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Abstract

The hydrogen-bonded arene ruthenium metalla-rectangle, [(p-
cymene)zRuz(OOnOO)(UPy)2]24+, obtained from 1-(4-oxo-6-undecyl-1,4-dihydropyrimidin-2-yl)-
3-(pyridin-4-ylmethyl)Jurea (UPy) and the dinuclear arene ruthenium clip (p-
cymene),;Ru,(0O0N0OO0)Cl, (0O0ONOO = 2,5-dioxido-1,4-benzoquinonato) is investigated by means
of solution-phase NMR spectroscopy. Rotating frame nuclear Overhauser effect measurements
are used to probe the H-bond network that drives the UPy self-assembly as well as the full
rectangular supramolecular system. An effective distance that takes into account both intra and
intermolecular polarization-transfer pathways is utilised for data analysis. The experimental
findings are corroborated by DFT calculations of NMR parameters and internuclear distances,

thus confirming the formation of a very stable tetranuclear metalla-assembly.

Keywords: NMR Spectroscopy, Nuclear Overhauser Effect (NOE), Rotating Frame
Overhauser Effect (ROE), Internuclear Distances, Density Functional Theory
(DFT), Calculations of Chemical Shifts, Self-Assembly Processes,

Supramolecular Structures, Arene Ruthenium Complexes.
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Introduction

Self-assembly processes involve a small number of simple building blocks that undergo a
spontaneous organization into a more complex structure.[1] This is particularly important in
supramolecular chemistry, where the possibility to build large systems with desired properties
without external intervention or control on the assembling process is extremely appealing. The
construction of the superstructure is in fact driven by the interactions taking place between the
building blocks themselves. These interactions are usually non covalent, such as hydrogen bond,
n-1t stacking or coordination to metal centres.[2] A careful choice of chemical functionalities
aimed at establishing a given intermolecular recognition pattern can allow the engineering of
very complex superstructures. This may be conceived and has been shown also in solid-state
crystalline systems.[3] The importance of self-assemblies is particularly evident in biological
systems. For instance, the folding of proteins in tertiary structures, their subsequent
aggregation to form quaternary structures, as well as the formation of the double helical DNA,

may all be well described as self-assembly processes.

Among the various non-covalent interactions that can be exploited in this context,
hydrogen bonding is perhaps the most utilized. Its directionality, stability, reversibility and
specificity constitute some of the features that make H-bonding so versatile compared to other
non-covalent interactions.[4,5] An appropriate choice of the donor/acceptor pair also allows for
tunability of the strength of the H-bonding and hence offers a way of controlling the stability of
the resulting self-assemblies. The use of arrays of donor/acceptor pairs can also be considered
as a means to regulate the strength of the interactions driving the organization of
supramolecular architectures. This latter approach results in parallel arrays of contiguous
donor/acceptor pairs on heterocyclic scaffolds capable of establishing an H-bonding network
that drives the self-assembly process.[6-11] Examples of up to six consecutive H-bonds have
been reported,[12,13] but those involving three and four H-bond arrays are the most studied in
molecular recognition and self-assembly of supramolecules.[14-18] Among the most popular
scaffolds used to design quadruple H-bonding self-assembled systems is the 2-ureido-4-[1H]-

pyrimidinone (UPy).[19,20] The quadruple H-bonding network of UPy results in the formation of
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head-to-tail homodimers characterized by high dimerization constants (kgim > 10° M™%). The use
of other complimentary non-covalent interactions like metal coordination has recently been
reported as a means to architecture cyclic superstructures bearing prismatic or cubic cavities, or
cages, potentially capable of hosting other molecular species.[21,22] Supramolecular cages
assembled by coordination to ruthenium centres have been studied for their applications in
anticancer therapy, thanks to their capability to encapsulate, transport and deliver potential
drugs to tumour cells.[23,24] Common spacer ligands utilized to form these arene ruthenium
assemblies are polydentate pyridyl-based ligands and anionic hydroxybenzoquinonato

connectors.[25,26]

A very powerful tool in NMR spectroscopy for structural studies of chemical systems is the
Nuclear Overhauser Effect (NOE).[27,28] This technique relies on relaxation phenomena
between dipolar coupled spins and manifests itself in changes in signal intensities of nuclear
sites when other specific nuclear sites are perturbed by means of a radio-frequency (rf) pulse.
More specifically, when the population difference across the Zeeman eigenstates of a nuclear
spin is driven away from its equilibrium state, either by saturation or inversion, a change in
signal intensity may be observed for resonances associated with spins which are dipolar coupled
to the irradiated one. In other words, if a nuclear spin is in spatial proximity with another one,
with the latter being perturbed by an rf-pulse, the former will show a variation of signal
intensity when compared to a spectrum where no spin was irradiated. A requirement for this
phenomenon to take place is a dipolar coupling between the above-mentioned nuclear spins.
This interaction is proportional to r°, where r is the distance between the spin pairs. Therefore,
the experimental observation of NOE supplies information about — and implies — spatial
proximities between given nuclear sites and can prove extremely useful in structural studies of
the supramolecular systems considered in this study. It may be shown that, under conditions of
linear growth of the NOE enhancements, if one perturbs the equilibrium-population difference

of spin A and observes NOEs on spins B and X, the following relationship applies:[27]

rAB:rAX(IX/IB)VG' (1)

where /; is the intensity of the j-th signal, and ry; is the internuclear distance between the

irradiated spin A and the i-th spin for which the NOE is observed. If the internuclear distance rax
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is known, then one can readily determine the unknown distance rss. A widespread variation of
the NOE experiment is the Rotating-frame Overhauser Effect (ROE),[29,30] where an rf pulse is
applied so as to spin-lock the magnetization in the transverse plane. This technique is utilized in
cases where NOE enhancements are close to zero. In contrast with the NOE, where the
magnetization transfer is related to relaxation along the static By field, in the ROE case
relaxation takes place in the transverse field associated with the rf pulse. In spite of these
differences, the general discussion about NOE outlined above applies to ROE as well. Therefore,
also this latter technique may be utilized for structural studies aiming to determine internuclear

distances between sites experiencing non-negligible dipolar couplings.

Density Functional Theory (DFT)[31] calculations of NMR parameters such as chemical
shieldings, J couplings or electric field gradients can prove extremely useful in assisting spectral
interpretation and assignment.[32,33] These methods may be utilized in NMR studies aiming at
the structural characterization of a variety of chemical systems in either solution or solid

state.[34-42]

In this context, we turned our attention to the self-assembly of an arene ruthenium
rectangle resulting from UPy H-bonded dimers and a hydroxybenzoquinonato arene ruthenium
clip. In contrast with previous arene ruthenium assemblies based on classical polydentate
pyridyl linkers, these systems consist of a combination of H-bonding and coordination-driven
self-assemblies that offer new possibilities in the rational design of cavities with desired

functional properties.

We probe the existence of the H-bonding network that characterizes the formation of the
UPy homodimer by means of 1D ROESY measurements. The formation of the metalla-rectangle
superstructure is also demonstrated with solution-phase NMR technique. The experimental
evidences are corroborated by a computational approach involving semiempirical and DFT
calculations. The geometry optimizations of the relevant species supply internuclear distances
that can be compared to those determined experimentally by means of NMR ROE

measurements whereas the calculations of the magnetic shielding tensors allows for
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comparison with the experimental 'H and C chemical shifts observed in solution-phase

spectra.
Results and discussion

Solution-NMR and computational study of UPy

The hydrogen-bonded arene ruthenium metalla-rectangle, [(p-
cymene),Ru,(00N00)(UPy),],*", obtained from 1-(4-oxo-6-undecyl-1,4-dihydropyrimidin-2-yl)-
3-(pyridin-4-ylmethyl)urea  (UPy) and the dinuclear arene ruthenium clip (p-
cymene),;Ru,(0O0N0O0)Cl, (00ONOO = 2,5-dioxido-1,4-benzoquinonato), is isolated as its triflate
salt. The structure of the arene ruthenium rectangle and the numbering adopted in this study
are shown in Figure 1. Previous attempts aiming at the characterization of such H-bonded
system by means of *H NMR analysis performed at different concentrations in the mM to pM
range did not show any significant variation in chemical shifts thus preventing the
determination of the dimerization constant of this highly stable H-bonded self-assembly.[7] The
proton spectrum of a solution of UPy in CDCls is shown in Figure 2(a). The assignment of all
resonances has been achieved via 2D heteronuclear correlation experiments, more specifically
HSQC and HMBC (Fig. ESI1 and ESI2, respectively), and is presented in Table 1. Figure 2(b), (c)
and (d), show 1D ROESY spectra of the same sample where H(2), H(10) and H(13) were
irradiated, respectively. When analysing NOE enhancements in such dimeric structures one has
to consider both intra and intermolecular dipolar couplings, which may both supply pathways
for polarization transfer. If one considers two spins A and B belonging to one molecule and their
chemically-equivalent counterparts A’ and B’ belonging to the other molecule of the dimer, it
may happen, as in our case, that raz > rag. In other words, the NOE enhancement observed for,
say, the spin B (and B’) when perturbing the spin A (and A’) may be related to both intra and
intermolecular dipolar couplings. This concept is depicted in the scheme shown in Figure 3(a),
where the head-to-tail homodimer is represented as two triangles and intra and intermolecular
polarization-transfer pathways between two sites A and B are indicated by dashed grey arrows,

and labelled as r; and r,, respectively. In order to take into account these effects, Equation (1)
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(eff)

needs to consider an effective distance r;’ that can be related to the intensity of the

enhancement /; of the i-th spin which is experiencing n different polarization-transfer pathways:

16
. 1 1 1 H" Z"
J )

ry, r r
It is worth noting that these n considered pathways represent direct polarization transfers and

46

i

any indirect effect due to spin diffusion is neglected in this context.[43] Figure 3(b) shows a plot
of the effective distance r°" (/‘1,1) as calculated with Equation (2) for two interatomic distances

riand r, where r, =1 and r; is linearly increased up to 2 arbitrary units (a.u.) of distance. When

(eff) (eff)

r,0 r, then r'""/ [ r, whereas when r, U r, then one has r'""" [I r,. In the intermediate case

of ntr,, rtef) returns a value that is smaller than both r; and r,. More specifically, in the

particular case of two r; = r, = 1 a.u. then one has r(eff)(l,l):l/\/gzo.89. When, as in our

case, spin pairs can experience intermolecular polarization-transfer pathways which are shorter
or similar to intramolecular ones, Equation (2) necessarily needs to be taken into account in

order to interpret experimental NOE enhancements.

The histogram in Fig. 4 shows the differences Ar = |rROE —rDFT| between internuclear distances

measured from the ROE enhancements of the spectra in Figures 2(b), (c) and (d), and those
obtained from the structures of the monomeric and dimeric UPy as optimized with DFT
methods. The smaller those differences the better the agreement between experiments and
calculations. In other words, the smaller these differences the more likely the DFT structure to
resemble that present in the physical sample. In this histogram, the differences calculated
assuming a monomeric UPy structure are shown in white whereas those calculated assuming
the head-to-tail dimer are shown in grey. In the former case, only intramolecular dipolar
couplings were taken into account whereas in the latter case both intra- and intermolecular
pathways of polarization transfer were considered by means of Eq. (2). This histogram clearly
shows a much better agreement of the experimental data sets when the dimeric structure is
considered, with differences generally smaller than 1 A in all cases. In particular, proton sites

which are on opposite sides of the structure, such as, say, H(2) and H(13), necessarily require
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intermolecular pathways which may only exist in the dimer in order to interpret the
experimentally-observed ROE enhancements. In the case of a monomeric UPy, in fact, one

obtains mismatches as large as 3 A. It is also interesting to notice that the effective multi-
pathway distance r,.(eff) reproduces roughly the same results as the monomeric single-pathway

one for those protons located in the central part of the structure. It is worth noting that the
enhancement obtained on H(13) when H(2) is irradiated is very consistent with that obtained on
H(2) when H(13) is irradiated. The same consistency is obtained also for the other couple of
sites H(2) and H(10).

The experimental data based on 1D ROESY measurements so far presented strongly indicates
the existence of UPy as H-bonded dimer in solution. An independent further assessment was
also carried out by considering the chemical shifts of the **C and H resonances as measured in
conventional 1D spectra and those calculated with DFT methods.

Figure 5(a) shows the correlation between experimental **C chemical shifts and those calculated
for the monomeric structure. The quality of the correlation may be indicated by a coefficient R?
= 0.996. Figure 5(b) shows the analogous correlation when the dimeric structure was used to
calculate the chemical shifts. In this latter case R* = 0.999, with all carbon sites very accurately
described by the DFT calculations and lying very close to the ideal 1:1 correlation represented
by the dashed line. Figure 5(c) shows the correlation between experimental *H chemical shifts
and those calculated for the monomeric structure. In this case, the NH protons lie completely
out of the ideal correlation line where all other proton sites are instead found. These protons
are involved in the H-bonding network that assembles the dimeric structure. If solvent effects
are included in the calculations, no substantial improvement is obtained, as indicated by the
empty dots. Figure 5(d) shows the analogous correlation when the dimeric structure was
considered in the calculations. In this case the chemical shifts of the NH protons correlate very
well with the calculated ones, with an overall coefficient R®> = 0.998. These results indicate that,
in order to interpret the chemical shifts observed experimentally for both B3¢ and 'H of UPy, a
dimeric arrangement needs to be considered. This is particularly true for the protons of the NH

groups involved in the H-bonding system.
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All the NMR data experimentally observed as ROE *H enhancements and H and *C chemical
shifts strongly supports the hypothesis of UPy existing as a head-to-tail homodimer in the

solution phase.

Solution-NMR and computational study of the rectangular self-assembly

Subsequently, we turned our attention to the full rectangular complex. The corresponding
proton spectrum acquired in a CDCl5 solution is shown in Figure 6(a). The full assignment of *H
and 3C resonances has been carried out with HSQC and HMBC spectra (Fig. ESI3 and ESI4,
respectively) and is reported in Table 2. The spectral region relevant in our study has been
expanded in the inset. When compared to that of Figure 2(a), one finds considerably broader
signals, indicating that a larger species is present in solution. This finding is already indicative of
the formation of a larger supramolecular complex. One other feature which is worth noting are
the shoulders present in some peaks like, say, H(13). Other sites such as H(12) are represented

in the spectrum as a series of partially-overlapped peaks.

These observations indicate a degree of inhomogeneity in the sample. In fact, upon
coordination to the ruthenium centre, the chemical equivalence of sites such as, say, the two
H(13), is lifted. This necessarily results in different environments for all chemical sites and

justifies the above-mentioned inhomogeneous features observed in the spectrum of Figure 6(a).

In contrast with UPy and its H-bonded dimer where the observation of NOE/ROE effects had to
be analysed quantitatively to look for evidence of the existence of the dimer (in fact, a
polarization transfer between two proton sites may exist in both its monomeric and dimeric
structures, it is only the intensity of such transfer that can be related to one of the two
hypotheses), NOE/ROE experiments performed on the full complex can provide direct evidence
of the formation of the supramolecular system in the solution phase. If fact, a polarization
transfer between protons belonging to UPy and protons belonging to the arene ruthenium clip
could only be possible if the full structure had undergone self-assembly and would therefore
indicate the presence of the rectangular complex in solution. An optimal proton site for the

search of intermolecular NOE/ROE is represented by H(13), which are expected to be in
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proximity of the bridging benzoquinone once the tetranuclear complex is formed. Fortunately,
the peaks associated with this environment (at ca. 8.2 ppm) are not overlapped with other sites
in the 1D 'H spectrum and can be selectively irradiated in a ROE experiment. Figure 6(b) shows
the corresponding spectrum. Besides the nearby H(12) site, one can clearly see enhancements
for the proton sites of the arene Ru clip H(2’), H(5’) and H(6’). This finding clearly indicates that
the UPy has coordinated the ruthenium center and is an experimental proof of the formation of
the self-assembly. The corresponding spectral region is expanded in the inset. These three
environments are better resolved when compared to their appearance in the inset of Fig. 6(a).
The ROE experiment in fact acts as a filter allowing detection of only sites which are dipolar-
coupled to the irradiated one and, in turn, yields a spectrum with resonances belonging to the
full complex only, filtering out signals associated with unbound species. Figure 6(c) shows a
numerical fit of the ROE enhancements of (b), assuming isotropic Lorentzian lineshapes. Two of
these lineshapes have been assumed for the fit of the H(12) resonance in order to account for
the shoulder appearing on this peak. The intensities of the single components of this fit can be
used as measurement of the experimental ROE enhancements and can be related to

internuclear distances as calculated with computational methods. Figure 7 shows a histogram of

the differences Ar =|rgoc —rDFT| between the internuclear distances measured from the ROE

enhancements of the spectrum in Fig. 6(b), and those obtained from the structures optimized
with DFT methods. The white, light grey and dark grey rectangles refer to three rectangular
structures produced by the preliminary geometry optimization performed at the semiempirical
level with MOPAC2012.[44] These three structures are shown in Figures 8(a), (b) and (c),
respectively. In the case of Fig. 8(a), a wide cavity can clearly be seen. The structure of Fig. 8(b)
was produced by a further semiempirical optimization step of that of 8(a) by means of the
keywords LET and DDMIN=0.0, and results in a partial shrinking of the cavity. In the structure of
Fig. 8(c), four chloride counterions were included in proximity of the p-cymene moieties. A
further shrinking of the cavity is produced in this latter case. The histogram of Fig. 7 indicates
that these three structures produce similar differences with the experimental measurements,
with Ar which are generally always smaller than 1 A. Figure 8(d) shows a top view of the

structures of 8(a) where one can appreciate the integrity of the H-bonding network holding
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together the UPy dimeric moieties of the complex. It is worth mentioning that, in spite of a
progressive distortion of the H-bonding system induced by the shrinking of the cavity in the
structures of Fig. 8(b) and (c), all the H-bond interactions are preserved also in these two cases.
Furthermore, in the case of 8(c), where counterions are included in the geometry optimization,

an ‘out-of-plane’ twisting of the molecular rectangle is also observed.

Figures 8(e), (f) and (g) illustrate an expansion of one of the corners of the supramolecular
rectangles of Fig. 8(a), (b) and (c), respectively. In all cases, the orange arrows represent the

(eff)

interatomic effective distances r, as calculated with DFT methods, whereas the red ones

represent those measured experimentally with ROE spectra. The differences in length between
these orange and red arrows are proportional to the values reported in the histogram of Fig. 7.
Figures 8(e), (f) and (g) offer a visual estimation of the good accuracy of our study. Generally,
our ROE measurements on the rectangle return slightly shorter internuclear distances when
compared to our computational models. However, these mismatches are always smaller than

0.74, 0.60 and 0.59 A, for the structures of 8(a), (b) and (c), respectively.

The convergence criteria for the optimizations performed at the higher level of theory for
the full complexes were set to a variation of energy smaller than 5 x 10~ kJ/mol whereas for the
UPy in both its monomeric and dimeric structures the variation of energy was smaller than 2 x
1073 kJ/mol. Given these differences in convergence criteria, evaluations of the variations of
energy associated with the formation of the H-bonded dimer and the rectangle may not be
considered at the DFT level. Nonetheless, full convergence in the geometry optimizations was
achieved for all the considered species at the semiempirical PM7 level. When considering the
heats of formation at T = 298 K as calculated by MOPAC2012,[44] we find that the formation of
a H-bonded dimer from two isolated UPy molecules results in a gain of energy AE = -218.1
kJ/mol (-52.1 kcal/mol). The formation of a supramolecular rectangle from two H-bonded UPy
dimers and two arene ruthenium clips results in a variation of energy AE = -146.8 klJ/mol (—35.1
kcal/mol). This is in agreement with the high stability observed for tetranuclear arene

ruthenium complexes.[45]

11
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The possibility of one single UPy H-bonded dimer coordinating one single arene-Ru clip has also
been considered at the semiempirical/PM7 level. Two structures have been optimized in this
context and are shown in Fig. ESI5 and ESI6. The corresponding Cartesian coordinate xyz files

are also given in ESI.

It is known that the B3LYP hybrid functional is characterised by a poor description of London
dispersion forces and/or dipole-dipole interactions.[46] Therefore, the MO06 hybrid
functional,[47,48] ad hoc parametrised so as to take into account for those non-covalent
contributions, has also been considered in our study with the 6-31+G(d,p) basis set. The
corresponding rectangular structure is shown in Fig. ESI7. No substantial differences with the
B3LYP-optimised structures shown in Fig. 8 are observed in terms of interatomic distances
relevant to our ROE measurements. The corresponding Cartesian coordinate xyz file is given in

ESI.
Conclusions

The self-assembly of ureido-pyrimidinone to form quadruple H-bonded dimers has been
investigated by means of rotating-frame Overhauser effect NMR measurements and DFT
calculations. The ROE enhancements are consistent with those resulting from a head-to-tail

homodimeric structure, in which intermolecular interatomic distances may be shorter than

(eff)

intramolecular ones. An effective distance r;"’ that takes into account all possible polarization-

transfer pathways is utilized for data analysis. The DFT calculations of proton and carbon
chemical shifts also support the formation of the dimer. ROE measurements also prove the
formation of the supramolecular self-assembled rectangle, with polarization transfers observed

between the pyridine protons of the H-bonded moiety and those of the arene ruthenium clip.
Experimental section

Solution NMR

All *H and *C NMR spectra were acquired on a narrow-bore Bruker 400 spectrometer (9.4

T, wo/2m = 400.0 and 100.6 MHz for *H and “°C, respectively) equipped with an AVANCE-II
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console and a 5 mm double-resonance probe. The rf-field strengths of all hard /2 and it pulses
were ®./2n = 26 kHz and 27 kHz, for the proton and carbon channels, respectively. The 1D
ROESY spectra of Figures 2 and 6 utilized spin locking with an rf-filed strength of 3 kHz and of

length of 150 and 200 ms, respectively, and sinc-shaped selective 1 pulses of length 7, = 10 ms.
Computational study

The structures of UPy in both its monomeric and dimer forms were preliminarily
optimized with the semiempirical method PM7 as implemented in MOPAC2012.[44] The same
procedure was also performed on the arene-Ru clip and the full rectangular complex. In this
latter case, the optimization was repeated with inclusion of the keywords LET and DDMIN=0.0,
and with four chloride counterions located in proximity of the p-cymene rings. A further
optimization was performed with DFT methods utilizing the B3LYP hybrid functional[49,50] and
progressively increasing the basis set size from 6-31+G(d) to 6-311++G(2d,p), as implemented in
Gaussian09 Revision A.01.[51] The effective-core potentials LANL2DZ[52-54] were used on the
ruthenium centres for all DFT calculations. When taken into account, solvent effects were
included with the PCM method.[55] The convergence criteria for the DFT optimizations
performed at the higher level of theory for the full complexes required variations of energy
between two successive iterations to be smaller than 5 x 10 kJ/mol whereas for the UPy in
both its monomeric and dimeric structures the variation of energy was smaller than 2 x 107
kJ/mol. The structures thus obtained were used to calculate the magnetic shielding tensors of
both *H and *C nuclei with the GIAO method[56,57] at the highest level of theory considered
for the DFT optimizations. All chemical shifts were referenced to those of TMS at the
corresponding level of theory. Figure 9 shows a scheme representing the overall computational
procedure utilized in this work. In order to reduce the computational time required for the DFT
steps of the scheme, the aliphatic chains of UPy were truncated to ethyls. The calculations were
performed at the EPFL on a Ubuntu Linux 12.04 platform equipped with 16 2.27 GHz CPUs and
24 GB of RAM.

13
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Synthesis

The 1-(4-oxo-6-undecyl-1,4-dihydropyrimidin-2-yl)-3-(pyridin-4-ylmethyl)urea (UPy) and
the arene ruthenium clip were prepared following literature procedures.[20,23] A mixture of 1
equivalent of (p-cymene),Ru,(0O0NO0O)Cl, (0.04 g, 0.06 mmol) and 3 equivalents of AgCF3S0;
(0.04 g, 0.18 mmol) in CH,Cl, (4 mL) was stirred at room temperature for 2h and filtered to
remove AgCl. Then UPy (0.04 g, 0.06 mmol) was added to the filtrate and the solution was
stirred at room temperature overnight. The volume of the solvent was halved and diethyl ether
was added to precipitate [(p-cymene),Ru,(00N0O0)(UPy),]>(CF3S03)4, which was collected as a
dark green solid by filtration. A yield of 72% (0.12 g) was obtained. The formation of the
tetranuclear arrangement of the full complex was also confirmed by ESI-MS with assignment of
the dicationic peak observed at m/z 1556.1 corresponding to [{(p-cymene),Ru,(O0N0O0)(UPy),},
+ 2 CF3S0;]** . The full MS spectrum and an expansion on the relevant peaks are given in Fig.

ESI8 and ESIO.
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Table 1 Assignment of B3¢ and 'H resonances of the UPy in a CDCl; solution.

Page 18 of 28

18

C (ppm) 'H (ppm) Assignment
173.2 _ 3
157.0 - 8
154.5 - 5
152.8 - 1
150.0 8.5 13
147.7 - 11
122.1 7.3 12
106.1 5.8 2
42.5 4.5 10
32.7 2.45 15

31.9-14.1 2.45-0.9 Aliphatic chain

- 13.0 6
- 12.2 7

- 11.0 9
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Table 2 Assignment of 3C and H resonances of the rectangle self-assembly in a CDCls
solution.
3¢ (ppm) 'H (ppm) Assignment
184.0 - 1
170.9 - 3
155.7 - 8
155.5 - 5
1534 - 1
152.2 8.11 13
152.0 - 11
124.9 7.43 12
105.7 5.90 2
103.5 - 7
102.1 5.68 P
98.7 - 4'
83.3 5.84 6’
82.6 5.72 5’
42.4 4.56 10
33.0 2.47 15
31.7 2.81 8’
22.7 1.31 9’
18.1 2.22 3’
319-14.1 2.45-0.9 Aliphatic chain
- 10.95 6
- 10.30 7

- 9.93 9
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Figurel  Molecular structure and numbering scheme for [(p-cymene),Ru,(00N00)(UPy),],*".

(a) H(13) H(12) 2 H(10) H(15
H@) H(@) HO) l l H(2) l l ) H(16)
| A l

X 100
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Figure 2 (a) Proton spectrum of UPy in CDCl; at 9.4 T with assignment of the relevant peaks.
From (b) to (d), 1D ROESY spectra on the same sample of (a) with selective
irradiation of H(2), H(10) and H(13), respectively.
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Figure 3

Combination of Coordination and Hydrogen Bonds

(a) rfirradiation

m
@
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(b)
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(a) Schematic representation of the dimeric structure of UPy as a head-to-tail
homodimer where intra and intermolecular distances between spin pairs involved in
NOE/ROE experiments are indicated by thin and thick dashed grey arrows and
labelled as ras and ras, respectively. For the given arrangement of monomers and
location of the sites A and B, intermolecular distances result to be shorter than

intramolecular ones. (b) Plot of the effective distance r(eff)(rl,l) as calculated with

Equation (2) for two interatomic distances r; and r, where r, = 1 and r; is linearly
increased up to 2 arbitrary units (a.u.) of distance.
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Ar (A)

T T T T T T

H(16 H6 H(7) H(9) H(10) H(12) H(13) )H(12) H(7) H(6) H(2) H(2) H(1O H(9)
H(2) irradiated H(10) irradiated H(13) irradiated

Figure4  Histogram of the differences Ar =|rROE —rDFT| between distances as measured by

ROE experiments and those calculated with DFT methods. Data represented by
white rectangles refer to a monomeric structure whereas grey ones refer to a H-
bonded dimer of UPy. The error bars refer to the experimental data and were
calculated with Equation (1) and (2) where the intensity of enhancement of the j-th
spin was I, = +o,, with | being the average intensity of four independent
integrations of the i-th peak and o, being the standard deviation of the four integral
values. Numerical values are given in Tables ESI1 and ESI2.
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Combination of Coordination and Hydrogen Bonds
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(a) Correlation between the experimental 3¢ chemical shifts of a UPy in a CDCl3
solution and those calculated with DFT methods for UPy. (b) Correlation between
the same experimental 3¢ chemical shifts of (a) and those calculated with DFT
methods for the H-bonded dimer. (c) Correlation between the experimental 4
chemical shifts of UPy in a CDCl; solution and those calculated with DFT methods.
The white and black dots refer to calculations where the solvent was, and was not,
included, respectively. (d) Correlation between the same experimental *H chemical
shifts of the dimeric structure of UPy (c) and those calculated with DFT methods.
The dashed lines indicate the ideal 1:1 correlation in all cases. Numerical values are
given in Table ESI3.

23



Dalton Transactions Page 24 of 28

NMR Spectroscopy and DFT Calculations of a Self-Assembled Arene Ruthenium Rectangle Obtained from a 24
Combination of Coordination and Hydrogen Bonds

(a)

(b)

rA [~

WAA .

14 12 10 8 6 4 2 ppm

Figure 6  (a) *H NMR spectrum of [(p-cymene),Ru,(00N00)(UPy),],*" in CDCls. The relevant
peaks involved in our ROE experiment are shown expanded in the inset. (b) 1D
ROESY spectrum performed on the same sample of (a) with a selective irradiation of
H(13). The inset shows an expansion of the resulting ROE enhancements. (c)
Numerical fit of the ROE enhancements of (b) assuming five Lorentzian lineshapes,
of which two were used for the H(12) peak and the other three for the H(6’), H(5’)
and H(2’). The resulting intensities of the individual lineshapes were used as
measurement of ROE enhancement.
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Ar (A)

Figure 7

Combination of Coordination and Hydrogen Bonds
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Histogram of the Ar =|rROE —rDFT| differences between the internuclear distances

as measured from the experimental spectrum of Fig. 6(b) and those calculated with
DFT methods for[(p-cymene),Ru,(00N00)(UPy),],**. White and light grey data refer
to structures where the preliminary semiempirical optimization with the PM7
method was performed without, and with, the keywords LET and DDMIN=0.0,
respectively, as implemented in MOPAC2012. Dark grey data refer to a structure
where four chloride counterions were added in proximity of the p-cymene rings.
Numerical values are given in Tables ESI4 and ESI5.
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(e) (f) (9

Figure 8  (a) Structure of [(p-cymene),Ru(00N0O0)(U Py)2]24+ as optimized with DFT methods.
(b) Same structure of (a) where the preliminary semiempirical optimization step was
allowed to proceed further resulting in a shrunk cavity. (c) Structure where four
chloride counterions were included and optimized as in (b). (d) Top view of the
structure of (a) where one can see the integrity of the H-bonding network. The
aliphatic chains of UPy were truncated to ethyls to reduce the computational time.
(e) Expansion of the top-left corner of (a). The orange arrows represent the
interatomic distances as produced by the calculations whereas the red ones
represent the same distances as experimentally measured in our ROE experiments.
(f) Expansion analogous to (e) of the structure in (b). (g) Expansion analogous to (e)
of the structure in (c). In (e), (f) and (g), the differences in length between orange
and red arrows represent the data shown in Fig. 7 as white, light grey and dark grey
rectangles, respectively. H, C, O, N, Cl and Ru atoms are shown in light grey, dark
grey, red, blue, green and light blue, respectively. Cartesian coordinate xyz files are
given in ESI.
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Figure9  Representation of the computational scheme adopted in this study. The final

structures produced were used for measurements of internuclear distances to be
compared with those measured experimentally with ROE spectra. In the cases of
UPy monomeric and dimeric structures, also calculations of *H and *C chemical
shifts to be compared with those observed experimentally was performed. In order
to reduce the computational time, the aliphatic chains of UPy were truncated to

ethyls.
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