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A salophen ligand derivative incorporating
naphthalene (naphthylsalophen = [H,L]) and the corresponding
uranyl (UO,*) complex have been synthesized and characterized
both in solution and the solid-state. A hydrogen bonding uranyl
tetramer and the electrochemical analysis of [H,L] and UO,[L] are
described.

The coordination chemistry of uranium is dominated by
uranyl U(VI) complexes as a result of the stability of the linear
[O=U=O]2+ moiety; however, the study of lower-valent
uranium complexes and multielectron processes has become
of wide interest for applications in catalysis and nuclear waste
remediation.’ For example, the bio-immobilization of the
highly water soluble U(VI) by reduction to the insoluble U(IV) is
known to proceed through a key pentavalent intermediate,
but this process is poorly understood.’ U(V) species are
generally unstable due to disproportionation, which
complicates their isolation and characterization. Systems in
which the U(VI)/U(V) redox couple can be studied are
therefore, very useful in the development of an improved
understanding of the reduction of uranyl and the impacts
equatorial ligands have on the stabilization of U(V) (UO,")
species. Efforts to more thoroughly describe the unique
bonding and electronic properties of uranium have increased
of late, with significant focus on oxo-functionalization of
uranyl complexes, as this both displays the reactivity of the
terminal oxo moieties, which were long considered to be inert,
and allows for more facile reduction of the metal centre.’
Recently, pairing strongly donating equatorial ligands with
Lewis acid acceptors has proven a useful route to oxo-
functionalization and consequent reduction to U02+.3a' 4 Using
a dipyrrin derivative, the Arnold group demonstrated
tunability of the nonaqueous U(VI)/U(V) and U(V)/U(IV) redox
couples to ranges that are accessible to mild reducing agents.5
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Fig. 1 Projection of [H,L] and interstitial CH,Cl, solvent molecule.
Carbon atoms are shown in grey, nitrogen in blue, oxygen in red,
and chlorine in green. Inset image of crystals.

These features speak to the importance of equatorial ligand
interactions with the metal centre, and illustrate the profound
impacts that subtle differences in the coordination sphere can
have on the reactivity of uranium species.

Salophen ligands, which differ from popular salen ligands
through the incorporation of a phenylene backbone, thereby
extending conjugation, coordinate to the equatorial plane of
uranyl through two phenolate and two neutral imine donors.
This framework has been popular for studying the structure
and reactivity of uranium species, and its redox capabilities
have been exploited for C—C bond formation® and the
isolation of ligand radical anions.” We have also recently
reported complexes of a salophen derivative, 1,1'-((1E,1'E)-
(1,2-phenylenebis(azanylylidene))bis(methanylylidene))bis(na-
phthalen-2-ol), nicknamed “naphthylsalophen”, that exhibit
interesting electronic communication aided by extended m-
conjugation, including an emissive thorium species.8

Here, we take advantage of the features offered by this
ligand system to examine the electronic properties of an
unusual uranyl complex. The ligand, [H,L], was prepared from
the reaction of two equivalents of 2-hydroxynaphthaldehyde
with 1,2-diaminobenzene in methanol. A precipitate formed
after heating the solution to 70 °C for four hours and was
isolated via vacuum filtration. The product identity was
confirmed by 'H NMR.? The metal complex UO,[L] was
synthesized by addition of UO,(NO;3),6H,0 to a solution of
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Fig. 2a Projection of the asymmetric unit of UO;[L]. Fig. 2b
Projections of the UO,[L] complex highlighting the hydrogen
bonded tetramers. Interstitial CH.Cl, solvent molecules have
been removed for clarity. Carbon atoms are shown in grey,
oxygen in red, nitrogen in blue, hydrogen in white, and the
uranium in green.

[H,L] and trimethylamine dissolved in 1:1
methanol/dichloromethane and subsequent heating. The
resulting dark red solid was isolated via vacuum filtration and
characterized via NMR, HRMS, and X-ray diffraction (details in
Sl).

The free base [H,L] has three electronic absorption
features at 316 nm (€ = 9.57 x 10° em™ M"l), 391 nm (e = 9.50 x
10° cm™ M™), and 456 nm (e = 8.02 x 10° cm™ M™), with a
shoulder at 477 nm (e = 7.08 x 10® cm™ M"l). Deprotonation
and coordination to UOZ2+ results in a maximum absorbance at
340 nm (e =1.21 x 10* cm™ M'l), a shift of 24 nm from the free
ligand, and a moderate increase in extinction coefficient. An
additional absorption feature is observed at 407 nm (g€ = 8.72 x
10° em™ M"l) with a shoulder at 422 nm (e = 7.25 x 10 em™ M
hoa figure showing the change in the UV-Vis signature with
the addition of a uranyl nitrate solution by serial titration of
[H,L] can be found in Fig. S1. The change observed appears
consistent with 1:1 binding.

Single crystals of ¥[H,L] suitable for X-ray diffraction were
grown by slow evaporation of a saturated 1:1
dichloromethane/methanol solution. The ligand [H,L]
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crystallizes in the orthorhombic space group P2,2,2, with an
interstitial CH,Cl, molecule in the asymmetric unit (Fig. 2). The
C—O01 bond length of 1.276(3) and C—O02 bond length of
1.338(3) show that the “ketoamine” tautomer is more stable
than the “enolimine” tautomer in the solid-state (Scheme S1).
The longer Cimine—N1 distance of 1.319(3) in comparison to
Cimine—N2 of 1.302(2) also confirms this assignment, although
not as clearly. This tautomerization has been observed and
explained before for this system in solution using "H NMR and
IR,10 as well as crystallographically.9

Single crystals of $UO,[L] were grown by slow diffusion of
hexanes into a saturated solution of UO,[L] in CH,Cl,. UO,[L]
crystallizes in the P2;/n space group with four interstitial
dichloromethane molecules, and two distinct UO,[L] units per
asymmetric unit (Fig. 2a). The average U—N;,i,. bond lengths
of 2.515(6) A, U—0Oy,,0 bond lengths of 2.450(5) A, and the U—
Ophenol bond lengths of 2.286(5) A are within normal ranges for
U(VI) species. Of note is the coordinated water molecule,
which participates in hydrogen bonding with one of the
phenolic oxygens, resulting in a lengthened U—0Og,cno distance
of 2.311(5) A, as well as interacts with the -yl oxygen of the
neighbouring complex. These two distinct UO,[L] molecules in
the asymmetric unit are symmetry-related to two other
molecules, resulting in a tetrad of UO,[L] complexes held
together through hydrogen bonding interactions. The
coordinated water molecule has H—0Openo distances of 1.923
and 2.032 A, which are within normal ranges, and an H----0y
distance of 2.443 A. This H- ---Qy interaction does not qualify as
a true hydrogen bond, as the U—0O,, distances of 1.795(5) A
and 1.769(5) A are on par for U(VI)—0,, bonds, however the
former does show a slight lengthening. Recent work by Arnold
has examined Lewis acid interactions with the -yl oxygen, and
in these cases, the reduction of uranyl(VI) to uranyl(V) is
confirmed by U—0,; bonds lengths upwards of 1.88 ,5\,“” ‘ but
such changes are not observed for our system. Additionally,
hydrogen atoms on three of the four interstitial CH,Cl,
molecules are 2.353 A, 2.495 A and 2.528 A away from the —yl
oxygen, the latter two of which interact with opposite ends of
the same uranyl unit (Fig. S2). We previously observed similar
interactions of CH,Cl, with the uranyl oxo moiety in the
presence of a redox-active equatorial Iigand,11 however no
perturbations of U—O,, bond lengths were observed. The

--0,, distance in this case, which is 0.062 A shorter, does
correspond to the slightly elongated U—O,; bond, indicating
the oxo moieties are not entirely inert.

The hydrogen bonding interactions observed in the
complex UO,[L], paired with -t stacking of the naphthalene
rings of 4.304 A, affords an interesting long-range
supramolecular stacking structure with channels that are
occupied by interstitial CH,Cl, in the solid-state (Fig. 2b & S2),
similar to those observed in metal organic frameworks
(MOFs).12 These stacking interactions are off-set, which is
common in structures such as these, but is a consequence of
the packing rather than an interaction that would allow this
structure to maintain these tetramers in solution and
therefore limits their application.
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Preliminary electrochemical analysis of [H,L] and UO,[L] is
reported. Cyclic voltammetry experiments were conducted in
acetonitrile (0.1 M TBACIO, supporting electrolyte), and all
values are reported versus the Fc'/Fc couple. For the free
ligand, [H,L], multiple reductive events were observed (Fig. 3).
The irreversible reduction at E,.= -2.79 V can be assigned to
the 2e” reduction of H,L to LZ", which is shifted anodically by
100 mV relative to that of salophen13 and can be attributed to
the extension of the m-conjugated system. The quasireversible
reduction at Ep= -2.90 V (E,,= -2.80 V) corresponds to the
formation of the naphthyl radical anion™ and is associated
with the oxidation at -1.67 V, which is not observed unless the
scan is conducted to potentials more negative than -2.6 V. The
positions and intensities of the peaks at -1.87, and -2.1 V are
scan-rate-dependent (Fig. S4, S5), and could not be assigned
definitively, though we posit that while these events are in
range for the reduction of H,L to HZL",13a they may result from
the intermolecular H-bonding of the phenolic protons to the
imine nitrogens9 or tautomerism of the species in solution, as
they are not observed in the voltammogram of the uranyl
complex. This behaviour is distinct from that of salophen,
which undergoes reduction (assigned to the formation of H,L")
at similar potentials, but does not exhibit the same scan-rate
dependence.”*®

0.02 mA

A1 14 a7 2 23 26 29 32
E (V) v. Fc*/Fc

Fig. 3. Cyclic voltammograms of [H,L] (top) and UO;[L]

(bottom) (0.25 mM in CH;CN; 0.1 M TBACIO,, v=0.2 V/s).

In the cathodic scan of UO,[L], four peaks are observed at
E,= -1.93 V, -253 V, -2.71 V, and -2.89 V. Irreversible
reduction of the ligand occurs at -2.53 V (an anodic shift of 260
mV relative to the free ligand), and the quasireversible
reduction of the naphthyl substituents is again seen at -2.89 V.
Additionally, the oxidation event at E,, = -1.66 V is ligand-
based and only occurs when the scan is conducted to
appreciably cathodic potentials, as
ligand. The reduction at -1.93 V is quasireversible (though
nearly reversible) and associated with the return oxidation
event at Ep,= -1.84 V (E;/,= -1.89 V, AE = 86 mV) and can be
assigned to the U(VI)/U(V) (UO,>"/U0,") couple. This value

observed for the free
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agrees with those previously reported for uranyl salen-type
complexesls, though it is more negative than those reported
for [UO,(salophen)] complexes (ca. -1.65 V) and associated
with a much smaller AE.* The irreversible reduction at -2.71 V
is warrants further investigation as it is in range for the
formation of a L'Z'—U(IV) spet:ies,17 although it overlaps with
the reduction of the free ligand to LZ', for which a small
shoulder is observed at scan rates greater than 0.3 V/s (Fig.
S4), precluding any clear assignment of this process.

It is worth noting that the definition of the U(VI)/U(V)
couple appears to be dependent on scanning to more negative
potentials and may be associated with the ligand-based
reduction at -2.89 V. When the sweep range is limited to more
positive potentials, a couple can still be seen but is poorly
defined, anodically shifted (E,= -1.85 V, E,,= -1.76 V), and
includes a shoulder at -1.73 V which is likely associated with a
ligand reduction process (Fig. S6). Additionally, a peak at -2.3V
is observed that may correspond to a more drastic anodic shift
of the L/LZ' reduction potential. These sweep-range-dependent
events indicate a significant degree of electronic
communication exists between the ligand and the metal
centre in solution.

In conclusion, we have synthesized the tetradentate Schiff
base ligand, naphthylsalophen [H,L], and the hexavalent uranyl
complex UO,[L], and characterized them in solution and solid-
state. Interactions of coordinated water and solvent protons
with the uranyl oxo moiety result in a slight elongation of the
U—0, bond in the solid state. The fairly complex
electrochemical profile and observed 260 mV shift in the
ligand reduction potential is evidence that this derivative of
the thoroughly studied uranyl salophen system possesses
interesting redox behaviour that is usually observed only with
more specialized redox-active ligands, and is thus, of interest
for further investigations with particular interest in any oxo
reactivity it may exhibit. These findings speak to the intricacies
of 5f metal-ligand interactions and highlight the need to of the
fundamental behaviour of the actinides.
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Notes and references

fCrystal Data for [H,L] Cy9H55Cl,N,0, (M =501.42):
orthorhombic, space group P2,2,2, (no. 19),a=
7.1378(10) A, b = 16.682(2) A, c = 20.056(3) A, v =
2388.1(6) A%, 7= 4, T=180.45K, u(Mo Ka) = 0.303 mm™, Dcalc =
1.3945 g/mm3, 17603 reflections measured (4.06 < 20 < 57.4),
6177 unique (Rin¢ = 0.0539, Rgigma = 0.0733) which were used in
all calculations. The final Ry was 0.0557 (I>=2u(l)) and wR;, was
0.1295 (all data). CCDC: 1523762. Crystal Data for UO,[L]:

CeoHagClgN,0O10U, (M =1744.75): monoclinic, space group P2;/n
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(no. 14),a = 15.4659(12) A, b = 19.3294(14) A, c =
22.2346(16) A, 8= 106.655(1)°, V= 6368.1(8)A% z= 4,T=
180.0 K, u(Mo Ka) = 5.476 mm™, Dcalc = 1.8197 g/mms, 74217
reflections measured (2.84 < 20 < 51.52), 12168 unique (Rj, =
0.0706, Rgigma = 0.0463) which were used in all calculations. The
final Ry was 0.0440 (I>=2u(l)) and wR, was 0.1031 (all data).
CCDC: 1827293.
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