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ABSTRACT: The hydrogen bond network of three polymorphs (1, 16, and
1y) and one solvate form (1-H,O) arising from the hydration—dehydration
process of the Ru(II) complex [(p-cymene)Ru(xN-INA)CL] (where INA is
isonicotinic acid), has been ascertained by means of one-dimensional (1D) and
two-dimensional (2D) double quantum '"H CRAMPS (Combined Rotation and
Multiple Pulses Sequences) and '*C CPMAS solid-state NMR experiments. The
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resolution improvement provided by homonuclear decoupling pulse sequences,

with respect to fast MAS experiments, has been highlighted. The solid-state structure of 1y has been fully characterized by
combining X-ray powder diffraction (XRPD), solid-state NMR, and periodic plane-wave first-principles calculations. None of the
forms show the expected supramolecular cyclic dimerization of the carboxylic functions of INA, because of the presence of Cl
atoms as strong hydrogen bond (HB) acceptors. The hydration—dehydration process of the complex has been discussed in terms

of structure and HB rearrangements.

B INTRODUCTION

Noncovalent interactions are key features in determining crystal
packing differences and, thus, property differences in
polymorphic and solvate systems." Among all weak inter-
actions, the hydrogen bond (HB) is the most important
because it combines directionality and strength with selectivity,
leading to one-dimensional (1D), two-dimensional (2D), or
three-dimensional (3D) architectures, or new co-crystals with
peculiar properties.”

The characterization of different HB-based polymorphs
represents an important challenge, since it implies the study
of weak interactions, which are responsible for the unique
properties shown by each polymorph. This allows packing-
property correlations to be made and then the design of
periodic and organized structures with desired and tunable
features. In these studies, X-ray single-crystal diffraction
(XRSCD) is certainly the best technique, which is, nevertheless,
not suitable when dealing with very small crystals (powders). In
the latter case, a reliable alternative is ab initio powder X-ray
diffraction (XRPD),? which can be profitably complemented by
solid-state NMR (SSNMR) and density functional theory
(DFT) computational methods.* Indeed, XRPD provides long-
range information such as (time and space) averaged symmetry
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and atomic positions, while SSNMR relies on local (short-
range) information at each independent site to address the
“size” of the asymmetric unit and the stereochemistry of
relevant fragments and tectons (by looking at 'H—'H and
"H—'3C proximities).” Very fast magic angle spinning (MAS) at
70 kHz or Combined Rotation and Multiple Pulses Sequences
(CRAMPS) such as DUMBO, PMLG, .., etc.® allow the
location of hydrogen-bonded proton signals, which experience
high-frequency shifts, the magnitudes of which are strongly
dependent on HB length and strength.” On the other hand, by
means of 'H 2D double-quantum (DQ) MAS or CRAMPS
NMR experiments, it is possible to obtain additional
information on intramolecular and intermolecular 'H—'H
proximities up to ~3.0 A, which is useful for elucidating HB
networks. DFT-based periodic calculations applied to the solid
state help to solve structures, elucidate spectroscopic proper-
ties, and determine energy differences between polymorphs, or
even prevent incorrect structure determination from powder
data.®
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We have recently characterized the behavior of a promising
building block for wheel-and-axle systems: the half sandwich
Ru(II)-complex [(p-cymene)Ru(kN-INA)CL,] (1, where INA
is isonicotinic acid).” Wheel-and-axle (WAA) compounds are
dumbbell-shaped molecules where a linear ditopic ligand
bridges two relatively bulky groups.'® These systems are able
to reversibly absorb several volatile organic compounds through
heterogeneous solid—gas processes,'’ thus being good
candidates for the development of gas sensors or gas-storage
devices. In our case, INA was expected to bind Ru through the
py-N donor and, at the same time, give rise to the cyclic
dimerization of the COOH functions, thus creating the axle of
the WAA system. Although the py-binding to Ru was
confirmed, the COOH groups dimerization was prevented by
the formation of intermolecular Ru—Cl---HOOC HBs isolating
the room-temperature stable polymorph la (see Scheme 1a).

Scheme 1. (a) General Scheme with Atom Labeling of 1, [(p-
cymene)Ru(kN-INA)CL, ], with the Hydrogen Bonding
Motif Characterizing 1a and 1. (b) Hydrogen Bonding
Motif of 1-H,0. (c) Originally Proposed Hydration—
Dehydration Process of Complex 1 (General Scheme with
Relevant Atom Labelling and Hydrogen Bonding Motif of 2,
[(p-cymene)Ru(kN-A4AB)CL,])
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Once exposed to water vapors, 1a quickly converted to 1-H,O
(Scheme 1b) that, upon heating, afforded an anhydrous
polymorph, 1 (Scheme 1a), through a transient intermediate,
1y. Such hydration—dehydration processes are summarized in
Scheme 1c. All the reported phases, except 1y, were structurally
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characterized either by XRSCD (la and 1-H,0) or the XRPD
and SSNMR approach (18).”

The number of studies dealing with organometallic poly-
morphism is certainly limited if compared to the huge amounts
of reports on organic polymorphism,'* possibly because the
main field of application of organometallics (i.e, homogeneous
catalysis) concerns their solutions.

Here, we report on the isolation of the pure 1y polymorph
and its XRPD/NMR/DFT structural characterization that was
previously hindered by the lack of long-standing pure samples.
Thermodiffractometry allowed the recognition of pure 1y at RT
and, later, its structural characterization. The use of 'H MAS
and CRAMPS (wPMLGS) and 'H 2D DQ CRAMPS
(PMLGS-POSTC7-wPMLGS) SSNMR techniques has been
fundamental for adding spectroscopic evidence on HB
networks in all forms. Periodic plane-wave DFT calculations
were actively used to confirm and refine all experimental
information. Eventually, this synergic coupling of different
approaches led to a better understanding of the entire system.

In light of these new results, this paper is also an opportunity
to discuss the hydration—dehydration process of the Ru(II)
complex in terms of HB, crystal packing rearrangements and
polymorph stabilities. For a thorough analysis, forms la and 1+
H,0, whose X-ray structures are available, will be used for
comparison together with the analogue Ru(II) complex [(p-
cymene)Ru(kN-A4AB)CL,] (2)"° (where A4AB is 4-amino-
benzoic acid) (Scheme 1d) and the free ligands INA and A4AB.

B EXPERIMENTAL DETAILS

SSNMR Spectroscopy. SSNMR measurements were made on a
Bruker AVANCE II 400 instrument operating at 400.23 and 100.65
MHz for 'H and *C, respectively. *C and "H—"*C HETCOR spectra
were recorded at RT at the spinning speed of 12 kHz. Cylindrical 4-
mm outer diameter (O. D.) zirconia rotors with sample volume of 80
uL were employed. For *C CPMAS experiments, a ramp cross-
polarization pulse sequence was used with contact times of 4 ms, a 'H
90° pulse of 3.30 s, recycle delays of 1.5 s, and 1024 transients. The
two-pulse phase modulation (TPPM) decoupling scheme was used
with a frequency field of 75 kHz. 2D '"H—"C on- and off-resonance
HETCOR spectra were measured according to the method of van
Rossum et al,'* using the setup previously described.'® The 'H
chemical shift scale in the HETCOR spectra was corrected by a scaling
factor of 372, since the "H chemical shift dispersion is scaled by a
factor of 3712 during FSLG decoupling. 'H MAS, '"H CRAMPS, and
2D 'H DQ CRAMPS experiments were performed on a 2.5-mm
Bruker probe. The 'H MAS spectra were acquired at the spinning
speed of 32 kHz with the DEPTH sequence (7/2—r—x) for the
suppression of the probe background signal. '"H CRAMPS spectra
were acquired using a windowed-PMLG (wPMLGS)16 pulse sequence
of dipolar decoupling at the spinning speed of 12.5 kHz. 2D 'H DQ_
CRAMPS spectra were acquired at the spinning speed of 12.5 kHz
with PMLGS and wPMLGS pulse sequences for homonuclear dipolar
decoupling during t, and t,, respectively. For all samples, 'H 90° pulse
lengths of 2.5 us and recycle delays of 3 s were used. For each of 256
increments of t;, 80 transients were averaged. The pulse width and the
RF power were finely adjusted for best resolution. In t,, one complex
data point was acquired in each acquisition window (2.2 ps). DQ
excitation and reconversion was achieved using three elements of
POST-C7," corresponding to a recoupling time of 68.58 ys. A 16-step
nested phase cycle was used to select Ap = +2 on the DQ_excitation
pulses (four steps), and Ap = —1 on the z-filter 90° pulse (four steps).
The States-TPPI method was used to achieve sign discrimination in
the F1 dimension. 'H and *C scales were calibrated with adamantane
('H signal at 1.87 ppm) and glycine (*C methylene signal at 43.86
ppm) as external standards.

X-ray Powder Diffraction (XRPD) Measurements and
Analysis. All the diffraction data (Cu Kay,, A = 1.5418 A) were
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collected on a 6:0 Bruker AXS D8 AVANCE vertical scan
diffractometer; the generator was operated at 40 kV and 40 mA.
The diffractometer was equipped with a nickel filter and a linear
position-sensitive detector (PSD), with the following optics: primary
and secondary Soller slits, 2.3° and 2.5°, respectively; divergence slit,
0.3% and receiving slit, 8 mm. The nominal resolution for the present
setup is 0.08° 20 (fwhm of the @; component) for the LaB peak at
~21.3° (26). The conditioning chamber for thermodiffractometric
experiment, a closed Peltier sample heater, was supplied by Officina
Elettrotecnica di Tenno, Italy. The accurate diffraction pattern at RT
under nitrogen of the pure 1y phase was acquired in the 4°—90° 26
range, with A26 = 0.02° and exposure time = 1 s/step. The pattern
was indexed using the single value decomposition approach,'® which
afforded a monoclinic lattice (P21/a space group, a = 30.986(2) A, b =
15.3681(9) A, ¢ = 7.3828(4) A, § = 95.281(4)°; Le Bail R, = 4.39)
later confirmed by finding, upon exhaustive simulated annealing
runs,”’ a good structural hypothesis (Rw = 10.15), which was
successfully refined (final R, Ry and Rpge: 4.02, 528, and 2.27,
respectively).

During simulated annealing, we described the molecule as a single
“flexible” rigid body allowing for all necessary rotations. At variance,
during refinements, the Ru-(#°-p-cimene) and the p-carboxyl pyridine
groups were treated as independent, “flexible” (both the isopropyl and
carboxyl group rotations were allowed), rigid bodies. The Cl atoms
were free to refine but the Ru—Cl and Ru—N bond distances were
restrained to 2.44 and 2.12 A, respectively. “Antibump” conditions
were substantial for a correct sampling of the conformational space.”’
The final refinement was done using the DFT optimized structure as
“reference” (see main text and ref 32), maintaining only the Ru—Cl
and Ru—N restraints.

Peak shapes were described by the fundamental parameters
approach.”! The experimental background was fit by a polynomial
description. Systematic errors were modeled with sample-displacement
angular shifts corrections. To metal and CI atoms was given a refinable
isotropic displacement parameter (BM), while to lighter atoms was
assigned a common B = BM + 2.0 A” value. All computations were
performed with TOPAS, using scattering factors, corrected for real and
imaginary anomalous dispersion terms, taken from its internal
library.>*

Computational Details. Periodic lattice calculations were
performed by means of Quantum Espresso, version 4.3.2,>> keeping
the cell parameters (ie., no cell optimizations have been performed)
and the Ru atom coordinates constant, which are the most accurate
XRPD parameters. Vanderbilt Ultrasoft pseudo-potentials (USPP),**
including scalar relativistic corrections, were used for all atoms
(employing those available at the Quantum Espresso website).”® The
general gradient approximation (GGA) with the Perdew—Burke—
Ernzerhof (PBE) functional®® was used in the calculations. We
thoroughly used a cutoff energy of 60 Ry for plane-wave USPP
calculations to ensure convergence. The high cutoff chosen is required
by the presence of atoms, like oxygen, for which even the ultrasoft
pseudo-potential is relatively hard. Note, however, that a lower level of
convergence would not affect the conclusions drawn in this work
significantly. Because of the large cell size and their shapes, the
irreducible Brillouin zones were sampled with only one (for 1f) or
two k-points (2 X 1 X 1 for 1), with the Monkhorst—Pack scheme.””
The Gaussian 09°® GIAO method has been used to compute NMR
chemical shifts of 1y. We employed the DFT method with Becke’s
three-parameter hybrid functional® and Lee—Yang—Parr’s gradient-
corrected correlation functional (B3LYP).*® The Los Alamos double-(
(LanL2Dz) basis set and effective core potential were used for Ru
atoms, and the split-valence 6-31+G(d,p) basis set was applied for all
other atoms. The chemical shifts were computed by extracting two
structures from the optimized 1y cell unit: four and three molecules of
the first neighboring shell have been selected around the strong and
the weak H---Cl interactions, respectively. The calculated absolute
magnetic shielding ¢ values were converted to 'H chemical shifts J,
relative to the absolute magnetic shielding of TMS (o = 31.6412),
computed at the same B3LYP/6-31+G(d,p) level.
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B RESULTS AND DISCUSSION

Solid-State Synthesis of 1y and Reformulation of the
Qualitative Phase Diagram. VT-XRPD experiments show
that, although 18 can be stabilized at RT by quenching from 90
°C to RT, it is only metastable. Indeed, if slowly cooled, it
transforms to 1y. The 18 — 1y phase transition occurs at ca. 35
°C, while the backward transformation 1y — 1f starts above 40
°C. The same experiment performed by keeping the temper-
ature constant just above the onset (80 °C), confirm the
crystal-to-crystal nature of the 1'H,O — 1y and 1y — 1
transformations (see Figure S1 in the Supporting Information).
The instability of 1y at 80 °C and the inherent presence of
some phase contamination (heavy in the intermediate at 80 °C
but only slight at RT), do not hamper confirmation that the
powder pattern of the intermediate phase 17, reported in Figure
1c, well matches that obtained by cooling under N, (Figure le).

4 6 8 10 12 14 16 18 20 22 24 26
26

Figure 1. Powder patterns of (a) la, as calculated from the single
crystal structure; (b) 1-H,O at RT; (c) 1y, as recorded after 300 min
annealing at T = 80 °C of 1'H,0; (d) 1§ at T = 373 K; (e) 1y as
recorded after cooling at RT, under N, atmosphere, of 1.

Thus, the originally proposed qualitative phase diagram
(Scheme 1c) must be redrawn as in Scheme 2. The lack of

Scheme 2. New Hydration—Dehydration Processes of the
Complex [ (p-cymene)Ru(x¥N-INA)CL, ]
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amorphous intermediates during the 1-H,0 — 1y and 1y — 1§
processes and their reversibility indicate their topotactic nature,
ie, the structures of 1'H,0, 1y, and 1 must have a high
degree of similarity.

The characterization of the hydration—dehydration processes
has been completed by the ab initio XRPD structural
determination of 1y taking full advantage of the complementary
information granted by SSNMR and computational techniques.

SSNMR Data on 1y. 'H and *C chemical shifts with
assignments for compound 1y are reported in Table 1. 'H and
BC assignments have been based on data of la and 18
previously reported” and with the help of the '"H—'*C FSLG-
HETCOR experiment (see Figure S2 in the Supporting
Information). However, it was not possible to discriminate
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Table 1. 'H and "*C Chemical Shifts (ppm) with
Assignments for Compound 17“

carbon® type Bcs 'H 6 C-H
C1 CH 160.3/159.5 9.1 H1
C2 CH 120.8/120.0 7.1 H2
c3 C, 139.7/137.1
C4 CH 123.3/122.2 6.6/6.5 H4
Cs CH 153.8/153.3 8.8/8.9 HS
C6 COOH 167.3/162.9 10.5 H10 OHY
Cc7 C, 100.5/99.9
C8 CH 79.2 5.0 H8
c9 CH 89.9/87.0 5.5/5.5 H9
C10 C, 97.4
Cl11 CH 86.5sh/84.3 5.6/54 H11
C12 CH 83.2/80.5 5.0/5.4 H12
C13 CH; 19.2/17.3 1.7/1.4 H13
Cl4 CH 30.8 3.2 H14
C15 CH;4 26.8/24.9 1.8/1.6 H1S
Cl6 CH; 19.2 1.4 H16

“For atom labeling, see Scheme la. b1t was not possible to individuate
the other OH signal due to overlap with other resonances. Thus, only
the OH involved in the strong O—H---Cl HB is reported.

and assign the resonances (in particular, the 'H resonances are
still quite broad) for the symmetry nonequivalent molecules.
The splitting of all *C resonances in the *C CPMAS spectrum
of 1y, shown in Figure 2a, which is not observed for 2 (Figure

Cé

140 120

T T
160 100 80 60 40

Figure 2. °C (100.65 MHz) CPMAS spectra with relevant signal
assignments of compounds (a) 1y and (b) 2 recorded with a spinning
speed of 12 kHz.

2b), clearly highlights the presence of two independent
molecules in the unit cell (Z’ = 2; for a thorough comparison,
BC spectra of 1, 1'-H,0, and 1f are reported in Figure S3 in
the Supporting Information). The chemical shift difference
(~4.4 ppm) for the two C6 (COOH) nuclei in 1y (167.3 and
162.9 ppm) suggests two different HB arrangements. However,
both sites do not seem to form the cyclic dimerization, which
would result in a high-frequency shift similar to that observed in
2, (C6 at 172.7 ppm, Figure 2b). The cyclic dimerization is
definitely ruled out by the analysis of the DQ correlations in the
'"H DQ CRAMPS spectrum, where the presence of DQ signals
implies a '"H—"H through-space separation of less than ~3 A
with 8pq = 8, + 8 for 'H*—"H® proximities (two symmetric
signals, with respect to the diagonal) or 6pq = 28, for IHA-_THA
intermolecular separation (one peak on the diagonal).”" In the
case of compound 2, whose spectrum is reported in Figure 3,
the presence of the COOH cyclic motif (which brings two OH
of different molecules closer than 3 A) leads to a DQ coherence
at Opq = 13.3 + 13.3 = 26.6 ppm (diagonal correlation), as
expected. In contrast, in the '"H DQ CRAMPS spectrum of 17,
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Figure 3. (a) 'H (400.23 MHz) DQ CRAMPS (PMLGS—POSTC7—
wPMLGS) spectrum of 2, together with skyline projections recorded
at 12.5 kHz MAS. Negative contours (artificial peaks) and the F1 =
2F2 diagonal are shown as dashed lines. Solid red horizontal bars
indicate specific DQ_coherences between OH (H10) and nearby
protons. The OH diagonal peak indicating the cyclic dimerization of
the COOH groups is highlighted in red. (b) Representation of the
crystal structure of 2 showing the intermolecular proximity between
H10 and H16 and the intramolecular proximity between H10 and H2.

shown in Figure 4, the lack of DQ coherences at pq = 10.5 +
10.5 = 21.0 ppm definitively indicates the absence of COOH
dimerization. Other DQ_signals involving OH protons are
collected in Table 2.

The comparison between 'H MAS spectra of 18 and 1y,
reported in Figure 5, shows a halving of the 1 OH signal
intensity. This can be attributed either to a reduction of the
number of protons involved in the O—H--Cl or to the presence
of a very weak HB leading to a OH signal overlapped with that
of the aromatic protons. Proton mobility along the HB has
been ruled out by recording spectra at different temperatures.

Crystal Structure of 1y and a Short Reappraisal of
That of 1f. The structure of 1y was solved, ab initio, from
laboratory XRPD patterns. 1y crystallizes in the monoclinic,
P2,/a, space group (No. 14, nonstandard setting of P2,/c) with
two independent molecules in the asymmetric unit (Z=8, Z’ =
2) and the largest molecular volume, Vy = V/Z, among the
three anhydrous polymorphs 1a, 17, and 18 (421, 437, and 425
A3, respectively). The molecular structure and labeling scheme
of 1y are reported in Figure 6.

XRPD, particularly when using laboratory instruments,
affords blurry molecular pictures. Presently, dealing with two
molecules in the asymmetric unit (with a volume of 874 A%)
and 44 independent non-hydrogen atoms, we were forced to
use a heavy idealization. In the present case, diffraction possibly
affords only the rough shape and location of the two
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Figure 4. (a) 'H (400.23 MHz) DQ CRAMPS (PMLGS—POSTC7—
wPMLGS) spectrum of 1y, together with skyline projections recorded
at 12.5 kHz MAS. Negative contours (artificial peaks) and the F1 =
2F2 diagonal are shown as dashed lines. Solid red horizontal bars
indicate specific DQ_coherences between OH (H10) and nearby
protons. (b) Representation of the crystal structure of 1y, showing
H10-H16, H10—H14, and H10—HS proximities.

Table 2. 'H DQ Correlations” (in ppm) Involving OH 'H
Nuclei (<3.0 A) in la, 1-H,0, 16, 17, and 2°

compound Osq Osq Spq correlation
la 9.9 5.0 149 H10—-HI11
1'-H,0 8.7 1.4 10.1 H10—-H16
8.7 4.7 13.4 H10—Hw
16 10.1 1.6 11.7 H10—H16 and H1S
10.1 8.5 18.6 H10—-H2
lyc 10.5 1.7 12.2 HI10—HI16
10.5 3.2 13.7 H10-H14
10.5 8.9 19.4 H10-HS
2 13.3 0.9 14.3 H10-H16
133 7.8 21.1 H10-H2¢
13.3 13.3 26.6 H10—-HI10

“Only intermolecular proximities are reported. bSee Figures 4 and §,
as well as Figures S4, S5, and S6 in the Supporting Information. “In the
unit cell, two independent molecules are present. Here, only the
molecule with the OH proton involved in the strong O—H---Cl HB is
considered. “Intramolecular proximity.

independent molecules but does not shed enough light neither
on the metrical details of covalent bonding nor on the topology
of intermolecular interactions. Indeed, while we clearly observe
one short O—H--Cl (O1b--Cl2a) contact and unambiguously
exclude the presence of any COOH cyclic dimer, we are unable
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Figure 5. Comparison between 'H (400.23 MHz) MAS spectra of
compounds 1f (red) and 1y (black) recorded with a spinning speed of
32 kHz. The technique is quantitative.

Ci13

Ci4
us

Figure 6. Molecular structure and labeling scheme of 1y.

Ci5

to decide whether the second independent carboxylic group
does or does not interact with its closest Cl atom, since the
O1la---CI2b distance is rather elongated and strongly dependent
on the details of the antibumping conditions on the nearby
atoms. Thus, periodic lattice DFT calculations were performed
on the 1y XRPD structure in order to increase the accuracy of
XRPD results and to ascertain the intermolecular role of this
second carboxylic group, and the structure resubmitted for
Rietveld refinements. The iteration method, repeated until self-
consistency, leads to a final 17-XRPD model.** The structure is
characterized by one strong O---Cl interaction (O---Cl distance
of 3.085 A and O—H—Cl angle of 166.2°) and one weak O-+-Cl
interaction (O---Cl distance of 3.183 A and O—H—Cl angle of
156.2°). This agrees with the 'H MAS NMR spectra (see
above) and with NMR-GIAO DFT calculations data (in this
case GIPAW calculation®® would be prohibitive). Indeed, both
suggested that only half of the OH hydrogen atoms are
involved in strong O—H--Cl interactions while the others,
attributed to a weaker contact, fall overlapped under the signals
of aromatic hydrogen atoms in ortho position, with respect to
the pyridine nitrogen atoms (computed chemical shifts: 12.2
and 9.6 ppm for the strong and weak interaction, respectively).
Another optimized structure characterized by only one O---Cl
contact had higher energy34 or did not fit XRPD data. The
iterative approach adopted herein allowed us to discover, inter
alia, that the previously reported 1f structure had an incorrect
conformation of the p-cymene i-propyl group (see above). We
were able to find a better R,,, minimum (6.52 vs 6.79) in which
the i-propyl group has the same conformation found in 1-H,O.
Accordingly, the last sentence of page 4371 of ref 9 must be
reconsidered (and Figure 13b modified) given that the
molecules in 1-H,0 and 18 differ only in the carboxyl rotation
(see the Supporting Information). The new 1 XRPD model
was then resubmitted to Quantum Espresso, leading to a O---Cl
distance of 3.086 A (OH--Cl distance = 2.106 A; C—H—Cl
angle = 162.6°). This interaction is relatively strong, and fits
perfectly with the SSNMR observation of a single strong O—
H---Cl HB.

dx.doi.org/10.1021/ic401762z | Inorg. Chem. 2014, 53, 139—146
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Finally, 18 and 1y polymorphs have very similar absolute
energy per molecule. This observation is also in agreement with
the overall picture proposed.

HB Network Analysis. High-resolution 'H 1D (Figure 7,
together with the corresponding HB contacts) and 2D DQ

Figure 7. "H (400.23 MHz) CRAMPS (wPMLGS) (black lines) and
MAS (gray lines) spectra of compounds la (spectrum a), 1-H,O
(spectrum b), 18 (spectrum c), 1y (spectrum d), and 2 (spectrum e),
recorded with spinning speeds of 12.5 kHz (CRAMPS) and 32 kHz
(MAS). Assignments of hydrogen-bonded proton signals are also
reported with HB network schemes. Asterisks denote carrier
frequencies.

CRAMPS (see Figures 3 and 4, as well as Figures S4—S8 in the
Supporting Information) SSNMR spectra (1a, 14, 1y, 1-H,0,
and 2) allowed the HB networks of all polymorphs to be
elucidated and confirmed the accuracy of the 1 and 1y
structures solved from powder data. All OH proton chemical
shifts with main '"H—'H proximities obtained from the 2D
spectra are listed in Table 2.

While a resolution improvement is observed for all signals by
using the wPMLGS method, compared to MAS experiments,
we focus our discussion herein on the DQ signals involving
hydrogen-bonded protons. X-ray single-crystal structure
analysis reveals similar intermolecular hydrogen-bonding
arrangements, ie., the contact O—H---Cl, for the three
polymorphs 1e, 18 and 1y. This is reflected in similar chemical
shift values of the OH resonance at 9.9, 10.1, and 10.5 ppm,
respectively. These structures do not show the expected
supramolecular cyclic dimerization of the carboxylic functions
of INA as confirmed by the lack of diagonal peaks associated to
the OH resonance in their 'H DQ CRAMPS spectra (see
Figure 4, as well as Figures S4 and S5 in the Supporting
Information). This is in agreement with the good HB-acceptor
character of the Cl ligands.35 For 1 DQ signals involving the
OH protons are at Jpq = 10.1 + 1.6 = 11.7 ppm
(intermolecular with H1S and H16 - methyl groups of the
isopropyl moiety) and dpq = 101 + 85 = 18.6 ppm
(intermolecular with H2 - pyridyl aromatic proton of another
molecule), see Figure S4 in the Supporting Information. In the
'H 2D DQ CRAMPS spectrum of 1y, we observed proximities
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between OH and H16 (methyl group of the isopropyl moiety)
(6pq =10.5 + 1.7 = 12.2 ppm), OH and H14 (CH group of the
isopropyl moiety) (6pq = 10.5 + 3.2 = 13.7 ppm) and between
H10 and HS (pyridyl proton) (8pq = 10.5 + 8.9 = 19.4 ppm).
The "H—"H proximities observed in the 'H 2D DQ CRAMPS
NMR spectra of 1f and 1y perfectly agree with the structure
solved from XRPD and optimized by DFT providing useful
parameters for validating the reliability of the structure solved
from powder data. In 1, the OH group results quite far from
those of other hydrogen atoms, as confirmed by the presence of
only one DQ resonance at 6pq = 9.9 + 5.0 = 14.9 ppm, which is
attributed to the HI0—H11 (aromatic proton) proximity (see
Figure SS in the Supporting Information). 1°-H,O shows two
water molecules bridging two carboxylic functions of two
different metallorganic entities, giving rise to a R*,(12)
supramolecular cyclic dimer.*® Because of casual overlapping,
the location at 4.7 ppm of the proton water signal in the
spectrum was possible only through the H10—Hw proximity
generating a DQ correlation at dpq = 8.7 + 4.7 = 13.4 ppm (see
Figure S6 in the Supporting Information). The other
correlation refers to the H10—H16 proximity (dpq = 8.7 +
1.4 = 10.1 ppm).

As stated above, the 2 analogue presents the supramolecular
cyclic dimerization of the COOH group, as highlighted in the
"H DQ CRAMPS spectrum (Figure 3). A similar diagonal peak
indicating the COOH dimerization also characterizes the
spectrum of the pure ligand A4AB (see Figure S7 and Scheme
S1 in the Supporting Information for a sketch of the
intermolecular contacts): dpq = 13.9 + 13.9 = 27.8 ppm.”’” In
contrast, the pure ligand INA presents O—H:--N head-to-tail
interactions (see Scheme S2 in the Supporting Information),*®
thus its 2D DQ_spectrum (see Figure S8 in the Supporting
Information) does not shows OH diagonal peaks but DQ
signals at dpq = 18.1 + 8.5 = 26.6 ppm (OH—H2 and H6
pyridine hydrogen atoms) and &pq = 8.2 + 8.2 = 16.4 ppm
(H2—H3 and HS—H6 pyridine hydrogen atoms).

Structural Correlation between 1-H,0, 17, and 1. For
comparison, we considered the three structures; 1°-H,0 and 16
exhibited a super cell of order 2 with the same space group
symmetry (P2,/a) of 1y, and the lattice parameters were similar
to those of 1y.

A quick look at Figure 8, where the content of the three
(super)cells is reported and the O—H--Cl interactions are
highlighted, clearly shows that the entropy-driven water
desorption of 1-H,O (which implies the rupture of 16 O—
H:-O and 8 O,—H:--Cl interactions per supercell) determines
a topotactic volume shrinkage (from 3677 A’ to 3492 A3,
which, however, still leaves some residual voids) to 1%,
associated with the formation of eight new O-H---Cl
interactions per cell. Then, a further volume shrinkage (from
3492 A’ to 3389 A%) and the reorganization of four, out of
eight, O—H--Cl interactions per supercell, leads to 18. Actually,
Figure 8A is slightly misleading, since the projection of the
structures down the c-axis shades that the 1‘-H,O — 1y phase
transition implies not only a doubled cell but also a structural
shear along the a*-axis at the interface of the carboxylic groups,
as highlighted in Figure 9. No additional shear was observed in
the following 1y — 1f transition and, as expected, 1y is more
similar to 1§ than to 1-H,0.

H CONCLUSION

In this contribution we demonstrate how high-resolution 'H
CRAMPS (1D and 2D) SSNMR techniques, XRPD techniques
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a)

Figure 8. Structure correlation among 1°‘H,0, 1y, and 18. All
structures have been drawn down their c-axis and the O—H--Cl
interactions are highlighted. Supercells of (a) 1-H,0, space group P2,/
a,a=3157A b=1584 A, c=742 A, f=8225° V= 3677 A® (water
molecules have been omitted for the sake of clarity, but they are
located within the volumes highlighted in gold and the carboxylic
oxygen atoms mutually interacting through them have been connected
by dashed lines); (b) (true) unit cell of 1y, space group P2,/a, a =
30956 A, b = 15358 A, ¢ = 7.376 A, = 9527°, V = 3492 A® (the
golden regions are real “voids” (33 A®)); and (c) 18, space group P2,/
a,a=2932A,b=15089 A, c=7726 A, B =97.03° V=23389 A3

and periodic plane-wave first-principles calculations can be
combined for providing reliable structures of organometallic
microcrystalline samples not suitable for a single-crystal X-ray
analysis.

X-ray powder thermodiffractometry allows us to both follow
complex phase transformations and structurally characterize
“uncontaminated” intermediates, thus affording substantial
information suitable as starting points for SSNMR analysis
and DFT plane-wave periodic calculation. On the other hand,
SSNMR affords a separate evaluation of the number of
crystallographically independent fragments, which is highly
useful in the XRPD indexing process. Finally, DFT plane wave
periodic calculation together with the 'H-'H proximities,
obtained by '"H DQ CRAMPS spectra, provide an efficient
method for checking the reliability of the solved structure.

Thanks to this integrated multiple approach, which is
intrinsically more accurate than the single methodologies, a
complete characterization of the [(p-cymene)Ru(xN-INA)CL,]
polymorphic system has been performed. The hydrogen bond
networks in all systems have been investigated in term of
supramolecular synthons. The phase transformations have been
analyzed by thermodiffractometry. Passing from 1-H,O to 1y
and from 1f to 1y, the sequence of continuous shrinkages and
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Figure 9. Supercells of (a) 1-H,0, b) (true) unit cell of 1y, and (c)
16; each drawn down the b-axis.

gradual formations of O—H---Cl interactions is coherent with
the metastable nature of 1y at 80 °C. However, we were not
expecting to retrieve 1y upon cooling 1f at room temperature
(RT) (under N, atmosphere), as we later determined.

The structural correlation between 1°H,0, 17, and 18, which
mainly depends from their space group symmetries, lattice
metrics, and rough molecule locations and orientations within
the unit cells, has been recognized. Noteworthy, this result
greatly improves the level of confidence of our ab initio XRPD
structure solution and, possibly, addresses the most probable
mechanism of the 1-H,0, 1y, and 1f polymorphic trans-
formations.

In view of the current interest on the anticancer activity of
half-sandwich Ru(II) complexes,® the knowledge of the
polymorph-dependent stability and hygroscopicity for mole-
cules belonging to this class of compounds (compare the
relative affinities of the polymorphs le, 18, and 1y toward
water) is of paramount importance, since it has a great impact
on bioavailability and storage issues.
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