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Abstract

The computationally- and experimentally-determined molecular structures of a
bis-uranyl(V1) complex of an expanded Schiff-base polypyrrolic macrocycle
[(UO2)2(L)] are in close agreement only if the pyridine in the fifth equatorial donor
site on the uranium is included in the calculations. The relativistic density functional
theory (DFT) calculations presented here are augmented from those on previously
reported simpler frameworks, and demonstrate that other augmentations, such as the
incorporation of condensed-phase media and the changes in the peripheral groups of
the ligand, have only a slight effect. Synthetic routes to pure samples of the bis- and
mono-uranyl(VI) complexes have been developed using pyridine and arene solvents,

respectively, allowing the experimental determination of the molecular structures by
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X-ray single crystal diffraction; these agree well with the calculated structures. A
comprehensive set of calculations have been performed on a series of actinyl AnO;"*
complexes of this macrocyclic ligand. These include both bis- and mono-actinyl
adducts for the metals U, Np and Pu, and formal oxidation states VI and V. The
reduction potentials of the complexes for U, Np, and Pu, incorporating both solvation
and spin-orbit coupling considerations, show the order Np > Pu > U. The agreement
between experimental and computed data for U is excellent. A particularly unusual
structure of the mononuclear plutonyl(V) complex was predicted by quantum
chemical calculations, in which a twist in the macrocycle allows one of the two
endo-oxo groups to form a hydrogen bond to one pyrrole group of the opposite side of
the macrocycle, in accordance with this member of the set containing the most Lewis
basic oxo groups. The calculated and measured electrochemical potentials for U are
particularly close, suggesting that at this level of computation predictions made about

the significantly more radiotoxic Np and Pu molecules should be accurate.

Keywords: actinyl complexes of polypyrrolic macrocycle; relativistic DFT; redox

potential; crystal structure; cyclic voltametry

1. Introduction

The use of actinides for nuclear power, nuclear weapons production and medicine
has led to growing concerns about waste management and potential environmental
impact.® In the processing of nuclear fuel and spent nuclear fuel,* 2 the U(VI) uranyl
ion (UO2%") is the most prevalent species due to its extraordinarily chemically robust
axial U=0 bonds.”® Its U(V) analogue readily disproportionates into U(IV) uranium
species and U(VI) UO2?* in an aqueous environment.® ° In contrast, the An(V)
transuranium actinyl ions NpOz* and PuO>" are stable and relatively mobile in the

environment.®® In addition, the common Pu(V1) actinyl complexes are highly soluble



and mobile in water.2* The safe immobilization of radionuclides and elimination of
environmental contamination of nuclear waste requires an in-depth understand of the
structures, reaction behavior and redox property of uranium and transuranium

complexes.
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Chart 1. Mono- and binuclear uranyl complexes of polypyrrolic macrocycles. Hal, terminated by
methyl groups, was used in most calculations, compared to the experimental ligand HsL’' with
ethyl substituents, see the text.

A variety of ancillary ions and molecules such as halides, tetrahydrofuran (THF),
pyridine, porphyrin and polypyrroles have been used to explore the equatorial
complexation chemistry of actinyl ions under mild conditions.'®3® The flexible
Schiff-base polypyrrolic macrocycle (HsLP* in Chart 1) was first prepared

independently by the groups of Sessler®* and Love.® Using uranyl silylamide starting



materials, Arnold and Love and co-workers synthesised “Pacman”-shaped complexes
[(sol)(UV'O2)(H2LP*)] (sol = pyridine and THF).3® The normal bis-uranyl(VI)
complex was not obtainable, restricted by the lack of space in the ligand and the
robust linear trans-uranyl(VI) ion. This has been evidenced by the synthesised
complexes, heterobimetallic [(THF)(OUV'O---M"(THF)(LP*)] (M = Mn, Fe and
Co)*! (the remaining small space within the Pacman cleft is suitable for a transition
metal ion) and butterfly-shaped [((MesSi)OUY(u-0))2(LP*)] 3" in which one
trans-oxo-group has migrated to a cis-position as the linear 'ylI' bonding has
presumably been weakened upon reduction to UY. These complexes are shown
schematically in Chart 1. Recently, a binuclear uranyl(VI1) complex that contains two
linear uranyl ions has been accessed using the expanded Schiff-base polypyrrolic
macrocycle HsL' in Chart 1.3 However, the synthetic route provided a mixture of
mono- and bis-uranyl(V1) complexes with separation only possible by selective
crystallization. Additionally, these polypyrrolic macrocyclic ligands are able to form
complexes with a wide range of metals including Cr, Pd, Zn, Sn, U and Ca, which
would help improving actinide separation in the environment and further design more

effective separation ligands.

Theoretical predictions on structures and reactions of the computed uranyl
complexes of HiLP* and HiL provided significant support for the experimental
results.>*#! Additionally, these calculations,®® “° predicted the new butterfly-like
geometry for UVL04 in [(OUV!(u-0))2(LP*)] — a different type of cation-cation
interaction (CCI1)3> 4% to that observed so far (a CCI is defined when one actinyl
metal centre is coordinated by the oxo atom of a second actinyl). Here, the occupation
by one oxo of a mutually cis-coordination site was explained, since a much higher
energetic barrier arises from the repulsion of the second uranyl entering into the small
empty pocket of [(THF)(UV'0,)(H2LP%)], as lower than the barrier to oxo migration
from trans to cis-uranyl position. This also helped to rationalise the experimental
unavailability of the simple bis-(UV'02) adduct of HaLP®, On the other hand, in our

previous communication,*! the binuclear uranyl complex of the anthracenyl



diamido-based HsL was predicted to be stable. The theoretical structure possesses a
similar molecular skeleton to the subsequent solid state structure which contains two
co-linear UO; groups 5.11 A apart, as determined by X-ray crystal diffraction.®

However, it still differs in the relative arrangement of the two uranyl ions.
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Chart 2. Synthetic routes to M-solUV'L’ and B-solUV'L (sol = py and THF).

To elucidate the above structural discrepancy between experiment and theory as
well as to gain further insight into the chemistry of the actinides, a series of mono-
and bis-actinyl complexes of the HsL ligand have been systematically examined using
scalar relativistic density functional theory (DFT). Geometries, electronic structures
and properties of single-electron reduction reactions from +VI to +V oxidation state
were addressed for U, Np, and Pu. Concurrently, the synthetic route (Chart 2) has
been developed for the isolation of mononuclear [(sol)(UV'O2)(H2L")] and binuclear
[(soD2(UV'02)2(L)] (sol = pyridine and THF), enabling X-ray structural and
electrochemical characterization to be carried out and compared with the predictions

made by computations.

2. Scope and Theoretical/Experimental Procedures
2.1. Scope of the current study

The pyridine-solvated complexes, including binuclear [(py)2(An™02)2(L)]*"* and
mononuclear [(py)(An™O2)(H2L)]"? (m = VI, n=2; m =V, n =1; An = U, Np and Pu),
were structurally optimised. These complexes are labeled as B-pyAn™ and M-pyAn™,

respectively, compared with the pyridine-free complexes B-An™ and M-An™* Table

S1 of Supporting Information. A mixed-valent complex [(py)2(UV'O2)(UVO2)(L)]
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(B-pyUV!V) was investigated for comparison.

The HaL' ligand with ethyl meso-substituents was used for the experimental studies,
while its methyl meso-substituted analogue HsL was employed to save computational
cost (Chart 1). To examine the effect of this ligand simplification, [(py)(UY'02)(H2L")]
(M-pyUV'L") and [(py)2(UV'02)2(L")] (B-pyUV'L’) were optimised and compared
with the experimentally synthesised ones. Calculations on the THF-solvated
complexes, [(THF)(UMO2)(HzL)]"? (M-THFU™, m = VI, n =2; m =V, n =1) and
[(THF)(UV'O2)(H2L)] (M-THFUV'LY), allow us to understand the solvent effects
(Table S2).

In this work, we have also developed a new synthetic route (Chart 2) to cleanly
isolate mononuclear M-solUV'L’ and binuclear B-solUV'L’ (sol = pyridine and THF).
The four complexes have been structurally characterised using single crystal X-ray
diffraction and their redox properties characterised by cyclic voltammetry

experiments.
2.2. Computational details

Geometry structures of all complexes were fully optimised in the gas phase without
symmetry constraints using the Priroda code.>®-%° A scalar relativistic all-electron (AE)
approach was applied®® with spin-orbit projected out and neglected from the full Dirac
equation.®> We used GGA DFT with the PBE functional® in the calculations.
All-electron correlation-consistent double-g polarised quality basis sets (labeled as B-I)
were employed for the large component, accompanied by the corresponding
kinetically balanced basis sets for the small component and the respective auxiliary
(fit) basis sets.® % The minimum nature of all the optimised structures was confirmed
by analytical frequency calculations. Building on these, the thermodynamic data of
the complexes were obtained. Population-based Mayer®* bond orders were calculated

simultaneously.

With the ADF 2010.02 code,®>%" we have calculated the solvation energy of each

complex. An integration parameter of 6.0 was applied, unless otherwise noted. The



solvent effect of pyridine was taken into account with the Conductor-Like Screening
Model, COSMO.®8 ¢ The Klamt radii were used for the main group atoms (H = 1.30
A, C=200A N=183Aand O=1.72A)° and for the actinide atoms (U, Np and
Pu = 1.70 A)3*40.71.72 The scalar relativistic ZORA method”®" and Slater-type TZP
basis sets (labeled as B-11) were used. With the small-core ZORA, the core orbitals
1s—4f for U, Np and Pu, and 1s for C, N and O were frozen. Additionally, effects of
the condensed medium surrounding the real experimental complexes were simulated
by the self-consistent reaction field while employing the COSMO model. Thus, both
B-pyUY!' and B-UY' were optimised in pyridine solution at the ADF:
PBE/B-1I/ZORA/COSMO level and in the gas phase at the ADF:
PBE/B-11/ZORA/qgas level (see Table S3).

2.3. Experimental Details

General information about synthetic techniques, NMR spectroscopy, cyclic
voltammograms, and X-ray crystallographic data is described in Supporting
Information. Syntheses and analytical data for the complexes shown in Chart 2 are as
follows.

M-pyUV'L’. Toluene (ca. 20 mL) was added to a mixture of HiL’ (1.00 g, 1.23
mmol, 1 eq.) and [(py)2(UO2)(N(SiMes)2)2] (918 mg, 1.23 mmol, 1 eq.) and the
resulting brown solution stirred for 1 week. The time required to reach full conversion
is dependent upon concentration taking up to 4 days at ca. 10 mmol L™ and under 1 h
at ca. 50 mmol L. Reduction of the solution volume by half under reduced pressure
afforded a brown precipitate which was isolated by filtration, washed with Et,O, and
dried to yield M-pyUV'L’ (1.13 g, 76%). *H NMR (600 MHz, C¢Ds) & 9.59 (s, 2H),
8.90 (s, 2H), 8.82 (d, J = 5.1 Hz, 1H), 8.63 (br. s, 2H, NH), 7.85 (d, J = 4.0 Hz, 1H,
py), 7.80 (s, 2H), 7.71 (s, 2H), 7.47 (d, J = 8.5 Hz, 2H), 7.25 (d, J = 8.5 Hz, 2H, aryl),
7.23 (d, J = 3.7 Hz, 2H, pyrrole), 7.06 (t, J = 8.5 Hz, 2H, aryl), 6.92 (t, 8.5 Hz, 2H,
aryl), 6.87 (d, J = 8.5 Hz, 2H, aryl), 6.84 (d, J = 3.7 Hz, 2H, pyrrole), 6.27 (d, J = 8.5
Hz, 2H, aryl), 6.20 (d, J = 3.7 Hz, 2H, pyrrole), 5.95 (d, J = 3.7 Hz, 2H, pyrrole), 5.60
(t,J = 7.6 Hz, 1H, py), 5.55 (tt, J = 7.6, 1.7, 1H, py), 2.64 (q, J = 7.3 Hz, 2H), 2.49 (q,



J=7.3Hz, 2H), 2.06 (q, J = 7.3 Hz, 2H), 1.53 (t, J = 7.3 Hz, 3H), 1.45 (q, J = 7.3 Hz,
2H), 1.01 (t, J = 7.3 Hz, 3H), 0.95 (t, J = 7.3 Hz, 3H), 0.49 (t, J = 7.3 Hz, 3H); H
NMR (500 MHz, CsDsN) & 9.62 (s, 2H), 9.38 (s 2H), 8.16 (s, 2H), 8.12 (s, 2H), 7.74
(d, J = 8.4 Hz, 2H, aryl), 7.50 (d, J = 3.7 Hz, 2H, pyrrole), 7.33 (t, J = 7.8 Hz, 2H,
aryl), 7.26 (t, J = 7.8 Hz, 2H, aryl), 7.04 (d, J = 7.1 Hz, 2H, aryl), 6.94 (d, J = 3.7 Hz,
2H, pyrrole), 6.62 (d, J = 7.1 Hz, 2H, aryl), 6.56 (d, J = 3.7 Hz, 2H, pyrrole), 6.15 (d,
J = 3.7 Hz, 2H, pyrrole), 2.71 (q, J = 7.5 Hz, 2H), 2.55 (g, J = 7.5 Hz, 2H), 2.18 (q, J
= 7.5 Hz, 2H), 1.60 (q, J = 7.5 Hz, 2H), 1.48 (t, J = 7.5 Hz, 3H), 1.05 (t, J = 7.5 Hz,
3H), 0.97 (t, J = 7.5 Hz, 3H), 0.54 (t, J = 7.5 Hz, 3H); 3C NMR (125 Hz, CsDsN) &
162.8 (Cy), 161.9 (CH), 156.9 (CH), 152.4 (Cq), 149.9 (Cg), 149.4 (CH), 139.1 (Cy),
133.0 (Cq), 131.5 (Cy), 128.9 (Cy), 128.7 (Cq), 128.5 (Cy), 127.7 (Cy), 126.9 (CH),
126.6 (CH), 125.7 (CH), 125.6 (CH), 125.5 (CH), 120.9 (CH), 120.4 (CH), 117.5
(CH), 113.6 (CH), 112.2 (CH), 108.6 (CH), 52.2 (Cq, meso carbon), 43.8 (Cq, meso
carbon), 40.3 (CHy), 36.4 (CHy), 27.3 (CHy), 26.7 (CHy), 11.5 (CH3), 11.0 (CH3), 8.9
(CHs3), 8.5 (CHz3); Anal. Calcd. Ce3Hs5N9O2U (1208.22) requires C % 62.63, H % 4.59,
N % 10.43; found C % 62.42, H % 4.63, N % 10.28.

M-THFUVIL’. H4L' (50.0 mg, 0.58 mmol, 1 eq.) and [(THF)2(UO2)(N(SiMes)2)2]
(42.7 mg, 0.58 mmol, 1 eq.) were each dissolved in ca. 0.5 mL of CsDe and the
solutions mixed at room temperature. Analysis of the brown mixture by *H NMR
spectroscopy after 10 min demonstrated complete conversion to M-THFUV'L’ with
no resonances remaining for HsL’ or the uranium starting material (M-THFUV'L’
shows slight solubility in Ce¢Ds). The mixture was centrifuged and the resultant brown
powder was washed with hexane to yield M-THFUV'L' (41.3 mg, 34%). 'H NMR &
(500 MHz, CeDs) 9.89 (s, 2H), 8.99 (s 2H), 8.16 (s, 2H), 8.12 (s, 2H), 7.84 (s, 2H),
7.62 (d, J = 8.7 Hz, 2H, aryl), 7.55 (d, J = 7.0 Hz, 2H, aryl), 7.10 (m, 2H), 6.78 (s, 2H),
6.49 (d, J = 5.1 Hz, 2H, pyrrole), 6.23 (s, 2H), 5.94 (s, 2H), 4.08 (t, J = 6.6 Hz, 2H,
THF), 3.34 (t, J = 6.6 Hz, 2H), 2.58 (q, J = 7.3 Hz, 2H), 2.47 (q, J = 7.3 Hz, 2H), 2.02
(q, J = 7.3 Hz, 2H), 1.57 (t, J = 6.6 Hz, 2H), 1.25 (g, J = 7.3 Hz, 2H), 0.90 (m, 6H),
0.40 (t, J = 7.3 Hz, 3H), -0.85 (t, J = 7.3 Hz, 3H); 13C NMR (500 MHz, CsDs) 162.7

(Cq), 161.9 (CH), 151.6 (Cq), 149.0 (Cg), 148.1 (CH), 143.2 (Cy), 138.4 (Cy), 133.0
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(Cq), 132.7 (Cy), 130.6 (Cg), 129.1 (Cy), 128.1 (CH), 126.5 (CH), 126.4 (CH), 125.7
(CH), 125.1 (CH), 125.1 (CH), 124.8 (CH), 120.7 (CH), 119.8 (CH), 117.2 (CH),
112.8 (CH), 111.2 (CH), 107.3 (CH) 76.4 (CH>), 73.9 (CH2), 43.0 (CH2), 30.7 (CH>),
25.4 (CHy), 24.8 (CHy), 24.6 (CHz), 24.0 (CHz), 11.0 (CH3), 9.8 (CH3), 8.0 (CH3), 7.7
(CHa).

B-pyUV'L’. This is an updated route to a previously characterized complex.® To a
ds-pyridine solution of HsL' (50.0 mg, 0.58 mmol, 1 eq.) was added a solution of
[(THF)2(UO2)(N(SiMes)2)2] (106.7 mg, 1.45 mmol, 2.5 eq.) in pyridine. The solution
darkened immediately and a dark precipitate formed. The solution was centrifuged
and the brown powder isolated by decantation, washed with hexanes, and dried to
yield B-pyUV'L’ as a brown powder. Yield: 76.2 mg, 85%. Vapor diffusion of hexanes
into a pyridine solution yielded crystalline material which was analysed by *H NMR
spectroscopy (B-pyUV'L’ shows slight dissolution in ds-pyridine) and found to be
B-pyUVIL".

B-THFUVIL'. [{U(OATr)}2(endo-BH4K)(L")(THF)2] (12 mg, 0.006 mmol) was
suspended in CeDe (0.5 mL) in a Teflon-tapped NMR tube. The mixture was
freeze-pump-thaw degassed three times and an atmosphere of dry O> was introduced.
An immediate colour change from dark green to dark red occurred. The *H NMR
spectrum contains resonances corresponding to a mixture of paramagnetic and
diamagnetic compounds. Dark red crystals formed in the stored mixture over 4 d
which were analysed by X-ray diffraction and found to be B-THFUV'L'. Given its
similarity to the above pyridine adduct, no further characterization of this complex

was carried out.

3. Results and Discussion
3.1. Computed structural properties

3.1.1 Bis-uranyl(VI) complexes
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Figure 1. Optimised structures of binuclear actinyl complexes [(sol)2(An™O2)2(L)]>™* (m = VI, n
=2;m=V,n=1; An=U, Np and Pu): (a) sol = vacant and (b) sol = pyridine. (c) The structure of
[(py)2(UV'O2)2(L")] obtained in our present and previous® experimental work.

The bis-uranyl complex (B-UVY'), that does not include the additional pyridine
molecule in the fifth equatorial coordination site around each uranyl ion, was
previously found to have a Pacman-like structure, Figure 1a (Calculation).** The bite
angle (a, Chart 3) between the two Ns-donor compartmental planes of 41° (Table 1)
reflects significant deviation from co-planarity. The lateral twist angle (B) of the
macrocycle was calculated to be 38° which combines with the above-mentioned
vertical expansion away from co-planarity to decrease the repulsion between the
endo-endo oxygen atoms. The Oendo---Oendo distance was optimised at 2.94 A,
However, this structure is different from that which was experimentally obtained
(B-pyUVIL! in Figure 1c),®® although both retain a generally similar skeleton. These
differences between experiment and the optimised B-UV! are as large as 24° (o), 16°
(B), 49° (6(s), the angle between the two linear UO2?* rods in the side-on projection)
and 2.56 A (D, the normal distance between the two anthracenyl planes). For

definitions of a, B, 6(f) and 0(s) and D, see Chart 3.
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Chart 3. Definition of geometry parameters. The bite angle (o) is the dihedral angle between the
two Ns-donor compartmental planes. The twist angle (B) is the difference between a right angle
(90°) and the angle (mean) between the Ns-donor plane and the anthracenyl hinge plane. The
actinyl angles (0) denote the angle between two approximately linear actinyl rods in a side on (6(s))
and face on (0(f)) projection, respectively. The distance (D), the normal distance (mean) between
the two anthracenyl planes, is measured from the centroid of one anthracenyl plane to the line
formed by three centroids of benzene rings of the other anthracenyl plane.

We have investigated three likely causes for the discrepancy between calculation
and experiment. (i) In our previous calculations,** we omitted the equatorial pyridine
ligand to save computational cost. This pyridine-free B-UV! differs from the
pyridine-solvated B-pyUV'L’ that was experimentally obtained. (ii) Optimization of
B-UV! was performed in the gas phase, while the experiment was performed on a
single crystal where molecular packing (effects of condensed medium) of the real
complex may influence the structure. (iii) Ligand simplification was used, i.e. the
ligand L replacing the experimental L'. Please see above (i) and (iii) in Chart S1 in the
Supporting Information.

Here, we have optimised B-pyUVY' to probe the effect of explicit pyridine
coordination on the structure and find that the calculated structure that includes
equatorial pyridine is now similar to the experimental one, Figures 1b and 1c. A
co-facial orientation of the Ns-donor compartments (bite angle o of 17°) and co-linear

bis-uranyl (0(f) of 177° and 6(s) of 175°) are found, agreeing well with the

11



experimental values of 17° 177° and 173° respectively (Table 1). Moreover, the
normal distance (D) between the two anthracenyl planes is also approaching the
experimental value to within 5%. As a direct result of sterics, the inclusion of
equatorial pyridines causes the two anthracenyl planes to depart from each other. On
the other hand, the repulsion between the two pyridines, to some degree, forces the
two Ns-donor compartments to approach each other.

To simulate the effects of the surrounding condensed medium of solvent on the real
complex, we have used the COSMO model, which implicitly incorporates a
self-consistent reaction field around the complex. Both pyridine-free B-UY' and
pyridine-solvated B-pyUY' were optimised in the gas phase and in pyridine solution
using the PBE/B-1I/ZORA approach. The condensed-phase environment does not
change the overall general geometry of the complex (Table 1), but has a slight effect
on specific geometry parameters (Table S3).

In addition to using the GGA-PBE functional, more functionals including
GGA-BP86, Meta-GGA (TPSS and M06L) and hybrid (B3LYP and PBEQ) were used
to optimize B-UY!' and B-pyUV'. The approach is labeled as A4 (Gaussian:
DFT/B-11I/RLC-ECP/gas)’’. See computational details in Table S3. Comparison with
experimental values find that the overall geometry parameters (a, B, 6, and D) of
B-pyUV! are closer to experimental values than those of B-UV!, regardless of what
functional is used. Regarding specific geometry parameters of B-pyUV!, the choice of
functional has some effects. As seen in Table S3, the GGA (PBE) and Meta-GGA
(TPSS) yield relatively long bond lengths relative to experimental values, while the
hybrid (B3LYP and PBEQ) and Meta-GGA MOG6L give slightly short ones. This is
related to the nature of functional that GGA tends to overestimate bond lengths and
hybrid underestimates them. For example, the difference of U-Oexo/Oendo bond lengths
between GGA/Meta-GGA calculations and experiment is less than 0.05 A; the hybrid
shows relatively small difference within 0.03 A. In brief, the PBE functional used in
this work is reliable for the structural optimizations.

By comparison, the B-pyUV! is a good computational model to represent

B-pyUVIL’ as seen in Tables 1 and 2. Most values calculated for B-pyUV! and
12



B-pyUV'L' are close to the experimentally measured values of B-pyUV'L’. Due to the
different steric effects, the terminal groups’ simplification mainly affects o (bite angle)
/ B (twist angle). Those were calculated to be 17.0° / 13.2° (B-pyUV!) and 23.1°/ 17.9°
(B-pyUV'L'), respectively. This can be compared to the experimental values 16.8° /
22.6°. Similar cases are found for the mononuclear complexes M-solUY! and
M-solUVIL (sol = pyridine and THF) as shown in Tables 3 and S2.

These comparisons indicate that the equatorially U-coordinating pyridine solvent
molecule is essential in calculations to obtain the same molecular geometry as that
obtained by crystallography, while, on the other hand, the inclusion of bulk solvent
and ligand simplification have only a slight effect. We conclude that B-pyUV!
optimised in the gas phase is a reasonable model to represent the experimentally
obtained real complex.

The calculated geometry parameters of B-pyUV! at the Priroda: PBE/B-I/AE level
are listed in Table 2. The U=0exo and U=0endo bond lengths were calculated to be 1.81
and 1.80 A (mean values), respectively. The difference relative to the corresponding
experimental values falls within 0.03 A, which mainly originates from the GGA-PBE
functional overestimating the bond lengths.”® 7° Similarly, the calculated U-Npy bond
lengths (2.63-2.65 A) are slightly longer than the experimental ones (2.57-2.61 A).
The Oendo--Oendo distance was calculated to be 2.79 A, close to the reported
experimental value of 2.71 A. The two uranyl ions remain approximately linear with
O=U=0 angles of 171°-174°. The calculated U=0 bond orders range from 2.37 to
2.39, suggesting partial triple bonding character, as is normally found for uranyl (V1)
complexes. The dative bond from the equatorial pyridine to the uranium centre is
found to be very weak, reflected by the calculated U-Npy bond order of 0.34-0.35.
3.1.2 Other Bis-actinyl Complexes

All of the pyridine-solvated bis-actinyl complexes (U, Np, Pu; VI and V) have been
optimised and exhibit geometries with approximately co-facial Nas-donor
compartments and co-linear bis-actinyl fragments. A lateral twist of the macrocycle
combined with a slight vertical expansion away from co-planarity decreases the

repulsion between the endo-endo oxo atoms. Regarding An(V1) actinyls, the variation
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of the actinide element from UO,%* to NpO.%* to PuO,?* does not have an effect on the
general geometry of the complexes (see Table 1). In contrast, relatively large changes
are found upon varying the oxidation state (VI and V) of the actinide. This is
attributed to the more basic nature of the endo-oxo of actinyl(V) compared to the
corresponding actinyl(\V1). The stronger repulsion between the two endo-oxo atoms in
bis-actinyl(V) complexes leads to bigger bite angles a (deviation from co-planarity),
smaller 0(s) angles as well as longer U---U and Oendo- - -Oendo distances (Table 1).

For both An(VI) and An(V) complexes, the calculated An=0 bond lengths and
bond orders gradually decrease in the order U > Np > Pu, Table 2 in agreement with
the actinide contraction; similar trends have been found for other actinyl complexes.’
Relative to those of An(V1) B-pyAnV!, the An=0 bond distances of An(V) B-pyAnV
are lengthened by 0.01-0.04 A. This elongation of the An=0 bonds associated with
the An(VI)—An(V) reduction is consistent with previous theoretical” "% and
experimental reports® 133283, 84,

With the ADF code, B-pyUV! was calculated with various functionals including
GGA-PBE, Meta-GGA-TPSS and hybrid B3LYP. The unoccupied orbitals were
focused on, which would provide insight into not only electronic properties of
bis-uranium(VI) complex, but also those of bis-transuranium(\V1) ones for their extra
electrons would be presumed to fill the unoccupied orbitals of uranium(VI). As seen
in Figure S1, similar electronic arrangement is found in calculations of different
functionals, except that the hybrid B3LYP shows larger HOMO-LUMO gap energy
than the GGA and Meta-GGA functional. The PBE results display fifteen
U(5f)-character virtual orbitals, including four f(¢), four f(s), five f(x) and two (o).
Notably, diagrams of orbitals in Figure S2 show one pyridine orbital is mixing with
f(r) in LUMO+19 and LUMO+21. Therefore, these U(5f)-character virtual orbitals
comply with fourteen 5f-electron orbitals that bis-uranium complexes generally
possess. The f(¢) and f(8) orbitals of B-pyUV! were calculated to be in the low-energy
area, so the extra 5f electrons are supposed into these orbitals in transuranium

complexes, B-pyNpV! and B-pyPuV'.
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3.1.3 Mononuclear actinyl complexes

Figure 2. Optimised structures of mononuclear actinyl complexes [(sol)(An™O2)(H2L)]™? (m = VI,
n=2;m=V,n=1; An=U, Np and Pu): (a) sol = vacant and (b) sol = pyridine, together with (c)
the pyridine-solvated [(py)(Pu¥O2)(H.L)] .

Optimizations indicated that all the mononuclear complexes, M-pyAn™ (m = VI
and V), display co-facial molecular geometries (Table 1 and Figure 2). A moderate
lateral twist of the macrocycle is found for most, that is, twist angles () calculated to
be less than 7°. Each of them has two different hydrogen bonds to the endo-oxo atom:
Oendo**H(Npyrrotide) (2.94-3.32 A) and Oendo-H(Crerminar) (2.37-2.49 A), Table 3.
However, M-pyPuV is exceptional, having a lateral twist in the structure with p = 23°.
Consequently, a very short Oendo--H(N) hydrogen bond distance was obtained at 2.15
A, together with a long one at 3.66 A. To further prove its structural stability, we also
performed the following calculations: i) to optimise the structure of M-pyPuV starting
from stable geometries of the UY/NpY complexes that do not show ligand distortion;
and ii) to optimise other complexes starting from the twisted structure of the PuV
complex. All the results converge to the same twisted structure and therefore support
the conclusion that M-pyPuV is different. Most geometry parameters of M-pyUV! and
M-pyUV'L’ were calculated to be in agreement with the experimental data from X-ray

crystal diffraction.

3.2 Experimental Synthesis

Previously, in experimental studies, treatment of HsL' with either one or two
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equivalents of [(py)2(UO2)(N(SiMes)2).] yielded mixtures of the uranyl complexes
M-pyU'VL’ and B-pyUV'L’ (Chart 2).%® The reaction with two equivalents of the
uranyl precursor gives a higher yield of B-pyUV'L’ (50% vs. 15%), but in
approximately a 1:1 ratio with the mono, M-pyUV'L’. X-ray quality crystals of the
pyridine adducts were grown because of the higher crystallinity of this solvate. In this
work, we have developed the synthetic route to allow direct access to, and clean
isolation of, M-solUV'L’ (sol = py and THF) and B-pyUV'L".

Treatment of HsL' with one equivalent of [(py)2(UO2)(N(SiMes)2)2] in benzene or
toluene at room temperature cleanly yields M-pyUV'L’ as a brown precipitate which
was isolated by filtration and washed with Et2O or hexane. X-ray quality crystals were
grown by slow cooling a concentrated solution of M-pyUV'L’ in pyridine (Figure 3).
Single crystals of the THF analogue, M-THFUV'L’ were also grown and analyzed by
X-ray diffraction (Figure 3).

Treatment of HsL' with two equivalents of [(py)2(UO2)(N(SiMes).)2] in ds-pyridine
yielded a mixture of ca. 60% B-pyUVL’ and ca. 40% M-pyUVIL’ after 16 h.
Complete conversion to B-pyUV'L’ is achieved upon treatment of HiL' with 2.5
equivalents of [(py)2(UO2)(N(SiMes)2)2] in pyridine solvent for 2h. B-pyUVIL’
precipitates as a brown solid that was isolated by centrifugation followed by washing

with hexane.

Figure 3. Solid state structure of M-pyUV'L’ determined by X-ray crystallography. For clarity, all
hydrogens except the pyrrolic NH and those on C28 are omitted (displacement ellipsoids are drawn at
50% probability). Selected distances and angles are shown in Tables 1, 2 and S2.
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We are able to isolate crystals of the THF adduct of this binuclear complex via a
different route. Treatment of a benzene solution of K[((ArO)UY).L'(BH4)] with
excess Oy yields a mixture of paramagnetic species. Upon standing for 4 days, dark
red crystals formed in this solution which were analyzed by X-ray diffraction and

found to be B-THFUV'L' (Figure S5).
3.3. Redox Potentials

The single-electron reduction reactions of mono- and binuclear actinyl complexes
(UV! to UY) were theoretically and experimentally investigated. The calculated
energies (eV) in the gas phase and pyridine are presented in Table 4, together with the
available experimental results. With respect to the reference ferrocene/ferrocenium

couple (Fc*/Fc), we have calculated the free energy (ArG(sol)) of the following

reaction:
(AnV' complex) + Fc — (AnY complex) + Fc* )
E0 = —AG(sol) / F )

Then according to Eq. (2) where F is the Faraday constant the reduction potential (E°
in V) was obtained. Experimental cyclic voltametry (CV) was also undertaken on
both M-pyUVIL’ and B-pyUV'L’. Our previously reported CV data were collected
using [n-BusN][BF4] electrolyte;*® however the use of [n-BusN][BPh4] appears to give
less electrode fouling and has allowed us to observe the UO> reduction chemistry
clearly.

The reduction potential of the mononuclear uranyl complex (M-pyU) from VI to V
was calculated to be -1.56 V after considering solvation and spin-orbit coupling (SOC)
correction.8? This is in excellent agreement with the experimental result which
showed a half-wave potential Ei. value of -1.57 V (a quasi-reversible reduction of

UVUY with E,° = -1.72 V and Ep? = -1.42 V, Figure 4). It is notable that
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Figure 4. Cyclic voltammogram of M-pyUV'L’ recorded under N, at 100 mv (red trace), 300 mV
(orange trace) and 500 mV (yellow trace) in the range -0.2 V to -2.8 V. Conditions: 1 mM of
M-pyUVIL' in dried and distilled THF, 0.1 M [n-BusN][BPh4] vs. Fc/Fc* (referenced internally to
CoCp*; then externally to Fc/Fc* ). Reference electrode: Silver wire, counter electrode: platinum
mesh, working electrode: glassy carbon.

M-U without the equatorial coordinated pyridine has a calculated E° of -1.41 V, i.e.
the uranyl centre is predicted to be easier to reduce by 0.15 V. However, the same
-1.41 V E° was calculated for the THF-solvated couples (M-THFU). A similar case is
found for the M-solULP2 complexes (sol = vacant, pyridine and THF; L is the
ortho-phenylenyl-linked ligand as shown in Chart 1). Their reduction potentials
calculated in the range of -1.36 to -1.48 V are comparable to the experimentally
reported -1.31 V.2% 887 |t is found that the calculated E° decreases (becomes more
negative) from M-pyULPa to M-pyU, suggesting that the former, containing the LP*
ligand (short ortho-phenylenyl linker), is more easily reduced than the latter with the
L ligand (long anthracenyl linker). This is also consistent with the mononuclear
uranium(V) complex of the LP* macrocycle being experimentally synthesised.?’ 3" 88
The reduction of B-pyU was calculated in a stepwise reaction through the
intermediate product, B-pyUVY"V, with mixed VI and V oxidation states, giving
reduction potentials of -1.18 and -2.49 V for the first (UV'UV/UV'UY) and

second-electron (UY'UY/UYUY) reduction processes, respectively. These correspond to
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the experimental results of E1» = -1.07 V (UV'UVYUVIUY, E,° = -1.23 V and Ep? =
-0.91 V) and E1, = -1.36 V (UV'UY/UYUY, E,° = -1.58 V and Ep? = -1.14 V) (See
Figure S6). The large difference of the second-electron reduction potentials between
calculation and experiment is attributed to the correction used that did not include all
the SOC and multiplet effects. In fact, the SOC correction of 0.31 eV was generated
by calculations of mononuclear actinyl complexes.®° Regarding the binuclear B-pyU,
it is still correct for the first-electron reduction of UV'UVYUY'UV because the
unchanged UVY' ion has negligible SOC effect (See the second row in Table S7). For
the second-electron reduction of UY'UY/UYUY however, the correction value should
be significantly different (the third row of Table S7). First, multiplet effects should be
involved for two unpaired electrons. Second, the SOC effects of the unchanged UY
atom may not be ignored. As a result, a much larger correction value than the 0.31 eV
used would give better agreement between computed and measured results.

Across the actinide series considered here, the E° values follow the sequence of
Np > Pu > U for both mono- and binuclear complexes (Figure 5). This agrees with the
trend of the experimentally = measured  reduction  potentials  of

[(AnV'02)(H20)s]**/[(AnVO2)(H20)s]* (An = U, Np and Pu).% 8

0.0+
®

-0.54
S
g
)5
§_ -1.0- ®
S
E
& 1 o - M-pyAn” + Fc - M-pyAn” + Fc”

—o—(1/2)B-pyAn*" + Fc - (1/2)B-pyAn'+ Fc*
)
-20 T T T

U Np Pu

Figure 5. Calculated redox potentials (versus Fc/Fc*) of single-electron reduction reactions of
B-pyAn™ and M-pyAn™ (m = VI and V) in pyridine solution.

4. Conclusions
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Systematic relativistic DFT studies have been performed on actinide complexes of
the stretched, anthracenyl-hinged macrocycle. Detailed comparisons with their
pyridine-free analogues and experimentally-synthesised uranium complexes have
been made.

It is found that the pyridine solvent that coordinates equatorially to the uranyl(\V1)
ion must be explicitly included in the structural optimization to achieve good
correlation between experimental, X-ray diffraction-determined and computational
geometries. On the other hand, the condensed-phase media and the ligand
simplification have only a slight effect. The one electron-reduced bis-uranyl(V)
complex exhibits a slight additional deviation from co-planarity of the two Ns-donor
compartments and simultaneously a slight additional lateral twist of the macrocycle.
This is attributed to the increased repulsion of the endo-oxo atoms of the two
uranyl(V) ions arising from increased Lewis basicity of the oxo groups. Similar
structures were obtained for other binuclear transuranium analogues. Regarding the
mononuclear complexes, the plutonyl(V) complex has the largest twist angle of the
macrocycle, in contrast to the other complexes being theoretically predicted as
co-facial “Pacman” structures.

Experimentally, routes to pure bis- or mono-uranyl(V1) complexes have now been
developed, using an alternative synthetic route, and the molecular structures of both
pyridine and THF-solvated adducts determined. Notably, the mono-uranyl(VI)
complex can be accessed cleanly using non-coordinating reaction solvents, whilst
quantitative conversion to the bis-uranyl(VI) species requires 2.5 equivalents of
[(sol)2(UO2)(N(SiMe3)2)2] (sol = pyridine and THF). The X-ray crystal diffraction
data show agreement with the calculated results.

Finally, single-electron reduction potentials of mono- and binuclear complexes in
pyridine solution have been calculated at a level that considers both solvation and
multiplet/SOC effects, and found to follow the order of Np > Pu > U. The E° value of
the UV! to UV reduction couple for M-pyU was calculated to be -1.56 V versus Fc'/Fc,
remarkably close to the experimental value of -1.57 V. The agreement between

calculation (-1.18 V) and experiment (-1.07 V), of the UV'UY! to UY'UY reduction
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couple for the binuclear complex is good, but poor agreement was found for the
second redox process, i.e. the UV'UY to UVUY reduction couple. The large difference
is attributed to the correction used which neglects the multiplet and/or SOC effects in
the UV'UY/UVYUV reduction process.

The radiotoxicity of neptunyl and plutonyl salts is between thousands and tens of
thousands times more than that of uranyl salts, making their synthetic chemistry far
from simple, yet the additional f-electrons in their common actinyl cations
significantly change their behaviour compared to the d°f° uranyl dication. The close
agreement between experimental and computational results presented for the mono
and bis(uranyl), and neutral and singly reduced uranyl complexes reported here
supports our confidence in making computational predictions of the behaviour of the
neptunyl and plutonyl analogues, and warn of the greater discrepancies in higher "
electron count systems. Work is in progress to reproduce the predicted chemistry for

the transuranics.
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Table 1. Optimised global geometry parametersi? of binuclear and mononuclear actinyl
complexes, compared with experimental values of the uranyl(VI) complex®l. (Angles in degree
and distances in A)

Approach[C] o B G(f) 9(5) D U---U  Oendo-*-Oendo
B-pyuV! Al 17.0 13.2 1774 1745 7.189 5934 2.786
B-pyuV! A2 121 111 177.7 166.2 7546  5.896 2.753
B-pyuV! A3 13.3 11.0 1780 1676 7.621 5921 2.735
B-uVv! Al 40.5 38.4 1725 1235 4262 5.106 2.940
B-uV! A2 34.9 36.3 1747 1305 5.059 5.175 2.880
B-UVv! A3 35.9 37.1 173.3 1297 4.833 5.144 2.886
B-pyUV'L! Al 23.1 17.9 1771 1712 7.366  5.890 2.768
B-pyUV'L! Expt. 16.8 22.6 177.3 1729 6.819 5.699 2.708
B-pyNp"! Al 17.3 17.0 1778 176.1 7329 5.821 2.742
B-pyPuV! Al 18.7 15.6 1772 177.0 7381 5.975 2.811
B-pyUv Al 34.2 211 1783 1629 7523 6.223 2.937
B-pyNpV Al 38.8 23.7 177.8 157.8 7547 6.194 3.001
B-pyPuV Al 39.2 25.6 1779 1578 7.498 6.242 3.068
M-pyUV! Al 11.0 48 7.791
M-pyUV'L! Al 19.6 52 7.649
M-pyUVIL’  Expt. 222 129 7.189
M-pyNpV' Al 112 4.2 7.760
M-pyPuV! Al 9.9 5.7 7.869
M-pyUY Al 9.2 6.8 8.128
M-pyNpY Al 7.9 6.6 8.235
M-pyPuV Al 121 227 7.764

[ The definitions of bite angle (o), twist angle (B), angles between two actinyl rods (8(f) and 0(s)), as well as
normal distance (D) are shown in Chart 3.

[l The experimental complexes, B-pyUV'L’ and M-pyUV'L’, were structurally characterised in the present work,
where the binuclear one was reported previously.

[el Three theoretical approaches, Al, A2 and A3, were used in calculations, corresponding to Priroda:
PBE/B-I/AE/gas, ADF: PBE/B-11/ZORA/gas and ADF: PBE/B-11/ZORA/COSMO, respectively.
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Table 2. Optimised geometry parameters and bond orders (in parentheses) for binuclear actinyl
complexes in the gas phase, compared with experimental values of the uranyl(VI) complex. (Bond
lengths in A and angles in degree)

B-pyuV' B-pyUV'L! B-pyUV'L’ B-pyUvV B-pyNpY' B-pyNp¥Y B-pyPu¥' B-pyPu¥
Cal. Cal. Expt. [ Cal. Cal. Cal. Cal. Cal.
ANg-Oexo 1.811 1811 1.777(4) 1.838 1.791 1.829 1.790 1.824
(2.37) (2.37) (2.35) (2.35) (2.34) (2.32) (2.32)
AN2-Oexo 1.810 1.809 1.779(4) 1.838 1.792 1.829 1.789 1.824
(2.37) (2.37) (2.35) (2.35) (2.34) (2.32) (2.31)
AN1-Oendo 1.793 1.793 1.764(4) 1.812 1.782 1.806 1.782 1.797
(2.39) (2.39) (2.38) (2.37) (2.36) (2.32) (2.35)
AnN2-Oendo 1.801 1.799 1.747(4) 1.812 1.775 1.806 1.772 1.797
(2.37) (2.37) (2.38) (2.38) (2.36) (2.35) (2.35)
Ang-Npy1 2.628 2.631 2.567(5) 2.564 2.639 2.613 2.661 2.645
(0.35) (0.35) (0.45) (0.33) (0.37) (0.30) (0.30)
Anz-Npy2 2.653 2.663 2.611(6) 2.564 2.611 2.613 2.621 2.656
(0.34) (0.34) (0.45) (0.34) (0.37) (0.32) (0.30)
0-An;-O 170.5 174.6 174.0 175.0 175.2 176.1 177.5 176.8
0-Anz-0O 174.3 171.2 176.0 175.0 177.5 176.2 177.9 176.8

[l The experimental complex B-pyUV'L’ was structurally characterised by the present and previous®® work.
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Table 3. Optimised geometry parameters and bond orders (in parentheses) for mononuclear
actinyl complexes in the gas phase, together with experimental values of the uranyl(VI) complex.
(Bond lengths in A and angles in degree)

M-pyUV!  M-pyUV'L! M-pyUVIL! M-pyUY M-pyNpY' M-pyNp¥ M-pyPuV! M-pyPuV

Cal. Cal. Expt. Cal. Cal. Cal. Cal. Cal.
AN-Oexo 1.807 1.808 1.768(2) 1.830 1.790 1.825 1.788 1.815
(2.38) (2.38) (2.37) (2.37) (2.36) (2.34) (2.34)
AnN-Oendo 1.818 1.817 1.780(2) 1.842 1.801 1.837 1.794 1.843
(2.34) (2.35) (2.33) (2.33) (2.31) (2.31) (2.31)
An-Npy 2.618 2.613 2.565(3) 2.572 2.602 2.613 2.614 2.657
(0.37) (0.37) (0.42) (0.36) (0.35) (0.34) (0.34)
Oendo---H1 (N) 3.222 3.216 3.989 3.161 3.134 3.320 3.217 3.664
Oendo---Hz2 (N) 3.028 3.265 2.802 3.128 3.137 2.947 3.187 2.148
Oendo*--Hsz (C) 2.463 2.552 2.654 2.387 2.450 2.365 2.490 2.378
O-An-O 173.7 173.7 175.1 174.7 177.0 176.0 177.2 177.0
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Table 4. Calculated energies (eV) of single-electron reduction reactions of binuclear and
mononuclear actinyl complexes, together with redox potential E® (V, versus Fc*/Fc) and available
experimental values.

Reduction Reactions An  A[E(gas) AEo(gas) AG(gas) AG(sol) E°E  E% [Pl Eyp(E,S/ Epd) (Expt.)

M-pyAnVi—Y U -1.92 -2.01 197  -334  -187  -156  -157(-1.72/-1.42)[
Np  -2.37 -2.45 248  -392  -129  -0.12
Pu 272 2.77 274  -416  -1.05  -0.84
(1/2)B-pyAnVIVi=vV y 081 -0.91 092  -307 214  -183
Np  -1.30 -1.38 140  -371  -150  -0.33
Pu  -1.58 -1.64 168  -399  -122  -101
B-pyUVIVImVIV [y 213 -2.22 223  -372  -149  -118  -1.07(-1.23/-0.91) [
B-pyUVIV=VV [y 052 0.40 0.39 241 280  -249  -1.36(-1.58/-1.14)[
M-UVI=Y [l U -2.06 -2.13 213 -349 172 141
M-THFUY-Y 1 U -1.89 -1.99 201 -349  -172 141
M-UYI-VLEPe Bl U -1.93 -2.00 206  -354  -167  -136
M-pyUvVi-vLre [ U -1.82 -1.92 190  -342  -179  -1.48 -1.311
M-THFEUY-VLPe U
-1.72 -1.82 185 352 -169  -1.38

[e]

[ The free energy of Fc*/Fc (ArG(sol)) in pyridine solution was calculated to be -5.21 eV.

[l From Ref. 8; the multiplet and spin-orbit corrections (“Hay corrections”) for U, Np and Pu are 0.31, 1.17, 0.21
eV, respectively.

[l Experimental redox potentials of M-pyUV'L’ and B-pyUV'L' reported as reductions were pseudo-reversible, i.e.
E1- (half-wave potential), Ep° (cathode potential) and Ep? (anode potential). Notably, approximate Ei2, being not a
valid descriptor for non-reversible reductions, is conveniently to compare with calculated values. See Sl for
experimental details.

14 A mixed U(V1)-U(V) complex, [(py)2(UV'02)(UVO2)(L)]~ (B-pyUV'"Y), was optimised using the same approach.

[l M-solU™ and M-solU™LP% denote mononuclear [(sol)(UMO2)(Hz2L)]™2 and [(sol)(U™Oz)(H2LP)]™2 (sol =
vacant, py, and THF; m = VI, n = 2; and m =V, n =1), respectively. LP* has the ortho-phenylenyl linkers, instead
of the anthracenyl linkers in L, see Chart 1.

[1 The experimental single-electron reduction potential was determined at -0.54 V (vs. NHE) in pyridine solution,?

and the one vs. Fc*/Fc was obtained by subtracting 0.77 \V.86.87
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Relativistic DFT calculations present accurate geometries of complexes and redox

properties, confirmed by the newly-developed experimental synthesis.
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