaction rate.
Therefore, we decided to use an improved method, named
modified NPK method. The mathematical explanation of the
method is presented in detail in our previous works [32-37].

Equation (1) is the only assumption made in the develop-
ment of the nonparametric kinetics (NPK) method.

fl@) =a™(1 —a)" (3)

The kinetic parameters obtained with FWO and KAS
methods are centralized in Table 3, and results obtained with
NPK methods in Table 4.

Analyzing the results of the kinetic study performed by
the FWO and KAS methods, a good correlation between

Table 3 Mean activation energy (E/KJ mol™") determined by the two
different kinetic analysis methods

E,/kJ mol™! Compound

BIPEgsacn BIPEg3spmso BIPEroLuene
E, FWO)/kI mol™!  424+69 212+38 291+39
E, (KAS)KJ mol™!  440+73 216+40 365+45

Table 4 Kinetic parameters obtained from NPK

the E data of BIPE 55cn and BIPE ) 555050 compounds is
observed. The average activation energies are much higher
in the case of BIPE 5y, Which suggests that the bonds
formed between the basic structure BIPE and the ACN sol-
vent are much stronger, given that the solvent molecule is
smaller and achieves a better organized structure in compari-
son with BIPE, 35p\s0 and BIPE o) ygng-

The results of the NPK analysis are presented in Table 4,
which respect the conversion function proposed by Ses-
tak and Berggren [38], as shown in Eq. 5. Regarding the
results of the kinetic study carried out by the NPK method,
a complex decomposition of BIPE, s,y composed by
the main process with a mass over 90% (1=91.4%) and a
secondary process is observed here compared to the other
compounds. Both processes have deconversion function
dependent on chemical (n#0) transformations. In the case of
BIPE) 35pms0 and BIPE q; ygng, the kinetic study performed
by the NPK method revealed three overlapping processes.
All main processes have deconversion function dependent on
both physical (m #0) and chemical (n#0) transformations.
It is a decomposition followed by melting as seen from the
kinetic study performed by the NPK method (chemical and
physical process).

Conclusions

The study provides the synthesis, crystallographic and ther-
mal characterization of guest-free BIPE and its solvates
BIPE 5,cn» BIPE) 35n0ms0 and BIPEq; ygpng- All new com-
pounds are isostructural (monoclinic C2/c space group) with
similar packing arrangements. The solvent molecules are
incorporated in the crystal lattice of the host molecule by
weak non-covalent interactions and influence the stability of
the structure. The results of the thermogravimetric analyses
helped us to assess the thermal stability of the BIPE com-
pounds which reveals high values up to 315 °C for guest-free
BIPE and the decrease in the thermal stability to 130-140 °C
in the case of solvates. The mass losses were in agreement

Als™!

Compound Process M% E/KJmol™!  n m Corr. coef  Conversion functions Ea/kj mol~!

BIPE)s,cy  Main 91.4 2.1x10%+1.7x 10" 430+21 2/5 0 0988 (1 =x)2/5 445+24
Secondary 82 52x10°+3.0x10%  630+3 54 0 0999 (1 —x)5/4

BIPE, 3spmso ~ Main 543 35x107+34x 102 211+13 1 1 0987 (1-x)xx 216429
Secondary 1  31.1 6.8x103'+1.6x10'® 244+10 0 32 0999 X2
Secondary 2 14.6 6.8x103'+£53x 10* 175+7 1 1 0.997 (1-x)xx

BIPE o ypne  Main 90.8 1.5x10¥+58x 10*"  302+36 1 1 0.994 (1—x)xx 293 +44
Secondary I 5.7  9.9x 10°+9.6 x 10 15+5 1 1 0.992 (1—x)xx
Secondary2 3.5 9.9x10°+5.8 x 10! 507+2 0 372 0999 x3/2
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with the stoichiometric solvent amount incorporated in
solvates. We can conclude that nature of the solvent dictates
the stability of solvates as follows: toluene < ACN ~DMSO.
In addition, the kinetic study provides a more complete pic-
ture of the degradation process of BIPE solvates. The kinetic
parameters were determined by using three different meth-
ods FWO, KAS and NPK. The first two methods provide
average activation energies much higher for BIPE( 5y in
comparison with the other studied solvates, correlating with
higher thermal stability. NPK method shows a better under-
standing of the multistep degradation processes, revealing
a deconversion function dependent on both physical and
chemical transformations.
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