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Figure 1. X-ray crystal structure of Y!!INal(OBz)4[12-MCgarti(n)shi-41(H20)4-6DMF complexes (YII-1). Top
(upper left) and side views (upper right) of the MC scaffold (benzoate residues were excluded in the top

view, disordered Shi3- residues and DMF molecules were omitted for clarity). Lower panel: schematic
representation of the geometric parameters r; and 6; in YXI-1 or LnTI-1 complexes. The principal magnetic
axis of the molecule was considered equivalent to the Ln!-Na! direction. Positions labelled with A-F
correspond to observable protons in 1H NMR spectra. Cyan: YII, Brown: Ga!ll. Purple: Nal.
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Scheme 1. Schematic representation of the ligands (left: BzO", right: Shi3") used in this work. Lettering
scheme of protons is reported. The series of complexes for which the ligands are used are reported in italics.
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45 Figure 2. From top to bottom: 1H NMR spectra of YIII-1, TbIII-1 DyIII-1 Ho!II-1, EFII-1, TMI!I-1 and
46 YbII-1, The region 2.00 - 3.50 ppm excluded (solvent signals only).
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Figure 3. Stacked 'H NMR spectra of YII-1, YIII_2 and YIII-3, Signals are labelled from A to G and the

signals of the Shi3- ligands are highlighted in blue, whereas the signals of the BzO™ ligands are highlighted
in red, see Scheme 1.
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Figure 4. Plot of 5.,P3"(i) as a function of dypP2r(i) (“Plot 1”) for LnINal(0Bz)4[12-MCgarti(N)shi-

4](H20)4-6DMF (where Ln!! = ThbIIL-TmIl), The A-G labels reported in blue refer to the ligand protons in the
corresponding positions.
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Figure 5. Plot of mLn/(Sz)in VS 81nP3"3(1)/(So)Ln (“Plot 117) for Ln'INal(0Bz)4[12-MCgartr(n)shi-

4](H20)4-6DMF (where Ln!! = TbII-yplll), Letters correspond to proton positions, while d;,P3" values for
each lanthanide are on vertical dashed lines.
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27 Figure 6. Representation of the conformation of the ligands in the Y-BP model (a) and in the Y-XP model
28 (b). The structure of Y-NaBP is not reported as this model is extremely similar to the Y-BP one. The
29 pseudo-symmetry of the models is reported in italics at the bottom. The interactions between the benzoate

30 residues are clearly visible in the pseudo-C,; model and are however highlighted in the Supporting
31 Information.
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Y-XP Y-BP Y-XP

Figure 7. Representation of the fluxionality equilibrium between conformers. On the right the structures Y-
XP which is pseudo-C, symmetrical, at the center the structure Y-BP which is pseudo-C4 symmetrical. The

conformer on the right is identical to the one on the left, rotated by 90°.
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24 SYNOPSYS The structure in solution of a series of lanthanide metallacrowns were studied through

25 paramagnetic 14 NMR and DFT models. The analysis of NMR data (treated with the “all-lanthanide” method),
26 X-ray structures and DFT models allowed to establish the nature of dynamic equilibrium processes in
27 solution otherwise not noticeable form the X-ray data alone.
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ABSTRACT The solution structure of Ln"Nal(OBz)4[ 12-MCgamnshi-4] complexes were studied

through paramagnetic '"H NMR and DFT models. Although nearly isostructural in the solid state,

their 'H NMR spectra in DMSO-d are extremely different from one another due to the magnetic

anisotropy of the lanthanide(III) ions. NMR data were analyzed by the ‘““all-lanthanide” method

that were compared to X-ray structures and DFT models, allowing to establish the extent of the

structural changes that occur from the solid state to the solution phase. Major structural changes

involve the phenyl groups of the benzoate ions that quite surprisingly do not freely rotate in

solution but rather interact with each other, exhibiting preferential orientations. Overall, DFT

methods and 1D NMR data allowed us to clarify aspects related to equilibrium processes in

solution that could not be predicted by a simple look at the X-ray structures of these complexes.

1. INTRODUCTION

Metallacrowns (MCs) are a class of self-assembled complexes that in recent years has gathered a

lot of attention due to their interest in the areas of bioimaging, catalysis, single-molecule

magnetism and lanthanide luminescence.!!"!1 MCs are the inorganic analogues of crown ethers,
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in which the [C-C-O], repetition unit is replaced by [M-N-O],.. As in their organic counterparts,

the oxygen atoms pointing towards the center of the macrocyclic ring are highly preorganized for

the complexation of metal cations, from alkali metals to transition ones, to lanthanides and

actinides.!?-15

Lanthanide(III) 12-MC-4 complexes assembled using salicylhydroxamate (Shi*-) and Ga' as the

ring metal ({Ln"™(RO)4[12-MCg.msni-4]1}") have very recently received attention for the

development of new luminescent molecules.!?1¢ In these complexes ancillary carboxylates (RO")

bridge between the core ion and the ring metals, in this way fulfilling the coordination

requirements of the lanthanide ions (often found 8-coordinated in these complexes).”!7-18
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Figure 1. X-ray crystal structure of Y"'Na'(OBz)4[12-MCgammnshi-41(H,0)4-6DMF complexes

35 (Y™-1). Top (upper left) and side views (upper right) of the MC scaffold (benzoate residues were

38 excluded in the top view, disordered Shi* residues and DMF molecules were omitted for clarity).

42 Lower panel: schematic representation of the geometric parameters 7;and &;in YX-1 or Ln™-1

45 complexes. The principal magnetic axis of the molecule was considered equivalent to the Ln'!!-

Na! direction. Positions labelled with A-F correspond to observable protons in 'H NMR spectra.

55 Cyan: Y, Brown: Ga'l. Purple: Nal.

60 ACS Paragon Plus Environment



oNOYTULT D WN =

Submitted to Inorganic Chemistry

Given their biotechnological potential, the study of the stability and the structure in solution of
these complexes is pivotal. In this context, the presence of a lanthanide ions opens a window on
the study of structural investigations in solution of these compounds using '"H NMR. The
analysis of the paramagnetic shift operated by the lanthanide cations, and in particular the
pseudocontact (dipolar) contribution, carries truly precious structural information. The presence
of a paramagnetic Ln'"" center produces a shift in the observed resonance frequency of a nucleus
in a coordinated ligand (&1 ,°>) that is the sum of a diamagnetic (&%) and a paramagnetic
contribution (& ,P*?) or Lanthanide Induced Shift (LIS). The & P2 term is in turn the sum of
two contributions: the Fermi-contact contribution which depends on the electron density of the
unpaired electron close to the observed NMR nucleus (J;,F¢), and the pseudocontact
contribution which originates from dipolar interactions between the spin of unpaired electrons
and the spin angular momentum of the NMR nucleus (& ,F€). Following Bleaney’s theory and its
approximations, the pseudocontact contribution to the observed chemical is related to the

structure of the lanthanide complex through Equation 1.19-23

PC /s 3cos%0;— 1
81n (D) = C](Ln)'BLn'T (1)

ACS Paragon Plus Environment
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where C{Ln) is the Bleaney’s constant for the examined lanthanide ion and By, is the crystal

field parameter.?* The (3cos?8-1)/r7 is often referred to as geometric term or G(1), where 7

identifies a proton under observation, r;is the distance between the 7 proton and the paramagnetic

center, and &, is the angle between the proton, the paramagnetic center and the principal

magnetic axis of the complex (Figure 1). Since YW-1 is isostructural with Ln™I-1, the Jp P22

contribution can be calculated using Y as the diamagnetic reference (O ,412 = Oy°bs):23-26

SPRT(0) = LIS(D) = 815 () + I (D=6 (D) — 89 () (2)

For an isostructural series of lanthanide complexes such as 12-MC-4, which present a 4-fold

axial symmetry, an efficient method of extracting the pseudocontact shift contributions of the

Ln" jons from the & ,P*@ is the “all lanthanides” method.?”-?® The applicability of this method is

general since it does not rely on the Bleaney’s constants or their ratio, unlike Reilley’s method or

most other pseudo-contact/contact shift separation techniques.?-9

As recently reported in literature, NMR can be a powerful tool for the evaluation of structural

features also for highly paramagnetic metallacrown compexes.?! Also, we recently and

successfully applied the “all lanthanides” method for the analysis of the NMR features of a series
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of Mn'! paramagnetic complexes Ln""Nal'(OAc)4[12-MCpmshi-41(H20)4-6DMF, which

allowed us to clarify several structural features of the complexes in solution.?® While this was a

significant achievement, the presence of highly paramagnetic Mn(I11I) complexes influenced the

magnetic properties of the Ln(III). Thus, a diamagnetic ring metal analogue is necessary to

develop the theory of this system fully.

Herein, we report the synthesis and structural characterization, both in solution and in the solid

state, of trimetallic Ln""Na'(OBz)4[12-MCgamysni-4] complexes containing four

salicylhydroxamate ligands and four benzoate anions. The lanthanide ions were La'-Lu',

except Ce' and Pm'", and Y'!I. In particular, we aimed to elucidate the NMR features of these

MC:s by a deep analysis of their spectra, and to correlate their solid-state structure with structural

information obtained through 'H NMR. We also correlated the data obtained from the NMR

analysis with the solution structure obtained by computational DFT methods, with the aim of

determining the degree of fluxionality and the structural rearrangements occurring in solution.

By isolating different lanthanides in the same, nearly isostructural host, we are now able to

extract parameters that will allow application, in general, of easily accessible 1D '"H NMR data

and DFT models in order to assess the structure in solution of lanthanide-containing systems.
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2. EXPERIMENTAL SECTION

2.1 Materials and Methods. All reagents and solvents were commercial reagent grade chemicals

and used without further purification. Gallium(III) nitrate was considered octa-hydrated

(Ga(NQO3)3-8H,0), based on studies reported elsewhere.3> Lanthanide nitrate salts have been used

as sources of Ln jons (Ln(NO3)3-xH,0, x = 6 for La'-Gd™ and Y™, and x = 5 for Tb-Lull),

Elemental analysis of the isolated metallacrown batches were performed on Thermofisher

Scientific Flash Smart CHNS (sample mass 2-3 mg). Electrospray ionization mass spectra (ESI-

MS) of MC complexes (dissolved in methanol) were collected on a Micromass LCT TOF

electrospray ionization mass spectrometer, using a capillary voltage of 3500 V and a desolvation

temperature of 350 °C. Samples (40 pM) were injected through direct infusion using a syringe

pump at 11 pL/min, and the spectra were recorded in full scan analysis mode in the range n7/z

100-2000.

2.2 General preparation of Ln™Na(OBz)[ 12-MCg,n)shi-41(H,0)x(DMF), (Ln'™-1).

Salicylhydroxamic acid (30.5 mg, 0.20 mmol) and sodium benzoate (82 mg, 0.57 mmol) were

dissolved in 5 mL of a 1:1:0.25 DMF/MeOH/pyridine solution. Ga(NO3);-8H,0 (80 mg, 0.20

ACS Paragon Plus Environment
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mmol) was dissolved in methanol and added to the solution under stirring. After 5 minutes,

Ln(NO3)3-xH,0 (0.05 mmol) was dissolved in 1 mL of methanol and was added the mixture and

stirred for about 5 minutes. NaCl (50 mg, 0.85 mmol) dissolved in the minimum quantity of

water and 1 mL of methanol was finally added to the solution, which was concentrated at RT and

crystalized at -4 °C. Slow evaporation of the solvents gave crystals suitable for X-ray diffraction

analysis after a couple of days. The complexes were isolated with yields between 10-20%. In the

complex formula, x resulted 3 for Dy™-1 and 4 for all the other Ln™-1, while y resulted 5 for

Dy™-1 and 6 for all the other Ln™-1. Results of analyses on Ln™-1 complexes are reported as

Supporting Information.

2.3 X-ray diffractometry. Single crystal X-ray diffraction data of the Ln'"Na'(OBz)4[12-

MCg, 1 nshi-41(H20)4-6DMF series (Ln™-1) where Ln'' stands for Ho'"', Er'!l, Lu™ and Y,

Dy!"'Nal(OBz)4[12-MCg,lnshi-41(H20)3-5DMF-3MeOH (Dy™-1), and of Tb""Na!(Op-Tol),[12-

MCg,Mnshi-4]1(H20)4-4DMF (Tb!-3) were collected at 150 or 200 K on a Bruker D8 Photon II

X-Ray diffractometer (Ka(Mo); A = 0.71073 A) equipped with a low temperature device. The

intensity data were integrated from several series of exposure frames covering the sphere of

reciprocal lattice.’? Absorption correction was applied using the program SADABS.3* The

ACS Paragon Plus Environment
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structures were solved with ShelxT and refined on F? with full-matrix least squares (ShelxL),

using the Olex2 software package.®-3" The analysis of the structures (including distances and

angles measurements) were carried out using the Mercury 2020.1 software package. In YT-1,

Ho™-1, Er'l-1, and Lu™-1 the salicylhydroxamate moiety was found disordered over two

positions and refined with site occupancy factors of 0.5 each. Also, in those structures the

presence of cavities was determined, and the solvent was modelled by using the Platon-squeeze

program,® which gave voids corresponds approximately to 2 DMF molecules/cell for each

structure. YI-1, Tb™-3, Ho™-1 and Lu™-1 were refined with suitable twin matrixes. Non

hydrogen atoms were refined with anisotropic thermal parameters. In all complex structures,

hydrogen atoms were placed at their calculated positions. A summary of data collection and

structure refinement of the complexes presented in this work is reported in Table S3-5.

2.4 NMR spectroscopy. 'H NMR, (1D-, 2D-COSY and PGSE), and 2*Na NMR spectra were

recorded in DMSO-dg on a Bruker Avance 400 spectrometer, using standard pulse sequences.

Diffusion NMR spectra were obtained using a stimulated echo sequence with bipolar gradient.

Chemical shifts (8, ppm) were referenced to residual DMSO resonances, and the spectral

window ranged from =50 ppm to +80 ppm. NMR spectra processing and analysis was performed

ACS Paragon Plus Environment
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using the MestreNova 14.1 program.*? All least-squares regression analyses (calculations

through the “all lanthanides” method) were performed using OriginPro 8.274!

2.5 DFT geometry optimizations. DFT geometry optimizations were performed using the

GAUSSIAN software package.*? Calculations were performed employing hybrid DFT with

different exchange-correlation functionals (B3LYP, wB97XD and M06-2X), with and without

the application of Polarizable Continuum Model (PCM) for the evaluation of solvent effects.*3-46

The geometry optimizations were performed starting from the X-ray experimental geometry of

Y™-1 . The crystal structure of YM-1 exhibited two disordered images, and they were both

considered for the optimization. Both model structures converged to the same optimized

geometry. Furthermore, two model systems were used, namely one with the Na! ion coordinated

to the MC cavity oxygen atoms on the concave side of the domed MC scaffold (including

coordinated water molecules), and one without the Na'! ion. The SDD basis set was used for Ga,

def2-TZVP for Y (with MWB28 core potential for both) and the 6-31G basis set for all the other

elements (C, H, N, O and Na).*"48

3. RESULTS AND DISCUSSION

ACS Paragon Plus Environment
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3.1 Molecular Structures. The Ln™-1 complexes of Ho'"', Er'" and Lu'' were also analyzed

through X-ray diffraction, and they resulted isostructural with Y1 in the solid state (Figure 1).

The structures are C4 symmetrical with the Shi* residues statically disordered over two positions

with occupancies 0.5 each. The core Ln' ion is side-on coordinated to the dome shaped MC

scaffold at the convex side, with OBz ions bridging between the lanthanide and the ring Gall!

metal. One Na! ion is coordinated on the concave side of the MC. An in-depth description of the

structural features of the complexes is reported in the Supporting Information (Figures S1-S13).

In these molecules we have labelled the hydrogen atoms of the Shi* ligand with the letters A-D,

and with E-G the benzoate hydrogen atoms (Figure 1 and Scheme 1). The Dy'' complex,

although not isostructural with the other Ln-1 complexes, exhibits only subtle structural

differences, 7.e., a more flattened MC scaffold and one DMF coordinated to a ring Ga'' ion in

place of a water molecule.

We have also isolated the deuterated analogs of LnM-1 complexes in which the Shi3- ligand has

deuterium in place of 'H in position B (Ln™-2 series), and Ln"'[12-MC-4] with p-toluate as the

bridging carboxylate ligand (Ln'"-3 series), for which Tb™.-3 presents a solid-state structure

ACS Paragon Plus Environment

12



oNOYTULT D WN =

Submitted to Inorganic Chemistry

analogous to that of the Ln-1 complexes (the synthesis of Ln™-2 and Ln™-3 complexes is

reported in the Supporting Information).

OH oH
(o] OH o] OH (0] NH 0] NH
He He: He He HO Ho HO Ho
He He: He He: Hy He Ha D
Hg CHj; Hg Hg
HOBz HOp-Tol H3Shi H;Shi-d
Ln".1 Ln".3 Ln".1 Ln".2
Ln'.2 Ln'.3

Scheme 1. Schematic representation of the ligands (left: BzOr, right: Shi*) used in this work.

Lettering scheme of protons is reported. The series of complexes for which the ligands are used

are reported in italics.

The structures of the Y™, Dy™, Ho'™, Er' and Lu-1 complexes were determined by X-ray

diffraction. Interestingly, Lu™-1 represents the first [12-MCg,-4] complex to ever be

characterized by X-ray diffraction to date, with the other Lu""-MCs containing AI"! (12-MC-4)

or Cu'" (15-MC-5) as ring metals.**>° The complex is isostructural with the other complexes of

the LnI-1 series. However, the smaller ionic radius of lutetium(III) makes the Ln™-Og, and

Ln"-Og,; distances (2.25 and 2.32 A, respectively) shorter than the same in the other complexes

ACS Paragon Plus Environment
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of the series which are in the 2.28-3.31 A and 2.34-2.37 A range, respectively. Also, Lull is
better encapsulated in the cavity compared to the other ions as shown by the smaller
displacement from the cavity center. Lulll is in fact 1.45 A distant from the mean plane of the
cavity Shi* oxygen atoms (OsuMP) compared to 1.46-1.52 A of the other Ln™-1 structures
(Table S2). Importantly for interpreting NMR analyses (see below), it is worth noting that the
Shi3- residues are disordered in two positions in all the Ho™-Lu" and Y™ structures. In-depth

structural description of all the complexes is presented in the Supporting Information.
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Figure 2. From top to bottom: 'H NMR spectra of YT-1, Tb™-1, DyI-1, Ho™-1, Er™-1, Tm'™-1

and Yb™-1. The region 2.00 - 3.50 ppm excluded (solvent signals only).

3.2 NMR Characterization. The proton 1D- and 2D-COSY NMR spectra DMSO-dg of thirteen

Ln™Nal(OBz)4[12-MCgamshi-41(H20)4-6DMF complexes (Ln™M-1) were examined, where Lo

is Lal-Lu'" (except Ce and Pm'"), and Y.

ACS Paragon Plus Environment

15

Page 24 of 62



Page 25 of 62

oNOYTULT D WN =

Submitted to Inorganic Chemistry

The 1D spectra for Ln-1 of heavier lanthanides (Ln'! = Tb!"-Yb!) are reported in Figure 2

along with that of YI-1. All the recorded '"H NMR spectra of the Ln'-1 complexes present a set

of seven chemically non-equivalent proton signals as previously observed for the [12-

MCummshi-4] analogs, consistent with the presence of an average C4 symmetry axis in in

solution. The E/E’ and F/F’ protons (Figure 1) are chemically equivalent, suggesting fast

exchange between these positions, although we will show below that other chemical exchange

phenomena occur in these molecules. The 'H NMR spectra of the entire series of Ln™-1

complexes are shown in the Supporting Information (Figure S26-S61).

Due to the paramagnetism of the Ln'! ions, the signals are spread over a large spectral window

that in the case of heavier lanthanides ranges from -40 to +60 ppm. Conversely, the signals of

Y™.-1, La™-1, and Lu™-1 are in the spectral range expected for diamagnetic species and their

spectra will be discussed more in detail below (6.50 - 8.00 ppm, Figure S15). The 'H NMR

spectra of Ln-1 with paramagnetic lanthanides show band widths of ca. 40 Hz (except for Gd-

1).[") Therefore, the spectra of these complexes resulted in better resolved resonances than those

observed previously for the analogs containing Mn'", namely Ln'"Na'(OAc)4[12-MCyninshi-4]

complexes. Those complexes actually exhibited signals of ca. 500 Hz band width as the result of

ACS Paragon Plus Environment
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the relaxation effects operated by the [Mn!"], system. Also, in the spectra of Ln™-1 with Pr'!l,

Nd™, Sm'™ and Eu'" the signals are well-resolved, and the H-H coupling constants were

observed.?

With the purpose of signal assignment (see below) we also registered the spectra of Lnll-2

complexes (Shi* ligand deuterated in C position), with Ln™ being Eu™-Yb™ and Y™ (Figure 3

for YI-2). The 'H NMR spectra of the complexes are reported as Supporting Information

(Figure S41-S51). The '"H NMR spectra are identical to those of Ln'™-1 except for the fact that,

due to the presence of 85% deuteration on the hydrogen in position C, one resonance has as an

integral ca. 15% for Ln™-2 compared to that of Ln™-1 (Figure 3). Finally, we collected the

spectra of Ln-3 complexes, with Ln! being Tb™, DyI' and Y (see Supporting Information,

Figure S48-50). The '"H NMR spectra of Y3 is also reported in Figure 3: the presence of a

signal at 2.28 ppm (CHj3) and the signals pattern provided further information used for signal

assignment (see below).

Homonuclear 2D COSY NMR spectra could be examined for Ln™-1, Ln™-2 and Ln™-3

complexes with lighter lanthanides only, or Y (see Supporting Information, Figures S51-S61).

Conversely, we did not observe 2D COSY cross peaks for heavier lanthanides (Tb™-Tm!™) as a
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consequence of the enhanced 'H relaxation conferred by these lanthanide ions.”> We also

acquired PGSE data on Y!-1 which allowed to rule out dissociation phenomena involving BzO-

ions in DMSO (Figure S70). Actually, the normalized intensity of all aromatic signals versus the

square of the gradient strength follows the same exponential decay, showing that benzoate and

Shi® ligands are assembled in the same molecular entity in solution, and no appreciable

dissociation of benzoate ions is observed (Figure S71).

Finally, 22Na NMR spectral data were collected for Ln™-1 (Supporting Information, Figure S61-

S68). These spectra show that the line widths are in the range from 75-90 Hz for Ln™-1,

irrespective of the presence or absence of a paramagnetic lanthanide with similar chemical shift

values, which are intermediate between 180-500 Hz for the Na! adducts with 18-C-6 and 15-C-5

in methanol, and 59 Hz for NaCl in DMSO.3!-5* We, therefore, believe that for our LnT-1

complexes in DMSO the Na! ion is primarily dissociated in solution, as previously observed for

Ln™Na![ 12-MChwunmvshi-41(H,0)4-6DMF complexes.?

3.3 Assignment of resonances. The first step in the analysis of 1D NMR spectra was to assign all

resonances of the diamagnetic complexes to protons A-G (Figure 1). Based on the 'H COSY

NMR spectrum of Y™-1 complex, the Shi* set of signals resulted 6.87, 6.72, 7.24 and 7.87 ppm
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(Figure 3 and Table S8, Supporting Information), while those of BzO resulted 7.34, 7.45 and

7.92 ppm. An unambiguous assignment of the C proton resonance of Shi’- was possible

observing the low intensity of the resonance at 6.72 ppm of YM-2 (85% deuterated, Figure 3).

The complete assignments of both Shi* and benzoate protons (Figure 3 and Table S8) were

obtained based on the signal multiplicity and 2D COSY correlations. An ultimate confirmation

of the benzoate protons arose examining the resonances of compound Y™-3 where p-TolO

anions are present in place of BzO™ (Z.e., the signal of the G proton at 7.45 ppm was absent in the

spectrum of Y™M-3 while that of the CH; group at 2.28 ppm was observed).

Lu™-1 and Y™-1 have almost identical "H NMR spectra, thus confirming the goodness in the use

of the latter as a diamagnetic reference (Table S9 and Figure S15, Supporting Information). On

the contrary, the "H NMR spectrum of La™-1 (also diamagnetic) presents significant differences

in the position of the signals with respect of that of Y-1 (Figure S15). Although we may

interpret these differences with the tendency of La'! to adopt a 9-coordination instead of an 8-

coordination, all attempts to crystallize La-1 were unsuccessful and therefore further comments

are not possible.
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30 Figure 3. Stacked "H NMR spectra of YI-1, Y-2 and Y™-3. Signals are labelled from A to G and
34 the signals of the Shi® ligands are highlighted in blue, whereas the signals of the BzO ligands are

37 highlighted in red, see Scheme 1.

The marked differences between the 1D '"H NMR spectra of Ln'-1 of heavier lanthanides
49 (Figure 2) show that the paramagnetic contribution (J,P*?) is dominant in the observed NMR
signals (3 ,°*), and in some complexes such as Tb™-1 or Tm™-1 may be up to 50 ppm. This

56 prevented a naked-eye assignment of the resonances for these lanthanides. Here below we
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describe the strategy for the assignment of the signals for Ln™-1 of heavier lanthanides, while

that for lighter lanthanides is described in the Supporting Information (Pr'!-Eu'"', Figure S18).

As a first approximation, for each 7 proton in Ln™-1 the & ,P*(/) contribution roughly equals

OLa"C(1), which considers & ,F¢(7) > J1,°°"(2). This, at least for heavier lanthanides, is

sufficiently good given their large Bleaney’s constants (Equations 1 and 2). Also, the sign of

OLaFC(J) for an 7 proton depends on both the sign of Cyand that of G(z) as shown by Equation 1,

and therefore the Shi’- and BzO- signal in each spectrum could be discriminated. Actually, the

sign of C;is known (negative for the oblate Tb, Dy and Ho, positive for the prolate Er, Tm and

Yb). The evaluation of the crystal structures showed that for the Shi* protons &, are greater than

54.7° and therefore for a prolate ion such as Yb'!! (i.e., C;> 0) the proton resonances are expected

to be upfield shifted with respect to the signals of Y™-1, which indeed was observed. On the

contrary, BzO™ protons &, are lower than or close to 54.7° and therefore the three resonances E-G

for prolate ions are downfield shifted (both the G(7) term and the Bleaney’s constant Cjare

positive, Figure S16). The opposite is observed for oblate ions. As a partial result we found that

the resonances of the four Shi* protons are in the spectral windows -3 to +6 ppm for Tb!l-Ho™!

(positive C)), whereas for Er'l-Yb!!l, which possess a negative Cj, the resonances are observed

ACS Paragon Plus Environment

21



Page 31 of 62 Submitted to Inorganic Chemistry

between 49 and +18 ppm. Conversely, the BzO™ resonances are in the +9 to +57 ppm window

for Tb"-Ho'"!, or in the -42 to +3 ppm window for Er'l-Yb!! (see Figure S17, Supporting

oNOYTULT D WN =

Information).

15 The final assignment was performed by the evaluation of ( G(7))#! values, that are the average
18 value of G(J) over the four corresponding protons in the same 7 position (eight positions for E

and F protons) calculated from X-ray crystal data of Ln!-1:

26 (G(D)) =2(3cos?0;,— 1)/}  (3)

30 Since the four Shi* protons reside at approximately equal &, values, it results that the closer a

34 proton is to the lanthanide ion (Ze., the smaller r;?) the larger is its associated ( (7)) and,

37 therefore, its pseudocontact shift. Based on this information, the largest pseudocontact shift is
experienced by the D proton (Table S18), followed by protons A and C. Proton B is the most

44 distant from the Ln'" ion, thus experiencing the smallest pseudocontact contribution. These

47 assignments are summarized in Tables S12 and S18 and were confirmed by examination of
NMR data of the deuterated LnII-2 complexes where the signal of C proton is missing. As for the

54 signals of the BzO" ligands, the peak that experiences the biggest shift (7.e., resonance 1, Figure
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S$16) was assigned to proton E for all compounds, which is the closest to the Ln'"! ion, thus

associated with the largest calculated (G (1)) (See Table 13). The resonances of protons F and G

were easily assigned by inspection of the peak integrals (two and one protons, respectively).

3.4 Calculation of pseudocontact shift. The calculation of the Fermi contact and pseudocontact

contributions to the chemical shifts for LnI-1 complexes was performed using the “all

lanthanides” method.?”-?® Data treatment presented here is limited to heavier lanthanides for

which the pseudocontact contribution dominates over the Fermi one. The treatment for lighter

lanthanides is reported in the Supporting Information. Following the “all lanthanides” method,

we first plotted the O ,P#(7) reported in Table S13 as a function of the reference Jy,P*?(7) (Plot I,

Figure 4).2" Linear regressions forced through the origin were performed on data related to each

lanthanide and the calculated slopes m , are reported in Table S13. The physical meaning of 7,

(within the limits of validity of Bleaney’s theory) is mx, = CALn)/CAYDb).> However, more

realistically n7, would reduce to By ,C(Ln)/By,CAYDb) since By, is not expected to be strictly

constant throughout the series, as observed for the isostructural Ln"™Na'(OAc)4[12-MChn"(N)shi-

4](H,0)4-6DMF compounds, and Cjvalues of lanthanides in the complexes may differ from

those of the free ion.?8
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Following the “all lanthanides” method, we then plotted the & ,P**(/)/{.S,)L, Values as a function
of my,/(S,)1. (Plot II, Figure 5) in which each line relates to one specific A to G proton. The
points were fitted through linear regression without constraining the lines passing through the
origin. The calculated slope and intercept values, respectively, are labeled M; and Q;and are
reported in Table S15 and S11. Pseudocontact and Fermi contact contributions to the chemical

shift of the proton signals were then calculated:?®

i) = myM; (4

A OER VA ORIATO NG

The values of J,°°"(7) and O ,F¢(J) calculated by means of Equations 4 and 5, respectively are
also reported in Table S15 and S16. Overall, as expected, we found values which confirm that
the J;,7C contribution dominate over J;,°". Expectedly, oblate lanthanides (Tb™, Dy, Ho'")

present & ,,F¢ which are opposite in sign than those of prolate ones (Er'!l, Tm!!, Ybl),
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Figure 4. Plot of J,P%4(s) as a function of Jy,P*4(s) (“Plot I”’) for Ln"Na'(OBz)4[12-MCgaminshi-

4](H,0)4-6DMF (where Ln! = Tb"-Tm!"). The A-G labels reported in blue refer to the ligand

protons in the corresponding positions.

The M; values determined through the “all lanthanides” method relate with the geometric term

G(1) values through the relationship M/M; = G(1)/G(j). Consequently, for each Ln™-1 complex

the M;/M;ratio obtained by NMR contains the structural information associated to the (1)

parameters. Normalized Af; values (= M/Mp since Mpis the smallest for all complexes)

determined by NMR are reported in Table 1 along with the corresponding normalized ((7)
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values obtained from the crystal structures of Ln™-1 complex. A; values should correspond to

the (1) values for a scale factor y (ie., M;= y-G(i)) where in theory y= By, -C(Yb). Here below

we will show how we used yas an empirical least square parameter to compare structural models

of the complexes with NMR data. Finally, since the A7; and the (G(7)) values have the same sign,

the consistency between the NMR observations, the X-ray structural data and the signal

assignment are in full agreement.

Table 1. Normalized M, values of the protons obtained from NMR data and normalized geometric

(G(1) parameters calculated for the X-ray structure of YX-1, the Y-rot model and the ones of the

three DFT models (( (7)) that give the best agreement with the AZ; values. The o values are also

reported (see equation 6).

Parameter i=Hp, Hp Hc Hp Hgp Hpp Hg otal
M; 1.79 1.00 1.11 2.40 -11.12 -3.35 -1.91 -
(G(D)

Y1 1.56 1.00 1.11 2.05 -7.52 -2.28 -1.21 1.37
Y-rot 1.56 1.00 1.11 2.05 -2.31 -1.52 -1.21 11.7
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Y-NaBP 1.62 1.00 1.16 2.40 -10.49 -3.29 -1.89 0.100
Y-BP 1.73 1.00 1.19 2.62 -12.41 -3.83 -1.94 0.142
Y-XP 1.72 1.00 1.19 2.65 -12.20 -3.91 -2.19 0.187

[a] See equation 6.

Noteworthy, the normalized X-ray (G(1)) values of Shi* protons reported in Table 1 are much

closer to the corresponding normalized M; values than those of the benzoate protons (2-23 %

difference for A-D protons, 24-39% for E-G). Having ruled out the dissociation of benzoates on

the basis of PGSE data, we made the hypothesis that the larger difference between the AZ; and

(G(1)) values for benzoate protons arises from the free rotation of the phenyl ring of the BzO-

residues around the C-C axis. This free rotation agrees with the equivalence of two F and E

protons in the NMR spectra but is not considered when the X-ray coordinates are used in

calculating ( G(7)). We, therefore, generated models based on the X-ray structure of YM-1 where

the phenyl rings are rotated around the C-C axis of 45, 90 and 135 degrees compared to the main

benzoate plane (Figure S20). The corresponding ( (7)) parameters were then calculated from

Equation 3 but as an average of the four models and are reported in Table 1 as Y-rot. To most of

our surprise, for Y-rot the normalized ((7) values for E and F benzoate protons differ by 80%
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and 55% from the experimental M;compared to 33% and 32% for the Y-1 crystal structure,

respectively. Strikingly, the model with free rotation of the phenyl group, is a worse model in

explaining NMR data compared to the YT-1 crystal structure. This unexpected result suggests

that the benzoate aromatic groups are not freely rotating in solution, but rather are spatially

arranged in preferential positions or conformations. We therefore decided to investigate the

solution structure of those complexes using DFT calculations, in search of other structural

models to compare the NMR data with.
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Flgure 5. Plot of InLn/<Sz>Ln VS inpma(l)/<SZ)Ln (“PlOt II”) for Ll’lHINaI(OBZ)4[12-MCGaIH(N)Shi—

4]1(H,0)4-6DMF (where Lol = Tb!-Yb!T). Letters correspond to proton positions, while Jp,P*2

values for each lanthanide are on vertical dashed lines.
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3.5 DFT calculations. DFT geometry optimization calculations were performed on the

diamagnetic YM-1 complex using the X-ray structure as a starting model. Three different density

functionals were employed, namely B3LYP, wB97XD and M06-2X, and the related models

were labelled with B, X and M, respectively (see labels in Table S17). Beside the widely used

B3LYP, the wB97XD density functional contains dispersion correction, and it is suitable to

model both short-range and long-range interactions. Similarly, the M06-2X density functional

has proven to be employed for the description of non-covalent interactions and isomerization

energies.*#+36 Finally, all models were optimized by considering either the presence or the

absence of the Na' ion, together with the four bridging water molecules. Representations of the

DFT optimized geometries and description of the labelling scheme used are reported as

Supporting Information (see also Table S17). A representative overlay of the X-ray structure of

Y™-1 with the optimized model Y-NaBP is reported in Figure S24. Overlays between the solid

state and DFT models are also reported in the Supporting Information. For all the calculated

structures we calculated the normalized (G(7)), which are reported in Table 1 and Table S18.
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To evaluate which model best explains NMR data, we used the least square function o (Equation
6) for each X-ray or DFT structure. The scale factor ywas considered a least square parameter:

the smaller the o value, the more the structural model is consistent with the NMR data.

o=X,[M;— y(GD)* (©6)

The oparameters are reported in Table 1 along with the normalized M, and ( G(J)) of the three
best models, namely Y-XP, Y-BP and Y-NaBP, which have a very similar o value. The (((1))
values for all X-ray structures and DFT models, including calculated y parameters, are reported
in Table S18. Interestingly, the three DFT models are characterized by a better agreement with
the NMR data (lower o values) than the experimental X-ray structures, Table 1. This can be
tentatively explained by inspecting the crystal packing of YI-1, which is characterized by the
presence of a partial pi-stacking between the phenyl moieties of the MC and the DMF molecules
(Figure S14). The pi-staking forces the MC platform to adopt a more planar arrangement with
respect to the DFT optimized geometry. Indeed, the DFT geometry present a marked doomed

shape of the MC scaffold.
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Interestingly, the Y-NaBP model that bears the coordinated Na! gives the best M, vs. ( G(1)) fit

through Equation 6. However, the difference between the conformation and the least square 0

values of Y-BP and Y-NaBP are very small (Table 1), which suggests that the coordination of

sodium may not have a major role in determining the geometry of the MC. Y-BP and Y-NaBP

(Figure 6 a) are close to C, symmetrical and the overall structure not significantly different to the

crystal structure of YII-1. Conversely, Y-XP (Figure 6b) presents a pseudo-C, symmetry with

two alternated Shi’*- ligands deviating markedly from the four-oxygen cavity mean plane, while

the remaining two are more coplanar.

Figure 6. Representation of the conformation of the ligands in the Y-BP model (a) and in the Y-

XP model (b). The structure of Y-NaBP is not reported as this model is extremely similar to the

Y-BP one. The pseudo-symmetry of the models is reported in italics at the bottom. The interactions
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between the benzoate residues are clearly visible in the pseudo-C, model and are however

highlighted in the Supporting Information.

oNOYTULT D WN =

20 In the Y-XP model represented in Figure 6 two out of the four benzoate ligands are

approximately in the same position observed in the X-ray structure, while the remaining two (in

57 alternate positions) show rotated phenyl residues which assume a bent conformation with respect

30 to the MC mean plane. These conformational changes of the benzoate ions are accompanied by a

conformational change of the MC scaffold, in which two alternate Shi3 ligands are more

37 coplanar and the remaining two more bent. These conformations are stabilized by CH---1

40 interactions between adjacent BzO- residues in agreement with the hypothesis that the benzoate

ligands have preferential positions rather than being freely rotating in solution. Lastly, we

47 determined that the Y-XP models is the most stable between the two best models as the single

50 point energy of the model is lower than that of Y-BP both using the B3LYP and wB97XD

density functional (Table S19), thus proving that the Y-BP model is related only to a local
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minimum on the Potential Energy Surface. Based on these observations we put forward the

hypothesis that the geometry of the Y-XP conformation is likely the most abundant in solution

but, due to the presence of an average four-fold symmetry in the NMR experiments, can go

through a dynamic equilibrium. The prevalence of the Y-XP conformation is in full agreement

with the observation that NMR data suggest that there is no free rotation of the phenyl groups of

the carboxylates. The pseudo four-fold symmetrical Y-BP conformation is however possible

intermediate in the dynamic equilibrium which involves the two Y-XP conformers (figure 7),

being the calculated energy difference between the two models only 5.1 kJ mol-! (wWB97XD

density functional).

Further considerations on the nature of these conformers are not possible using the available

data. However, it must be highlighted that the presence of multiple stable spatial orientations of

the bridging benzoates can be of extreme importance to provide stability to dimeric or trimeric

metallacrowns with carboxylate linkers bridging anions.’”8 Also, the differences in the

symmetry of the coordination environment could lead to interesting effects in the luminescent

behavior of this class of compounds.>’
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Y-XP

17 Figure 7. Representation of the fluxionality equilibrium between conformers. On the right the

20 structures Y-XP which is pseudo-C, symmetrical, at the center the structure Y-BP which is pseudo-

o

C, symmetrical. The conformer on the right is identical to the one on the left, rotated by 90°.

32 Overall, NMR data analyzed on the basis of crystal structures and DFT models suggest that

fluxionality is likely present in these structures, but with a different involvement of the MC

39 framework and the ancillary benzoate ions. While the former maintains roughly the same

42 geometry, the benzoate ligands are freer to change their orientation and spatial arrangement. This

46 in turn suggests that the Ln™[12-MCg,!lxspi-4] framework can sustain conformational

49 adaptations that are larger from those predicted by the analysis of the X-ray structures. For these

reasons these complexes are expected to be very interesting building blocks for the assembly of

56 complex structures in which the spatial adaptation of the carboxylate ligands is required.
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Conclusion

This paper presents an application of both the “all lanthanides” NMR data treatment and DFT

analysis to a series of self-assembled metallacrowns of known structure. The analysis we have

performed put together the three groups of information (NMR, DFT, X-ray structure) to

elucidate the nature of structural adaptations that occur in solution. The average four-fold

symmetry in solution consistent with the pattern in the 'H NMR resonances is likely not strictly

C, symmetrical as observed in the solid state. This average four-fold symmetry, consistent with

the pattern in the 'H NMR resonances, is rather the result of processes of fluxionality of the MC

scaffold that presents two different orientations of the salicylhydroxamate ligands (also

supported by the disorder in the X-ray structures). The NMR structural information could be

rationalized using DFT optimized structures that suggested the presence of intramolecular C-

H---1r interaction of adjacent benzoate residues in C, symmetrical MC conformers.

The approach described in this work can be applied in the future to other classes of

supramolecules that possess lanthanide ions in their structure. DFT structural models were used
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to rationalize NMR information that were obtained by a fine treatment of simple 1D data. Also,

the “all lanthanides” method allowed for this purpose to process the entire 1D NMR dataset as a

oNOYTULT D WN =

whole, and to extract parameters that are correlated with the structure of lanthanide complexes

14 without incurring in the limitations imposed by other methods of analysis.
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T The spectrum of Gd™-1 was recorded but as expected, no peaks of the MC complex were

detected due to the extremely short 'H relaxation times induced by the Gd' ion, and only a very

broad band was present, approximately from 6 to 9 ppm, apart from those of the solvents. That is

again different from what was observed for Gd"'Na!(OAc)4[12-MCpumnshi-41(H20)4-6DMF in

which the presence of five coupled paramagnetic centers resulted in faster electron relaxation

rates for Gd! and, therefore, observable NMR signals.
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T The (...) brackets mean that the (G(7)) parameter was calculated by averaging those of the

same i positions considering non-symmetry equivalent positions or the presence of disorder and

consequent fractional occupancies

SYNOPSIS The structure in solution of a series of lanthanide metallacrowns were studied

through paramagnetic 'H NMR and DFT models. The analysis of NMR data (treated with the

“all-lanthanide” method), X-ray structures and DFT models allowed to establish the nature of

dynamic equilibrium processes in solution otherwise not noticeable form the X-ray data alone.
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