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Abstract

The coordination chemistry of heterobimetallic complexes has become a highly studied
research topic in the broader field of inorganic chemistry. This can be attributed in part to the
exciting opportunities that are afforded by assembly of well-defined complexes containing two (or
more) different metals. In particular, it has been shown that the properties of a core metal center
can be systematically varied by incorporation of secondary metal cations in close proximity. In
this thesis, a possible origin of these tuning effects has been explored though use of the vanadyl
moiety, [VO]**, as a spectroscopic and structural probe. [VO]** is a paramagnetic species bearing
a terminal oxo ligand that is quite chemically robust, making it ideal for use as a probe moiety.
The studies presented in this thesis represent an extended examination of the origin of such tuning
effects, with a particular attention paid to adapting synthesis and characterization methods to
complexities that arise due to inclusion of vanadyl. Chapter 1 describes structural, spectroscopic,
and electrochemical studies conducted with heterobimetallic vanadyl complexes containing a
series of mono-valent cations (Cs*, Rb*, K*, Na*) and a di-valent cation (Ca?"). This chapter
mentions the synthesis of a heterobimetallic complex incorporating Li*, but this compound and its
speciation profile are described in detail in Chapter 2. The complex containing Li* appears to
behave differently than the other heterobimetallic complexes reported here and thus it is described
separately. Chapter 3 describes spectroscopic experimentation on heterobimetallic complexes
based on the same ligand framework as those in Chapters 1 and 2 but presents expansion of our
previous series of complexes to analogues containing trivalent cations (La**, Y**, Lu*"). Taken
together, the results assembled in this thesis paint a comprehensive picture of the tuning effects

that Lewis acidic metal cations can exert on the vanadyl ion.



Chapter 1

Vanadyl as a Spectroscopic Probe of
Tunable Ligand Donor Strength in Bimetallic Complexes

This chapter is adapted from a manuscript that has been accepted for publication:

Dopp, C.M., Golwankar, R.R., Kelsey, S.R., Douglas, J.T., Erickson, A.N., Oliver, A.G.,
Day, C.S., Day, V.W., and Blakemore, J.D., Vanadyl as a Spectroscopic Probe of Tunable Ligand
Donor Strength in Bimetallic Complexes, Inorg. Chem., 2023, in press,
doi: 10.1021/acs.inorgchem.3c00724; also available as a pre-print on ChemRxiv,
doi: 10.26434/chemrxiv-2022-t8p04



1.1 Abstract

Incorporation of secondary metal ions into heterobimetallic complexes has emerged as an
attractive strategy for rational tuning of compounds’ properties and reactivity, but direct solution-
phase spectroscopic interrogation of tuning effects has received less attention than it deserves.
Here, we report assembly and study of a series of heterobimetallic complexes containing the
vanadyl ion, [VO]*", paired with mono-valent cations (Cs*, Rb*, K*, Na*) and a di-valent cation
(Ca?"). These complexes, which can be isolated in pure form or generated in situ from a common
monometallic  vanadyl-containing precursor, enable experimental spectroscopic and
electrochemical quantification of the influence of the incorporated cations on the properties of the
vanadyl moiety. The data reveal systematic shifts in the V-O stretching frequency, isotropic
hyperfine coupling constant for the vanadium center, and V(V)/V(IV) reduction potential in the
complexes. These shifts can be interpreted as charge density effects parametrized through the
Lewis acidities of the cations, suggesting broad potential for the vanadyl ion to serve as a

spectroscopic probe in multimetallic species.
1.2 Introduction

Tracking and systematically analyzing the tunable properties of multimetallic coordination
complexes attracts significant attention in a variety of fields, as understanding the origin of
tunability in metal complexes could assist researchers in rational design of new materials with
tailored properties. Multimetallic complexes often afford access to structural and chemical
properties that are inaccessible in their homometallic analogues, making them attractive for
development as catalysts or as platforms for bespoke reactivity manifolds. Divergent synthetic
protocols enable development of a wide range of complexes built from monometallic precursors,

as secondary, effectively Lewis acidic metals can often be readily incorporated when appropriate



ligands are utilized. Progress in understanding the precise roles that the secondary metal cations
play in multimetallic systems has come from studies of such compounds, particularly those based

on first-row transition metals.!-2

As charged species that do not readily engage in significant covalent bonding, electropositive
metal cations such as Na®, Ca?’, and Y>' have been envisioned to exert electrostatic effects in
multimetallic complexes, giving rise to changes in chemical reactivity,’ catalytic behavior,*>¢ and
in many cases, electrochemical reduction potentials.”® These effects have been parametrized
through a variety of descriptors, including the cations’ charges, their ionic radii,” or their effective
Lewis acidities, as estimated from the pK, values of their corresponding metal aqua complexes.!”
Other parametrizations based on spectroscopic measurements have also been proposed because of
the influence that solvent effects and metal ion speciation can exert over quantitative descriptors.
For example, Fukuzumi and co-workers have explored systematic differences among cations with
electron paramagnetic resonance (EPR) experiments on in sifu generated superoxide species.!!
Caputo and co-workers have developed an approach to measuring Lewis acidity with fluorescence
measurements,'? and our group has been examining use of phosphine oxide probes and 3!P nuclear
magnetic resonance (NMR) methods to quantify the properties of diamagnetic cations.!*!* In all
these cases, there is motivation to pursue a quantitative measure of the tendency of a given
chemical species (e.g., electropositive metal cation) to serve effectively as a Lewis acid. Such
behavior can be thought to arise from the induced shift in charge density distribution that results

from interaction of a given Lewis acid with a molecule of interest.

Along this line, the properties and reactivity of molecular vanadium complexes and catalysts
can be readily tuned through modification of both their ligand sets and conditions under which

they are utilized.!> Homomultimetallic vanadium species have important applications in oxidative
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catalysis in particular,'® and can take part in reactions such as diketone cleavage,!” sulfide
oxidation,'® and deoxydehydration of vicinal-diols such as glycols.!? In catalytic systems based on
vanadium, both homo- and hetero-multimetallic systems can play critical roles; for example,
sodium vanadate is a commonly utilized precursor complex and polymeric [VOs] species are
believed to be the active catalysts in reactions such as the oxidative dehydration of alkanes.?’ The
work of Matson and co-workers has afforded access to well-defined polyoxovanadate clusters?!
that can be “doped” or substituted with single heterometals such as iron,?? titanium, hafnium,
zirconium, or gallium to interrogate the consequences of incorporating secondary metal cations
into vanadium-based materials.?® In these systems, the secondary metal has been shown to
modulate the electronic properties of the parent clusters, affording electrochemical properties for
multiple vanadium-centered redox events that depend linearly on the pK. values of the
corresponding aqua complexes of the incorporated secondary metal cations.?* These results
underscore the recognized ability of secondary metals to tune the properties of vanadium-based

materials, and encourage further developments in this area.

Considering the established interest in the field toward pursuit of systematic analysis of tuning
effects and their precise origins,?®> further development of molecular vanadium-containing
heterometallic systems could offer additional benefits that merit exploration. In particular, our
focus was drawn to the vanadyl ion, [VO]*" or oxovanadium(IV), for incorporation into
heterobimetallic complexes. This species is chemically robust?® (attributable to the formal V-O
triple bond?”) and affords a variety of unique spectroscopic handles that are readily addressed in
complex systems.?®?? These handles include unique electronic absorption properties in the UV and
visible regions as well as well-resolved asymmetric V-O stretching frequencies that are typically

found near 990 cm!. Additionally, [VO]** is inherently paramagnetic due to its 3d’ configuration,
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giving rise to a distinctive eight-line electron paramagnetic resonance (EPR) spectrum for the
resulting S = 1/2 and I = 7/2 spin system when [VO]** is placed into otherwise diamagnetic
environments.*® The vanadyl ion is also redox active, and can often be reversibly oxidized from
V(IV) in neutral complexes to V(V). Consequently, incorporation of a single vanadyl ion into
systematically tuned heterobimetallic complexes could i) afford the ability to interrogate the
species with multiple techniques and ii) provide comprehensive experimental data to aid in

identifying the origin of tuning effects measured in the complexes.

We envisioned that taking a hybrid approach could be fruitful to take advantage of these
opportunities, in that use of a tailored ligand could enable installation of the vanadyl moiety into a
monometallic precursor as well as enable binding of secondary metals through inclusion of an
appropriate ancillary binding site. The ligand frameworks developed by Reinhoudt and co-
workers?! and elaborated upon by Vigato and co-workers*? that feature [N>,0:] and [Os] binding
sites seemed ideal for this purpose, as they enable stable binding of cations in solution.’*-** We
thus anticipated that installation of the vanadyl ion into such a ligand would enable us to capitalize
on its spectroscopically addressable nature, with an eye on understanding how ligand field strength
varies across a series of heterobimetallic complexes wherein a modular series of electropositive

metal cations are held in close proximity.

Here, we report the assembly of a series of heterobimetallic complexes that pair the vanadyl
ion with a secondary electropositive metal cation (Cs*, Rb*, K*, Na* or Ca®*) and solution-phase
spectroscopic and electrochemical measurements which quantify the influence of the secondary
metal cations on the vanadyl core. The vanadyl ion, [VO]**, appears robust in these systems, and
the complexes themselves can be either i) isolated and characterized as powdered samples or ii)

prepared in situ and used directly for solution-phase spectroscopic investigations. Findings from
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electronic absorption, infrared, and EPR spectroscopies as well as electrochemical studies have
enabled us to quantify the decrease in ligand donor power that is driven by the effective Lewis
acidity of the incorporated secondary metals, establishing a general model of the role that
secondary metals play in heterobimetallic systems. Our results underscore that the vanadyl ion can
serve as a readily addressable spectroscopic probe in heterobimetallic complexes, suggesting that
this species could be used as a probe of coordination environment-dependent tunability in other

systems.
1.3 Results
Synthesis of the Heterobimetallic Series

Syntheses of the heterobimetallic vanadyl complexes were accomplished with a monometallic
precursor denoted [VO] (see Scheme 1.1). [VO] was prepared by stirring [Hz,Ba] dissolved in
chloroform with an excess of guanidinium sulfate in water (resulting in extraction of Ba?")!%!1
followed by addition of 1 equiv. of VO(acac) (acac = acetylacetonate)®> along with a few drops
of triethylamine. [VO] was isolated (see Synthetic Procedures Section) in good yield (76%) as a
green powder and is soluble in acetonitrile (CH3CN) and tetrahydrofuran. The 'H NMR spectrum
of [VO] features a set of distinctive albeit broad resonances (see Appendix 2, Figure S1). The
chemical shift values of the resonances for both the aromatic and aliphatic protons of our
macrocyclic ligand are shifted from where they would be anticipated to be in diamagnetic
complexes,* in line with the paramagnetic nature of [VO]. The elemental analysis results and
structural data from X-ray diffraction (XRD) analysis confirmed the desired formulation of [VO],
including the presence of the free crown-ether-like [Os] site that appears poised for binding of

secondary metal cations.
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Scheme 1.1. Synthetic strategy for preparation of heterobimetallic vanadyl complexes.

To demonstrate the ability of [VO] to cleanly incorporate secondary metal cations, [VO,Cs],
[VO,Na], and [VO,Ca] were also isolated and fully characterized (see Synthetic Procedures
Section for details). These compounds could be readily prepared by addition of 1 equiv. of the
corresponding triflate (OTf") salts of the desired secondary metal cations (Cs*, Na*, and Ca*") to
solutions of [VO] in CH3CN. The heterobimetallic species were isolated in good yields (>85%) in
each case, in line with clean reactivity in solution. [VO,Cs], [VO,Na], and [VO,Ca] were fully
characterized, including by elemental analysis, while solid-state structural data from XRD for
[VO,Na], and [VO,Ca] confirmed the ability of the pendant crown-ether-like [Os] site in [VO] to

effectively bind both monovalent and divalent secondary metals in the solid state.
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X-ray Crystallography

Single-crystals of [VO], [VO,Na], and [VO,Ca] suitable for XRD analysis were grown by vapor
diffusion of diethyl ether into CH3CN in all three cases. See Table 1.1 for metrical data from XRD
and Appendix 2 pp. S43-S86 for details. On the one hand, the solution and refinement of the
structure of [VO], described in a03a, was straightforward, with a clear-cut space group assignment
of P2;/c and a quite acceptable final R; value of 4.0% (see Figure 1.1). [VO] is overall neutral in
the solid state, co-crystallizing with only two outer-sphere acetonitrile molecules in our structure.
The pendant crown-ether-like [Os] site is clearly poised for binding of secondary metals in the
compound, and as desired, the geometry about the vanadium metal center orients the two
phenoxide (i.e., phenolate) oxygen atoms such that they could serve as bridging ligands to

incoming secondary metal cations.
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Table 1.1. Comparison of structural parameters from X-ray diffraction (XRD) analysis.

Compound [VO] [VO,Na] [VO,Ca]
Structure code a03a a04d-Nol b31b-No7
pK. of [M(H,0)m]™" - 14.8 12.6
Tonic radius of M ? - 1.18 1.12
C.N. of M™" - 8 8
V—0ox (A) 1.605(1) 1.595(7) ¢ 1.589(10)¢
VeeeM (A) - 3.532(4) ¢ 3.524(4)¢
O1le02 (A) 2.650(2) 2.603(12) ¢ | 2.580(15)°¢
Me**Ophenoxide (A) ¢ - 2.495(9)¢ | 2.452(11)¢
V—Ophenoxide (A) ¢ 1.924(1) 1.926(8) ¢ | 1.943(11)°¢
s geometry index’ 0.074 0.103° 0.018°
Osalmen® 0.035 0.046 © 0.008 ©
@crown 0.246 0.273 0.257
wr(A)’ 0.595 0.595 ¢ 0.568 ¢

“ From reference 10. ” From reference 9. © Average values of parameters
for [VO,Na] and [VO,Ca] were calculated as the arithmetic mean of
the relevant values for the four independent molecules of [VO,Na] and
two independent molecules of [VO,Ca] present in their structures’
respective asymmetric units. Stated e.s.d.’s on distances were taken as

the largest of the individual values in the refined data for the

independent molecular species. ¢ Defined as the average of the
interatomic distances between the secondary metal cations Na" and Ca**
and the O-atoms of the bridging phenoxide moieties. ¢ Defined as the
average of the interatomic distances between the vanadium center and
the O-atoms of the bridging phenoxide moieties.” Geometry index for
five-coordinate complexes, with the values ranging from 1.00 for a
perfect trigonal bipyramidal geometry to zero for a perfect square
pyramidal geometry. Calculated as described in references 36 and 37. ¢
Defined as the root mean square deviation (RMSD) of the atoms O1,
02, N1, and N2 from the mean plane of their positions. ” Defined as the
RMSD of the atoms O1, 02, O3, 04, OS5, and O6 from the mean plane
of their positions.  Absolute value of the distance between the
vanadium atom and the mean plane defined by O1, 02, N1, and N2.
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Figure 1.1. Solid-state structure of [VO] from a03a. Two outer-sphere co-crystallized acetonitrile
solvent molecules and hydrogen atoms are omitted for clarity. Displacement ellipsoids are shown at the

50% probability level.

On the other hand, the solution and refinement of the structures of [VO,Na] and [VO,Ca], given
in a04d and b31b, were not routine due to crystallographic pseudo-inversion symmetry that affects
both systems. In essence, the structures of [VO,Na] and [VO,Ca] (see Figures 1.2 and 1.3) display
inversion symmetry that is not rigorous, in that it is obeyed by large numbers of atoms in the
asymmetric unit of each structure but not all. While at first glance this situation might be thought
to resemble those involving re-assignment of space groups from ambiguous determinations
highlighted by the late R.E. Marsh,*® instead it is rather the opposite. Marsh’s efforts were often
focused on correcting structures by finding and imposing unrecognized rigorous symmetry
elements; our cases in a04d and b31b involved assigning the preferable and correct solutions that
avoid imposition of non-rigorous centers of symmetry. Consequently, although Dr. Marsh stated

at least once that “the most reasonable procedure is to describe [a structure] in the centrosymmetric
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space group if at all possible,” this prescription®® does not apply to our structures. Structures
appearing to contain approximate centers of inversion were the focus of another particularly
insightful study®® from Dr. Marsh; he noted that in such cases, “the moral is clear: if an
approximate center is present, extra care must be taken.” We have found this advice to ring true in
the present work. In b31b, imposing rigorous symmetry results in a single crystallographically-
independent cationic moiety with significant disorder. The molecular cation has two half-
occupancy orientations for the polyether chain and obtaining a metrically reasonable structure
required an unacceptably high ratio of restraints to parameters (1272 to 802). On the other hand,
the non-centrosymmetric refinement produced two crystallographically-independent ordered
cationic moieties that were metrically reasonable with many fewer restraints. In a04d, imposition
of inversion symmetry results in at least one apparently unreasonable short intermolecular packing
contact between a disordered methyl group (associated with C23B) of the heteroditopic ligand of
[VO,Na] and a fully ordered triflate counter-anion.*® By being involved in a C-He*+O hydrogen
bond that presumably stabilizes the structure, the C23B methyl group would not be expected to be
disordered, as it was in the centrosymmetric structure. The specifics of these issues are discussed
in the Special Refinement Details in Appendix 2 and are briefly summarized in the next paragraph
in light of their unusual nature and scholarly interest (p. S46-S49 for a04d and p. S69-S70 for

b31b).

18



AR\
S A
S N
AN =
O
%

07A )

Figure 1.2. Solid-state structure of the pseudo-centrosymmetric [VO,Na] dimer from a04d-Nol. Four

outer-sphere triflate counter-anions, an outer-sphere water molecule, and a second dimeric species that is

chiral (due to one of the two pseudo-inversion-related 4-carbon diimine bridges being “flipped”) are

omitted for clarity, in addition to hydrogen atoms; displacement ellipsoids shown at the 50% probability

level.
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Figure 1.3. Solid-state structure of [VO,Ca] from b31b-No7. All H-atoms, a co-crystallized molecule
of acetonitrile solvent, a second molecule of [VO,Ca] found in the asymmetric unit, and triflate disorder
(associated with S2A) are omitted for clarity. Displacement ellipsoids are shown at the 50% probability

level.

Both structures could be fully refined to give reliable geometric information and bond metrics
through selection of appropriate space groups: P/ for a04d-Nol and Pc for b31b-No7. These
refinements avoid imposition of non-rigorous symmetry and return acceptable R; values of 6.4%
and 6.8%. More importantly, they eliminate all macrocycle disorder in both structures, much of
the triflate disorder in b31b and reveal the presence of two structurally distinctive dimeric species

present in the solid-state for a04d. The observation that the crystal of this compound contained
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two distinctive types of dimers was unexpected; this finding, along with the presence of an
important co-crystallized water molecule, was obscured when the structure was solved in
centrosymmetric space group P-/ but unambiguous in the final refinement using the non-
centrosymmetric space group P/. This water molecule appears to be critical because it engages in
hydrogen bonding with two outer-sphere triflate molecules, orienting these species and
presumably affording stabilization to the solid-state asymmetric unit. Of additional note, a short
and apparently critical intermolecular packing contact between a fully ordered methyl group of the
heteroditopic ligand of [VO,Na] and a fully ordered triflate counter-anion was clearly resolved in
the lower-symmetry non-centrosymmetric structure in P/. With both the methyl group and triflate
being ordered in the P/ structure, it was possible to identify this interaction as an inherently weak
C-Hee+O hydrogen bond. In an analogous refinement in P-/, the methyl group was disordered
while the triflate remained fully ordered, a dissonant finding that caused us to suspect that the
refinement in P/ was the preferred and most correct solution. In light of all these considerations,
we have used the final structures in lower-symmetry space groups for discussion of the properties
of [VO,Na] and [VO,Ca] given below, but have also included further details in the SI regarding

the competing centrosymmetric and non-centrosymmetric refinements for these cases.

The vanadyl moiety coordinates to the [ N>, O:] site in both [VO,Na] and [VO,Ca], and does not
interact directly with atoms of the crown-ether-like [Os] site. The Na* and Ca?* cations occupy the
[Os] site in the structures of [VO,Na] and [VO,Ca] as expected, and the cations are both eight-
coordinate in the solid-state data. In addition to the six oxygen donors, Ca?" is ligated by two inner-
sphere k! triflate counter-anions while Na* is ligated by one inner-sphere acetonitrile molecule and
the oxo of a nearby vanadyl moiety, resulting in the triflate counter-anions being found in the outer

sphere. [VO,Na] forms dimeric species in the solid-state data, driven by the long, weak Nae**Ooxo
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interactions of ca. 2.304(3) A. The vanadyl moiety adopts a square pyramidal geometry in the
complexes; quantification of the zs geometry index for the vanadium centers in the three structures
reported here returns values that are close to zero in all cases, consistent with near-perfect square
pyramidal geometries. [VO,Na] deviates most significantly with s = 0.103, suggesting that the
weak interaction of the vanadyl oxo with the nearby sodium cations drives a mild distortion of the

vanadium coordination sphere.

Inspection of the interatomic distances between vanadium and the Na* and Ca?* ions reveals that
the smaller Ca?* (Shannon ionic radius 1.12 A) can nestle more tightly than Na* (ionic radius 1.18
A) into the nascent diamond core motif (see Table 1). This position allows the secondary cations
to interact closely with the bridging phenoxide moieties, a tendency likely driven by these groups’
partial anionic character that arises from deprotonation and binding of [VO]**. In accord with this
model, the distance between the phenoxide donors (O1¢+02) decreases upon incorporation of the
secondary metal cations, with the smallest O1+¢¢O2 and Ve++*M distances being associated with the
more Lewis acidic calcium ion. There is minimal change in the out-of-plane deformation of the
crown-ether-like site upon binding of the secondary metal cations (quantified by @wcrown, see Table
1.1), whereas the out-of-plane deformation of the atoms defining the vanadyl binding site
(quantified by @saimen, see Table 1.1) is minimized in the case of [VO,Ca] (wsaimen = 0.008) vs. in
the cases of [VO] and [VO,Na] (wsaimen = 0.035 and 0.046, respectively). Consistent with this
observation, the vanadium center moves significantly closer toward the plane of the macrocycle

(quantified by wy parameter, see Table 1.1) upon coordination of the Ca®* ion.

These observations suggest that the properties of the vanadyl core are indeed measurably
perturbed upon incorporation of Lewis acidic cations into [VO]. Additional evidence for this

perturbation comes from examining the bond distances about the vanadium center. Indeed,
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coordination of the more Lewis acidic Ca®* results in a pronounced elongation of the V—Ophenoxide
distance (1.943(11) A in [VO,Ca] vs. 1.924(1) A in [VO] and 1.926(8) A in [VO,Na]. More
significantly, however, the V—QO,x, bond undergoes a contraction upon binding of Na* or Ca**,
giving data for this bond distance that decrease in the order [VO] > [VO,Na] > [VO,Ca]; the
values of the V—Oox, distance for the compounds in this order are 1.605(1) A, 1.595(7) A, and
1.589(10) A, respectively. These measured changes in the V—Ophenoxide distance and V—Ooxo
distance are consistent with attenuation of the electron donor power of the bridging phenoxide
atoms upon binding of Lewis acidic cations, a proposal that we anticipated could be investigated
through spectroscopic and electrochemical studies which address the suggested changes occurring
at the vanadium site. Thus, we next turned to solution-phase spectroscopic investigations to

provide further quantitative evidence for such perturbations.

Electronic Absorption Spectroscopy

We first considered electronic absorption to spectroscopically interrogate the properties of the
heterobimetallic complexes containing the vanadyl ion. Assembly of the complexes in situ with
CH3CN, rather than bulk isolation and solid-state characterization of all complexes, was pursued
to enable screening of a range of metal cations, including Cs*, Rb*, K*, Na*, Li*, and Ca?*. The
spectral signatures in the UV-visible region were used to confirm the formation and stability of
the complexes in solution. Therefore, we prepared 1:1 vanadium:M solutions over a vanadium
concentration range of 0.025 to 0.5 mM, and measured these solutions’ UV-visible spectra under
inert atmosphere in our glove box. Two main types of transitions were immediately apparent in
the measurements of the starting [VO] complex, and these transitions were also observed for the
heterobimetallic species, albeit shifted to higher energies (blue shifted) in all cases (see Figures

1.4 and 1.5, and see Appendix 2, Figures S9-S15 for more details). The first transition was found
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for [VO] at A, = 386 nm, and was assigned as having charge-transfer (CT) character on the basis
of its intense molar absorptivity (¢ = 4,500 M! cm™!). The second transition was found for [VO]
at 593 nm, and on the basis of its position*' as well as lower intensity (¢ =~ 130 M! cm™),%° we

assigned it as a d-d transition associated with the vanadyl moiety.
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Figure 1.4. UV-visible spectra highlighting charge transfer transitions in the complexes. The spectra of
the heterobimetallic species are given in order of increasing pK, of the corresponding metal aqua

complexes. The concentration of vanadium in each case was 100 uM.
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Figure 1.5. UV-visible spectra highlighting the d-d-type transitions measured for the complexes.
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As mentioned above, examination of the electronic absorption spectra of the heterobimetallic
complexes revealed similar transitions to those measured in [VO] in each case. The lowest-energy
charge transfer transition was found at 382 nm for [VO,Cs] and at further blue-shifted wavelengths
for the other heterobimetallic complexes, up to 365 nm for [VO,Ca]. The d-d transition measured
at 593 nm for [VO] was also found to blue shift in the heterobimetallic derivatives, shifting as far
as 531 nm in the case of [VO,Ca]. Plotting the energies of the two tabulated types transitions (CT
and d-d) as a function of Lewis acidity (parametrized by pK. values as described above) results in

linear trends in both cases, with the exception of the data for [VO,Li] (see Figure 1.6).
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Figure 1.6. Dependence of the energies of charge transfer (panel a) and d-d (panel b) transitions on the

pK. values of the corresponding aqua complexes of the incorporated secondary metal cations. Data for

[VO,Li] are given in the blue points, and were not included in the linear fits.

27



Setting aside the case of [VO,Li] for the moment, the dependence of the CT transition energy
for the adducts of Cs*, Rb*, K*, Na*, and Ca?* on Lewis acidity was found to be —30£5 meV/pK,,
whereas the value was found to be —50+10 meV/pK, for the d-d transition. The values of these
slopes are not unlike the prior dependences that we have measured in related Ni,** Pd,** and
uranyl*? heterobimetallic complexes (—46+5, —45+3, and —22+1, respectively), in line with the
similar structure of the ligands used in each case. The use of vanadyl here, however, enabled us to
measure the dependence of its d-d energy on the Lewis acidity of nearby cations; the higher
dependence of this energy on Lewis acidity suggests, at least, that the close proximity of the
vanadium(IV) center to the site for binding of the secondary metal cations results in a significantly
greater sensitivity to the influence of these cations in comparison to their influence over the CT

transition energies in the same compounds.

For the [VO,Li] complex, although the UV-visible data qualitatively resemble those for the other
cation adducts, the shifts in the transitions for [VO,Li] are more modest than what would be
expected on the basis of Lewis acidity. These observations suggest that the cation interacts with
the parent [VO] complex in a different manner than that of the other cations in this study. Looking
to the literature, Li* has an established preference to bind in smaller crown ethers such as 15-
crown-5, and thus likely does not bind tightly to the larger crown-like site in [VO].* Li* could
also prefer to interact directly with the terminal oxo of the vanadyl moiety.** In accord with the
possibility of distinctive speciation for [VO,Li], we found that preparation of concentrated
solutions (ca. 10 mM) resulted in precipitation of an insoluble material. Consequently, we elected
to separate further experiments with Li* in order to focus on cation adducts that systematically and
reliably feature binding in the crown-like site. Information on [VO,Li] spectroscopic and

electrochemical characterization can be found in Chapter 2.
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Our observation of shifted electronic transitions upon binding of secondary metal cations in the
18-crown-6-crown-like site of our macrocyclic resembles observations made in prior work. For
example, addition of 1 eq. of scandium(IIl) to a manganese(IV) oxo complex resulted in the
blueshift of an electronic transition for the complex from 940 nm to 680 nm.*> On the other hand,
addition of 1 eq. of scandium(III) to a TAML-ligated manganese(V) oxo complex resulted in a
smaller red-shift of an electronic transition from 430 to 465 nm.*® In this latter case, the
scandium(III) ion was suggested to interact with the parent complex through a remote (CO) group
in the ligand backbone; this was supported by DFT calculations as well as EXAFS analysis
showing changes in ligand back scattering upon addition of scandium(III). On the other hand, less
Lewis acidic cations such as Zn?" and Ca?" did not result in changes to the UV-visible absorption
profile of the Mn(V) oxo system. In our own prior work with a family of heterobimetallic
palladium complexes, systematic shifts in a CT transition were observed across a family of seven
cations, including K*, Ca?*, and Lu*".3* These observations underscore the important role of the
crown-ether-like site in our macrocyclic ligand, which was used in both the work with palladium
and the work here with vanadyl. We conclude that the crown-ether-like moiety in our ligand system
enables direct interaction of the cations Cs*, Rb*, K*, Na*, and Ca?* with the vanadyl core. As
mentioned earlier, we hypothesize that placement of cations in this site is particularly impactful
on the properties of the vanadyl core owing to interaction with the two bridging phenoxide ligands.
Modulation of the ability of these ligands to serve as donors to the vanadyl moiety can be predicted
to impact the properties of vanadyl, and to investigate this possibility we turned next to infrared

(IR) spectroscopy.
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Infrared Absorption Spectroscopy

The solution phase IR spectrum of [VO] collected in CH3CN exhibits a feature at 989 cm™!
which can be assigned on the basis of prior work with vanadyl complexes*’ to be associated with
the asymmetric stretch of the V-O moiety (see Figure 1.7, black line, and see Appendix 2, Figure
S21). On the one hand, the asymmetric stretch measured for our complex [VO] matches well with
those from prior literature on both salen-type vanadyl complexes, in line with the similar ligand
environment about [VO] in our macrocyclic ligand,* and other vanadyl complexes.?4>° On the
other hand, however, the V-0 stretching mode in [VO] does exhibit a noticeable shoulder on the
low wavenumber side of the main peak. This could be attributed to interaction of the free 18-
crown-6-like unit with the vanadyl moiety in an intermolecular fashion. This possibility is
supported by observations attesting to occupation of the crown unit by secondary metals in the
other complexes, disfavoring intermolecular interactions of this type. Additionally, we found that
the V-0 stretching mode of [VO] does not exhibit a noticeable shoulder in the solid state (see
Appendix 2, Figure S33), suggesting that the shoulder is induced by intermolecular interactions in

the solution state.
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Figure 1.7. Infrared spectra of the [VO,M] complexes. Conditions: CH3CN solvent; [VO] = 10 mM; KBr

window cell.

A shift of the V-O stretching frequency to higher wavenumbers was observed upon
incorporation of more Lewis acidic cations to form the heterobimetallic complexes, with the
greatest shift of 12 cm™! being encountered in the case of [VO,Ca] (see Figure 1.7, Table 1.2, and
Appendix 2 Figures S21-S26 for full spectra in CH3CN). This observation is consistent with
deformation of the electron density of phenoxide parentage in the heterobimetallic complexes,
resulting in an attenuation of electron donation to the vanadyl moiety. To confirm these results,
we also collected infrared spectra of solid-state (powder) samples of the heterobimetallic

complexes prepared in solution followed by removal of solvent in vacuo. These solid-state IR
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spectra (see Appendix 2, Figures S27-S33) show a similar shift of the V-O stretching frequency
to higher wavenumbers upon incorporation of secondary metal cations, with the great shift of 22

cm™! being measured for the case of [VO,Ca].

Table 1.2. Comparison of quantitative data from infrared spectroscopy and fitted parameters from EPR

analysis.
Compound pK., of V-0 Ag© Aiso Gavg ¢
[M(H>0)um]™“ (cm™")”’ (MHz) *

[VOI - 991 0.395 271.9 1.9695
[VO,Cs] 16.34 992 0.398 274.0 1.9702
[VO,Rb] 16.29 993 0.399 274.9 1.9705
[VO.,K] 16.06 994 0.401 275.9 1.9708
[VO,Na] 14.8 995 0.403 277.7 1.9713
[VO,Ca] 12.6 1003 0.407 280.1 1.9727

“ From reference 10. > Asymmetric V-Ooy, stretching frequency. Measured at the
transmittance minimum of the assigned peak. Uncertainty measured in triplicate runs (+10c)
was 1 cm . © Measured as the difference in g between the maxima of the derivative low-
field and high-field features in the EPR spectra. (see Appendix 2, Figures S42). ¢ Isotropic
hyperfine coupling constant from fitting of spectral data according to the equation Az =
(2+4. + A4y)/3. Uncertainty was determined from triplicate runs (+1c) to be +0.1 MHz. °
Average g-value from fitting of spectral data, corresponding to the arithmetic mean of the g-
values of the eight individual spectral features. Uncertainty was determined from triplicate

runs (+1c) to be £0.001.

Based on the infrared spectra, we can conclude that the V-QOox bond strengthens upon
incorporation of secondary metal cations into [VO], and we hypothesize that this is due to a charge
density effect induced by the nearby secondary metal cations that interact with the bridging
phenoxide ligands. The strength of the V-Ooxo bond increases as the Lewis acidity of the secondary
metal cations increases (see Figure 1.8), indicating that this descriptor can be used to interpret the
observed spectroscopic changes. Noticeably, the V-O stretching frequency increases across the
series of monovalent cations, indicating that charge alone cannot predict the strength of the V-O

stretch. In terms of the linear fit shown in Figure 1.8, the slope of the trend line was found to be —
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2.69+0.35 cm™!' (pKa)!, and the R? goodness of fit was found to be 0.95. The estimated
uncertainties thus compare reasonably well with those from the other trends measured here. We
are not aware of any other examples showing tuning of asymmetric stretching vibrations for metal
oxo moieties with Lewis acidic secondary metal cations, excluding the prospect of comparing
uncertainties at this stage. However, we emphasize that these results suggest that attenuated charge
donation from the bridging phenoxide moieties results in a more electron-deficient vanadium(I'V)
center and this drives an increase in the measured V—Ooxo stretching vibration frequency. Our

structural data (vide supra) support this claim as well.
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Figure 1.8. Plot of V-O stretching frequency for the heterobimetallic complexes as a function of the

pK. values of aqua complexes of the corresponding metal aqua cations.
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Electron Paramagnetic Resonance Spectroscopy

Further support for the hypothesis that incorporation of secondary metal cations into our
macrocyclic species results in attenuated donor strength of the bridging phenoxide ligands comes
from X-band electron paramagnetic resonance (EPR) spectra collected in CH3CN solution at room
temperature (25°C). As we desired to use CH3CN as the solvent for this work, we prepared
capillaries containing the heterobimetallic complexes in CH3CN and loaded these into
conventional quartz EPR tubes in our glovebox prior to transferring the sealed samples to the
spectrometer for data collection. The spectra thus obtained (see Figure 1.9) reveal a distinctive
eight-line signal centered near g = 2.0 in each case, consistent with the formal +IV oxidation state
and S = 1/2 configuration of the vanadyl ions in each heterobimetallic complex.>?> However, there
is a subtle but nonetheless measurable widening of the spectral profile when comparing the spectra
of the heterobimetallic complexes to that of the [VO] precursor, consistent with an increase in the
difference between the high- and low-field g values (Ag) that is driven by the incorporation of

secondary metal cations (see Table 1.2).
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Figure 1.9. Experimental X-band EPR spectra of [VO] and the [VO,M] complexes in CH3CN.
[Vanadium] was ca. 10 M in each case. (Conditions: modulation amplitude = 4.0 G; time
constant = 1.28 ms; 7'= 25°C). Simulated spectra (EasySpin) that were fitted with the

experimental data are given in Appendix 2, Figures S36—S41.

Our vanadyl complexes are five-coordinate at vanadium on the basis of the solid-state structures
from XRD, and the quantitative 7s geometry index confirms that the geometry about the vanadium
center is close to ideal square pyramidal in all cases. The oxo ligand is typically used to define the
z-direction of coordination polyhedra in complexes of this type, and the strong interaction with
this ligand has been found in prior work to give rise to large, approximately axial anisotropy in the
hyperfine characteristics of the vanadyl ion. It has also been recognized in prior work that the
identity of the four equatorial ligands can give rise to differences in hyperfine coupling constants

in those x and y coordinates (4x and Ay), and also that the identity or absence of a sixth ligand trans
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to the oxo group often results in little change to the hyperfine characteristics of a given system.*’!

Our spectra fit well in the context of these prior findings, although we note that because our data
were collected in liquid solution, these individual anisotropies should manifest as perturbations to
the intensities and g-values of the separate features within the eight-line pattern associated with
the vanadyl moiety, rather than through powder averaging as would be observed in work carried

out in frozen solution.??

In order to fully quantify the magnetic properties underlying our spectral data and any changes
to them induced by the secondary metal cations, we turned to spectral simulation and fitting with
the garlic function in the EasySpin package,’ an approach which allowed us to extract the value
of the isotropic hyperfine coupling constant (4iso = (2241 + A4y)/3) for each complex as well as the
values of g and g. for the vanadyl moiety in each complex (see Appendix 2, pp. S22-S33 for
details).” In our simulations, the spectra could be modeled well with a single S = !4 radical species
displaying axial anisotropy in the fast motion regime. The EPR simulations reveal a distinctive
increase in the value of Aiso for the vanadyl ion in the heterobimetallic complexes studied here (see
Figure 1.10). This increase in hyperfine coupling constant gives rise to the noted anisotropic
widening of the spectral profile described above, with the largest values being measured for the
derivatives incorporating Na* and Ca**. Thus, as the Lewis acidity of the secondary metal cation

increases, Aiso increases in our complexes.
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Figure 1.10. Plot of 4is, (MHz) for the [VO,M] complexes vs. pK, of [M(H20)m]"". The gray dashed
line corresponds to an exponential fit of the data and is intended primarily as a guide to the eye for the

monotonic relationship in the data.

Our approach of using the vanadyl ion as a spectroscopic probe or reporter in heterobimetallic
complexes represents a strategy reminiscent of prior work from the field of the bioinorganic
chemistry of vanadium-containing enzymes and proteins.>*> In particular, pioneering work from
Wiithrich and co-workers®® demonstrated that controlled substitution of the ligand environment
around the vanadyl ion in protein matrices resulted in measurable changes in hyperfine coupling.
The theory regarding vanadyl EPR spectra has evolved considerably since this pioneering work

d’57,58

was initiate enabling use of hyperfine coupling constants as a sensitive probe of electronic

environment.>® In particular, an additivity relationship has been developed which correlates the
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number and types of ligands present in the equatorial plane of the vanadyl ion to its spectral
properties in a given system. The magnitudes of the hyperfine components are quite sensitive to
the electron-donating ability of the equatorial ligands, and within this paradigm, EPR
measurements carried out on biological systems with known (or presumed) identities have been
useful for assigning the identity of coordinating ligands in vanadyl-containing biological
systems.®® In our family of complexes, this relationship appears to be manifest as a monotonic
dependence of the Ais, values of the [VO,M] complexes on the pK, values of the incorporated
secondary metal cations (Figure 1.10). This is consistent with the prior work on biological systems,
in that weaker electron donors (e.g., oxides) generally result in wider spectra and larger Ais, values
whereas stronger donors (e.g., sulfides) give smaller A4is, values.’” Thus, our EPR data reveal a
quantitative measure of diminished electron donation from the bridging phenoxide ligands to the

vanadium(IV) center in the vanadyl ion when secondary electropositive metals are present.

Linear relationships between Aiso and Gaverage have also been measured in prior explorations of
the role of ligand environment in influencing the EPR properties of vanadium-containing
systems.*® In these prior measurements, linear trends could be plotted between Aiso and Zaverage,
where the underlying experimental origin for the changing Aiso and Zaverage Values is the changing
identity of the ligands around the vanadyl moiety; changing the identity of the ligands results in
the noted trend in which the magnetic properties of the complexes systematically shift as a function
of ligand electron donor ability. Considering the monotonic dependence of the A4iso values of the
[VO,M] complexes on the pK. values of the incorporated secondary metal cations, we were
curious if we would also find a correlation between the 4iso and Zaverage Values for our system that
could resemble the correlation found in the literature data.’®¢ Indeed, we confirmed a strong linear

correlation (R? = 0.95) between these parameters in our system as well (see Appendix 2, Figure
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S44). As our values for A4iso and gaverage Were extracted from the raw spectra using the garlic
function of EasySpin, this linear correlation further strengthens our conclusions. Considering this
trend together with the monotonic dependence of the 45, values of the [VO,M] complexes on the
pKa values of the incorporated secondary metal cations, the EPR results support the central
hypothesis of this work: incorporation of secondary electropositive metal cations results in
diminished electron donation from the bridging phenoxide ligands to the vanadium(IV) center in

our macrocyclic complexes.

Electrochemical Studies

As mentioned in the Introduction, the vanadyl ion is redox active, and can often be reversibly
oxidized from V(IV) to V(V) in neutral complexes. We were curious to investigate the possibility
of oxidative electrochemistry for our complexes in light of the spectroscopic results described
above, in that electrochemical data have not previously been available for heterobimetallic vanadyl
complexes for which a library of related spectroscopic data is also available for comparison. This
is of special interest in our system in light of the hypothesis that incorporation of secondary metal
ions into the 18-crown-6-like site results in attenuated donation from the bridging phenoxide
groups to the vanadium(IV) center. As a result, we predicted at the outset that incorporation of
Lewis acidic metals would result in a positive shift of the V(V)/V(IV) reduction potential,
corresponding to a vanadium(IV) center that is more difficult to oxidize due to reduced
stabilization from the bridging phenoxide ligands. We further anticipated that any trends in such
behavior between our metal cations of interest here could shed light on oxidation-induced

reactivity of our range of complexes.
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Cyclic voltammograms collected for [VO] revealed a single, chemically reversible anodic wave
at a modest positive potential of E12 = 55 mV vs. the ferrocenium/ferrocene couple, denoted
hereafter as Fc' (see Figure 1.11, black line). A return cathodic peak is evident in the data at all
scan rates measured from 50 to 500 mV/s (see Appendix 2, Figure S49), indicating that the
vanadium(V) form of our complex [VO] is stable on the electrochemical timescales in this work
and persists in solution following electro-oxidation of the starting vanadium(IV) complex. Thus,
we assign this process as chemically reversible, as no obvious chemical reaction or EC-type
behavior is implicated by the data.®' Scan-rate dependent studies confirm that both the V(IV) and
V(V) forms of the complex are freely diffusing at the electrode surface, consistent with the good
solubility of [VO] in MeCN. And, finally, we note that the V(V)/V(IV) couple appears
electrochemically quasi-reversible on the basis of its peak-to-peak separation (AEp) of 118 mV

(see Appendix 2, Table S3).
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Figure 1.11. Cyclic voltammetry data for the complexes. Conditions: 0.1 M tetrabutylammonium

hexafluorophosphate in CH3CN; scan rate: 100 mV/s; [vanadium] =2 mM.

Following the electrochemical study of [VO], we investigated the influence of the installed
electropositive metal cations on the V(V)/V(IV) couple for the heterobimetallic derivatives. On
the one hand, oxidation and reduction waves could be measured for all the complexes explored
here that were generally shifted to more positive potentials compared to that of the parent [VO]

(see Table 3 for all data). On the other hand, the specific appearance of the data was unique in each
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case, implying the V(V) forms of the compounds investigated here display particular behaviors.
These behaviors, however, can be understood on the basis of the Lewis acidity and other properties
of the incorporated cations Cs*, Rb*, K*, Na*, and Ca?*, in that the generation of the V(V) species
with a higher cationic charge could result in diminished binding strength of the secondary cations
to the crown-ether-like site. Such diminished binding strength or even cation loss could be
influenced, in particular, by the size and charge of the individual cations. Thus each cation could
display unique behaviors in this case. Before discussing the redox couples in turn, we note however
that the anodic and cathodic peak currents were linearly dependent upon scan rate for the
complexes of Cs*, Rb*, K*, and Na*, showing the freely diffusing nature of the oxidized and
reduced forms of the complexes at the electrode in each case (see Appendix 2, Figures S51, S53,
S55, and S57). The case of [VO,Ca] is more complex and consequently is discussed last in the

series.

Table 1.3. Comparison of E1/2, Epa, and AE, values for complete series of complexes.

Complex pK. of Ein Epa AE,
[M(H20)m]™  (mV vs. F¢?)  (mV vs. Fc''?) (mV) “

[VOI - 55 114 118
[VO,Cs] 16.34 172 270 190
[VO,Rb] 16.29 232 436 409
[VO.K] 16.06 252 312 120
[VO,Na] 14.8 241 319 138
[VO,Ca] 12.6 429 800 743

“ AE, was measured at a scan rate of 100 mV/s in all cases.
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In line with the similar effective Lewis acidities and ionic radii of Cs* and Rb*, the cyclic
voltammetric behavior of [VO,Cs] and [VO,Rb] are rather similar (see Figure 1.11). [VO,Cs]
undergoes redox cycling with E;, = 172 mV while [VO,Rb] cycles at E,, = 232 mV. The overall
chemical reversibility of these waves appears reasonable, in that clear oxidation and reduction
waves are apparent in each case. However, the electrochemical reversibility of the two systems is
rather different, with a AE, value of 190 mV measured in the case of [VO,Cs] and a much larger
409 mV measured for [VO,Rb]. Considering the anodic wave of [VO,Rb] is significantly
broadened in comparison to the other waves in our study and that the peak reduction potential for
the couple is shifted negative of that of [VO,Cs], we anticipate that the appearance of this wave

could be influenced by diminished electron transfer rates.

On the other hand, the cyclic voltammetric behavior of [VO,K] shows a higher degree of
chemical and electrochemical reversibility, with an E;, value of 252 mV and a AE, value of 120
mV. This peak-to-peak separation is similar to that of the parent monometallic complex [VO] and
suggests limited reorganization upon oxidation/reduction. This observation is consistent with the
binding constants that are known to be high for incorporation of the potassium ion into 18-crown-
6-like moieties.** With regard to reduction potential, the E,,, value for [VO,K] at 252 mV compares
well with those of [VO,Cs] and [VO,Rb], in that the more effectively Lewis acidic potassium ion
results in a more pronounced shift than the less acidic cesium and rubidium ions. However, we
note here that the diminished electrochemical reversibility for the wave measured in the case of

[VO,Rb] complicates such comparisons.

Moving on to the case of [VO,Na], the V(V)/V(IV) couple for this complex was observed at

E,, =241 mV. The electrochemical reversibility of this wave was decreased in comparison to that
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of [VO,K], a phenomenon that we ascribe to the better fit of K* in the 18-crown-6-like site of our
macrocyclic ligand that drives minimal reorganization upon oxidation to V(V). Examination of the
data does not obviously suggest loss of the sodium cation from the 18-crown-6 like site upon
oxidation, however, as the peak cathodic process is shifted considerably positive of that of the
parent monometallic complex [VO] (see Figure 1.11). On the other hand, this cathodic process is
visibly broadened in comparison to that of the analogous process in [VO,K], suggesting that the
equilibrium for binding of the cation in the crown-like site could be diminished in the V(V) form
of [VO,Na] relative to the strong binding of Na* in the V(IV) form of the complex that could be

reliably synthesized and isolated, as well as crystallized successfully.

In line with the placement of Ca?* in our series as the most effectively Lewis acidic cation
investigated, the electrochemical properties of [VO,Ca] were the most significantly perturbed
relative to the starting monometallic complex [VO]. [VO,Ca] displays a set of oxidation and
reduction waves with a very high peak-to-peak separation, AE,, of 743 mV (see Figure 1.11 and
see Appendix 2, Figure S58). This indicates a low degree of electrochemical and chemical
reversibility in this case. Looking at the data in detail, the peak cathodic potential which nominally
corresponds to re-reduction of the V(V) form of the complex produced at the electrode surface is
found near 0 V vs. Fc*?, a position more consistent with the re-reduction of the V(V) forms of
[VO,Cs] and [VO,Rb]. Considering that the isolated V(IV) form of [VO,Ca] is demonstrably
stable on the basis of the synthetic work, the observation of a very wide peak-to-peak separation
from the corresponding anodic peak potential (E,,) of 800 mV suggests to us that the Ca?* ion is
not stably bound in the V(V) form of the macrocylic complex. Under this working model, the
rather dramatic positive shift of E,, to 800 mV for [VO,Ca] (cf. E,, for [VO] is 114 mV) is the

result of the incorporation of the calcium dication but the corresponding reduction process
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measured in this case cannot be used to reliably report on the properties of the V(V) form of the
compound as it was not isolated in this study and may not be stable in solution. Similar to the case
of the Rb* complex of V(V) (vide supra), the high degree of electrochemical irreversibility casts

doubt on the stability of the V(V) form of [VO,Ca].

Considering the very positive shift in the oxidation wave for [VO,Ca], we became concerned
that other processes beyond V(IV)/V (V) redox cycling might impact the cyclic voltammetry data
obtained for this compound. Our suspicions were confirmed upon increasing our scan window to
more positive potentials, in that we were able to measure a further anodic process near 1.2 V
(Figure S59). As this process was not apparent in the corresponding blank electrolyte
voltammogram, we tentatively assign it as a ligand centered oxidation process for our macrocyclic
ligand framework. We have found that such ligand-centered processes result in decomposition of
our complexes in prior work,*-442 and thus the close localization of the ligand- and vanadium-
centered oxidation processes for [VO,Ca] could diminish the ability of the CV data to report on
the properties of the V(V)/V(IV) system. Scan rate dependent data, while confirming that the
oxidized and reduced forms of [VO,Ca] are freely diffusional at the electrode surface, display
greater scatter than other sets in our study. This could be consistent with electrode fouling
behaviors that we measured in other heterobimetallic complexes based on phenoxide-containing

macrocyclic ligands studied by our group 333442

With this full view of the redox behaviors of the heterobimetallic complexes in our studies in
hand, we wished to examine the electrochemical data for evidence supporting or disproving our
hypothesis (based on the spectroscopic data) that incorporation of secondary electropositive metal

cations results in diminished electron donation from the bridging phenoxide ligands to the
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vanadium(IV) center in our macrocyclic complexes. Appealingly, we were able to confirm two
different trends in the electrochemical data that align affirmatively with our hypothesis. First,
tabulation and comparison of the E,, values for the V(V)/V(IV) couples measured for all the
heterobimetallic complexes could be used to estimate the influence of the effective Lewis acidity
of the incorporated metal cations on the redox properties of the complexes. A satisfying linear
relationship was revealed (see Appendix 2, Figure S61) by plotting E,, as a function of the pK,
values of the metal aqua complexes of the corresponding incorporated metal cations and displays
a slope of —56(+13) mV/pK,. Thus, when effectively Lewis acidic metal cations are coordinated to
[VO], there is a uniform trend in a positively modulated potential for metal-centered oxidation.
The similarity of the value of this slope to others that we have measured for metal-centered redox
processes is likely attributable to the comparable nature of the macrocyclic ligands used across our

recent studies >34

Second, comparison of the E,, values for the V(V)/V(IV) couples measured for the complexes
for which we have structural data from X-ray diffraction analysis could be used to estimate the
role of the bridging phenoxide ligands in modulating the redox properties of the complexes. A
second linear trend was thus obtained when plotting the E,, values for the complexes as a function
of the V-O(phenoxide) bond distance measured by XRD analysis (see Figure 1.12). In this plot,
there is a linear correlation (R? = 0.94) between the estimated potentials required for oxidation of
the V(IV) complexes to their V(V) analogues and the bond distance between the vanadium center
and the bridging phenoxide donor ligands. The slope of this trendline is ca. +16 V/A, meaning that
lengthening of the V-O(phenoxide) bonds is associated with a more positive potential for

vanadium oxidation in each case.
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Figure 1.12. Dependence of the peak anodic reduction potentials for [VO], [VO,Na], and [VO,Ca] on
V—O(phenoxide) bond length. The bond lengths for the individual compounds were derived from the
structures reported here: a03a, [VO]; a04d-Nol, [VO,Na]; b31b-No7, [VO,Ca]. Uncertainties associated
with the bond lengths are represented with the error bars, which are the e.s.d.’s determined in the

indicated structures. Details on determination of these e.s.d.’s are given in Table 1.

Taken together with the trend measured between E,, and pK, measured above, the dependence
of E,, on V-O(phenoxide) bond distance provides further support for our hypothesis that
incorporation of metal cations into our macrocyclic vanadyl complex results in diminished electron
donation from the bridging phenoxide ligands to the vanadium(IV) center. From the

electrochemical data, we can confirm that the vanadium center indeed displays potentials that are
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more positive for V(IV) oxidation in the heterobimetallic derivatives and vary as a function of the
effective Lewis acidity of the incorporated cations. Moreover, from the dependence of potential
on V-O(phenoxide) bond distance, we can confirm a direct role for the bridging phenoxide ligands
in this behavior and harmonize the analysis of the heterobimetallic complexes with that of the

monometallic species.

1.4 Discussion

In planning the studies described here, we hoped that incorporation of a single vanadyl ion into
tunable heterobimetallic complexes would enable collection of comprehensive experimental data
that could aid in identifying the origin of tuning effects measured for the complexes. Indeed, we
have found that the spectroscopically addressable nature of the vanadyl ion coupled with the
observable V(V)/V(IV) redox system observable for the complexes reported here afford the
opportunity to explore how secondary metal cations affect the properties of the redox-active
vanadium center from a variety of perspectives. Chief among our goals in this study was to
leverage the paramagnetic nature of the vanadyl center to obtain comprehensive EPR data for a
series of heterobimetallic complexes; the desired spectra were obtained through room temperature
studies using capillaries filled with CH3CN solutions of the compounds and avoiding a need for

costly cryogenic conditions.

The relationship measured here between the measured A4iso values from EPR studies and the pKa
values of the corresponding aqua complexes of the incorporated secondary metals is supportive of
our hypothesis that diminished donor power from the phenoxide ligands results from incorporation
of the cations into the macrocyclic structure of [VO]. The total span of hyperfine coupling

constants measured here from 274 to 280 MHz (A4 = 6 MHz from [VO,Cs] to [VO,Ca]) is
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indicative of tuning of the phenoxide donor ligands that bridge between V and M in all cases.
Notably, inspection of the relevant literature® reveals that Ais, values for a wider range of vanadyl
coordination environments and ligand donor strengths vary from 250-294 MHz. This wider range
of Aiso values (Adiso = 44 MHz), arising when the inner-sphere ligands to vanadium are wholly
substituted, compares well with the narrower measured range of Ais, values (Adiso = 6 MHz) for
our own complexes. The values for our complexes appear appropriate within the full spread of
literature values that is more widely varying because our complexes could be reasonably expected
to span a much more compact range of properties since the identity of the core ligand framework
around the vanadium center is invariant in the complexes and only varies due to binding of
electropositive metal cations in the nearby crown-ether-like site. We also confirm here that
replicate measurements and simulations suggest the uncertainty on our fitted Aiso values is +0.1
MHz (reported as +10), suggesting that we can reliably interpret the span of values obtained for

the full series of [VO,M] complexes (see Appendix 2, Figure S45 and Table S2).

In this work, we chose to quantify Ais, values through EasySpin simulation of our experimental
spectroscopic data. These data were obtained in liquid solution, giving rise to spectra that could be
readily compared amongst themselves. Our viewpoint for the analysis carried out here relies on
the prior observation that the equatorial contributions to hyperfine coupling (4x and Ay) in the case
of the vanadyl ion have been shown to be quite sensitive to ligand donor power as well as geometric
perturbations.?’$?> From our X-ray crystallographic data collected on [VO], [VO,Na], and
[VO,Ca], we can observe geometric changes in the bimetallic cores of our complexes as a function
of the identity of the secondary metals. In particular, the phenoxide-to-phenoxide O<++O distances
(denoted O1+++02 in Table 1) decrease from 2.650(2) A for [VO] to 2.604(4) A for [VO,Na] and

2.583(5) A for [VO,Ca]. We have noted similar contractions in our prior work with
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heterobimetallic complexes of uranyl?” and zinc.®® In any case, the EPR data described here cannot
be used to distinguish between changes in ligand donor power and the associated structural
changes in the heterobimetallic complexes. We note that these are synergistic changes however,
and that future work could additionally focus studies in frozen solution to distinguish specific axial
and equatorial effects for the vanadyl ion in these complexes. In this work, we have found that
isotropic hyperfine coupling constant values do report, however, on the donor power in the

equatorial plane as a function of the identity of the incorporated secondary metal cations.

To further deepen the connection between the structural and spectroscopic work carried out here,
we also compared the vibrational data on the V—O,x, asymmetric stretches measured for [VO],
[VO,Na], and [VO,Ca] to the V—O,x, bond distances in these compounds as determined by XRD.
We wished to carry out this analysis for two reasons. First, it could allow us to glean information
in the context of Badger’s Rule,** which states that the strength of a given bond (in terms of
stretching frequency) is correlated with the bond length, where shorter bonds are stronger bonds.
Second, this analysis could be used to bridge the gap between the spectroscopic properties of the
monometallic complex [VO] and the heterobimetallic complexes studied here, bringing their
vibrational data onto a common axis for interpretation. In accord with our expectations, we found
a tight linear correlation (see Figure 1.13) between the V-Ooxo, bond distance and V—Oox, stretching
frequency, wherein the measured contraction of this bond is correlated with increased V—Ooxo
stretching frequencies. Notably, this trend appears reliable across the monometallic and bimetallic
complexes for which we have structural data, implying support for our hypothesis regarding
induced diminishment of the phenoxide electron donor power to vanadium upon incorporation of

the secondary cations. This is because the data would suggest that the phenoxides are best able to
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serve as electron donors when no secondary metal is bound in the crown-ether-like site of our

complexes.

This conclusion is in accord with the positive shifts in reduction potentials that we have
measured in the current work, and also that we have measured in prior work for heterobimetallic
uranyl complexes.?’ Incorporation of more effectively Lewis acidic cations (especially trivalent
cations such as Y**) results in more facile reduction of U(VI) to U(V) and also in shift of the
potential for V(IV) to V(V) oxidation to more positive values. These parallel findings underscore
the shared features of the vanadyl and uranyl ions, species that have long been viewed through a
common lens in light of their similar, strongly bonded terminal oxo ligands. Additionally, we
anticipate that the approach of using a paramagnetic probe to understand electronic changes
brought about by secondary metal cations appears to be a useful strategy. As the U(V) oxidation
state is associated with S = 15 species, exploration of such effects in this less common oxidation

state of uranium appears to be worthy of investigation.
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Figure 1.13. Dependence of the V-0 stretching frequency measured with infrared spectroscopy on V-0
bond length. The bond lengths for the individual compounds were derived from the structures reported
here: a03a, [VO]; a04d-Nol, [VO,Na]; b31b-No7, [VO,Ca]. Uncertainties associated with the bond
lengths are represented with the error bars, which are the e.s.d.’s determined in the indicated structures.

Details on determination of these e.s.d.’s are given in Table 1.

Bringing the threads together, the primary lesson from this work is that installation of secondary
metal cations into complexes in which those cations interact with a central (often redox-active)
metal through bridging ligands results in changes in the ability of those bridging ligands to donate

to the central metal. Although this claim has been implicit in our prior work and perhaps that of
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other investigators in the field, the use of the paramagnetic vanadyl ion as the central species in
this work has enabled us to obtain synergistic structural, spectroscopic, and electrochemical
support for the hypothesis. The conclusion that this is a valid hypothesis is important because it
could enable further development of tunable heterobimetallic complexes that rely on incorporation
of secondary electropositive metals to afford the desired tunability. In our own ongoing work, this
concept is being applied in several projects, all united under the umbrella of leveraging tuning
effects for particular purposes, including control over the reduction potentials of actinide elements
as these are important drivers in the nuclear fuel cycle. The present work can also be distinguished
by its experimentally derived insights into the properties of the vanadyl complexes explored here.
It is our hope that the support offered for our hypothesis will spark further development of
multimetallic coordination complexes and favor the development of reliable models to interpret

the behaviors displayed by such species.

1.5 Conclusion

Spectroscopic measurements of heterobimetallic complexes using the vanadyl ion as a probe
demonstrate that attenuated electron donor power results from ligands that bridge between the
vanadium center and the incorporated secondary metal cations. Use of the chemically robust
vanadyl ion as a spectroscopic reporter has enabled the measurements made here, and these in turn
highlight that tunable properties become uniquely accessible through incorporation of secondary
metal cations; these cations can themselves display a wide range of structural properties and
effective Lewis acidities, making a wide space for future explorations on this platform. The
placement of two metal centers in close proximity results in electronic tuning that appears to be
related to intermetallic distance as well as the effective Lewis acidities of the secondary metal

cation partners. These observations highlight that both the spatial arrangement of the metals
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involved as well as the influence of interactions driven by bridging ligands should be considered

in future efforts aimed at generating tunable multimetallic materials.

1.6 Synthetic Procedures

Synthesis of [VO]. To a suspension of [Hz,Ba] (0.40 g, 0.46 mmol) in CHCI3 prepared
according to reference 18 was added an excess of guanidinium sulfate (0.49 g, 2.28 mmol)
dissolved in water. The mixture was allowed to stir for 72 h, after which the organic layer was
separated and concentrated to a total volume of 10-15 mL. A solution in CHCI3 containing 1 equiv.
of [VO(acac).] (0.12 g, 0.46 mmol) was added slowly, followed by 4 drops of triethylamine. The
solution was allowed to stir at room temperature for 2 h, at which time the solution was
concentrated and chilled (—20°C) overnight to encourage precipitation of the product. After
chilling overnight, ice-cold ether was added dropwise to the flask, and the green precipitate was
isolated by vacuum filtration. Yield: 76% (0.18 mg, 0.35 mmol). Anal. Calcd for C24H23N2O7V
([VO]): C 56.81, H 5.56, N 5.52; Found: C 54.46, H 5.56, N 5.71. Calcd for C24H23N>O7V + H20:
C 54.86, H 5.76, N 5.33. This analysis is consistent with the incorporation of 1 equiv. of H2O

during sample transport and handling.

Synthesis of [VO,Na]. 1 equiv. of Na(OTf) salt (33.9 mg, 0.20 mmol) dissolved in 10 mL
CH;CN was added to a 10 mL CH3;CN solution containing [VO] (100 mg, 0.20 mmol). The
combined solution was allowed to stir overnight. The product was then filtered and isolated by in
vacuo solvent removal. This compound could also be isolated by vapor diffusion of diethyl ether
into a concentrated CH3CN solution, resulting in crystals that could be isolated by vacuum
filtration. Yield: 89% (119 mg, 0.18 mmol). Anal. Calcd for C2sH2sF3N2NaO10SV ([VO,Na]): C

44.19, H 4.15, N 4.12; Found: C 44.09, H 4.27, N 4.59. Calcd for C2sH2sF3N2NaO10SV + 0.3
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CH3CN: C 44.45, H 4.21, N 4.66. This analysis is consistent with the incorporation of 0.3 equiv.
of CH3CN during preparation of [VO,Na], as well as the observation of coordinated CH3CN in

the solid-state structure of the compound.

Synthesis of [VO,Ca]. 1 equiv. of Ca(OTf); salt (33 mg, 0.10 mmol) dissolved in 10 mL CH3CN
was added to a 10 mL CH3CN solution containing [VO] (50 mg, 0.10 mmol). The combined
solution was allowed to stir overnight. The product was then filtered and isolated by in vacuo
solvent removal. This compound could also be isolated by vapor diffusion of diethyl ether into a
concentrated CH3CN solution, resulting in crystals that could be isolated by vacuum filtration.
Yield: 92% (77 mg, 0.91 mmol). Anal. Calcd for CsH2sF3CaN2010SV ([VO,Cal): C 36.93, H

3.34,N 3.31; Found: C 36.92, H 3.64, N 3.52.

Synthesis of [VO,Cs]. 1 equiv. of Cs(OTf) salt (56 mg, 0.20 mmol) dissolved in 10 mL CH3CN
was added to a 10 mL CH3CN solution containing [VO] (100 mg, 0.20 mmol). The combined
solution was allowed to stir overnight. The product was then filtered and isolated by in vacuo
solvent removal. This compound could also be isolated by vapor diffusion of diethyl ether into a
concentrated CH3CN solution, resulting in a powder that could be isolated by vacuum filtration.
Yield: 88% (137 mg, 0.17 mmol). Anal. Caled for C2sH23CsF3N2010SV ([VO,Cs]): C 38.04, H
3.58, N 3.55; Found: C 38.35, H 4.03, N 3.63. Calcd for C2sH23CsF3N2010SV + 0.1 Et20: C 54.86,
H 5.76, N 5.33. This analysis is consistent with the observation of Et;O in the '"H NMR spectrum

of isolated [VO,Cs], which was presumably incorporated during isolation of the solid compound.

In Situ Preparation of [VO,M] Complexes. In a typical experiment, 1 equiv. of the desired

metal triflate salt was dissolved in 10 mL of CH3CN and added to a 10 mL solution in CH3CN
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containing [VO] (100 mg, 0.20 mmol). The resulting homogeneous mixture was allowed to stir

overnight, filtered, and used as needed for experimentation on the in sifu produced complex.
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Chapter 2

Synthetic and Spectroscopic Studies Targeting a Heterobimetallic Vanadyl Complex
Containing the Lithium Monocation

This chapter is adapted in part from a manuscript that has been accepted for publication:
Dopp, C.M., Golwankar, R.R., Kelsey, S.R., Douglas, J.T., Erickson, A.N., Oliver, A.G.,
Day, C.S., Day, V.W., and Blakemore, J.D., Vanadyl as a Spectroscopic Probe of Tunable Ligand
Donor Strength in Bimetallic Complexes, Inorg. Chem., 2023, in press;
doi: 10.1021/acs.inorgchem.3c00724; also available as a pre-print on ChemRxiv,
doi: 10.26434/chemrxiv-2022-t8p04
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2.1 Abstract

In this chapter, the synthesis and characterization of a heterobimetallic complex pairing the
vanadyl ion, [VO]**, with the lithium monocation (Li*). Studies of this complex containing lithium
can be distinguished from those of the other cations mentioned in Chapter 1 in part due to the
apparent placement of [VO,Li] as an outlier in results from all of the spectroscopic characterization
methods utilized here. Once the heterobimetallic analogue was synthesized using LiOTf, a
complete set of spectroscopic information was obtained with electronic absorption, infrared (IR),
and electronic paramagnetic resonance (EPR) spectroscopies. Along with interrogation of the
redox properties of the complex with cyclic voltammetry experiments, these studies were
conducted in order to better understand the behavior of the lithium ion in comparison to the others.
The results of these studies are presented and analyzed in this chapter, with the overall conclusion
being that lithium behaves strangely compared to the other ions. This is attributable to its small
size, which drives a mismatch with the rather large 18-crown-6-like receptor site in the
monometallic vanadyl precursor. The apparent size mismatch results in solution speciation that is
not fully understood at this time; in essence, the site(s) at which the lithium cation interacts with

the vanadyl ion cannot be confidently assigned.
2.2 Results
Synthesis of the [VO,Li] analogue

The Li" containing heterobimetallic complex was generated using the same divergent synthetic
pathway as outlined in Chapter 1. [VO] monometallic and LiOTf were stirred together in a 1:1
ratio to generate [VO,Li] in situ. This material was then utilized in the characterization methods

that follow.
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Electronic Absorption Spectroscopy

As mentioned in Chapter 1, electronic absorption spectroscopy (EAS) experimentation was
pursued with the Li* analogue, but its low solubility and poor fit in a trendline with its neighboring
cations (when considering their Lewis acidity) were concerns that merited removal of the complex
from further consideration of tuning behaviors. Figure 2.1 depicts the obtained spectroscopic
measurements in the UV-visible region for [VO,Li], along with the corresponding Beer’s Law
plot. A charge transfer band is observed at Amax = 384 nm and a d-d transition at Amax = 585 nm,
both values of modest energy when considering the quite Lewis acidic nature of Li* (pKa = 13.8).
When examining the slope of both trendlines in Figure 1.7, we would expect these values to be

closer to 360 nm and 450 nm, respectively.
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Figure 2.1. Left panel: Electronic Absorption Spectroscopy data for [VO,Li]. Right panel: Absorbance

vs. concentration plot of [VO,Li] in CH3CN monitored at 384.1 nm.
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Infrared Spectroscopy

Infrared spectra of [VO,Li] were obtained in both the solution and solid states. Solution-phase
measurements were conducted at 1.25 mM, a value that is only a fraction of the 10 mM
concentration at which other mono-valent cations mentioned in Chapter 1 were measured. This is
attributable to the poor solubility of the Li* analogue in comparison to other heterobimetallics. The
low solubility, in practical terms, resulted in the requirement of extensive dilution to obtain
homogeneous solutions. The v(V=0) stretch for this solution-phase material is, however,
observable at 993 cm™! as a weakly absorbing feature (see Figure 2.2). Solid-state samples were
prepared by removing the solvent in vacuo, affording powdered material suitable for analysis. The
v(V=0) stretch for this material was observed at 989 cm™!, as seen in Figure 2.3. Furthermore,
Figure 2.4 provides a visual comparison of [VO,Li] solution-phase IR data in comparison with the
cations featured in Chapter 1, specifically through the relation between the v(V=0) stretch and
Lewis acidity. As apparent from this figure, the lithium complex does not follow the trend
measured for the other complexes. This suggests that the lithium cation interacts with the vanadyl

core in a different manner than the other complexes in the series.
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Figure 2.2. Solution-phase infrared spectrum of 1.25 mM solution of [VO,Li] in CH3CN. Block arrow

indicates the apparent V-O stretch.
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Figure 2.3. Solid-state infrared spectrum of [VO,Li]. Block arrow indicates V-O stretch.
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Figure 2.4. Dependence of v(V=0) solution-phase IR stretch on Lewis acidity.

Electronic Paramagnetic Resonance

EPR experiments for [VO,Li] were conducted in an identical fashion to the measurements
carried out in Chapter 1. A 10 mM solution of [VO, Li] was prepared in acetonitrile under inert
atmosphere in an N2 glove box. A capillary tube was then filled with this solution, plugged, and
then inserted into an EPR tube for experimentation. See Figure 2.5 for the experimental
measurement conducted at room temperature (25°C) in addition to a simulated spectrum prepared
using EasySpin. After obtaining these data, we next related experimental outcomes to one another,

such as examining the relationship between g-value and Aiso, as well as Aiso vs. pKa. Figures 2.6
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and 2.7 illustrate these dependencies for the mono- and di-valent series of Chapter 1 while showing
clearly that Li" is a distinct outlier in both plots. These findings underscore our conclusion that the
lithium cation interacts differently with the paramagnetic vanadyl core than the other cations

presented in Chapter 1.
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Figure 2.5. Experimental: X-band EPR spectrum of [VO,Li] 10mM solution in MeCN (Temperature =
298 K, Frequency = 9.6405 GHz, Power = 2mW). Simulated: Easyspin simulation using gar/ic function.
Best fit values: gy=1.97, g1 = 1.98, Aavy =275.9 MHz, 4,= 349.5 MHz, logtcorr = —9.30. RMSD =

0.026.
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Electrochemical Studies

Cyclic voltammetry experiments with [VO,Li] proved to be just as interesting as the
spectroscopic methods used to probe the complex. These experiments were conducted at a 2 mM
concentration in 0.1 M ["Bus][PFs] in acetonitrile. As mentioned in Chapter 1, monometallic
[VO] exhibits an E1/> value of 55 mV vs Fc™°. This E1, value shifts by less than 20 mV total to just
68 mV vs Fc¢? upon incorporation of Li*, as seen in Figure 2.8. This shift is incredibly modest as
compared to what would be expected in relation to the Lewis acidity of this secondary metal.
Considering the reduction potential measurements presented in Table 1.3, we would expect to
observe the process for the [VO,Li] complex near 350 mV vs Fc*? if the lithium cation were
exerting a Lewis acidic effect similar to those found for the other cations. As solubility was an
issue, scan rate dependent studies could be performed only by wiping the working electrode clean
between each scan to avoid the influence of electrode fouling (see Figure 2.9). Nonetheless the
data obtained from these scan rate dependent studies confirm that both the oxidized and reduced

forms of [VO,Li] are freely diffusing at the electrode surface.
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Figure 2.8. CV data for [VO,Li] in CH;CN (0.1 M ["Bus]'[PFs]', 100 mV/s).
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Figure 2.9. Left panel: scan rate dependence data for [VO,Li]. Right panel: plot of peak current density

vs. (scan rate)"’?, demonstrating the diffusional nature of the oxidized species involved.
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2.3 Discussion

There exists an overarching theme amongst the data collected for [VO,Li] this chapter: poor
solubility leads to skewed and unexpected results. However, we decided this issue must be probed
further, and without a crystal structure, we must look to the literature to find existing explanations.
One possibility for such insolubility may be a poor size match between the Li" ion and the [Os]
binding cavity. Studies in the literature point to this small ion having a greater affinity for a 15-
crown-5 or an 8-crown-4 species.” Because of this difference in size, it is possible that the Li*
cation dissociates from the crown in solution and during redox activity. Another explanation for
such strange behavior is the possibility that Li* interacts with the terminal oxo present on
vanadium.* Either of these ideas are feasible and open discussion up with regards to what is truly
happening in solution. We know that addition of Li" causes shifts in the measured properties versus
what would be expected for the pure monometallic complex, so certainly Li" is interacting with
the precursor in some way. In cyclic voltammetry, for example, [VO,Li] shifts 68 mv vs Fc'?, a
paltry 13 mV more positive than [VO]. This suggests some sort of equilibrium between bound and
unbound cation, or that the cation is simply bound in another fashion, such as a direct interaction
with the oxo moiety. Figures 1.7, 2.4, 2.6, and 2.7 exhibit [VO,Li] being nonconforming to the
otherwise certain trends that exist in various spectroscopic methods. The UV-visible data discussed
in Chapter 1 suggests incomplete binding as both the charge transfer and d-d transitions for
[VO,Li] were expected to be found at higher energies than those displayed from the obtained
experimental data. By extrapolating the linear fit curve, [VO,Li] is expected to have a CT band of
near 3.35 eV in energy, but instead this value is closer to 3.25 eV. In IR spectroscopy, one would
come to expect [VO,Li] to have a higher energy v(V=0) stretch than the bimetallics containing

less Lewis acidic secondary metals, as the attenuated donor power of the bridging ligands results
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in a stronger pull of the vanadium on the electron density donated by the oxo oxygen. However, if
Li* were to bind to the oxo, its Lewis acidic properties would pull that electron density towards
itself, resulting in a weaker than expected bond between vanadium and oxygen. In EPR
spectroscopy, the Ais, value for [VO,Li] does not appear to be on trend with its neighboring
complexes either. 4is, the isotropic hyperfine coupling constant, is a value that directly correlates
with bridging ligand donor strength; the lower this value, the stronger the bridging ligand donor
strength. As [VO,Li] does not fit into either plot shown in Figures 2.6 or 2.7, the conclusion can
be drawn that the ligand donor strength of the framework of the Li* analogue is not attenuated in
the same manner that the other bimetallics are. These studies together all tie into the conclusion
that [VO] and LiOTf do not exhibit clean reactivity due to the lithium cation’s lack of binding

affinity for such a large crown.

2.4 Conclusions

Following the interrogation of spectroscopic and electrochemical properties of [VO,Li], it can
be concluded that Li* is not a good fit for binding to form the targeted multimetallic system. The
large size difference between this secondary metal cation and the 18-crown-6 binding site suggests
that Li" falls out of this cavity and/or interacts with the terminal oxo moiety on vanadium. Either
of these possibilities may result in the strange spectroscopic behavior observed in UV-Vis, IR, and

0 observed

EPR spectroscopic experiments, in addition to the modest E12 value of 68 mV vs Fc
in cyclic voltammetry. To further probe a lithium-containing heterobimetallic vanadyl complex, it

will be necessary to construct the ligand framework in a manner that better suits the small cation,

such as the use of a smaller crown-like site.
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Chapter 3

Interrogating the Spectroscopic Influence of Trivalent Lewis Acidic Cations on the
Vanadyl Moiety
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3.1 Abstract

Throughout the work presented in this thesis, we have probed the effects of several Lewis acidic
cations on the vanadyl ion, including both mono- and di-valent cations. In order to expand on the
previous work and further investigate Lewis acid tuning effects in heterobimetallic complexes,
considering incorporation of trivalent secondary metals was an obvious next step. This chapter
reports the synthesis of a small family of heterobimetallic vanadyl complexes that feature La’",
Y3, and Lu** as incorporated secondary metal cations. 'H nuclear magnetic resonance (NMR)
experiments have yielded spectra that are similar to those for the analogues reported in Chapter 1,
suggesting that the added trivalent cations do bind and interact with the monometallic vanadyl
starting material; little else can be confirmed about the structures of the adducts of the trivalent
secondary cations, however, due to the paramagnetic nature of the samples. Therefore, other
spectroscopic techniques have been utilized to quantify the properties of the adducts. Solution-
phase infrared spectra of the adducts exhibit a shift in v(V=0) towards higher wavenumbers, a
trend that agrees well with data on the adducts reported in Chapter 1. In addition, electronic
absorption spectroscopy confirms a linear relationship between the energies of charge transfer
transitions for the adducts and the Lewis acidities of the incorporated cations. To compare with
mono- and di-valent cations, [VO,Na] and [VO,Ca] data points have been included in trendline
analyses to enable comparison across the cations’ charges explored here. We conclude that tuning
effects in our vanadyl complexes are accessible for =~ mono-, di-, and tri-valent cations and that
the trivalent cations appear to exert the largest tuning effects, as could be predicted on the basis of

other work from our group.****%
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3.2 Results
Synthesis and NMR characterization of trivalent heterobimetallic complexes

To expand the existing library of heterobimetallic vanadyl complexes, analogues containing
trivalent secondary cations were synthesized using the same methodology as that previously
detailed in Chapter 1. To derive complexes containing La**, Y3*, and Lu**, [VO] monometallic
and the corresponding metal triflate salts were combined in acetonitrile in a 1:1 fashion. This
synthetic procedure generates the desired product in sifu, which was subjected to spectroscopic

characterization as described below.

[VO]

[VO,La]

M
[VO,Y] R /\/J\k-l LJ ’
Al

" 120 110 100 90 80 70 60 50 40 30 20 10 00
Chemical Shift (ppm)

B

P A,

I

Figure 3.1. "H NMR spectrum (400 MHz, CD;CN, 298 K) of [VO], [VO,La], [VO,Y], and [VO,Lul].
Grease (60.96, 0.88), diethyl ether (6= 3.42 ppm, & = 1.12 ppm), and water (6= 2.13 ppm) impurities are
found in the NMR solvent.
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Figure 3.1 allows for comparison of the 'H NMR spectra for the monometallic precursor [VO]
and the adducts of trivalent cations. While these complexes are paramagnetic and alter the nature
of the NMR spectra that may have been expected, there are still interpretations that can be extracted
from the data. For example, the signal at 3.78 ppm in the monometallic spectrum apperas to
undergo a shift to 4.04 ppm upon incorporation with La**. In additon, the signals present
throughout the aromatic region broaden, resulting in lower apparent signal intensities upon binding
with a trivalent metal. Analysis of these NMR spectra lead to the conclusion that the monometallic
complex has reacted with the cations, but the completeness of the reactions cannot be judged using

this method. We therefore moved on to electronic absorption spectroscopy.

Electronic Absorption Spectroscopy

UV-Visible data obtained on the in situ generated trivalent complexes revealed two distinct
bands, a charge transfer (CT) and a d-d transition. Instrument capabilities permitted only the CT
band to be probed further, as an in-depth analysis of the d-d band could require the use of an
instrument with better signal-to-noise characteristics beyond 600-800 nm. Figures 3.2-3.4 reveal
spectra for each trivalent adduct complex at concentrations ranging from 0.025 to 0.5 mM, along

with the corresponding absorbance vs. concentration plots to determine molar absorptivity.
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Figure 3.3. Left panel: Electronic absorption spectra of [VO,Y] in CH3CN. Right panel: Absorbance vs
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Figure 3.4. Left panel: Electronic absorption spectra of [VO,Lu] in CH3CN. Right panel: Absorbance vs

concentration plot of [VO,Lu] in CH3CN monitored at 351 nm.

Each of these figures reveals a linear relationship between absorbance and concentration, leading
to the straightforward determination of molar absorptivity. There also exists a linear relationship
between the energy of the CT band and pK, of incorporated secondary Lewis acid, as seen in Figure
3.5.[VO,Na] and [VO,Ca] are included to convey that this trend exists not only within the trivalent
ions, but across the entire series of compounds explored here. The family of trivalent, highly Lewis
acidic complexes exhibit higher CT energy than any of the previously synthesized analogues, but
the slope of this linear relationship, —31 + 3 meV/pK,, remains similar to the —30 + 5 meV/pKa
slope of the mono- and di-valent series in Chapter 1. This suggests that the La*", Y3*, and Lu*" ions
bind in the [Os] crown in the same fashion as in previous studies. With this knowledge in hand, we

moved on to infrared spectroscopy to interrogate the v(V=0) stretch.
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Figure 3.5. Dependence of CT band energy on Lewis acidity of the secondary metal cation.

Infrared Spectroscopy

In situ prepared samples were studied by FTIR spectroscopy in order to interrogate for the
possible cation-induced shifts in the v(V=0) stretch. [VO,La] exhibits v(V=0) at 1009 cm™!, a
shift of 20 cm™! from the monometallic precursor. This spectrum, along with those corresponding
to [VO,Y] and [VO,Lu] is shown in Figures 3.6-3.9. Similar to Chapter 1, there exists a linear
relationship between v(V=0) and the pK, value of incorporated secondary ion, as seen in Figure
3.10. The location of the V=0 stretch, along with Amax values for the series, can be found in Table

3.1.
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Complex pKa of [M(H20)m|™* Amax (nm)  vV=0 (cm™)
[VOI - 386 989
[VO,Na] 14.8 377 995
[VO,Ca] 12.6 365 1003
[VO,La] 9.1 359 1009
[VO,Y] 8.3 355 1010
[VO,Lu] 7.9 351 1011

Table 3.1. Table of compiled spectroscopic data for the [VO,M] series.
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Figure 3.6. Infrared spectra of 10 mM solutions of [VO,M] complexes
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Figure 3.8. Infrared spectrum of a 10 mM solution of [VO,Y] in CH3CN.
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Figure 3.9. Infrared spectrum of a 10 mM solution of [VO,Lu] in CH3;CN.
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Figure 3.10. Dependence of v(V=0) on Lewis acidity.
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3.3 Discussion

While synthesizing and obtaining spectroscopic data on these three new complexes, it was
expected that the Lewis acidic cations would bind in the [Os] crown site, much like the series
discussed in Chapter 1. The resulting trends from these data give a strong suggestion that this
expectation was confirmed. '"H NMR spectra for the complexes, despite their paramagnetic nature,
show shifts and broadening of signals corresponding to some level of chemical interaction between
the cations and the monometallic vanadyl complex. To further probe this, electronic absorption
data in the UV-Visible region was obtained to confirm a blue shifted charge transfer band, which
would also point to incorporation of the secondary metal. As seen in Figure 3.5 and Table 3.1, the
Amax of this CT band systematically shifts to lower values, and in turn, the energy of this transition
increases as a function of Lewis acidity. This trend persists not only with the mono- and di-valent
series, but is also now confirmed with these even stronger trivalent Lewis acids. When looking to
IR spectroscopy, a definitive shift is seen in the frequency of the terminal oxo stretch. This supports
the claim that ligand donor strength is attenuated by the secondary Lewis acidic metal bound in
the [Ogs] site, especially for these metals that have a greater potential for polarizing the electron
density of the bridging phenoxide ligands. More data should be collected on these complexes to
make stronger claims, but when considering the spectroscopic characterization that has been done,
it is clear that these trivalent ions 7) cleanly incorporate into the [Os] binding site and i7) directly

influence the properties of vanadyl by their Lewis acidic nature.
3.4 Future Work

To complete the characterization of these complexes, much more data needs to be acquired in
order to make full comparisons to the information presented in Chapter 1. Room temperature EPR

experiments and cyclic voltammetry could be pursued in order to make more complete arguments

79



that these more strongly Lewis acidic cations are more effective at attenuating ligand donor
strength in comparison to the cations associated with the series of complexes discussed in Chapter
1. Solid-state EPR experiments could give insight into the behavior of these complexes when not
freely tumbling in solution and allow for the quantification of the anisotropic hyperfine coupling
constants. Quantification of these parameters could provide an interesting comparison to the
isotropic coupling values obtained in the work in Chapter 1. 3'V NMR could be conducted to
analyze the shielding or deshielding of the >'V chemical shift that may result from incorporation
of secondary metals. Crystallographic information could be useful to definitively confirm the
structures of the trivalent adducts and, perhaps most importantly, confirm changes in the bonding
about the vanadium center. The expected shortening of the vanadium - terminal oxo bond as a
function of the Lewis acidity of the secondary metal cations could be confirmed by obtaining such

data and it is therefore of high interest.
3.5 Conclusions

We have obtained a limited set of spectroscopic data on a family of new heterobimetallic vanadyl
complexes containing La**, Y3*, and Lu*" ions. The data paint a picture that broadly confirms the
findings given in Chapters 1 and 2. Namely, the strongly Lewis acidic character of these trivalent
cations results in chemical changes to the vanadyl core of the complexes that are greater than those
encountered upon incorporation of mono- and di-valent cations. Confirmation that the cations bind
in the [Os] cavity underscores the useful ability of our ligand framework to support cation
incorporation and suggests that the ligand could be useful for further studies of cation-modulated

chemistry of other species in the future.
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Appendix 1

General Considerations
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All manipulations were carried out in dry Na-filled gloveboxes (Vacuum Atmospheres Co.,
Hawthorne, CA) or under N> atmosphere using standard Schlenk techniques unless otherwise
noted. All solvents were of commercial grade and dried over activated alumina using a PPT Glass
Contour (Nashua, NH) solvent purification system prior to use, and were stored over molecular
sieves. All chemicals were from major commercial suppliers and used as received. CD3CN was
purchased from Cambridge Isotope Laboratories and dried over 3 A molecular sieves. 'H and '°F
NMR spectra were collected on 400 and 500 MHz Bruker spectrometers and referenced to the
residual protio-solvent signal® in the case of 'H. 1°F NMR spectra were referenced and reported
relative to CCI3F as an external standard following the recommended scale based on ratios of
absolute frequencies (Z).5%%7 Chemical shifts (8) are reported in units of ppm. UV-visible spectra
were collected with an Ocean Optics Flame spectrometer in a 1-cm path length quartz cuvette.
Elemental analyses were performed at Midwest Microlab, Inc. (Indianapolis, IN, USA) and at the

University of Memphis (Memphis, TN, USA).

Infrared Spectroscopy. Spectra were collected with a Shimadzu IRSpirit FTIR spectrometer
equipped with a QATR-S single-reflection attenuated total reflectance (ATR) accessory and
diamond prism plate, as well as accessories for conventional transmission measurements in cells
with KBr windows. IR spectra were collected under an inert atmosphere in a dry N»-filled glovebox

(Vacuum Atmospheres Co., Hawthorne, CA).

Electron Paramagnetic Resonance Spectroscopy. Electron paramagnetic resonance (EPR)
spectra were collected at room temperature on a Bruker EMXplus spectrometer in quartz
capillaries placed into conventional quartz EPR tubes. The concentration of analyte in each EPR

sample was 10 mM.
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Electrochemistry. Electrochemical experiments were carried out in a N»-filled glovebox. Dry,
degassed CH3CN containing 0.10 M tetra(n-butylammonium) hexafluorophosphate
(["BwN][PF6]); Sigma-Aldrich, electrochemical grade) served as the electrolyte for the
experiments. Measurements were carried out with a Gamry Reference 600+
Potentiostat/Galvanostat (Gamry Instruments, Warminster, PA, USA), using a standard three-
electrode configuration. The working electrode was the basal plane of highly oriented pyrolytic
graphite (HOPG) (GraphiteStore.com, Buffalo Grove, IlL.; surface area: ca. 0.1 cm?), the counter
electrode was a platinum wire (Kurt J. Lesker, Jefferson Hills, PA; 99.99%, 0.5 mm diameter),
and a silver wire immersed in electrolyte served as a pseudoreference electrode (CH Instruments).
The reference was separated from the working solution by a Vycor frit (Bioanalytical Systems,
Inc., West Lafayette, IN, USA). Ferrocene (Sigma-Aldrich, St. Louis, MO, USA; twice-sublimed)
was added to the electrolyte solution prior to the beginning of each experiment; the midpoint
potential of the ferrocenium/ferrocene couple (denoted as Fc™) served as an external standard for
comparison of the recorded potentials. Concentrations of analytes for cyclic voltammetry were
typically 2 mM unless otherwise noted. Experiments were conducted by first scanning anodically,

then cathodically on the return sweep.
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Figure S1. 'H NMR spectrum (400 MHz, CD;CN) of [VO]. Grease, diethyl ether, and dichloromethane are
present in the NMR solvent.
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Figure S2. ""F NMR spectrum (376 MHz, CD;CN) of [VO].
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Figure S3. '"H NMR spectrum (400 MHz, CD;CN) of [VO,Cs]. Grease and diethyl ether are present in the

NMR solvent.
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Figure S4. ""F NMR spectrum (376 MHz, CD;CN) of [VO,Cs].
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Figure S5. 'H NMR spectrum (400 MHz, CD;CN) of [VO,Na]. Grease, diethyl ether, and water are present
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Figure S6. '"F NMR spectrum (376 MHz, CD;CN) of [VO,Na].

S7



Grease
¢ Diethyl Ether
Water

14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 -1
Chemical Shift (ppm)

Figure S7. "H NMR spectrum (400 MHz, CD;CN) of [VO,Ca]. Grease, diethyl ether, and water are present
in the NMR solvent.
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Figure S8. '"F NMR spectrum (376 MHz, CD;CN) of [VO,Ca].
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Electronic Absorption Spectra
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Figure S11. Left panel: Electronic absorption spectra of [VO,Rb]
concentration plot of [VO,Rb] in CH3CN monitored at 386 nm.
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Solution-State Infrared Spectroscopy
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Figure S21. Infrared spectrum of 10mM solution of [VO] in CH3CN.
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Figure S22. Infrared spectrum of 10mM solution of [VO,Cs] in CH3CN.
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Figure S23. Infrared spectrum of 10mM solution of [VO,Rb] in CH3CN.
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Figure S24. Infrared spectrum of 10mM solution of [VO,K] in CH3;CN.
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Solid-State Infrared Spectroscopy
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Figure S27. Solid-state infrared spectrum of [VO].
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Figure S28. Solid-state infrared spectrum of [VO,Cs].
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Figure S29. Solid-state infrared spectrum of [VO,Rb].
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Figure S30. Solid-state infrared spectrum of [VO,K].
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Figure S31. Solid-state infrared spectrum of [VO,Na].
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Figure S32. Solid-state infrared spectrum of [VO,Ca].
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Figure S33. Comprehensive stack of solid-state infrared spectra in the V-O stretching region.
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Analysis of Infrared Spectroscopy

[VOI 991 979 12
[VO,Cs] 992 982 10
[VO,Rb] 993 985 8
[VOK] 994 986 8
[VO,Na] 995 988 7
[VO,Ca] 1003 1001 2

Table S1. Comparison between V=0 stretching frequencies in the solution and solid states.
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Figure S34. Plot of V=0 stretching frequencies in solid-phase IR as a function of pKa.
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Figure S35. Dependence of the solid-state V=0 stretching frequency on V=0 bond length. The bond
lengths for the individual compounds were derived from the structures reported here: a03a, [VO]; a04d-
Nol, [VO,Na]; b31b-No7, [VO,Ca]. Uncertainties associated with the bond lengths are represented with
the error bars, which are the e.s.d.’s determined for each compound in the indicated structures. Details on
determination of these e.s.d.’s are given in Table 1.1 in Chapter 1.
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Electronic Paramagnetic Resonance Spectroscopy
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Figure S36. Experimental: X-band EPR spectrum of [VO] 10mM solution in MeCN (Temperature = 298
K, Frequency = 9.6405 GHz, Power = 2mW). Simulated: EasySpin simulation using garlic function. Best
fit values: gy=1.96, g. = 1.98, Aiso = 271.9 MHz, 4= 372.0 MHz, logtcorr = —9.64. RMSD = 0.023.
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Figure S37. Experimental: X-band EPR spectrum of [VO,Cs] 10mM solution in MeCN (Temperature =
298 K, Frequency = 9.6405 GHz, Power = 2mW). Simulated: EasySpin simulation using garlic function.
Best fit values: gy=1.96, g. = 1.98, Aiso = 274.0 MHz, 4= 368.7 MHz, logtcorr = —9.48. RMSD = 0.031.
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Figure S38. Experimental: X-band EPR spectrum of [VO,Rb] 10mM solution in MeCN (Temperature =
298 K, Frequency = 9.6405 GHz, Power = 2mW). Simulated: EasySpin simulation using garlic function.
Best fit values: g= 1.96, g1 = 1.98, Aisc = 274.9 MHz, A= 357.5 MHz, logtcorr = —9.45. RMSD = 0.023.
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Figure S39. Experimental: X-band EPR spectrum of [VO,K] 10mM solution in MeCN (Temperature =298
K, Frequency = 9.6405 GHz, Power = 2mW). Simulated: EasySpin simulation using garlic function. Best
fit values: gy=1.96, g. = 1.968, Aiso =275.9 MHz, 4= 353.8 MHz, logtcorr = —9.45. RMSD = 0.029.
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Figure S40. Experimental: X-band EPR spectrum of [VO,Na] 10mM solution in MeCN (Temperature =
298 K, Frequency = 9.6405 GHz, Power = 2mW). Simulated: EasySpin simulation using garlic function.
Best fit values: g= 1.97, g1 = 1.98, Aisc = 277.7 MHz, A= 349.8 MHz, logtcorr = —9.37. RMSD = 0.024.
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Figure S41. Experimental: X-band EPR spectrum of [VO,Ca] 10mM solution in MeCN (Temperature =
298 K, Frequency = 9.6405 GHz, Power = 2mW). Simulated: EasySpin simulation using garlic function.
Best fit values: g;= 1.97, g1 = 1.98, Aiso=280.1 MHz, 4, = 346.3 MHz, logtcorr = —9.22. RMSD = 0.038.
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Figure S42. Comprehensive stacked spectra of experimental EPR data. Straight dashed red lines (g =2.19,
2.14, 2.08) highlight the systematic broadening of the hyperfine coupling throughout the series. Lines
correspond to the compounds by color as indicated in Figure S36.
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Figure S43. Plot of average g-values as a function of pKa.
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Figure S44. Plot of isotropic 4 values as a function of the average g-value.
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Figure S45. Upper panel: Triplicate X-band EPR spectra of [VO] 10 mM solution in MeCN (Temperature
=298 K, Frequency = 9.6405 GHz, Power = 2mW). Spectra are averaged over a total 30 scans. Lower
panel: Triplicate X-band EPR simulation spectra of [VO]. Simulated using EasySpin for MATLAB with
the garlic function.
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Simulation # Aiso (MHz) Gaverage RMSD
1 271.873 1.96979 0.014669
2 271.871 1.96975 0.014541
3 271.837 1.96867 0.014766
Average 271.860 1.96940 0.014658
STDEV 0.02023 0.00064 0.000113

Table S2. Comparison of the 4iso Zaverage, and RMSD values resulting from the three [VO] simulations.
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EasySpin EPR Simulation Script
% load data

[B,spc,p] = eprload('CD-1-VO-10mM 9.64GHz_3@scans_smaller
sweep width.DTA'");

%% gentle BC & normalization
spcbc = basecorr(spc,1,1);
s=normalize(B,spcbc);
g=b2g(B/10,p.MAFQ);

%plot(B/10,spcbc, 'k")
plot(B/10,s, 'k")
x1lim([300 400])

%% plot g as x-axis

plot(g,s, k")
set(gca, 'xdir', "reverse")
x1lim([1.7 2.3])

%% VO fit

Aave = 275; %MHz
gpar=1.9;
gperp=2;

Apar= Aave*2; %MHz

Aperp = (1/2)*(3*Aave-Apar); %MHz
%Aave=(2*Aperp+Apar)/3

Sys.S=1/2;

Sys.Nucs="V";

Sys.g=[gperp gpar];

Sys.A=[Aperp Apar];

Sys.lwpp=1;

Sys.logtcorr=-10.5; %10 = 100 ps

Exp.mwFreq = p.MWFQ/10"9;

Exp.Range = [B(1)/10 B(5000)/10];

Exp.nPoints = p.XPTS;

Exp.Temperature = 298;

[Bs,Ss]=garlic(Sys,Exp);

%% fit
Sys.myApar=Apar;
Sys.myAave=Aave;
Vary.myAave=Aave/20;
Vary.myApar=Apar/3;
Vary.g=[0.1 0.1];
Vary.logtcorr=1;

Figure S46. MATLAB script used to simulate EPR spectra using the EasySpin package.
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Electrochemical Studies
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Figure S47. CV data for [VO] in CH;CN (0.1 M ["Bu]'[PFe]", 100 mV/s).
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Figure S48. CV data for [VO] showing ligand oxidation when scanned to more positive potentials.
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Figure S49. Top panel: scan rate dependence data for [VO]. Bottom panel: plot of peak current density vs.
(scan rate)'?, demonstrating the diffusional nature of the oxidized species involved.
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Figure $50. CV data for [VO,Cs] in CH;CN (0.1 M ["Bus] [PFs]", 100 mV/s).
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Figure S51. Left panel: scan rate dependence data for [VO,Cs]. Right panel: plot of peak current density
vs. (scan rate)"?, demonstrating the diffusional nature of the oxidized species involved.
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Figure S52. CV data for [VO,Rb] in CHsCN (0.1 M ["Bus] [PFs]", 100 mV/s).
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Figure S53. Left panel: scan rate dependence data for [VO,Rb]. Right panel: plot of peak current density
vs. (scan rate)"?, demonstrating the diffusional nature of the oxidized species involved.
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Figure S54. CV data for [VO,K] in CHsCN (0.1 M ["Bus] [PFs]", 100 mV/s).
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Figure S55. Left panel: scan rate dependence data for [VO,K]. Right panel: plot of peak current density
vs. (scan rate)"?, demonstrating the diffusional nature of the oxidized species involved.
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Figure S57. Left panel: scan rate dependence data for [VO,Na]. Right panel: plot of peak current density
vs. (scan rate)"?, demonstrating the diffusional nature of the oxidized species involved.
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X-Ray Crystallography

General Considerations

Crystals were mounted using Paratone oil with MiTeGen loops and placed under a nitrogen stream
for data collection. For [VO] (a03a) and [VO,Na] (a04d) low temperature (120 K) X-ray data
were collected using 0.5°-wide ®- or @-scans on a Bruker D8 3-circle diffractometer with a
PHOTON-II detector. X-rays were provided by a fine-focus Mo-sealed tube running at 50 kV and
35 mA (Mo Ka = 0.71073 A). All diffractometer manipulations for these structures, including data
collection, integration, and scaling, were carried out using the Bruker APEX4 Software Suite.5%%
For [VO,Ca] (b31b), low temperature (194 K) X-ray data were collected using 1.0°-wide ®- or ¢-
scans on a Bruker Smart APEX diffractometer equipped with a Bruker Smart APEX CCD detector
and graphite monochromator. X-rays were provided by a fine-focus Mo sealed tube running at 50
kV and 30 mA (Mo Ka = 0.71073 A). All data manipulations for b31b were carried out using the
Bruker APEX3 Software Suite.”® The data set for b31b was corrected for absorption using the
multi-scan method by SADABS,’! while numerical face-indexed absorption corrections were used
for a03a and a04d. SHELXT was used to solve each structure using intrinsic phasing methods.””
Final stages of weighted full-matrix least-squares refinement were conducted using Fo? data with
SHELXL in SHELXle.”

The final structural model for each compound incorporated anisotropic thermal parameters for all
ordered full-occupancy and disordered partial-occupancy nonhydrogen atoms; isotropic thermal
parameters were used for all included hydrogen atoms. Hydrogen atoms in each complex were
fixed at idealized riding model sp- or sp>-hybridized positions with C—H bond lengths of 0.95 —
0.99 A. Methyl groups were incorporated into the structural models either as sp>-hybridized riding
model groups with idealized “staggered” geometry and a C-H bond length of 0.98 A or as idealized
riding model rigid rotors (with a C—H bond length of 0.98 A) that were allowed to rotate freely
about their C—C bonds in least-squares refinement cycles. The isotropic thermal parameters of
idealized hydrogen atoms in all three structures were fixed at values 1.2 (non-methyl) or 1.5
(methyl) times the equivalent isotropic thermal parameter of the carbon or oxygen atom to which
they are covalently bonded.

CCDC entries 2219364-2219366, 2240872, and 2243380 contain the supplementary

crystallographic data for this paper. These data can be obtained free of charge from the Cambridge
Crystallographic Data Centre.

The relevant crystallographic and structure refinement data for all three compounds are given in
Tables S3-S5.
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Special Refinement Details for [VO] (a03a)

No special refinement was required. Two outer-sphere co-crystallized molecules of acetonitrile were found
in the asymmetric unit; these acetonitrile molecules are presumably derived from the conditions of
crystallization, as the crystals of [VO] were grown by vapor diffusion of diethyl ether into a concentrated
solution of the compound in acetonitrile.

Solid-State Structure of [VO]

Figure S62. Solid-state structure from XRD of [VO]. All H-atoms and two co-crystallized outer-sphere
acetonitrile solvent molecules are omitted for clarity. Displacement ellipsoids are shown at the 50%
probability level.
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Full Solid-State Asymmetric Unit of [VO]
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Figure S63. Full solid-state structure of the asymmetric unit from XRD of [VO]. All H-atoms are omitted
for clarity, and displacement ellipsoids are shown at the 50% probability level.

This figure shows the systematic and consistent macrocycle labeling convention used throughout this work.
The only exception to this naming convention is molecule B of structure a04d-Nol in P-1. See p. S48 for
details on this naming “anomaly.”
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Special Refinement Details for [VO,Na] (a04d-Nol and a04d-No2)

Vapor diffusion of diethyl ether into a concentrated acetonitrile solution of [VO,Na] afforded
single crystals of the heterobimetallic complex suitable for XRD analysis. Four inner-sphere
molecules of acetonitrile, each bound to a separate Na“ and derived from the crystal growth
conditions, were found in the final structure. A single outer-sphere molecule of water was also
found; this water is presumably derived from adventitious water present under the crystal growth
conditions or could have been incorporated during sample handling, as the crystals had to be
transported from Lawrence, KS to South Bend, IN for data collection.

The a04d structure was initially solved and fully refined to give the anticipated atom-to-atom
connectivity and a reasonable R; (8.7%) value. The asymmetric unit contained two
crystallographically-independent monomeric macrocyclic [VO,Na] moieties that form dimers
about crystallographic inversion centers in the centrosymmetric triclinic space group P-/ (No. 2).
In this a04d-No2 structure, the first dimer utilizes the inversion center at (%2, 1, %2) and the second
dimer utilizes the inversion center at (1, 0, 0). Both independent [VO,Na] moieties feature formally
8-coordinate hexagonal bipyramidal Na* ions. The axial coordination sites are occupied by one
inner-sphere molecule of acetonitrile solvent (likely derived from the conditions of crystallization)
and the oxo-type oxygen of a nearby inversion-related [VO,Na] monomer. In a04d-No2, the
average Naee+QOoy, interaction is 2.304(3) A while the average V—O,xo bond is significantly shorter
at 1.597(3) A.

Although the structural and refinement details obtained in the case of a04d-No2 were quite
acceptable, the  refinement required 60/40  disordering of the  4-carbon
-CH>C(CHa3)- bridge in one of the two [VO,Na] monomers comprising the asymmetric unit. This
was assumed to be due to the dimer at that inversion center being “flipped” nearly half of the time.
In projection, the Na-containing macrocycle would have C,y symmetry without the methyl groups
of the 4-carbon -CH,C(CH3),- bridge between the two imine nitrogens. For [VO,Na], the methyl
groups destroy the “vertical” mirror plane containing the vanadyl group, while the coordination
of a vanadyl group to the /N>, O2] core destroys the remaining “horizontal” mirror plane containing
the macrocyclic nitrogens and oxygens when the methyls are present. The vanadyl-macrocycle
unit is therefore chiral and each dimer in the a04d-No2 structure would contain both enantiomers,
herein designated I and II.

These enantiomers I and II would be related by rigorous crystallographic symmetry in a04d-No2
and the disordered dimer site could have the I and II halves interchanged in the lattice nearly half
of the time. This could manifest itself as an apparent, and observed, mirror reflection of the
macrocycle in the “vertical” plane coincidentally containing diimine methyl carbon atom C48
(C24 of the second independent molecule) due to tilting of the ethylene link, V2, O14 (vanadyl
oxygen), and NalA in a04d-No2. Although the entire macrocycle would actually have two
different orientations, the “disorder” could be modeled quite well by incorporating alternate
bridges between the imine groups. This could be achieved with 4-carbon -CH>C(CH3)2- moieties
bridging the two nitrogen centers in opposite directions, similar to the case of our prior structure
of a monometallic palladium complex in the same ligand (q35i).3* However, unlike the case of that
prior structure, the model for a04d-No2 coincidentally displays one shared methyl group (C48)
for both disordered bridging moieties.
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In any case, the structure of a04d-No2 can presumably be concluded to be problematic due to the
presence of a short, 2.918 A intermolecular contact between a disordered atom and an ordered
atom: C47(disordered methyl)seO32(ordered) (032 asymmetric unit: 1565); this separation
should likely be 3.40 A or larger considering the probable van der Waals nature of this packing
interaction.” This suggested the possibility that the space group could actually be PI (No. 1).

This proved to be correct and the structure of [VO,Na] was solved and refined in the non-
centrosymmetric space group P/ (No. 1). In the final structure, denoted here as a04d-Nol, there
are two crystallographically-independent dimers or four crystallographically- independent
monomeric [VO,Na] moieties (denoted A, B, C, and D) in the triclinic asymmetric unit (and unit
cell). The first dimer contains the A and C monomers and the second dimer contains the B and D
monomers. All four monomers confirm the expected atom-to-atom connectivity for [VO,Na]
without the diimine backbone disorder observed for the refinement in centrosymmetric P-/ (No.
2). The most significant difference in the two structures is that the a04d-Nol structure has two
distinctly different dimers while this was not obvious in the a04d-No2 structure. The dimer with A
and C labeled monomers contains a pseudo-inversion-center-related I and II enantiomeric pair.
But in the second dimer (B and D labeled monomers), both monomers are the same enantiomer (I
and L, or II and II). It should be noted that either of these latter two combinations for the second
dimer would produce the disorder that was observed for the incorrect centrosymmetric a04d-No2
structure that imposed a center of symmetry. Notably, the data crystal was a 51/49 inversion twin,
meaning that the twinned crystal used for data collection overall contains equal quantities of
enantiomers I and II, consistent with the racemic nature of the product mixture generated for
synthesis of [VO,Na]. If monomer A in the asymmetric unit of a04d-Nol is enantiomer I, then
monomers C, B and D are all enantiomer I1.

Most of the correct a04d-Nol structure possesses a pseudo-inversion center. The only major
departure from pseudo-inversion symmetry for the metal complexes is for the 4-carbon bridge
between the two imine nitrogens in the second B/D dimer. This pseudo-symmetry produced strong
correlations between parameters of the pseudo-inversion related atoms and necessitated the use of
67 ISOR restraints for C, N and O atoms as well as 11 mild SADI bond length restraints for
individual C-N or C-C bonds and mild SAME restraints requiring the metrics for the 4-carbon
diimine bridges of the B and D monomers to be similar to those of the A monomer to avoid A- and
B-level alerts in CheckCIF. Additionally, the acetonitrile ligands for the B and D monomers were
restrained to have near idealized geometries by setting the bond lengths and NeeeCpemyl separation
for the nonhydrogen atoms to appropriate multiples of the C-N bond length that was included in
the refinement as a free variable that refined to a final value of 1.203(5) A.

The final R; value (6.8%) as well as the ratio of restraints-to-parameters (460 to 1668) are quite
reasonable in a04d-Nol. Anisotropic thermal parameters were incorporated for all nonhydrogen
atoms in the final structural model, and the relevant crystallographic and structural refinement
details for a04d-Nol are given in Table S4. Details for the alternative refinement a04d-No2 are
also given in Table S4 for comparison.

The final .hkl-format file used for refinement of both a04d-Nol and a04d-No2 contains the
available Friedel pair data that were averaged for the a04d-No1l refinement. For ease of structural
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comparison, the unit cell origin for a04d-Nol was chosen to be essentially the same as the one for
a04d-No2 with the a04d-Nol pseudo-inversion centers coinciding with the crystallographic
inversion centers of a04d-No2.

The asymmetric unit of a04d-Nol is also distinguished from that found in a04d-No2 as it contains
one outer-sphere molecule of HO (associated with O1W) that is engaged in H-bonding
interactions with nearby outer-sphere triflate counter-anions. O1'W was not modeled in the final
solution for a04d-No2. However, it appears that Peak #2 in the final P-/ difference Fourier (1.65
electrons) could be associated with this HO. Peak #2 is about 0.44 A away from the position for
the non-centrosymmetric O1W and could make what would be two H-bonds to triflate oxygens: a
reasonably short one (2.88 A) and a rather long one (3.42 A) with a subtended angle of 126.5°.7°
For a04d-Nol, in the end, the occupancy of O1W refined to a value of 1.05, albeit with a large
temperature factor. So, the final occupancy value was set to 1.00. This water molecule probably
plays a key role in the structure, as it appears to not only be tying the two nearby triflates together
through clearcut hydrogen-bonding interactions, but it also appears to be important in determining
the packing of the two different, but sterically similar, types of dimers found in a04d-Nol.

The possible importance of this water molecule to the observed non-centrosymmetric structure
was investigated by checking for bad contacts when a second (inversion-related) water molecule
was artificially generated (refer to a04d+water.res accompanying the published manuscript upon
which Chapter 1 is based). Such a water molecule, labeled O1W' in the accompanying file, is also
in a position to hydrogen bond to the oxygen atoms of two triflate groups. Unfortunately, it makes
a2.817 A contact with a C23D methyl carbon that is significantly shorter than the anticipated van
der Waal's contact of 3.40 A.” Thus, we concluded that the absence of O1W' in the non-
centrosymmetric structure allows the needed packing room for C23D from the second half of the
rigorously non-centrosymmetric dimer formed from two monomers of the same enantiomer.

In the final model for a04d-Nol, the first dimeric unit of [VO,Na] has A and C monomers that are
related quite closely by a pseudo-inversion center. These would be related by a rigorous inversion
center in a04d-No2. The second dimer in a04d-Nol has B and D monomers that are only nearly
related by a pseudo-inversion center; the pseudo-inversion symmetry of monomers B and D is
broken by a “flipping” of the C21-C24 bridges in the packing of the diimine units. This means that
unlike the first dimer, both halves of the second dimer are the same enantiomer. To show this
clearly in the final model, the B monomer is intentionally labeled with a different convention than
that used for the other macrocyclic species A, C, and D present in the asymmetric unit (see Figure
S43 for the full atom naming of the regular convention). All atoms except the C21-C24 bridge in
monomer B are labeled to reflect the pseudo-inversion center present for that dimer. The flipping
of the diimine bridge thus results in both halves of the corresponding dimer (composed of
monomers B and D) having the same stereochemical configuration. This situation contrasts with
monomers A and C, which are related fully by a pseudo-inversion center, and thus have opposite
stereochemical configurations. The labeling “anomaly” has been used here to emphasize the
stereochemical difference between the two dimeric species in the asymmetric unit of a04d-
Nol. The bridge behavior destroys one of the macrocyclic Cay mitror planes for a 2-dimensional
projection of these species, highlighting the challenges induced by use of the diimine bridge
containing a dimethyl-methylene moiety for crystallographic studies. The steric impact of these
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two methyl groups on packing a large macrocycle into a crystal lattice is small, and inclusion of
these moieties can lead to disorder or pseudo-symmetry. However, these methyl groups are
required by our synthetic route, which relies on the Thorpe-Ingold effect to drive macrocycle
generation for preparation of the monometallic precursor complex [VO].

Notably, the same short intermolecular packing contact between a (previously) disordered methyl
group of the heteroditopic ligand of [VO,Na] and a fully ordered triflate counter-anion that was
present in the centrosymmetric structure was also present in the totally-ordered lower-symmetry
non-centrosymmetric structure in P/. With both the methyl and triflate being ordered in the P/
structure, it was possible to identify this interaction as a probable C—He**O hydrogen bond.”® The
C23Be+*012B separation is 2.966 A and the C23B-H32Ge+*O12B angle is 172.8°, statistics that
are not inconsistent with weak hydrogen bonding. However, the C23B methyl group orientation
was “idealized” about the C22B-C23B bond in full refinement of a04d-Nol (via an AFIX 33
command), meaning that the C23B+*012B separation of 2.966 A is the structural parameter most
relevant to indication of a weak H-bond in this case. The presence of this C-He*«O H-bond would
be expected to make disorder of C23B and/or C23D less likely. A search of the Cambridge
Structural Database’” revealed 115 hits on a search for C(methyl)sesO(triflate) contacts of < 3 A.
Restriction of the search results to structures with Ry < 5% gives 26 hits. Among these, several
show strikingly similar non-solvent methyl-to-triflate contacts for comparison to the case of
C23B+++012B in a04d-No1.787%%0 The C—He*+O hydrogen bond found in this case could stabilize
the observed crystalline arrangement, along with the two hydrogen bonds involving O1W. The
C23Be¢+*012B hydrogen bond also appears to be instrumental in promoting the co-crystallization
of the two different types of dimers of [VO,Na].

In summary, the structure a04d can be solved and refined in both P-/ (No. 2) and P/ (No. 1), and
indeed the average V—Ooxo bond distance determined in P-/ is similar to the average value when
the structure is solved in PI (1.597(3) A in P-1 vs. 1.595(7) A in PI). Along this line, the
ADDSYM alert of PLATON suggests the possible space group of P-/ with a 97% fit when a04d-
Nol is run through CheckCIF. This is fully consistent with the structural refinements reported
herein as well as with their quite different structural interpretations.
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Solid-State Structure of [VO,Na] in a04d-Nol
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Figure S64. Solid-state structure from XRD of the first monomeric unit of [VO,Na] (monomer A). All H-
atoms, four outer-sphere triflate counter-anions, an outer-sphere water molecule, most of the second
monomeric unit (monomer C) of the dimeric species composed of heterobimetallic complexes, and the
second dimeric species (monomers B and D) found in the asymmetric unit are omitted for clarity.
Displacement ellipsoids are shown at the 50% probability level. Atom O7C is the vanadium oxo of the
adjacent C monomer of [VO,Na] in the dimeric species.
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Figure S65. Solid-state structure from XRD of the third monomeric unit of [VO,Na] (monomer C). All H-
atoms, four outer-sphere triflate counter-anions, an outer-sphere water molecule, most of the second
monomeric unit (monomer A) of the dimeric species composed of heterobimetallic complexes, and the
second dimeric species (monomers B and D) found in the asymmetric unit are omitted for clarity.
Displacement ellipsoids are shown at the 50% probability level. Atom O7A is the vanadium oxo of the
adjacent monomer of [VO,Na] in the dimeric species.
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Figure S66. Solid-state structure from XRD of the second monomeric unit of [VO,Na] (monomer B). All
H-atoms, four outer-sphere triflate counter-anions, an outer-sphere water molecule, most of the second
monomeric unit (monomer D) of the dimeric species composed of heterobimetallic complexes, and the
second dimeric species (monomers A and C) found in the asymmetric unit are omitted for clarity.
Displacement ellipsoids are shown at the 20% probability level. Atom O7D is the vanadium oxo of the
adjacent monomer of [VO,Na] in the dimeric species.
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Figure S67. Solid-state structure from XRD of the fourth monomeric unit of [VO,Na] (monomer D). All
H-atoms, four outer-sphere triflate counter-anions, an outer-sphere water molecule, most of the second
monomeric unit (monomer B) of the dimeric species composed of heterobimetallic complexes, and the
second dimeric species (monomers A and C) found in the asymmetric unit are omitted for clarity.
Displacement ellipsoids are shown at the 20% probability level. Atom O7B is the vanadium oxo of the
adjacent monomer of [VO,Na] in the dimeric species.
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Figure S68. Solid-state structure from XRD of the first dimeric species (composed of [VO,Na] monomers
A and C) found in the asymmetric unit of structure a04d-Nol. All H-atoms, four outer-sphere triflate
counter-anions, an outer-sphere water molecule, and a second dimeric species (composed of [VO,Na]
monomers B and D) present in the asymmetric unit are omitted for clarity. Displacement ellipsoids are
shown at the 20% probability level.

S54



C1SD C2sD

N1SD

) Q
U/ = \’ =
048 B NisB

C1SB

Figure S69. Solid-state structure from XRD of the second dimeric species (composed of [VO,Na]
monomers B and D) found in the asymmetric unit of structure a04d-Nol. All H-atoms, four outer-sphere
triflate counter-anions, an outer-sphere water molecule, and a second dimeric species (composed of
[VO,Na] monomers A and C) present in the asymmetric unit are omitted for clarity. Displacement ellipsoids
are shown at the 20% probability level.
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Full Solid-State Asymmetric Unit of [VO,Na] in a04d-Nol

Figure S70. Solid-state structure from XRD of [VO,Na] showing the presence of both dimeric species
composed of [VO,Na] monomers that are present in the asymmetric unit. All H-atoms except those
associated with the water molecule (O1W) are omitted for clarity. Displacement ellipsoids are shown at the
20% probability level.

The hydrogen atoms (HIW1 and HI1W2) of the outer-sphere water molecule (O1W) are engaged in
moderately strong intermolecular hydrogen bonds with oxygen atoms of nearby outer-sphere triflate

counter-anions (O1W-:-O12A distance of 3.04 A; O1W---O11C distance of 3.17 A; O12A---:O1W---O11C
angle of 130°).”> These interactions are shown with solid dashed lines.

One methyl group (associated with C23B) on monomer B is engaged in an intrinsically weak C-Hee*O
hydrogen bond with the nearby triflate counter-anion (C23B---O12B distance of 2.97 A). This interaction
is shown with a thin dashed line.
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Figure S71. Drawing showing the superposition of inverted monomer A in a04d-Nol with monomer C.
The 38 nonhydrogen atoms of each monomer superimpose with a rms deviation of 0.08 A.
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Figure S72. Drawing showing the superposition of monomer B in a04d-No1 with monomer C. The V, Oqxo,
Na and macrocyclic N and O atoms of each monomer superimpose with a rms deviation of 0.11 A.
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Figure S73. Drawing showing the superposition of monomer D in a04d-No1 with monomer C. The V, Ooxo,
Na and macrocyclic N and O atoms of each monomer superimpose with a rms deviation of 0.22 A.
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Figure S74. Drawing showing the superposition of monomer D in a04d-No1 with monomer B. The V, Oqxo,
Na, and macrocyclic N and O atoms of each monomer superimpose with a rms deviation of 0.19 A.
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Figure S75. Drawing showing the superposition of monomer D in a04d-No1 with monomer A. The V, Ooxo,
Na and macrocyclic N and O atoms of each superimpose with a rms deviation of 0.16 A.
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Figure S76. Drawing showing the superposition of monomer D in a04d-No1 with monomer A, highlighting
the imine bridge carbon atoms. The V, Oox, Na and macrocyclic N and O atoms of each superimpose with
a rms deviation of 0.16 A.
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Solid-State Structure of [VO,Na] in a04d-No2

Figure S77. Solid-state structure from XRD of the first of two monomeric units of [VO,Na] present in the
a04d-No2 asymmetric unit. All H-atoms, outer-sphere triflate anions, and the second (disordered)
monomeric unit of the complex found in the asymmetric unit are omitted for clarity. Displacement ellipsoids
are shown at the 20% probability level.
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Figure S78. Solid-state structure from XRD of the first of two monomeric units of [VO,Na] present in the
a04d-No2 asymmetric unit. All H-atoms, outer-sphere triflate anions, and the second (disordered)
monomeric unit of the complex found in the asymmetric unit are omitted for clarity. Displacement ellipsoids

are shown at the 50% probability level.
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Figure S79. Solid-state structure from XRD of the metal/ligand framework present in the second
monomeric unit of [VO,Na] found in the a04d-No2 asymmetric unit. All H-atoms, outer-sphere triflate
anions, acetonitrile moieties, and the first, fully-ordered independent monomer of [VO,Na] found in the
asymmetric unit are omitted for clarity. Displacement ellipsoids are shown at the 20% probability level.
The minor orientation (40%) of the bridging moiety between the imine groups is shown with solid bonds.
The major orientation (60%) is shown with dashed bonds, and the associated atoms are labeled with ‘B’
suffixes. Methyl carbon C48 is common to both orientations and was included in the structural model with
an occupancy factor of 1.00.
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Figure S80. Solid-state structure from XRD of one ordered dimer of [VO,Na] found in the a04d-No2
structure. Atoms labeled with an asterisk are generated by a crystallographic center of symmetry. All H-
atoms, outer-sphere triflate anions, and a second (disordered) dimer of [VO,Na] present in the unit cell are
omitted for clarity. Displacement ellipsoids are shown at the 20% probability level.
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Figure S81. Solid-state structure from XRD for the metal-macrocycle cores of the second dimeric unit of
[VO,Na] found in the a04d-No2 structure. Inversion-symmetry-generated V, C, N and O atoms are labeled
with an ‘A’ suffix to differentiate them from their mates in the asymmetric unit. NalB is the inversion-
related mate of NalA. Carbon atoms labeled with a ‘B’ suffix are for the major orientation of the 4-carbon
diimine bridge in the asymmetric unit and carbons labeled with a ‘C’ suffix are their inversion-related mates.
All H-atoms, outer-sphere triflate anions, and the first, fully-ordered independent dimer of [VO,Na] found
in the unit cell are omitted for clarity. Displacement ellipsoids are shown at the 20% probability level. The
minor orientation (40%) of the bridging moieties between the imine groups is shown with solid bonds,
while the major orientation (60%) is shown with dashed bonds.

S67



Solid-State Structure Showing Packing Arrangement of Two [VO,Na] Dimers and Four Nearby
Triflate Counter-Anions in a04d-No2

Figure S82. Solid-state structure from XRD of [VO,Na] in a04d-No2 showing packing of the dimers of
the complex with four nearby triflate counter-anions. Four triflates are shown here for direct comparison of
this view to that given in Figure S50 which shows the full solid-state asymmetric unit of a04d-Nol. The
triflate molecules associated with S1 and S2 are located in the asymmetric unit, while those associated with
S1A and S2A are generated by inversion and translation of S1 and S2. All other inversion-symmetry-
generated atoms are also labeled with an ‘A’ suffix to differentiate them from atoms present in the
asymmetric unit. All H-atoms are omitted for clarity, and displacement ellipsoids are shown at the 20%

probability level.
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Special Refinement Details for [VO,Ca] (b31b-No7 and b31b-No14).

Vapor diffusion of diethyl ether into a concentrated acetonitrile solution of [VO,Ca] afforded
single crystals of the heterobimetallic complex suitable for XRD analysis. One outer-sphere
partial-occupancy molecule of acetonitrile that is presumably derived from crystal growth was
found in the structure.

The b31b structure was initially solved and fully refined with the anticipated atom-to-atom
connectivity and a reasonable R; value (ca. 7.1%) with an asymmetric unit containing a single
macrocyclic [VO,Ca] complex in the centrosymmetric monoclinic space group P2;/c (No. 14). In
this b31b-No14 structure, two triflate counter-anions are bound to the formally 8-coordinate Ca**
atom, and both are bound in the k'-fashion. A partial occupancy (33%) acetonitrile solvent
molecule of crystallization was also present.

However, several of the structural and refinement details obtained in the case of b31b-No14
suggested that the imposed symmetry might be too high in P2;/c (No. 14). Full refinement of the
structure in P2;/c required a model with significant disorder to obtain a reasonable structure,
including three-fold disorder (75/35/8) for the first triflate (containing S1), two-fold (55/45)
disorder for the second triflate (containing S2), and 56/44 disorder for the atoms in the crown-
ether-like moiety of [VO,Ca]. Modeling this disorder to yield a metrically-reasonable molecule
produced a high ratio of restraints-to-parameters (1272 to 802). The extensive and nearly 50/50
disorder in the crown-ether-like moiety and second triflate suggested the possibility that the
structure might utilize a lower-symmetry non-centrosymmetric space group. The reasonable yield
of high-resolution data was also more consistent with a structure that did not contain so much
disorder. While we have previously encountered triflates with two orientations in the asymmetric
unit in our work with heterobimetallic complexes, we have not before been required to model
disorder with three orientations to obtain reasonable structures. Similarly, we have not before
encountered significant disorder in just the crown-ether-like portion of our ligands. On the other
hand, our structure of a macrocyclic palladium complex containing the divalent cation Ca**
displays a pseudo-center of symmetry that impacted final refinement.**

Consequently, the final structural refinement of [VO,Ca] utilizes the non-centrosymmetric space
group Pc (No. 7). This choice was made in light of structural and refinement details elucidated
during re-solving the structure in Pc. In the final structure, denoted here as b31b-No7, there are
two crystallographically independent molecules (denoted A and B) of [VO,Ca] in the monoclinic
asymmetric unit. Both molecules confirm the expected atom-to-atom connectivity of [VO,Ca]
without the crown-ether-like disorder observed for the refinement in centrosymmetric P2;/c (No.
14). The final R; value (6.4%) as well as the ratio of restraints-to-parameters (217 to 1096) are
reasonable in b31b-No7. Anisotropic thermal parameters were incorporated for all nonhydrogen
atoms in the final structural model, and the relevant crystallographic and structural refinement
details for b31b-No7 are given in Table S5. (Details for the alternative refinement b31b-No14 are
also given in Table S5 for comparison.)

Full refinement of the structure in Pc revealed that less disorder modeling was required than in the

case of P2;/c. Each molecule of [VO,Ca] displays two bound «'- triflate counterions; one of these
in each case is ordered, while the other two are disordered over two orientations (55/45 and 54/46).
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The asymmetric unit also contains a partial-occupancy (61%) acetonitrile solvent molecule of
crystallization. Most notably, disorder modeling was not required for atoms in the crown-ether-
like moieties, but was still required for the triflate and acetonitrile moieties. These findings are
consistent with the conclusion that the crystal of [VO,Ca] is impacted by a pseudo-inversion center
located at (0,'2,0). The Y and Z coordinates of most atoms obey inversion symmetry quite closely,
whereas the X coordinates generally obey it more approximately.

The structure can be solved in both P2;/c and Pc, and indeed the V—Ooxo bond distance determined
in P2,/c is similar to the average value when the structure is solved in Pc (1.583(3) A in P2//c vs.
1.589(10) A in Pc). Consistent with this situation, the ADDSYM alert of PLATON suggests the
possible space group of P2;/c with an 89% fit when b31b-No7 is run through CheckCIF,
underscoring the relationship between the structural refinements reported herein.

Each triflate was restrained to have near idealized bond lengths and angles by setting the
interatomic separations to appropriate multiples of the S-O bond length that was included in the
refinement as a free variable that refined to a final value of 1.424(2) A. The acetonitrile solvent
molecule of crystallization was restrained to have near-idealized geometry by setting the bond
lengths and NeeeCietny1 separation for the nonhydrogen atoms to appropriate multiples of the C-N
bond length that was included in the refinement as a free variable that refined to a final value of
1.08(2) A.
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Solid-State Structure of [VO,Ca] in b31b-No7
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Figure S83. Solid-state structure from XRD of the first (A) of two molecules of [VO,Ca] found in the
asymmetric unit of b31b-No7. All H-atoms, a co-crystallized outer-sphere acetonitrile molecule with partial
(61%) occupancy, and the second molecule of [VO,Ca] found in the asymmetric unit are omitted for clarity.
Displacement ellipsoids are shown at the 20% probability level. Disorder associated with the second triflate
counter-anion bound to calcium is shown; the atoms for the major (55%) isomer are connected with solid
lines; those for the minor (45%) species are colored more lightly and connected with dashed lines.
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Figure S84. Solid-state structure from XRD of the first (A) of two molecules of [VO,Ca] found in the
asymmetric unit of b31b-No7. All H-atoms, a co-crystallized outer-sphere acetonitrile molecule with partial
(61%) occupancy, and the second molecule of [VO,Ca] found in the asymmetric unit are omitted for clarity.
Displacement ellipsoids are shown at the 50% probability level. Disorder associated with the second triflate
counter-anion bound to calcium is shown; the atoms for the major (55%) isomer are connected with solid
lines; those for the minor (45%) species are colored more lightly and connected with dashed lines.
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Figure S85. Solid-state structure from XRD of the second (B) of two molecules of [VO,Ca] found in the
asymmetric unit of b31b-No7. All H-atoms, a co-crystallized outer-sphere acetonitrile molecule with partial
(61%) occupancy, and the first molecule of [VO,Ca] found in the asymmetric unit are omitted for clarity.
Displacement ellipsoids are shown at the 20% probability level. Disorder associated with the second triflate
counter-anion bound to calcium is shown; the atoms for the major (54%) isomer are connected with solid
lines; those for the minor (46%) species are colored more lightly and connected with dashed lines.
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Figure S86. Solid-state structure from XRD of the second (B) of two molecules of [VO,Ca] found in the
asymmetric unit of b31b-No7. All H-atoms, a co-crystallized outer-sphere acetonitrile molecule with partial
(61%) occupancy, and the first molecule of [VO,Ca] found in the asymmetric unit are omitted for clarity.
Displacement ellipsoids are shown at the 50% probability level. Disorder associated with the second triflate
counter-anion bound to calcium is shown; the atoms for the major (54%) isomer are connected with solid
lines; those for the minor (46%) species are colored more lightly and connected with dashed lines.
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Figure S87. Solid-state structure from XRD of the two molecules of [VO,Ca] (A and B) found in the
asymmetric unit of b31b-No7. All H-atoms, a co-crystallized outer-sphere acetonitrile molecule with partial
(61%) occupancy, and disorder associated with one bound triflate counter-anion on each calcium di-cation
are omitted for clarity. Displacement ellipsoids are shown at the 20% probability level.
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Figure S88. Solid-state structure from XRD of the two molecules of [VO,Ca] (A and B) found in the
asymmetric unit of b31b-No7. All H-atoms, a co-crystallized outer-sphere acetonitrile molecule with partial
(61%) occupancy, and disorder associated with one bound triflate counter-anion on each calcium di-cation
are omitted for clarity. Displacement ellipsoids are shown at the 50% probability level.
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Full Solid-State Asymmetric Unit of [VO,Ca] in b31b-No7
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Figure S89. Solid-state structure from XRD of the two molecules of [VO,Ca] (A and B) found in the
asymmetric unit of b31b-No7. All H-atoms omitted for clarity. Each macrocyclic complex has one ordered
k-1 triflate, and one disordered k-1 triflate. For the disordered triflates, the atoms for the major isomers are
connected with solid lines and those for the minor species are colored more lightly and connected with
dashed lines. These triflates are 55/45 disordered on molecule A and 54/46 disordered on molecule B. A co-
crystallized outer-sphere acetonitrile molecule with partial (61%) occupancy is also shown. Displacement
ellipsoids are shown at the 20% probability level.
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Figure S90. Solid-state structure from XRD of the two molecules of [VO,Ca] (A and B) found in the
asymmetric unit of b31b-No7. All H-atoms omitted for clarity. Each macrocyclic complex has one ordered
k-1 triflate, and one disordered k-1 triflate. For the disordered triflates, the atoms for the major isomers are
connected with solid lines and those for the minor species are colored more lightly and connected with
dashed lines. These triflates are 55/45 disordered on molecule A and 54/46 disordered on molecule B. A co-
crystallized outer-sphere acetonitrile molecule with partial (61%) occupancy is also shown. Displacement
ellipsoids are shown at the 50% probability level.
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Solid-State Structure of [VO,Ca] in b31b-No14

Figure S91. Solid-state structure from XRD of [VO,Ca]. All H-atoms, a co-crystallized outer-sphere
acetonitrile solvent molecule with partial occupancy, and the minor components of disorder associated with
the crown-ether-like moiety and the triflates are omitted for clarity. Displacement ellipsoids are shown at
the 20% probability level.
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Figure S92. Solid-state structure from XRD of [VO,Ca]. All H-atoms, a co-crystallized outer-sphere
acetonitrile solvent molecule with partial occupancy, and the minor components of disorder associated with
the crown-ether-like moiety and the triflates are omitted for clarity. This is the same as Figure S71 except
the displacement ellipsoids are shown at the 50% probability level.
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Figure S93. Solid-state structure from XRD of [VO,Ca] highlighting a co-crystallized outer-sphere
acetonitrile solvent molecule with partial occupancy (33%). All H-atoms and the minor components of
disorder associated with the crown-ether-like moiety and the triflates are omitted for clarity. Displacement
ellipsoids are shown at the 20% probability level.
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Figure S94. Solid-state structure from XRD of [VO,Ca] highlighting the 57/35/8 disordered packing for
the first triflate (S1), 55/45 disordered packing for the second triflate (S2), and 56/44 disordered packing
for atoms in the crown-ether-like moiety of [VO,Ca]. Atoms for the minor occupancy sites are labeled with
‘B’ and ‘C’ suffixes; the major occupancy species are connected with solid lines and those for the minor
occupancy species are colored more lightly and connected with dashed lines A partial-occupancy co-
crystallized outer-sphere acetonitrile solvent molecule and all H-atoms are omitted for clarity. Displacement
ellipsoids are shown at the 20% probability level.
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Table S3. Crystal and Refinement Data for [VO].

[VO] (a03a)

CCDC accession code 2219364
Empirical formula C2H3N4O7V
Formula weight 589.53
Temperature 120(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P2,;/c—No. 14
9.3666(5) A
27.2431(15) A
c 11.3241(7) A
a 90°
p 105.708(2)°
¥ 90°
Volume 2781.7(3) A’
Z 4
Density (calculated) 1.408 g/cm’
Absorption coefficient 0.410 mm'
1236.0

F(000)
Crystal size
Theta range
Index ranges

Reflections collected
Independent reflections

Completeness/Omax
Absorption correction
Max./Min. Transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F
Final R indices [I>20(I)]
R indices (all data)
Largest diff. peak & hole

0.223 x 0.189 x 0.072 mm’
1.495 to 28.317°
—12<h<12,-36<k<36,-15<I<15
52803

6910
[Rint = 00504, Rsigma = 00283]

100.0%/ 25.242°
Numerical
0.979 and 0.941
Full-matrix least-squares on F?
6910/0/365
1.031
Ri=0.040, wR> = 0.089
R =0.054, wR;, = 0.096
0.67 and —0.40 e.A"?
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Table S4. Crystal and Refinement Data for [VO,Nal].

[VO,Na] (a04d-Nol)

[VO,Na] (a04d-No2)

CCDC accession code 2219365 2243380
Empirical formula Cs4Hg3N6O20.50V2NarFsS» Cs4Hg:N6O20VaNarFsS»
Formula weight 1450.08 1441.07
Temperature 1202) K 120(2) K
Wavelength 0.71073 A 0.71073 A
Crystal system Triclinic Triclinic
Space group Pl —No. 1 P-1—-No.?2
13.0653(12) A 13.0653(12) A
13.2970(13) A 13.2970(13) A
c 18.7535(16) A 18.7535(16) A
a 94.498(3)° 94.498(3)°
p 90.881(3)° 90.881(3)°
¥ 101.071(3)° 101.071(3)°
Volume 3186.0(5) A® 3186.0(5) A’
Z 2 2
Density (calculated) 1.512 g/cm’ 1.502 g/cm’
Absorption coefficient 0.468 mm' 0.467 mm'
1494.0 1484.0

F(000)
Crystal size
Theta range
Index ranges

Reflections collected
Independent reflections

Completeness/Omax
Absorption correction
Max./Min. Transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F
Final R indices [I>20(I)]
R indices (all data)
Largest diff. peak & hole

0.168x0.118x0.085 mm’
3.13 to 56.84°
—17<h<17,-17<k<17,-25<I<25
102597

30638
[Rint = 0.066, Rsigma = 0.076]

100.0 %/ 25.24°
Numerical
0.986 and 0.936
Full-matrix least-squares on F*
30638/460/1668
1.047
R1=0.068, wR>=0.138
R; =0.105, wR, =0.156
1.12and -0.71 e.A”

0.168 x 0.118 x 0.085 mm’
1.566 to 28.422°
—17<h<17,-17<k<17,-25<I<25
102597

15929
[Rin = 0.072, Ryjgma = 0.052]

100.0%/ 25.24°
Numerical
1.000 and 0.897
Full-matrix least-squares on F?
15929/90/864
1.120
R;=0.087, wR>=0.187
Ri=0.113, wR, =0.199
1.78 and —0.74 e. A
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Table S5. Crystal and Refinement Data for [VO,Cal].

[VO,Ca] (b31b-No7)

[VO,Ca] (b31b-No14)

CCDC accession code 2219366 2240872
Empirical formula Ca6.61H2892N231013VCaFeS, C26.67H29N2.33013VCaFsSo
Formula weight 858.27 859.31
Temperature 194(2) K 194(2) K
Wavelength 0.71073 A 0.71073 A
Crystal system Monoclinic Monoclinic
Space group Pc—No. 7 P2;/c —No. 14
9.1030(12) A 9.1030(12) A
33.158(4) A 33.158(4) A
c 11.7733(15) A 11.7733(15) A
a 90° 90°
/] 103.6157(14)° 103.6157(14)°
y 90° 90°
Volume 3453.7(8) A® 3453.7(8) A®
77 2/2 4/1
Density (calculated) 1.651 g/cm’ 1.653 g/cm’
Absorption coefficient 0.655 mm' 0.655 mm'
F(000) 1751.0 1753.0
Crystal size 0.304 x 0.188 x 0.132 mm’ 0.304 x 0.188 x 0.132 mm’

Theta range
Index ranges

Reflections collected
Independent reflections

Completeness/Omax
Absorption correction
Max./Min. Transmission
Refinement method
Data/restraints/parameters
Goodness-of-fiton F~
Final R indices [I>26(I)]
R indices (all data)
Largest diff. peak & hole

3.55 t0 25.64°
—11<h<11,-40<k<40,-14<I<14
42091

12967
[Rint = 0.052, Ryjgma = 0.061]

99.7%/25.24°
Multi-scan
0.745 and 0.659
Full-matrix least-squares on F*
12967/217/1096
1.018
R;=0.064, wR> =0.148
R;=0.104, wR, =0.173
0.91 and —0.72 €A™

3.55 to 25.64°
—11<h<11,-40<k=<40,-14<I<14
42026

6494
[Rine = 0.057, Rsigma = 0.040]

99.7%/25.24°
Multi-scan
0.745 and 0.659
Full-matrix least-squares on F?
6494/1272/802
1.125
R;=0.071, wR>=0.141
R;1=0.095, wR; = 0.152
0.69 and —0.71 A

S85



Table S6. Selected bond lengths and interatomic distances in A for the two alternative refinements a04d-
Nol and a04d-No2 of the structure of [VO,Nal].

Structure code a04d-Nol a04d-No2
CCDC accession code 2219365 2243380

Space group PI (No. 1) P-1 (No. 2)

C.N. of M™* 8 8

dv.oxo * 1.595(7) 1.596(3)
dvent” 3.532(4) 3.530(2)
doe0" 2.603(12) 2.604(4)
dv? 2.034(10) 2.037(4)
dvne’ 2.058(11) 2.050(4)
dv.o1’ 1.932(8) 1.930(3)
dv.o2’ 1.920(8) 1.925(3)
dnao1” 2.482(9) 2.490(3)
dna02” 2.509(9) 2.496(3)

molecular species.

¢ Average values of the interatomic distances were calculated as the arithmetic mean of the values for the four
(a04d-Nol) or two (a04d-No2) independent molecular species present in the asymmetric unit. The stated e.s.d.’s
on these distances are taken as the larger of the individual values in the refined data for the independent

Table S7. Selected bond lengths and interatomic distances in A for the two alternative refinements b31b-
No14 and b31b-No7 of the structure of [VO,Ca].

Structure code b31b-No7 b31b-No14
CCDC accession code 2219366 2240872
Space group Pc (No. 7) P2/c (No. 14)
C.N. of M™* 8 8
dv_oxo 1.589(10) “ 1.583(3)
dveon 3.524(4)“ 3.524(1)
doe0 2.580(15) ¢ 2.583(5)
dvi 2.060(15) ¢ 2.052(4)
dvxa 2.050(14) ¢ 2.058(4)
dv.o1 1.934(10) “ 1.934(3)
dv.oz 1.951(11) ¢ 1.952(3)
dca-o1 2.448(11) ¢ 2.450(3)
dca-o2 2.455(10) ¢ 2.454(3)

¢ Average values of the interatomic distances for b31b-No7 were calculated as the arithmetic mean of the values
for the two independent molecular species present in the asymmetric unit. The stated e.s.d.’s on these distances
are taken as the larger of the individual values in the refined data for the independent molecular species.
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