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Abstract: 2,6-Dipicolinoylbis(N,N-dialkylthioureas) and H,LR? react with uranyl salts and a support-
ing base (e.g., NEt3) under formation of monomeric or oligomeric complexes of the compositions
[UO,(LR2)(solv)] (solv = donor solvents) or [{UO,(LX2)(j1,-OMe)}»1%". In such complexes, the uranyl
ions are commonly coordinated by the “hard” O,N,O or N,N,N donor atom sets of the central ligand
unit and the lateral sulfur donor atoms remain uncoordinated. Their individual structures, however,
depend on the reaction conditions, particularly on the equivalents of NEt; used. An unprecedented,
selective hydrolysis of the uranium-coordinating bis(thioureato) ligands results in an S/O donor atom
exchange at exclusively one thiourea side-arm, when an excess of NEt; is used. The resulting trimeric
uranyl complexes are isolated in fair yields and have a composition of [(UO3)3(L2E2), (11,—OR)(ji3-
O)]". H,L%E®2 represents the newly formed 2,6-dipicolinoyl(N,N-diethylthiourea)(N,N-diethylurea)
and R = H, Me, or Et. {L?F2}>~ binds to the uranyl units via the pyridine ring, the dialkylurea arm,
and the central carbonyl groups, while the thiourea unit remains uncoordinated. The central cores
of the products consist of oxido-centered triangular {(UO,)30}** units. The observed reactivity
is metal-driven and corresponds mechanistically most probably to a classical metal-catalyzed hy-
drodesulfurization. The hydrolytic thiourea/urea conversion is only observed in the presence of
uranyl ions. The products were isolated in crystalline form and studied spectroscopically and by
X-ray diffraction. The experimental findings are accompanied by DFT calculations, which help to
understand the energetic implications in such systems.
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1. Introduction

Uranyl ions, {UO,}?*, are regarded as “hard” metal ions with respect to Pearson’s con-
cept of hard and soft acids and bases [1]. Consequently, the coordination chemistry of ura-
nium(VI) ions is dominated by complexes having predominantly “hard” donor atoms, fre-
quently oxygen or nitrogen donor atoms [2-8]. Uranyl complexes with “soft” sulfur donor
ligands are more rare. They are mainly restricted to compounds having chalcogenocarba-
mates, thiosemicarbazones and related compounds, bis(thiophosphinoyl)methanediides,
or imidodiphosphinochalcogenides in their coordination sphere [9-17]. Such a situation
is somewhat unsatisfactory, bearing in mind the increasing bioavailability of soluble ura-
nium compounds, particularly in mining regions. The involved species are mainly uranyl
complexes, and a deeper insight into their “biological” chemistry is required [18]. This
also includes the formation of complexes with sulfur-containing ligands, which play a
role in the uptake, the transport, and the storage of metal ions in biological systems. In
recent years, a series of novel aspects of uranium chemistry entered the center of interest,
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which also include practical applications in less-regarded areas such as catalysis, material
science, or magnetochemistry [19-38]. This development requires more insights into the
coordination chemistry of this actinide element with hitherto less-considered ligands.

While coordinated urea ligands are common for uranyl ions, and more than hundred
structurally characterized examples can be found in the Cambridge structural database [39],
representatives with simple thioureas and related ligands are extremely rare [40,41]. Re-
cently, some reactions of uranyl compounds with the potentially chelating ligands shown
in Figure 1 have been reported, together with the structural and ligand exchange chemistry
of the products [42,43].
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Figure 1. Potentially chelating thiourea ligands, which have been used for reactions with uranyl
compounds [42,43].

In particular, the pyridine-centered ligand HyLE*? shows a versatile coordination

chemistry with uranyl ions. It possesses a “medium soft” pyridine donor, two “hard”
oxygen atoms, and two “soft” sulfur atoms. Accordingly, different coordination modes
can be established with metal ions [42—49]. It could be shown that the “hard” {UO,}**
ions prefer coordination with the central O,N,O or O,N,N donor atom sequences, but also
products with coordinated sulfur atoms were isolated [42,43]. The coordination modes
obtained with uranium, and observed so far, are summarized in Scheme 1.
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Scheme 1. Hitherto studied uranyl compounds obtained with H,LE2 ligands [42,43].

During the reactions of uranyl compounds with H,LF*2, it became evident that the na-

ture of the isolated products is strongly dependent on the reaction conditions. In particular,
the amount of supporting base was crucial for the composition of the obtained solids. The
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(a)

labile, binuclear compound 1 plays a central role in such reactions. The methanolato bridges
of this complex easily dissociate from uranium in solution and the resulting monomers
form solvent complexes such as complex 4, rearrange to oligomeric compounds such as
compound 5, or give bimetallic complexes (6 to 8), depending on the conditions applied.
The sulfur atoms of the {LE%2}2- ligands remain uncoordinated in most of the products or
establish coordinative bonds to accompanying “soft” metal ions. An interesting reaction
feature was found during the synthesis of the tetrameric compound 5, in which two sulfur
atoms bind to uranium. A careful inspection of the obtained single crystal X-ray structure
showed that the thermal ellipsoids of the coordinated “sulfur atoms” were too large to
justify a complete occupation with sulfur. Best results were obtained under the assumption
that approximately 10 percent of these positions are occupied by oxygen [43]. This find-
ing points to a (partial) hydrolysis of one of the thiourea functionalities upon prolonged
reaction times in the presence of an excess of base, likely influenced by the metal ion. As a
result, the non-symmetric ligand {L?¥*2}2~ of Figure 1 has been formed. Stimulated by this
unexpected result, we conducted ongoing reactions between compound 1 or other uranyl
starting materials with H,LE* using various amounts of the supporting base NEt;.

2. Results and Discussion

2.1. [(UO2)5(L?E#2)5(1u2-OR)(u3-O)]~ Complexes
2.1.1. Complex Formation and Spectroscopy

While reactions of common uranyl starting materials such as uranyl nitrate, uranyl
acetate, or (NBuy),[UO,Cly] with H,LE2, and a slight excess (typically 5 equivalents) of
triethylamin as a supporting base in methanol, give the dimeric, methanolato-bridged anion
[{UO,(LE®2)(15-OMe)}» 12~ (1) in good yields [42,43], similar reactions with a large excess of
NEt; (25 equivalents or more) result in the hydrolysis of two of the thiourea units and the
formation of trimeric complexes of the composition [(UO,)3(L2E2), (115-OR)(p3-0)]~ (9-11).
The connections between the uranium atoms are established by the carbonyl functionalities
of the {L.2Et2)2- ligands, a central us-bonded oxido ligand, and an OR™ unit, where the
residue R represents H, Me, or Et depending on the synthetic route (see Scheme 2).
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Scheme 2. Syntheses of [(UO,)3(LZE2)5 (11,-OR)(u3-0)] complexes (R =H: 9, R = Et: 10, R = Me:11)
starting (a) from common uranyl salts and (b) starting from the dimeric complex [{UO,(LEZ)(pu,-
OMe)}, 1>
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The same type of complexes can be prepared starting from dimer 1 when it is exposed
to an excess of NEt3. The first evidence for such a route was found during a metathesis
procedure in order to prepare the ethyltriphenylphosphonium salt of anion 1. The desired
(EtPPh3),[{UO,(LE?)(1p-OMe)},] salt was indeed formed and could be isolated in crys-
talline form, when the amount of NEt3, which was added for the stabilization of the anion,
was limited to one or two equivalents [43], while using an excess of the base resulted in a
subsequent “S/O exchange” in the {LF*2}?~ ligands and the formation of the trimeric anions
containing the partially hydrolyzed ligand {L?F*2}2-.

The products can be isolated in good yields as air-stable, yellow solids by slow evapo-
ration of the reaction mixtures. They are readily soluble in CH,Cl, or DMSO, moderately
soluble in CHCl3, and almost insoluble in diethyl ether or hydrocarbons. Their IR spectra
show the vyj-0 stretches at approximately 900 cm™! and the vc—o vibrations appear around
1600 cm™, together with those of the amide and the pyridine fragments. The observed
value corresponds to a bathochromic shift with regard to the stretch in the uncoordinated
H,LE2 of approximately 80 cm™ [50], which is somewhat less than in other chelates with
this ligand, where the corresponding vc-0 stretches appear at lower wavenumbers [42—49].
Nevertheless, it confirms the assumption of a considerable degree of electron delocalization
within the chelate rings of the uranium complexes of the present study. The nature of the
broad band at 1600 cm™ as a superposition of vc=c, Vc=N, and vc=o vibrations is supported
by DFT considerations. A simulation of the corresponding is shown in the Supplementary
Material. Broad bands at 3440 cm™ are due to co-crystallized water and traces of water
in the in KBr pellets. NH stretches could not be assigned, but they most probably appear
together with the C-H vibrations around 3150 cm™

In contrast with the dimeric complex [{UO,(LE2)(1p-OMe)}» 1%, which readily dissoci-
ates in solution and forms monomeric {UO,(LF?)(u-OR)}~ units (R = H, Me, Na), as could
be shown in corresponding mass and NMR spectra [43], anions 9, 10, and 11 seem to be
more stable. ESI(-) mass spectra taken from solutions of the corresponding salts confirm the
presence of trimeric units. They do not dissociate in solution and can be transferred into the
gas phase without decomposition. The only molecular position that was modified during
such measurements is the bridging {OR}~ unit, where a partial replacement of the hydroxo
ligand in compound 9 by a methoxo unit was observed when the measurement was con-
ducted in methanol. Figure 2a illustrates the molecular ion region of the corresponding
mass spectrum. It is dominated by three ions, which can be assigned to the molecular anion
[(UO,)3(L%2); (uy—OH)(p3-O)]™ (caled. m/z = 1997.4238), [(UO,)3(L*2),(1p—OMe)(u3-
O)]" (caled. m/z =1611.4395), and the cluster ion [(UO,)3(L?Ft2),(u-ONa)(u3-O)]~ (caled.
m/z =1619.4048), each with the correct isotopic patterns. Additionally, the spectrum gives
evidence that the S/O exchange in two molecular positions is quantitative by the absence of
peaks belonging to a complex with a residual {LE2}?~ ligand, which would be expected at
m/z =1613.4010.
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Figure 2. (a) Molecular ion region of the ESI(-) mass spectrum of [(UO,)5(L2E2), (11,-OH)(113-0)]~ (9)
in methanol and (b) 'H NMR spectrum of the compound in DMSO-d.
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The obvious stability of compound 9 in solution is supported by the NMR spectra
of the compound. Figure 2b illustrates the 'H NMR spectrum of 9 in DMSO-dg together
with the assignment of the signals. In addition to the resonances of the ethyl groups of
the triethylammonium cation, each two signals appear for the methyl and methylene
groups of the organic ligands. The signals of the p,-hydroxido and the NH protons could
not be observed under the conditions applied for the spectrum shown in Figure 2b or in
CDCl;. They are most probably not observed due to fast exchange processes. This is in
accordance with the detection of an OH/OCHj; exchange in the ESI(-) mass spectra in
methanol (Figure 2a).

2.1.2. Single-Crystal X-Ray Crystallography

Yellow single crystals of (HNEt3)[(UO,)3(L22),(12-OR)(13-0)] (R = H, Et) and
(EtPPh3)[(UO,)3(L2E2), (1,-OMe)(u3-0)] for X-ray diffraction were obtained by slow evap-
oration of CH,Cl, /alcohol solutions of the complexes. Ellipsoid representations of the
complex anions are shown in Figure 3. The complex anions are composed of two {[.2E%?}2-
ligands, three uranyl units, one y3-oxido ligand, and one {u,-OR}™ ligand (R = H, Me, Et),
indicating a net charge of the complex of “—1". Both {L?F*2}2~ ligands each coordinate two
uranyl ions in a tetradentate O,O,N,O fashion, while the two sulfur atoms remain uncoordi-
nated. The three uranium atoms are connected to each other via a central uz-oxido ligand.
Additionally, the atoms U2 and U3 are connected via a pp-hydroxido or -alkoxo ligand.
This results in the formation of almost regular triangles of the uranium atoms, as is shown
in Figure 3. The angles between the uranium atoms are between 56.9° and 65.6° and the
U-U distances are between 3.714 and 3.919 A; the individual values are depicted in Figure 3.
All uranium ions are 7-coordinate and show a typical pentagonal-bipyramidal coordination
environment. This is in contrast to the bonding situations in the few uranyl complexes with
S-bonded thiourea units [40,41], where the metal ions have the coordination number “6”.
The uranyl bond lengths in complexes 9, 10, and 11 are unexceptional and range between
1.75 and 1.85 A. Some selected bond lengths are summarized in Table 1. Details of the bond
lengths and angles shall not be discussed here because of the limited data quality, which
required the use of several restraints and constraints during the refinement procedures.
More information is outlined in the Supplementary Material together with full lists of bond
lengths and angles.

Table 1. Selected bond lengths (A) in (HNEt3)[(UO;)3(L?*2),(up-OH)(u3-0)] ((HNEt3)[9]),
(HNEt3)[(UO,)3(L*2), (1p-OEt)(u3-0)] (HNEt3)[10]) and (EtPPhs)[(UO;)3(L?52); (11,-OMe)(u3-O)]
((EtPPhs)[11]).

U1-01 U1-012 U1-013 Ul-032 Ul-033 U2-01 U2-011  U2-N11  U2-0O12 U2-02
9 2196(9) 2532(7) 2.340(8) 2507(9)  2.308(8)  2.212(8)  2.345(8) 2.538(8) 2481(8)  2.388(8)
10 2.205(15) 2.535(10) 2.342(10) - - 2510(11)  2.341(11)  2.560(12)  2.535(10)  2.361(10)
11 2202(5) 2498(5) 2.342(5) 2492(5) 2.331(6)  2.225(6)  2.351(5) 2.542(7) 2504(5)  2.368(5)

U3-01 U3-031 U3-N31 U3-032 U3-02 C16-0O11 C22-012  (C23-013  C36-031  C42-032
9 2341(8) 2316(8) 2.531(9) 2486(8) 2.39%(7)  1.28(1) 1.28(1) 1.26(1) 1.29(1) 1.31(1)
10 - - - - - 1.297(19)  1.290(18)  1.265(18) - -
11 2227(6) 2349(5) 2.542(6) 25154) 2.349(5)  1.295(10)  1.286(9)  1.259(10)  1.286(9) 1.283(9)
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Figure 3. Ellipsoid representations of the complex anions of (a) (HNEt3)[(UOZ)3(L2Et2)2(p2—
OH)(13-0)] ((HNEt3)[9]), (b) (HNEt3)[(UO2)3(L*2),(1r-OEt)(113-0)]  ((HNEt3)[10]), and
(¢) (EtPPh3)[(UO,)3(L22),(11,-OMe)(113-O)] ((EtPPh3)[11]), together with a visualization of
the central cores formed by three uranyl units. Thermal ellipsoids represent 30 per cent probability.

For color code see the atomic labeling scheme.
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The uranium atoms U2 and U3 (or U2 and U2’ in complex 10) are coordinated by
two oxygen and the pyridine nitrogen atoms of each {L?t}2 ligand. The third uranium
atom, U1, is coordinated by the remaining two oxygen atoms of the {L?#*2}2~ ligands. The
pentagonal bases of the uranyl bipyramids are completed by the central y3-oxygen atoms
O1 and, in the case of U2 and U3, additionally by p>-bonded oxygen atom O2 of the {OR}~
bridges. The formation of puz-bonded oxido ligands is a common feature in the structural
chemistry of oligomeric and polymeric uranyl compounds and more than 150 examples can
be found in the Cambridge structural database [39]. For molecules, which are composed of
only three uranyl units, however, such a bonding situation is relatively rare [51-60]. The
U-O bond lengths to the central oxido ligands found in these compounds range from 2.183
to 2.313 A, which is in good agreement with the values obtained for the compounds of the
present study. The U-O1 distances have values between 2.196(9) and 2.510(11) A. Thus,
they are shorter than those to the other equatorial oxygen donor atoms. Interestingly, the
distances of the uranium atoms to the py-oxygen atoms O12 and O32 are slightly longer
than those to the mono-coordinated oxygen atoms of {L2Et2)2- (011, 013, 031, and O33).
The pentagonal planes formed by the equatorial donor atoms and the uranium ions are
almost perfectly planar and there are also only minor distortions between these planes
within the trimeric complex anions. The largest distortion was found for complex 9 with a
maximum deviation between two planes of 9.4°.

More information about the behavior of the trinuclear complex (HNEt3)[(UO,)3(L2E2), (-
OEt)(u3-O)] in solution was obtained by the analysis of the ESI(-) mass spectra of a
solution of the complex in CH,Cl,/MeOH. Besides the peak of the molecular anion
[(UO,)3(LZE2), (11p-OFEt)(u3-0)]~, which is observed at m/z = 1627.4068, two fragments cor-
responding to the anions [(UO3)3(L?5%2),(11,-OMe)(113-0)]~ and [(UO,)3(L?Et2), (pp-OH)(u3-
O)]~ were detected at m/z = 1611.4307 and 1597.4153, respectively. This indicates the
lability of the py-bonded ligand, which can readily be replaced by related ligands, e.g., the
solvent used for the measurement of NMR or mass spectra.

2.2. Hydrolysis of the Thiourea Units

The formation of complexes 9, 10, and 11 during reactions starting from the bis(thiourea)
ligand HyLF? or uranyl complexes thereof (see Scheme 2) requires a partial hydrolysis
of thiourea functionalities of the starting material. Interestingly, the S/O exchange is
observed exclusively at the ligand positions, which are used for the coordination of uranium,
while the non-coordinating thiourea sulfur atoms remain untouched. Such a behavior
strongly suggests a metal-mediated reaction, which finally results in a more stable (oxygen-
coordinated) bonding situation around the “hard” uranyl Lewis acid. Since metal-driven
or metal-mediated S/O exchange reactions in organic molecules are of general interest, e.g.,
for the industrial hydrodesulfurization processes of fossil fuels [61-66]. We conducted
some additional experiments with the intention to understand some basic aspects of the
observed reaction(s).

First, we studied the course of the reaction and could conclude that the addition of a
sufficient amount (approximately 25-fold excess) of a supporting base is mandatory to start
the hydrolytic reaction. With lower amounts of base, reactions between common uranyl
starting materials and H,LE2 end with the formation of anionic [{UO,(LE®)(u-OMe)}, 1%
or neutral [UO,(LE2)(solv)] complexes (solv = HyO, MeOH or DMF) depending on the
amount of base added [42,43]. In the monomeric [UO,(LE?)(solv)] complexes, both sulfur
atoms of the {LEtz}Z‘ ligands participate in the coordination of the uranylions and S,N,N,N,S
chelates are established [42].

The intermediate coordination of sulfur atoms plays a role during the formation
of the {L?E%2}2- complexes of the present study. Spectroscopic and/or crystallographic
evidence for such intermediate species has been found during the inspection of the re-
action mixtures and/or by quenching the reaction after a few minutes by the precipita-
tion of the product(s). An example is shown in Figure 4. It contains (a) an ESI(-) mass
spectrum taken after 5 min from a reaction mixture between (EtPPh3), [{UO, (LE2) (p1,-
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OMe)},] and NEt; in aqueous MeOH (see Scheme 2a) and (b) the result of an X-ray
structure analysis taken from the material of such an (unfinished) reaction. The mass
spectrum shows peaks at m/z = 1597.4153 ([(UO,)3(L2ER2), (11,-OH)(u3-0)], exchange prod-
uct with water), m/z = 1611.4307 [(UO,)3(L%*),(1p-OMe)(13-O)]~, molecular ion of the
product), and m/z = 1627.4068, which can be assigned to an anion of the composition
[(UO,)3(L2ER2)(LE2)(11,-OMe)(u3-O)] (caled. 1627.4068). Since mass spectrometry gives
no direct information about the bonding situation inside the detected ions, the presence
of a still-intact {L¥*}>~ ligand is not direct proof of the coordination of this ligand to ura-
nium via a sulfur atom. Final evidence for this bonding mode, however, can be derived
from a crystal structure determination on mixed (EtPPh3)[(UO,)3(L2E2), (1o-OMe)(1i3-
O)]/ (EtPPh3)[(UO,)3(L?E2)(LER2)(11,-OMe)(113-O)] crystals. They were isolated by the pre-
cipitation of the product(s) from an incomplete reaction and contain approximately 10 per-
cent of the complex with the sulfur-coordinated ligand {LE2)2-_ This can be derived from
a corresponding refinement of the structural data, which results in thermal ellipsoids of
reasonable quality, as can be seen in Figure 4b. The structure is very similar to that shown in
Figure 3¢, with the remarkable difference that the corresponding U-S and C-5S bond lengths
can be derived (U3-513 2.583(17) A, U3-013 2.340(5) A, C23-513 1.709(18) A, C23-013
1.269(7) A, U3-S33 2.568(18) A, U3-033 2.330(5), C43-S33 1.709(18) A, C43-033 1.261(8) A).

* oA (b)

T
1610

T T T
1620 1630 m/z

Figure 4. (a) ESI(-) mass spectrum of the (incomplete) reaction between (EtPPh3),[{UO, (LER)(y1,-
OMe)},] and NEt; in aqueous MeOH and (b) ellipsoid representation of the complex anions of
(EtNPh3)[(UO,)3(L*2);(1,-OH)(13-O)] and (EtNPh3)[(UO,)3(L*2)(LE2)(1-OH) (13-O)] derived
from mixed crystals containing the two compounds in a ratio of 9:1 (see the atoms in the red circles).
Thermal ellipsoids represent 30 per cent probability. For color code see atomic labelling scheme.

The detection of S-bonded uranyl units in the intermediates of the observed reaction
suggests a mechanism for the hydrolysis of the thiourea units, in which the metal ions are
involved. This has been experimentally proven by the treatment of H,LE*? in a mixture of
CH,Cl, and water at different pH values and the subsequent measurements of NMR spectra
in the two phases. The results are illustrated in Figure 5, showing that the compound does
not undergo decomposition in the pH range up to 14. It remains in the CH,Cl, phase at
low pH values until pH 9, and is deprotonated at higher pH values and extracts into the
aqueous phase without decomposition.
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(a)
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Figure 5. (a) 'H NMR spectra recorded from the organic phase during the treatment of H,LE* in
a CH,Cl, /H;O mixture at different pH values indicating an ongoing extraction into the aqueous
phase at pH values > 9, (b) spectrum of the aqueous phases at pH 14 showing the presence of
intact, deprotonated (LE2}2- and (c) the spectrum of the (almost empty) CH,Cl, phase under the
same conditions.

The mechanism of the uranium-mediated thiourea hydrolysis, and particularly the role
of the “hard” uranyl ion, remains unclear. In previous studies about metal-driven thiourea
hydrolysis, “soft” and thiophilic metal ions commonly found consideration, which readily
form stable metal sulfides as the driving force of such reactions. A competent summary
of attempts undertaken during the last century in this field and some new experiments
with Cd?* ions can be found in a recently published article [67]. Unfortunately, these
experiments also did not give a clear picture of the mechanism and the role of potential
intermediates, but conclusions have been drawn about the potential role of complex species.

In contrast to thiophilic metals, uranium compounds are not likely to drive thiourea
hydrolysis via the formation of uranium sulfides. Instead, the formation of stable uranium-
oxygen bonds could play a crucial role in the reaction mechanism. To explore this hypoth-
esis, we undertook some DFT calculations for the O- and S-bonded uranium complexes,
aiming to assess the energy differences between these species and their relative stabilities.
It should be noted that similar reactions have not been observed before for the family of
aroylthiourea ligands, which form complexes with a very large number of transition and
post-transition metal ions [68-70]. To the best of our knowledge, there is only one related
example with bis-N-isophthaloylselenourea, which is, as expected, much more susceptible
to hydrolysis [71].

2.3. DFT Calculations

Calculations on the hypothetical, step-wise, gas-phase reaction between [(UO,)3 (LE2), (11p-
Me)(u3-O)]~ with one equivalent of H,O to give [(UO,)3(L2F2)(LE2)(p-OMe)(p13-0)]~
and H;S followed by the reaction with another equivalent of H,O to give [(UO,)3(L%E2), (up-
OH)(u3-O)]” and a second equivalent of H;S were performed on the B3LYP/
LANL2DZ(uranium)+6-311++G**(others) level in vacuum. There is a clear thermochem-
ical preference for the uranium complexes containing the hydrolyzed ligand(s) in their
coordination spheres (Scheme 3). The release of a free energy A(AG) of approximately
70-80 kJ /mol per hydrolysis step is in accordance with the observed reactivity and product
distribution observed in the conducted experiments.
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Scheme 3. DFT considerations relating to the stepwise hydrolytic reactions of the trimetallic
uranium complex [(UO,)3(LER)s (11,—OMe) (u3-0)]~
actions are provided in SI units (gas-phase, standard conditions, B3LYP/LANL2DZ(uranium)+6-
311++G**(others) level).

. Relative free energy differences for the re-

Further calculations show that a total free energy preference A(AG) is also obtained
for the hydrolysis of the uncoordinated compound H,LF?. The calculated energy A(AG),
however, is smaller, with ca. 50 kJ/mol for each individual hydrolysis step, but confirms a
clear thermodynamic preference for the urea over the thiourea units in the uncoordinated
compounds. With regard to the experimentally observed stability of the thiourea H,LF?
when exposed to water over a broad pH range, the results of the calculations strongly
suggest that the pro-ligand is a kinetically stabilized, metastable molecule, which resists
hydrolysis unless suitable catalysts such as {UO,}** ions enable this transformation by
lowering the transition state energy. The calculation of a complete mechanism for the
observed hydrolysis is beyond the scope of this paper and would additionally require the
careful consideration of much smaller model systems as well as a dedicated Lewis-acid
catalyst screening.

In search of a potential explanation for this large free energy difference, calcula-
tions on the same level of theory indicate a thermochemical free energy preference of
the oxygen-coordinating isomer of [(UO,)5(L2E2), (1;—~OMe)(13-O)]~ over its analogous
sulfur-coordinating isomer by roughly 70 kJ/mol, which is mainly driven by a difference
in energy AE of ca. 65 k] /mol (related calculations of the energy difference AE on the more
accurate PBEO-GD3BJ/StuttgartRLC(uranium)+def2-TZVPPD(others) level are somewhat
smaller with 42 kJ /mol). Therefore, the preference of hard Lewis acids such as uranyl ions
for harder oxygen donors over softer sulfur donors may play a considerable role in this
metal-enabled transformation, as predicted by the classical approach introduced by R. G.
Pearson [1].

3. Materials and Methods

Unless otherwise stated, reagent-grade solvents and starting materials were used.
Solvents were dried and distilled prior to use. H,LF*? was prepared according to a literature
procedure [50].

3.1. Radiation Precaution

All synthetic work with uranium was performed in a laboratory approved for the
handling of radioactive material. All personal working in this project were permanently
monitored for potential contaminations.

3.2. Syntheses

(HNE#3)[(UO3)3(L?52 ) (up—OH)(u3-0)]. HoLE2 (79 mg, 0.2 mmol) was added to a
stirred solution of (NBuy),[UO,Cl4] (90 mg, 0.1 mmol) in HyO (3 mL). After 10 min,
5 drops of NEt; (ca. 65 mg, 2.5 mmol) were added and the reaction mixture was stirred
at 50 °C for 1 h. A yellow solid precipitated during this time. It was filtered off, washed
with diethyl ether, and dried in vacuum. Yellow needles suitable for X-ray diffraction were
obtained after slow evaporation of a CH,Cl, solution at room temperature. Yield: 68%

(116 mg). IR (KBr, cm™): 3456(m), 3143(w), 3074(w), 2972(w), 2978(m), 2931(m), 1597(vs),
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1492(s), 1425(s), 1373(vs), 1311(m), 1278(m), 1246(s), 1147(w), 1126(m), 1066(m), 1018(m),
902(vs), 769(m), 638(w). 'H NMR ((CDj3),SO, ppm): 8.51 (d, 4H, | = 8.0 Hz, py); 8.41 (t,
2H, ] =8.0 Hz, py); 3.95 (q, 8H, ] = 7.2 Hz, CH>); 3.53 (q, 8H, ] =7.2 Hz, CH;); 2.37 (q, 6H,
J=7.2Hz, CH, HNEt3); 1.25 (t, 12H, ] = 7.2 Hz, CH3); 1.02 (t, 12H, ] = 7.2 Hz, CH3); 0.87 (t,
9H, | = 7.2 Hz, CH3_HNEt3). ESI(-) MS (m/z: 1597.4242, [M]~ (calcd. 1597.4238). UV /Vis
(CH,Cly, nm): 232 (¢ = 6.8 x 103 L mol™! em™), 264 (¢ = 2.0 x 10°> L mol™' cm™), 270
(€=27x10° Lmol! em™),277 (¢ =1.8 x 103 L mol™! em™), 306 (¢ = 1.0 x 10° L moltem™),
368 (¢ = 0.2 x 103 L mol~lem™).

(EtPPh3)[(UO3)3(L?E*2),(u—OMe)(u3-O)]. A solution of (EtPPh3)CI (32.6 mg, 0.1 mmol)
in MeOH (2 mL) containing 5 drops of NEts (ca. 65 mg, 2.5 mmol) was added dropwise to
a solution of the complex (HNEt3),[{UO,(LE?)(11,-OMe)},] (159 mg, 0.1 mmol) in CH,Cl,.
(2 mL). The reaction mixture was evaporated slowly at room temperature. The resulting
yellow crystals were collected, washed with MeOH, and dried under vacuum. They
contained the products with incomplete S/O exchange. The reaction was completed by
heating the reaction mixture for 1 h on reflux. Yield: 60% (114 mg). IR (KBr, cm™): 3433(m),
3055(w), 2968(w), 2926(m), 1593(vs), 1492(s), 1427(s), 1371(vs), 1246(s), 1111(m), 1008(m),
902(vs), 754(m), 688(m), 630(w). 'H NMR ((CD;3),SO, ppm): 8.51 (d, 2H, | = 7.7 Hz, py);
8.43 (t, 1H, ] = 7.7 Hz, py); 7.89-7.83 (m, 15H, Ph); 4.17-4.13 (m, 8H, CH,); 3.97 (q, 4H,
] =7.2 Hz, CH,, EtPPh3); 3.62-3.52 (m, 8H, CH,); 3.12 (s, 3H, OMe); 1.25 (t,3H, ] =7.4 Hz,
CH3, EtPPhs); 1.09-0.90 (m, 24H, | = 7.5 Hz, CH3). ESI(-) MS (m/z: 1611.4395 [M]", (calcd.
1611.4395).

(HNE#3)[(UO;)3(L?E*),(u—OEt)(u3-O)]. A solution of NEt,Cl (32.6 mg, 0.1 mmol) in
EtOH (2 mL) containing 5 drops of NEt;3 (ca. 65 mg, 2.5 mmol) was added dropwise to
a solution of the dimeric complex (HNEt3),[{UO,(LE?),(u1-OMe)},] (159 mg, 0.1 mmol)
in CHyClp (2 mL). After heating for 1 h on reflux, the reaction mixture was evaporated
slowly at room temperature. The obtained yellow crystals were collected, washed with
EtOH, and dried under vacuum. Yield: 72% (126 mg). IR (KBr, cm™): 3442(w), 3078(w),
2978(w), 2934(w), 2874(w), 1597(vs), 1566(w), 1493(s), 1423(m), 1377(s), 1313(w), 1280(m),
1251(m), 1203(w), 1146(m), 1101(w), 995(m), 960(m), 904 (vs), 766(m), 696(w), 635(m). 'H
NMR ((CD3),SO, ppm): 8.52 (d, 4H, | = 8.0 Hz, py); 8.37 (t, 2H, ] = 8.0 Hz, py); 4.03-3.94
(m, 8H, CHy); 3.57-3.52 (m, 8H, CH,); 3.42-3.39 (m, 2H, | = 6.8 Hz, CH,, OEt); 3.15 (q, 8H,
J =7.6 Hz, CH,_HNEt3); 1.26 (t, 3H, | = 6.8 Hz, CH3, OEt); 1.13-1.07 (m, 24H, CH3); 1.03 (t,
12H, ] = 6.8 Hz, CH3, HNEt3). ESI(-) MS (11/z: 1625.4546 [M]" (calcd. 1625.4551).

3.3. Spectroscopic and Analytical Methods

IR spectra were measured as KBr pellets on a Shimadzu IR Affinity-1 (Shimadzu,
Kyoto, Japan). The NMR spectra were recorded on JEOL ECS-400 or ECZ-400 400 MHz
spectrometers (JEOL, Kyoto, Japan). ESI TOF mass spectra were measured with an Agilent
6210 ESI TOF (Agilent Technologies, Santa Clara, CA, USA. UV /vis spectra were measured
and recorded on a SPECORD 40 instrument (Analytic Jena, Jena, Germany).

3.4. X-Ray Crystallography

The intensities for the X-ray determinations were collected on STOE IPDS-2T (STOE,
Darmstadt, Germany) or Bruker CCD (BRUKER; Billerica, MA, USA) instruments with
Mo /K« radiation. The various temperatures applied are due to the experimental setup
of the different diffractometers. Semi-empirical or numerical absorption corrections were
carried out by the SADABS or X-RED32 programs [72,73]. Structure solution and refinement
were performed with the SHELX programs [74,75] included in OLEX2, version 1.5 [76].
Hydrogen atoms were calculated for idealized positions and treated with the “riding
model” option of SHELXL. The solvent mask option of OLEX2 was applied to treat diffuse
electron density due to disordered solvent molecules where appropriate. Details are given
in the Supplementary Materials. The representation of molecular structures was created
using the program MERCURY, version 2024, 2.0 [77].



Inorganics 2024, 12, 295

12 0of 17

3.5. Computational Chemistry

DFT (Density Functional Theory) calculations were performed with the high-performance
computing system of ZEDAT [78] using the program package GAUSSIAN 16 [79]. The
gas-phase geometry optimizations were performed using coordinates derived from the
X-ray crystal structures. Calculations were performed using the hybrid density func-
tional B3LYP [80-82] together with the 6-311G basis set for all atoms as implemented
in GAUSSIAN [83,84]. For initial optimization of uranium-containing compounds, the
LANL2DZ basis set and the corresponding effective core potential (ECP) was used for
uranium [85], while 6-311G was initially kept for the other atoms. The bigger 6-311++G**
basis set was used for the other atoms to obtain more reliable geometries [83,84,86-88]. Rel-
ativistic, dispersion-corrected, all-electron calculations on the PBEO-DKH2-GD3BJ/SARC-
DKH2(uranium)+aug-cc-pVTZ-DK(others) level as suggested in ref. [89] were attempted,
but the system size proved prohibitive. For comparable accuracy, as outlined in ref. [90],
calculations using the PBEO hybrid functional ([91]) with Grimme dispersion and Becke—
Johnson damping ([92]) using the Stuttgart relativistic large core ECP for uranium [93,94],
and the def2-TZVPPD basis set for all other atoms [95,96], were attempted on the oxygen-
and sulfur-bound isomers of [(UO,)3(L%%), (11,-OH)(u3-0)]~ to verify the reliability of
conclusions derived from the B3LYP thermochemistry. The thermochemistry of the hy-
pothetical, step-wise hydrolysis of the free ligand (L*?)?~ to give (L?%?)?~ was calculated
on the same level as the uranium complexes to ensure comparability of the results (using
the 6-311++G** basis set [83,84,86-88] in frequency calculations based on the geometries
obtained at the 6-311G level that have been reported before in ref. [43]). All basis sets were
obtained from the EMSL database or the Basis Set Exchange repository [93,94]. Frequency
calculations after the optimizations confirmed the convergence through the absence of
imaginary frequencies.

4. Conclusions

Trinuclear uranyl complexes of the general composition [(UO5)3(L2Et2), (115-OR)(pt3-
O)]” with partially hydrolyzed 2,6-dipicolinoylbis(N,N-diethylthiourea) ligands are formed
from reactions of the ligand with common uranyl starting materials and an excess NEts.
DFT calculations strongly suggest that the selective hydrolysis of one of the thiourea units
is metal-mediated and the driving force for the observed reaction is the formation of the
energetically favored uranium-oxygen bonds.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/inorganics12110295/s1, Table S1. Crystallographic data and
data collection parameters. Figure S1. Ellipsoid representation of the structure of (HNEt3)[9].
The thermal ellipsoids are set at a 30% probability level. Hydrogen atoms bonding to carbon
atoms are omitted for clarity. Table S2. Bond lengths (A) in (HNEt;)[9]. Table S3. Bond an-
gles (°) in (HNEt3)[9]. Figure S2. Ellipsoid representation of the structure of (HNEt3)[10], also
illustrating the disordered parts of the counter ion. The thermal ellipsoids are set at a 30% prob-
ability level. Hydrogen atoms are omitted for clarity. Table S4. Bond lengths (A) in (HNEt3)[10].
Table S5. Bond angles (°) in (HNEt3)[10]. Figure S3. Ellipsoid representation of the structure of
(EtPPh3)[11]. The thermal ellipsoids are set at a 30% probability level. Hydrogen atoms are omitted
for clarity. Table S6. Bond lengths (A) in (EtPPh3)[11]. Table S7. Bond angles (°) in (EtPPh3)[11].
Figure S4. Ellipsoid representation of the complexes contained in the (EtPPh3)[(UO3)3(L2ER2), (uy—
OMe)(u13-0)]0.9/[(UO3)3(LE2), (1—OMe) (u3-O) o1 mixed-crystals. The thermal ellipsoids are set at
a 30% probability level. Hydrogen atoms are omitted for clarity. Table S8. Bond lengths (A) in
(EtPPh3)[(UO,)3(L*2) (1,—OMe)(113-0)]o.9 / [(UO2)3(LE?) (u;—OMe)(113-0)] 1. Table S9. Bond an-
gles (°) in (EtPPh3)[(UO2)3(L*2);(1-OMe)(13-O) o9 / [(UO2)3 (LF2), (—OMe) (113-O)1o 1 - Figure S5.
IR spectrum (KBr) of (HNEt3)[(UO,)3(L?5%2),(up—-OH)(p3-0)], (HNEt3)[9]. Figure S6. 'H NMR
spectra of (HNEt3)[(UO,)3(L?E%2), (up-OH)(u3-0)], (HNEt3)[9], in DMSO-Dg. Figure S7. 'H NMR
spectra of (HNEt3)[(UO,)3(L*2),(11,-OH)(113-O)], (HNEt3)[9], in CDCl3. Figure S8. ESI(-) mass
spectrum of (HNEt3)[(UO,)3(L2E2), (1,-OH)(13-0O)], (HNEt3)[9], in CH,Cl,. Figure S9. IR spec-
trum (KBr) of (HNEt3)[(UO3)3(L2E*), (11,-OFEt)(n3-O)], (HNEt3)[10]. Figure S10. 'H NMR spectra
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of (HNEt3)[(UO,)3(L*2), (1p-OFEt)(13-0)], (HNEt3)[10], in DMSO-Dg. Figure S11. ESI(-) mass
spectrum of (HNEt3)[(UO,)3(L?F*2), (11,-OEt)(u3-O)], (HNEt3)[10], in CH,Cl,. Figure S12. IR spec-
trum (KBr) of (EtPPh3)[(UO,)3(L?F2), (11,-OMe)(u3-O)], (EtPPh3)[11]. Figure S13. 'H NMR spectra
of (EtPPh3)[(UO,)3(L?F2),(11,.-OMe)(113-O)], (EtPPh3)[11], in DMSO-Dg. Figure S14. Considered
hydrolysis reactions of trimetallic uranium complexes and the corresponding uncoordinated pro-
ligands. Relative free energy differences for reactions and the hypothetical isomerization from
0,0 coordination in C to S,S coordination in C” are provided in SI units (gas-phase, standard
conditions, B3LYP/LANL2DZ(uranium)+6-311++G**(others) level). Geometries for the ligand struc-
tures were optimized at the B3LYP/6-311G level. Figure S15. DFT optimized structure of A (see
Figure S14). Hydrogen atoms bonded to carbon atoms are omitted for clarity. B3LYP/6-311G
level. Taken from ref [42]. Figure S16. DFT optimized structure of BL (see Figure S14). Hydro-
gen atoms bonded to carbon atoms are omitted for clarity. BBLYP/6-311G level. Figure S17. DFT
optimized structure of Ct (see Figure S14). Hydrogen atoms bonded to carbon atoms are omit-
ted for clarity. B3LYP/6-311G level. Figure S18. DFT optimized structure of A (see Figure S14).
Hydrogen atoms are omitted for clarity. B3LYP/LANL2DZ(uranium)+6-311++G**(others) level.
Figure S19. DFT optimized structure of B (see Figure S14). Hydrogen atoms are omitted for clar-
ity. BSLYP/LANL2DZ(uranium)+6-311++G**(others) level. Figure S20. DFT optimized structure
of C (see Figure S14). Hydrogen atoms are omitted for clarity. B3LYP/LANL2DZ(uranium)+6-
311++G**(others) level. Figure 521. DFT optimized structure of C’ (see Figure S14). Hydrogen atoms
are omitted for clarity. B3ALYP/LANL2DZ(uranium)+6-311++G**(others) level. Table S10. Free ener-
gies AG obtained by the DFT calculations (gas-phase, standard conditions, B3LYP/
LANL2DZ(uranium)+6-311++G**(others) level). Geometries for the ligand structures were opti-
mized at the B3LYP/6-311G level. Table S11. Energies E obtained by the DFT calculations (gas-
phase, top: PBE0-GD3B]/StuttgartRLC(uranium)+def2-TZVPPD(others) level; bottom: B3LYP/
LANL2DZ(uranium)+6-311++G**(others) level). Figure S22. DFT-simulated IR frequencies for the
[(UO,)3(L%E2), (1,—OMe)(113-O)]~ anion with spectral resolutions of (a) 2 cm™L, (b) 20 em™! and
(c) 30 cm™. Note that no cation was included in the calculation. Despite the fact that the simulation
was conducted for the optimized gas-phase structure, a good agreement was obtained with the
frequencies in the experimental spectrum (see Figure 512).
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