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Here we report two new crystal forms of adenosine 3’,5’-cyclic
monophosphate sodium and discovered the direct solid-solid
transformation process from its methanol trihydrate (solvate) to
its pentahydrate form (hydrate) only mediated by humidity. This
findings provide a potential approach to removal of residual
solvent in the manufcturing of pharmaceutical and food additives.

Solution crystallization is commonly employed in the
separation and purification stages of the industrial production
of active pharmaceutical ingredients (APIs) and food
additives,1 and the issues of organic solvent residue is
encountered usually and inevitably.2 How to remove it had
always been paid to close attentions because residual solvents
influence the quality of products, stability properties and are a
potential toxic risk for human health as well.”® For crystalline
products, residual solvents exist either on the surface of
products, or embed into the crystal lattice. The conventional
ways to removal of residual solvents are the freeze drying,
heat blowing, vacuum drying, microwave-assisted drying,
etc.,”® which may lead to some issues, especially for those
compounds developed as hydrates. Mild desorption condition
are available for surface residual solvents but less effective for
removing completely the solvent molecules incorporated into
crystal lattice, while severe conditions tend to break the
original packing arrangements and give possibly rise to the
variation in solid forms. Thus, development of new effective
methods for reliable desorption of residual solvent under the
premise of eligible quality of products is of great importance
for pharmaceutical and food additives development.

As we all know, hydrates, as one of solid forms, have
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different properties from those of the corresponding
anhydrous species,m'12 and crystal water molecule acts as
“bridge” or “glue” to allow the bulk structure to be more
stable.™” Once solvent molecules was incorporated into the
crystal lattice as impurities, they can occupy the position of
original water. If, thus, one attempts to remove such solvent,
on the one hand, desorption or extrusion of them out of
crystal lattice is required at first, and on the other hand, it is
necessary that new water molecule fill the position so as to
ensure to the inherent packing mode.

Nucleotide and its derivatives belongs to the class of
polyhydroxyl phosphoryl compounds, and their salts exist
mostly in hydrated forms.'® ¥ The cases of solvent residue
are very common among their manufacturing by solution
crystallization. In this report, methanol trihydrate of 3',5'-cyclic
adenosine monophosphate sodium (cAMPNa, treatment for
diseases of the nervous and respiratory systems Fig. 1), 2627
was taken as a representative case. A direct solid to solid
transformation mediated by humidity from solvate to hydrate
was investigated, in which the desorption of solvent in crystal
lattice was achieved, and the original packing arrangements of
solid form was retained simultaneously.

Single crystal of solvate cAMPNa-CH;0H-3H,0 was grown
from methanol aqueous solution at an initial supersaturation
(5=2.79, relevant solubility data was seen in our previous
report”’).
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Fig. 1. The molecular formula of 3’,5’-cyclic monophosphate sodium
(cAMPNa).

The typical morphology was seen in Fig. 2. Another new single
crystal of pentahydrate cAMPNa-5H,0 can be obtained by
controlling crystallization temperature in acetone aqueous
solution (corresponding S=1.54~1.71 at the initial stage). The
morphology of resulted crystals was similar to that of
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methanol trihydrate. Detailed crystallographic protocol was
seen in ESI.

After the preparation of crystals, suitable crystals were
selected for the structure determination of single crystal X-ray
diffraction. And the rest of products were collected by
filtration, air-dried at room temperature, grind and used for
subsequent experiment after identification. Approximately 0.2
x 0.2 x 0.2 mm® of crystal was mounted on a glass fiber and
transferred to a Bruker APEX-Il CCD diffractometer equipped
with Mo K, radiation (graphite monochromator, A = 0.71073 A)
and Oxford Cryostream (Oxford Cryosystems) open-flow
nitrogen cryostat for sample temperature control. The data
were collected to a maximum of 20 = 50° at 296 K, and were
corrected by applying multi-scan method. Structures were
solved by direct method and refined by full-matrix least-
squares method on F? using SHELX-97.%% All non-hydrogen
atoms were refined anisotropically. Hydrogen atoms were
placed in calculated positions and refined with isotropic
thermal parameters. Final R values: R = 0.0480, wR,= 0.1279
for cAMPNa-CH3;OH-3H,0 and 0.0499, 0.1397 for
cAMPNa-5H,0. More detailed crystallographic data
available in Tables 1, S1 in ESI and from the Cambridge
Crystallographic Data Center (CCDC 1026507 and 1026499).
Diamondzg, Materials studio®® and Mercury software® was
used for crystal structure analysis and simulation of powder X-
ray diffraction patterns based on crystal structure data.

From the table 1, it was found that the structures of two
crystal forms of cAMPNa were isostructural materials. Their
thermal ellipsoids of asymmetric cell with a 30% probability
were shown in ESI Figs. S1 and S2, and the molecular packing
diagram of methanol trihydrate

are

Fig. 2. The morphology of orthorhombic methanol trihydrate. (optical
microscope, 10 x 4)

Table 1. Structural information of two new crystal forms of cAMPNa.

c(A) 38.869(7) 39.198(6)
Vv [A%] 1796.4(6) 1808.1(5)
/7 4/1 4/1

R 0.0499 0.0480
WR; 0.1397 0.1279
Goodness-of-fit (on F2) 1.10 1.16
Na*coordination number 6 6
Hydrogen bond water number 3 1
Coordinated water number 2 2

Water & solvent occupied 9.07% 9.13%
volume fraction in cell

Theoretical water content 20.42% 12.36%

Solid form cAMPNa-5H,0 cAMPNa-CH3;0H-3H,0

Orthorhombic
P2,2,2; (No. 19)
6.5021(10)
7.0943 (11)

Orthorhombic
P2,2,2; (No. 19)
6.5585 (12)
7.0470 (13)

Crystal system
Space group
a(A)

b(A)
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viewed along a axis was shown in Fig. 3 (the molecular packing
of pentahydrate was seen in Fig. S3). For two pseudo-
polymorph, the glycosidic bonds are anti, and the
conformations of the furanose rings are C9-exo C8-endo. The
purine bases are planar and the six-membered phosphate
rings present in a chair conformation, as the case of
monoclinic tetrahydrate of cAMPNa.”® The base fragments
stack in an antiparallel fashion with a spacing of approximately
3.3 A to form a molecular column, giving alternating
orientations along the stack. The crystal packing is strongly
influenced by the cations. Sodium ions are coordinated by six
Na-O bonds, interacting with four water and two different
cAMP molecules. The resulting Na-O-Na polymer forms a
the b
The methanol

columnar structure down
axis surrounded by the phosphate groups.
molecule was placed between the moieties of ribose of two

neighboring molecular layers (see Figs. 3, S3, and S4).

MeOH channel N

e Water channel

Fig. 3. The packing perspective diagram of methanol trihydate of cAMPNa

along a-axis.
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The humidity sensitivity experiment under different RH
conditions at room temperature was carried out to examine
the stability of the two crystal forms. Approximately 180 mg

COMMUNICATION

structure were evaluated using powder X-ray diffraction
(PXRD). The absolute contents of residual water and methanol
of the sample were determined by Karl Fischer method
(Metrohm 870 KF Titrino plus, Switzerland) and gas
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Fig. 4. The solid-solid transformation from solvate cAMPNa-CH;0OH-3H,0 to hydrate cAMPNa-5H,0 mediated by humidity. (a) and (b) were the packing

structures of solvate and hydrate, showing the location of two crystal water molecules and replaced methanol molecule in two lattice; (c) was the process of

removal of crystal water/methanol and uptake of external water molecules, accompanying the crystal form conversion (D original methanol trihydrate

crystalline powder, @ after treatment in RH 0% conditions, 3 after treatment in RH 76% conditions). The red text indicates the number of solvent per cAMP

molecule in crystal lattice; (d) was the PXRD patterns for three sampling points.

(fine ground samples) of each of crystals was placed in Petri
dish with 5 cm diameter and stored in humidity chamber for
13 weeks. To provide a variety of relative humidity values for
humidity stability experiment, saturated salt solutions and
P,0s were used. The salts used for this experiment and the
corresponding RH values were MgCl, (32%), NaCl (76%), K,SO,4
(98%), and P,0Os solid powder (~0%).32 After the test period,
the stored samples were analyzed in gravimetry and
composition. Each of crystal forms was repeated three times.
The results indicated methanol trihydrate and pentahydrate of
cAMPNa were stable at 32-76% relative humidity (RH),
remaining identical composition, seen in ESI Tables S3, S4.
However, they tended to lose water or methanol at lower RH
conditions (<10%), were hygroscopic at high RH and finally

completely deliquesced to a transparent liquid drop at RH 98%.

Furthermore, the powder of methanol trihydrate was
subjected to low RH (e.g., 0%) initially for about half a month,
until the sample weight ceased to decrease. Then, the sample
was transferred and subjected to RH 32-76% until equilibrium
was attained. The whole process was performed at room
temperature and variations in weight was recorded at regular

intervals. At three sampling points (see Fig. 4 W-®)), the solid

This journal is © The Royal Society of Chemistry 20xx

chromatograph (7890A, Agilent, Wilmington, ED, USA)
equipped with a flame ionization detector (FID) respectively,
and converted to be corresponding solvent number per cAMP
in crystal lattice. The ESI detailed the experimental and
computational details (Table S4), and the results were shown
in Fig. 4.

We noted that the PXRD pattern of the sample after the
experiment was remarkably different from that of the original
solvate, whereas in agreement with that of pentahydrate (see
Fig. 4d). Accordingly, we speculated that it was possible that
the initial solvate cAMPNa-CH3;0H-3H,0 had been transformed
to the hydrate cAMPNa-5H,0 after undergoing the humidity
process. And methanol in original crystal lattice was likely to
be removed and replaced by water molecules, which was
further confirmed by the analysis of sample composition (see
Fig. 4c, Table S4). This phenomenon is common among metal-
organic (MOFs) the
desorption/adsorption of resins, dendrimers, or clathrate

frameworks and resembles
complexation to some extent®>* in regard to the removal of
methanol and uptake of water by solvate and desolvate, but
. 35,36
reported less frequently for non-polymeric structures. For

the cAMPNa solvate, although the Na-O-Na coordination
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polymer and the base packing provide a definite framework to
the structure, it appears to be some different from the typical
physical desorption/sorption of general resins because the
release/uptake of crystal water and methanol was
accompanied by larger bulk reorganization. The solid structure
was in a partially amorphous with the loss of solvent, yet the
crystallinity would turn to increase with uptake of water
molecules (see the patterns of sampling point @ in Fig. S4d).
As such, gas sorption theories such as Langmuir isotherm
model assuming monolayer adsorption on a homogeneous
surface, Freundlich isotherm model assuming adsorption on a
heterogeneous surface, and Brunauer-Emmett Teller isotherm
model for multilayer adsorption could not be available.”” *#
Furthermore, removal of the guest molecules did not leave
detectable pores (as would be expected for clathrates), and
the sample exhibited a nonporous behaviour in N, adsorption-
desorption experiments (see ESI). This indicates that the “pore
size” was smaller than N, with a dynamic diameter of 3.6 A,
but may be larger than that of gaseous water molecules
(2.7~3.2 A). Certainly, the observed effects may be related to
the affinity of gas molecules to the surface, apart from the
steric effects.

Crystal water or methanol molecule are capable of forming
hydrogen and coordination bonds in the lattice, as noted by
analysis of single crystal data (Fig. S4a and Tables S6, S7). The
occupied volume of three water molecules and one methanol
molecule is 490.88 A% in the cAMPNa-CH;OH-3H,0 crystal
lattice, and close to that of five water molecules 472.91 A% in
the cAMPNa-5H,0 lattice (Connolly radius was set to 1.0 4, van
der Waals scale factor was 1.0 A°, and grid interval was 0.75
A).39 The location and surroundings of five water molecules
were extremely similar to that of both three water molecules
and one methanol molecule, thus they likely exhibited
analogous bonding modes (see Fig. 4a-b). Moreover, both the
space group and packing mode were identical for the two solid
forms. The actual volume of one methanol molecule (67.2 A3)
is quite similar to that of two water molecules (32.6 x 2 = 65.2
A3), and the conformation of the host cAMP molecule and its
packing arrangements were only slightly altered from the
solvate to the hydrate (the torsion angles, xcn, were 63.29° and
59.75°, the distance between adjacent two base plane, 3.256 A
and 3.293 A, Fig. 5). The energy gap of single cAMP in two
crystal lattices before and after the transformation was only
1.79 kI/mol (DNP basis set, PBE functional, Dmol3, Material
studio 6.0)30’ “ In other words, the transformation from the

Fig. 5. (a) The minor difference in the conformation of host molecule
cAMP of methanol trihydrate of cAMPNa and its pentahydrate; (b) the
distance between adjacent two base plane,3.256 A for methanol
trihydrate and 3.293 A for pentahydrate.

4| J. Name., 2012, 00, 1-3

solvate cAMPNa-CH30H-3H,0 to the hydrate cAMPNa-5H,0
can be regarded as a replacement reaction mediated by
humidity, as described in equation 1.

cAMPNa-CH;0H:3H,0 (s) + 2H,0 (gy —»
cAMPNa-2H,0-3H,0 (s) + CH;0H (g) Eq. 1

The hydroxyl group of methanol binds with one molecule
of crystal water and O(P-O) via two strong hydrogen bonds, as
depicted in Figs. 3b, S4a. The loss of crystal water and
methanol in the crystal lattice of methanol trihydrate occurred
step-wise under RH 0% conditions, and the desorption rate of
methanol was less than that of crystal water (at sampling point
@), the absolute content of methanol and water of sample
were 6.77% and 0.48%, equivalently approximately 0.8
methanol and 0.1 water per cAMP respectively, and
equivalently loss of 20% of methanol and 97% of water as well,
Fig. 4c and Table S4). After methanol and water were partially
removed and the sample was transferred to RH 32-76%,
gaseous water molecules in surroundings could absorb onto
the crystal surface, get into the crystal lattice, and restructure
the host species. Moreover, due to the affinity and
concentration of water molecule, two new water molecules
can replace the original methanol molecule, and bond with O3
(furanose ring), 06 (P-0O), and N2 (6-membered pyrimidine ring)
via hydrogen bonds. As such, methanol can be replaced by
water completely until thermodynamic equilibrium is attained.
Besides, the methanol and non-coordinated water molecules
are located in channels, which facilitates solvent exchange. It
should be mentioned that the uptake rate of water at RH 32%
was significantly less than that of RH 76%. Some requirements
should be met for the conversion of this kind to occur in solid
formulations: (i) nearly equal size of molecules to be replaced;
(ii) potential for bond formation in crystal lattice.

The conversion condition of solvate to hydrate referred to
in this study was static humidity environment, and the
duration time of several days were required . In fact, if low
humidity condition was given by dynamics dry air flow, and

10
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N < .
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Fig. 6. Dynamic vapor sorption isotherm plot of methanol trihydrate.
Change in sample mass was calculated by using the minimum at RH 0% as
the reference point.
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dynamics water vapor with proper relative humidity was used
in the aforementioned second stage, the conversion of solvate
to hydrate (that is the replacement of methanol in the lattice)
will be significantly accelerated, which was corroborated by
the dynamic vapor sorption (DVS) experiment. (It was
conducted using a DVS Intrinsic dynamic gravimetric water
sorption analyser (SMS Ltd., London, UK) at 25.0+0.1 ‘C. About
20 mg of samples were placed in the quartz sample pan. The
RH was decreased from 76% to 0% in the desorption process
and then increased from 0% to 76% in the sorption and
exchange process with the step size of 10% RH. The sample
was equilibrated at each step with the equilibration criterion
of either dm/dt < 0.002 %/min at the level of no less than 10
min of duration time or a maximum equilibration time of 3 h.
Y The solids before and after DVS tests were subjected to
powder XRD measurements to monitor possible solid-form
transformation, see Fig. 6). In this case, the whole

transformation process can be completed within several hours.

In conclusion, the humidity-mediated method in this report
allows the methanol in cAMPNa lattice to be removed
completely, and enable the its methanol trihydrate to be
converted to its pentahydrate. This may provides a potential
possibility for how to deal with the residual solvent simply and
effectively for some crystal products, as well as help to the
knowledge of solid-solid conversion behaviors. Further
investigation on other solvates transformation and wiping off
residual organic solvent of hydrates product by this approach
are currently underway.
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