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ABSTRACT: The 2,2'-bipyridyl-6,6'-dicarboxylate ligand (bdc) has been - Uranyl complexation and redox cycling

q q q q 2+ - Reductive properties of polypyridyl dicarboxylate ligands
shown in prior work to effectively capture the uranyl(VI) ion, UO,*, from - Distinguishing metal- vs. ligand-centered redox
aqueous solutions. However, the redox properties of the uranyl complex of this
ligand have not been addressed despite the relevance of uranium-centered ‘
reduction to the nuclear fuel cycle and the presence of a bipyridyl core in bdc, .
a motif long recognized for its ability to support redox chemistry. Here, the %
bdc complex of UO,** (1-UO,) has been synthetically prepared and isolated
under nonaqueous conditions for the study of its reductive chemical and
electrochemical behavior. Spectrochemical titration data collected using ) )
decamethylcobaltocene (Cp*,Co) as the reductant demonstrate that le~ L.;';‘,fﬂeé‘;‘:,’{;i‘;";‘::ﬁi:m Me‘,’;ﬁg‘::,‘ef:;“ ;::,’:is,;on
reduction of 1-UQ, is accessible, and companion near-infrared and infrared
spectroscopic data, along with theoretical findings from density functional theory, provide evidence that supports the accessibility of
the U(V) oxidation state. Data obtained for control ruthenium complexes of bdc and related polypyridyl dicarboxylate ligands
provide a counterpoint to these findings; ligand-centered reduction of bdc in these control compounds occurs at potentials more
negative than those measured for reduction of 1-UQO,, further supporting the generation of uranium(V) in 1-UQO,. Taken together,
these results underscore the usefulness of bdc as a ligand for actinyl ions and suggest that it could be useful for further studies of the
reductive activation of these unique species.
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B INTRODUCTION arising from specific electron transfer events.” Fortier and co-
workers specifically explored the question of the uranium
oxidation state in the homoleptic 2,2"-bipyridyl (bpy) complex
of uranium [U(bpy),], emphasizing the importance of
consideration of metal- vs ligand-centered redox in complexes
containing ligands that display 7-conjugation in particular.®
Assignment of the nature of the accessible redox events in
systems is valuable, as the site of the gain or loss of electrons
from metals or ligands in many cases dictates observed
reactivity patterns. This is certainly the case for the
uranium(V) oxidation state of the uranyl ion,” which has
been demonstrated to display increased Lewis basicity upon
generation from UO,*,'" leading to exciting developments in
oxo functionalization chemistry,11 stabilization of the uranium-
(V) oxidation state that is less commonly encountered,'>"*
and studies of further reduction of uranyl itself."*
Considering these opportunities, a portion of our attention
has recently been drawn to the uranyl complex of the 2,2'-

Changing the formal oxidation state of actinide-containing
complexes has been established as an important method for
directly influencing solubility, reactivity, and speciation proper-
ties.' In nuclear fuel reprocessing chemistry, redox-driven
swings in speciation have been used to achieve useful
separations that can lower the total amount of waste associated
with nuclear power production.” Similarly, redox chemistry
governs the speciation of actinides such as uranium,
neptunium, and plutonium in the environment, opening the
opportunity for design of reagents and/or conditions that can
sequester actinides and/or remediate contaminated areas.’
Along the same lines, the development of tailored ligands that
can effectively bind to actinides has enabled the study and
control of the molecular redox properties of these important
elements. In the case of uranium, the uranyl dication (UO,**)
dominates behaviors under most conditions, and thus, a
considerable effort has been focused on this species.”
Significant work has focused on the question of the site of
reduction and oxidation in molecular actinide complexes as Received: July 13, 2023
electrons can be transferred to/from metal-centered orbitals, Published: September 18, 2023

ligand-centered orbitals, or orbitals that span both metal and

ligands.s’6 Distinguishing between these different cases can be
aided by electrochemical, spectroscopic, and theoretical
techniques, each giving insight into the nature of the products
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Chart 1. Established Preparation of a Ru(Il) Complex of 2,2’-Bipyridyl-6,6’-dicarboxylate Reported by Sun and Co-Workers in
Comparison with the Reported In Situ Generation of a U(VI) Complex of 2,2'-Bipyridyl-6,6’-dicarboxylate

in situ generation

Rao & co-workers 2019

1. RuCl,(DMSO),

1: DMSO:H
5 (viv) SO:H,0 2 DMSO

NEt,;, MeOH

DMSO
~DMSO

1-Ru
Sun & co-workers 2013

bipyridyl-6,6"-dicarboxylate ligand (bdc).'>'® This complex
has been reported previously to form spontaneously under
aqueous conditions, suggesting that its high stability may
derive from the tetradentate nature of bdc as a ligand.
Additionally, as bdc features two proton-responsive carbox-
ylate moieties, the ligand has an accessible dianionic form that
can support an overall neutral complex of UO,**. However,
synthetic methods for conventional isolation and/or character-
ization of this complex have not been included in literature
reports (see Chart 1).'”> We also note here that bdc is well-
known outside of f-element chemistry for its robustness, as it
has been used to support ruthenium-based molecular catalysts
for water and ammonia oxidation.'”'® Adding appeal for
further development of bdc coordination chemistry, the ligand
itself can be readily prepared on a large scale (4 g per batch in
our hands) from commercially available 6,6’-dimethyl-2,2’-
bipyridyl."”*° In light of all these features, we anticipated that
an examination of the nonaqueous synthesis and redox
chemistry of the bdc complex of uranyl could provide evidence
for the accessibility of the uranium(V) oxidation state on this
ligand platform, an attractive prospect since the uranium(VI)
complex appears to form spontaneously under some
conditions, as noted previously. From the perspective of ligand
development, we also anticipated that electrochemically and
spectroscopically addressing the previously unexplored redox
activity of the 2,2'-bipyridyl core in the bdc ligand itself could
further accelerate the use of this platform in specific
applications.

Here, we report the nonaqueous synthesis and redox
properties of bdc-ligated uranyl complexes. Synthetic inves-
tigations show that UO,*" is readily captured by bdc under
nonaqueous conditions, enabling isolation of complexes of the
form UO,(bdc)L, where L = dimethylsulfoxide (1-UO,) or
triethylamine (1-UO,’). Nuclear magnetic resonance data are

in accordance with tetradentate coordination of the bdc core
to the metal centers in both cases, a finding further supported
by structural data from X-ray diffraction analysis. In line with
the tetradentate nature of bdc, evidence shows that an
exogenous, fifth ligand (here, solvent) binds to the uranium
center in the complexes. Electronic absorption spectra of 1-
UO, reveal the vibronic structure in a ligand-to-metal charge
transfer transition within the uranyl unit of the complex; minor
shifts in the transition energies of the vibronic features were
measured in different solvents, suggesting that ligand exchange
occurs under the chosen conditions. Spectrochemical titration
data reveal that decamethylcobaltocene is sufficiently reducing
to drive the le™ reduction of 1-UQ,, whereas cobaltocene is
not sufficiently reducing; these findings are in accordance with
electrochemical data, suggesting that the complex undergoes a
first reduction near —1.3S V vs ferrocenium/ferrocene
(denoted hereafter as Fc'/®). Spectral data from the UV,
visible, and most importantly, near-infrared regions support the
assignment of this first reduction as metal-centered, giving rise
to a detectable uranium (V) form of the compound in solution.
Comparisons to control Ru(II) complexes underscore
distinguishing features of metal- vs ligand-centered reduction
events in complexes supported by bdc and its analogues.
Computational findings from density functional theory (DFT)
are in accordance with these results, suggesting that the
uranium(VI) center in 1-UQ, is the most likely site of
reduction, whereas the control ruthenium complexes undergo
ligand reduction in the 2,2’-bipyridyl core of bdc.

B RESULTS
Synthesis of Uranyl Polypyridyl Dicarboxylate Com-
plexes 1-UO, and 1-UO,’. While H,bdc has been explored

as a complexing agent for UO,*" and the crystal structure of a
bdc-complexed UO,** species reported, the preparative
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chemistry of H,bdc with UO,** has not been investigated."
Therefore, we developed a synthetic route that affords the bdc-
ligated UO,** complex 1-UO, under nonaqueous conditions in
order to facilitate studies on the tractability of uranium-based
redox chemistry in this system. Our synthetic strategy under
these nonaqueous conditions was based on prior methods used
in our group for the handling of uranyl that rely on
protonolysis reactivity.”” We found that this approach is
effective for this complex as well, such that stirring H,bdc and
uranyl acetate dihydrate in dimethylsulfoxide (DMSO)
followed by the addition of excess diethyl ether results in the
precipitation of 1-UO, cleanly from solution in good yields.
The "H NMR spectrum of the resulting yellow powder in dy-
DMSO confirmed the presence of DMSO as a fifth equatorial
ligand to uranyl; a unique resonance, shifted slightly downfield
from the typical protio-residual signal for d-DMSO (refer-
enced to 2.50 ppm’'), was measured at 2.54 ppm,
corresponding to the equivalent methyl protons of bound
DMSO. This singlet integrates to 6H with respect to the
individual protons measured for the bdc ligand core, as
expected (see the SI, Figure S1).

In an effort to avoid the use of DMSO in the synthesis, we
also developed a synthetic route to access a bdc-supported
uranyl complex, in which methanol was used as the solvent.
Under these conditions, 3 equiv of triethylamine was used as
an auxiliary base to deprotonate the carboxylic acid groups of
free Hybdc. Concentration of the reaction mixture by the
removal of solvent after refluxing overnight in the presence of
uranyl acetate dihydrate, followed by washing of the material
with ether, resulted in the isolation of a yellow solid, denoted
as 1-UO,’. Similar to the case of 1-UO,, the 'H NMR
spectrum of 1-UO,’ in d,-MeOH confirmed the ligation of
UO,*" by the tetradentate bdc, although in this case, the
spectrum suggests that triethylamine (NEt;) is present as the
fifth equatorial ligand to uranyl. The bound NEt; moiety was
observed as a quartet at 3.24 ppm and triplet at 1.32 ppm,
signals that are, as expected, shifted downfield relative to those
of free triethylamine at 2.58 and 1.05 ppm, respectively (see
the SI, Figure S$3).”' These NMR data suggest that
triethylamine remains bound to the uranium center in the
presence of methanol as the solvent. Finally, elemental analysis
data of 1-UQ,’ show that its formulation is consistent with
UO,*" incorporation into the bdc framework with NEt; as the
fifth equatorial ligand (see the Experimental Section).

Encouraged by our isolation of these uranyl complexes, we
characterized each complex, the free ligand H,bdc, and uranyl
acetate dihydrate with solid-state infrared spectroscopy (see
the SI, Figures S21—S26 and Table S1). Shifts in peaks
corresponding to the polypyridyl dicarboxylate ligand back-
bones were observed and are consistent with the ligation of
uranyl in both 1-UO, and 1-UO,’. Inspection of the
fingerprint region of the spectra also revealed stretches that
can be assigned as the asymmetric uranyl U—O vibrations at
908 cm™! for 1-UO, and 912 cm™ 1-UO,’ as well as possible
weak U—N stretches at 575 and 577 cm™! for 1-UO, and 1-
UO,/, respectively.”” The asymmetric uranyl U—O vibrations
of 1-UO, and 1-UQ,’ are shifted from that of the uranyl
acetate dihydrate starting material for which the noted feature
appears at 945 cm™' (Figure S26). In each case, peaks
consistent with the presence of DMSO or NEt; as the
respective equatorial solvent ligands for 1-UO, and 1-UO,’
were also detected as an ©(S—O) stretch in the spectrum of 1-
UO, at 1082 cm™ and an v(C—N) stretch in the spectrum of

1-UO,’ at 1271 cm™! (see the SI, Figures S21 and $22). In
both cases, shifts of the asymmetric uranyl stretch and the
ligand stretches are consistent with the formation of
polypyridyl dicarboxylate uranyl complexes, highlighting the
ability of polypyridyl dicarboxylate ligands to form stable
complexes of uranyl.

As described in the Introduction, a prime goal of this study
was to distinguish between metal- vs ligand-centered redox
processes in compounds supported by bdc. To accomplish
this, we elected to prepare control compounds of
ruthenium(II) with bdc and two related polypyridyl
dicarboxylates that feature larger 7z systems, 2,2:6',2"-
terpyridyl-6,6”-dicarboxylate (tdc) and 4’-phenyl-2,2":6',2"-
terpyridyl-6,6”-dicarboxylate (*"tdc) to examine trends in the
spectroscopic and structural data (see Chart 2).>* In addition

Chart 2. Control Ruthenium Complexes Described in this
Study”
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2N wDMSO
N DMSO
|

A O

[¢)

1-Ru 2-Ru 3-Ru
Sun & co-workers 2013 Llobet & co-workers 2015 This Work

“Ruthenium is in the +2 formal oxidation state in all cases. The
dashed lines represent long interatomic contacts observed in single-
crystal X-ray diffraction analysis.

to its reliable coordination chemistry with bdc, ruthenium(II)
was chosen for the fair solubility of its complexes as well as its
documented inertness toward reduction, enabling isolation in
our investi%ation of ligand-based redox processes in the control
complexes.””*> We also note here that we were inspired to
pursue the ruthenium control compounds because the
synthetic chemistry of the desired species appeared quite
tractable in comparison with, for example, the synthesis of
analogous zinc complexes. Zinc, in the form of Zn(II) salts, has
often been used to prepare model species for the study of
ligand-centered reduction processes in light of the negative
standard reduction potential for the Zn"/Zn® couple (E° =
—0.76 V).*° In prior work, we showed that [Zn(NCMe)s]**
undergoes reduction at a rather negative potential in
acetonitrile (Ep,c = —1.46 V),” a finding that could have
motivated its use here to prepare the control complexes.
However, to the best of our knowledge, there is only one prior
report”® of a molecular zinc complex of bdc; at the outset of
this project, we did attempt some preliminary syntheses that
targeted zinc(I) complexes, but these attempts yielded only
intractable, insoluble materials in each case. Therefore, we
chose to pursue the better precedented ruthenium species of
bdc, tdc, and ™tdc as spectroscopic/electrochemical control
complexes, and the results from our studies of these
compounds are included here.

Synthesis of the desired complexes 1-Ru, 2-Ru, and 3-Ru
was achieved under conditions similar to those reported by
Llobet and co-workers, and our "H NMR data of 1-Ru and 2-
Ru matched those reported 3previously by Sun and Llobet (see
SI, Figures S11 and S12).>””° For the newly reported complex
3-Ru, 'H and BC{'H} NMR with related 2D NMR studies
were used to confirm the formation of the desired complex,

https://doi.org/10.1021/acs.inorgchem.3c02397
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Figure 1. Solid-state structure (XRD) of 1-UO,’. All hydrogen atoms, a cocrystallized dimethylformamide molecule, and a second molecule of 1-
UO,’ found in the asymmetric unit are omitted for clarity. Displacement ellipsoids are shown at the 50% probability level.

which bears a high similarity to 2-Ru (see the SI, Figures S13—
S18). On the basis of both literature data and our
characterizations, bdc and the related tdc and "tdc ligands
adopt a tetradentate coordination to Ru(1l); each of the
complexes feature virtually octahedral Ru(II) centers.'”*’
Infrared spectra of 1-Ru, 2-Ru, and 3-Ru in both the solid
and solution phases display peaks corresponding to the
functional groups present in the polypyridyl dicarboxylate
ligand backbones of each complex (see the SI, Figures S32—
$38).

Solid-State Structure of 1-UO,’. In the prior study from
Rao and co-workers, crystals of a bdc-ligated uranyl complex
were grown in 1:5 (v/v) DMSO:H,O from the in situ
complexation of uranyl by bdc.'” With this in mind, we
investigated whether crystals could be grown of the isolated 1-
UO,’ material from a purely organic solvent system. We were
also interested in comparing the structural parameters for 1-
UO," with those of the prior uranyl-bdc structure and the
perhaps more broadly recognized Ru-bdc structure. Indeed, we
found that crystals suitable for single-crystal XRD analysis of 1-
UO,’ could be grown by vapor diffusion of diethyl ether into a
concentrated solution of 1-UQ," in N,N-dimethylformamide
(DMF); the structure is reported in Figure 1. The presence of
the coordinating solvent DMF in the crystallization environ-
ment led to the exchange of NEt; on 1-UO,’ for DMF, bound
to uranium through oxygen in the structure obtained (see the
SI, pp. S75—S76 for details on this structure). In spite of the
noted ligand exchange, most parameters for the prior structure
of 1-UO, and our new structure are similar; the bdc ligand is
bound to the uranyl ion in a k*-[N,,0,] fashion in both cases.
The bpy core of bdc is quite planar when bound to uranyl, as it
is in the case of 1-Ru; we quantified this through measurement
of the average torsion angle between the pyridyl rings in the
bipyridyl ligand core (denoted as Ointer-ring in Table 1; the value
of this parameter is a modest 3.5(1)° for 1-UO,’). Addition-
ally, the oxo groups of the uranyl remain intact with U-O,,,
distances consistent with uranium in the +6 oxidation state
(1.781(6) and 1.757(6) A).*"

In the structure of 1-UO,’ (See the SI, pp. S75—S76 and
Table S17), typical bond lengths and angles were observed that
are in agreement with the previously reported structure of 1-
UO,. In both 1-UO, and 1-UQO,’, the uranium center sits more
in-plane with the bdc ligand compared to the analogous Ru(II)
complex Ru(bdc)Me-py,, as quantified by the parameter ¥y,
in Table 1. Inspection of the M—ligand bond distances in the
U(VI) and the Ru(II) complexes reveals longer U-ligand
bonds than the analogous Ru—ligand bonds, consistent with

Table 1. Comparison of Selected Structural Parameters
from X-ray Diffraction Analyses of 1-UO,’, 1-UO,, and
Ru(bdc)Me-py,

1-UO,’ 1-UO, Ru(bdc)Me-py,
7 2 1 1
chelate coordination mode  k*-[N,,0,]  «*[N,,0,] k*[N,,0,]
U-05,,, 1.781(6)*  1.78(1)
U—06,, 1.757(6)“ 1.77(1)
M—N1, erqe (&) 2.534(6)" 2.54(1) 1.914(7)
M—N2, g0 (A) 2.536(6)" 2.54(1) 1.950(8)
M=01,,ge (A) 2.317(6)°  2.31(1) 2.216(7)
M—=02,erge (A) 2.317(6)“ 2.33(1) 2.172(7)
ZN1-M—-N2 62.2(2)" 62.5(4) 81.2(3)
¥, (A 0.007 0.007 0.025
Opcr-ring (deg)” 3.5(1)" 20(2) 2.5(1)
reference this work ref 15 ref 24

“Value in parentheses refers to the e.s.d. that is the largest for an
individual entry among the independent values used to compute the
average. YDefined as the absolute value of the average distance
between the metal atom and the mean plane defined by O1, N1, N2,
and O2. “Defined as the absolute value of the average torsion angle
between the pyridyl rings in the bipyridyl ligand cores.

the anticipated larger ionic radius of the uranium center. The
bite angle of the bipyridyl core on the metal center is notably
smaller for the uranium center in 1-UQ,’ than that in the case
of the Ru center in Ru(bdc)Me-py,; this is consistent with the
positioning of the U center at a greater distance from the bpy
core as well as the relatively rigid nature of the ligand
backbone. Taking all of these trends and the metrical
parameters together, these structures underscore the versatility
of bdc to support both Ru(II) and U(VI) in a tetradentate
fashion.

Electronic Absorption Spectra. Having established the
formulation of our materials isolated from synthesis under
nonaqueous conditions, we next measured the electronic
absorption properties of our complexes in DMF. In the case of
1-UO,, we measured strong absorption features between 265
and 340 nm which we ascribe to z-to-7* transitions of the 2,2’-
bipyridyl core on the basis of their large molar absorptivity
values of approximately 10,500 M~' cm™ and resemblance to
those of related complexes containing 2,2'-bipyridyl (see SI,
Figures S39 and $40).>*’ Additionally, we observed a rich
feature with vibronic structure that can be assigned as arising
from the uranyl unit itself; this feature can sometimes be
measured for U(VI) complexes between 345 and SSS nm,
although it is often obscured by lower energy ligand-to-metal

https://doi.org/10.1021/acs.inorgchem.3c02397
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Figure 2. Electronic absorption spectra of 1-UO, in DMF (top), DMSO (middle), and a 1:5 (v/v) DMSO—H,O mixture.

charge transfer (LMCT) bands involving equatorial li-
gands.”**° These features are most often observed in
absorption spectra of simple salts of U(VI) or when the
equatorial ligands surrounding uranyl are not strongly
absorbing in this region.”** Documented in a variety of
media, this region typically reveals between 6 and 14 peak
maxima with £ < 100 M™' cm™ due to LMCT transitions
from the -yl oxygens of the uranyl unit into empty orbitals on
U(VI).**~"" Gratifyingly, we were able to observe these uranyl-
based vibronic features in the spectra of 1-UO, as the
absorptions based on the 2,2'-bipyridyl core appear at higher
energies under our chosen measurement conditions.

With this appealing opportunity to probe these transitions of
uranyl in organic solvents and in the presence of the
tetradentate bdc ligand, we investigated variations in these
transitions in the solvents DMF, DMSO, and a 1:5 (v/v)
DMSO:H,0 mixture, where 1-UO, is highly soluble. In each
solvent, seven peak maxima were clearly observed that
exhibited the low molar absorptivity values expected for
uranyl-based LMCT transitions (€430 ym =~ 36 M™! ecm™), with
additional shoulders distinguishable in spectra taken in DMSO
and the 1:5 (v/v) DMSO:H,0 mixture (see Figure 2 and
Figures S41 and S42 in the SI). Slight variations in the peak
energies can be seen for 1-UQ, in the various solvents, with 1-
UO, in DMF displaying the most red-shifted feature at the
lowest energy (2.55 eV) and 1-UO, in the DMSO:H,0
mixture showing the most red-shifted feature at the highest
energy (2.57 eV; see Figure 2). As a result of the highly
coordinating nature of the solvents used here and the inclusion
of a DMSO solvent molecule in 1-UO, itself, we hypothesize
that the differences in the peak energies of the features in the
various solvents can be ascribed to solvent exchange in the
equatorial belt of the U(VI) center. This is consistent with the
solvent exchange observed during the crystallization of 1-UO,’

(vide supra) and the known propensity for solvent ligands to
undergo rapid exchange at U(VI) centers.*”*

In the cases of the control ruthenium compounds, we also
measured a strong absorption feature attributable to #-to-z*
transitions of the 2,2-bipyridyl core at 4, = 302 nm for 1-Ru
(see the SI, Figures S56 and $57).”** The spectrum of 1-Ru
also contains two broad absorptions attributable to metal-to-
ligand charge transfer (MLCT) bands between 320 and 520
nm, which are in agreement with the expected bands for
ruthenium in the +2 oxidation state.’® Similar profiles were
also observed for 2-Ru and 3-Ru showing both the strongly
absorbing features in the UV region (4., = 280 and 333 nm
for 2-Ru, A, = 292 and 338 nm for 3-Ru; see the SI, Figures
S58 and S61) as well as the two broad absorptions in the
visible region (A, = 498 and 548 nm for 2-Ru, 4,,,, = 502 and
551 nm for 3-Ru) consistent with MLCT bands. Notably, the
energies associated with the wavelengths of the lowest-energy
absorption bands for 1-Ru (2.94 eV), 2-Ru (2.26 V), and 3-
Ru (2.25 eV) reveal a monotonic relationship of decreasing
energy (increasing wavelength) for these compounds. This
trend can be ascribed to the increasing degree of conjugation
as the ligand changes from bdc to tdc to "tdc since the lowest
unoccupied molecular orbital (LUMO) of the dicarboxylate
ligand is implied by the data to serve as the electron acceptor
upon absorption of light by the ruthenium complexes.

Generation and Spectroscopic Characterization of
U(V). With the electronic characteristics of 1-UO, in hand, we
next investigated the accessibility of U(V) within this ligand
framework. The firm understanding of the absorption
characteristics of 1-UO, afforded by the electronic absorption
studies enabled us to begin to bracket the redox potential of 1-
UO, via spectrochemical titrations. Significant reactivity was
observed when aliquots of decamethylcobaltocene (Cp*,Co;
Ey ), = —1.91 V vs Ec*’? in MeCN)** were added to 1-UO, in
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Figure 3. Titration of 1-UO, in DMF (0.022 mM) with increasing amounts of Cp*,Co showing clean, one-electron reactivity as monitored by

electronic absorption spectroscopy.

DMF. A sharp feature around 300 nm, indicative of [Cp*,Co]*
generation, can be seen growing in over the course of Cp*,Co
additions up to 1 equiv with isosbestic points at 323 and 332
nm, revealing that the desired electron transfer does take place
(Figure 3). The reduced species appears to be stable under
these conditions; across the time scale of our titration
experiments (30 min to ca. 2 h), neither further spectral
evolution nor precipitation of solids was observed. We could
be confident in the assignment of this process as a 1-electron
reduction as only dilution effects were observed when excess
Cp*,Co was added, rather than further spectral evolution
corresponding to the generation of further equivalents of
[Cp*,Co]*, (see the SI, Figures S4S5 and $S46).

Conversely, no reactivity of the starting materials was
observed when cobaltocene (Cp,Co; E;/, = —1.33 V vs Ect/°
in CH,Cl,)** was added to 1-UO,. No spectral changes were
observed aside from dilution effects when aliquots of up to 1
equiv of Cp,Co were added to 1-UO, in DMF (see the SI,
Figure S49). The lack of reactivity between these two reagents
was verified by the observation of a linear relationship between
the equivalents of Cp,Co added and the ratio of absorbance at
325 nm with the concentration of 1-UQ, adjusted for changes
in volume (Figures SS53). This relationship represents the
linearized form of two summed Beer’s law relationships for the
two separate species that absorb at 325 nm (i.e,, Cp,Co and 1-
UO,); the slope of this line corresponds to the molar
absorptivity of Cp,Co at 325 nm, while the intercept of the line
corresponds to the molar absorptivity of 1-UQ, at 325 nm (see
the SI, p. S31 for a full discussion of the analysis). The close
agreement of the independently determined molar absorptivity
values of both species with the slope (slope = 6857 + 49 M™*
cm™ vs gc, = 7508 + 63 M™! cm™!; see SI, Figures S53 and
S$55) and intercept (intercept = 10258 + 65 M~ cm™'vs ey =
10541 + 168 M™' cm™'; see SI, Figures S53 and S40) of the
fitted data support the conclusion that 1-UO, does not
undergo reduction by Cp,Co in DMF. In an extended effort to

detect reactivity, excess Cp,Co was also added and allowed to
stir for nearly ten minutes, but no spectral changes were
observed in that experiment either (see the SI, Figures S51 and
$52).

In agreement with the evidence for electron transfer to
U(VI) obtained in the electronic absorption spectra, the 'H
NMR spectrum of a sample of 1-UO, mixed with a
stoichiometric amount of Cp*,Co in dg-DMSO shows the
complete disappearance of the diamagnetic features associated
with 1-UO,. A new feature indicative of the formation of
[Cp*,Co]*, the oxidized form of Cp*,Co, was observed at
1.68 ppm in addition to other new features that can be
assigned to reduced uranium species (see the SI, Figures SS
and S7). Isolated 1-UQ, is diamagnetic, featuring a conven-
tional '"H NMR spectrum containing only three aromatic
resonances for the bdc ligand and one aliphatic resonance for
the equivalent methyl groups of the bound DMSO ligand; this
is in accordance with the C,, symmetric nature of the complex
in solution (vide supra). Reduction of 1-UO, with Cp*,Co,
however, results in what appears to be eight individual sets of
resonances (singlets or multiplets) across a chemical shift
range that spans from 5 to 10 ppm (see the SI, Figure SS); the
observation of these resonances could be consistent with the
generation of multiple species upon reduction at the
concentration (12.7 mM) used for the NMR studies. The
resonances could be anticipated to be paramagnetically shifted
by the in-situ-generated U(V) to which the bdc ligand appears
to be bound on the basis of both electrochemical and infrared
data (vide infra). The reduced species observed by 'H NMR
appear(s) stable in solution for at least 24 h as evidenced by
the persistence of the spectral features at that time point (see
the SI, Figure S6), although we do note that a small amount of
gray precipitate was observed in the NMR tube after allowing it
to rest in the laboratory overnight. Taken together, we
anticipate that these findings indicate that the use of a higher
concentration of 1-UO, in the NMR work (12.7 mM
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Figure 4. Cyclic voltammetry data for 1-UO,. Conditions: 0.1 M [Bu,N]*[PF,]~ in DMF; scan rate: 100 mV/s; [1-UO,] = 1 mM.

compared to 0.022 mM used in the electronic absorption
studies; greater in the NMR case by 577x) could result in
additional chemical reactivity; no precipitation behavior was
observed in the titration studies with electronic absorption
spectroscopy.

Reductive Electrochemistry of 1-UO,. Having bracketed
the reduction potential of 1-UO, with the chemical redox
reagents, we also probed the electrochemical response of 1-
UO,. Cydlic voltammetry data for 1-UO, shown in Figure 4
reveal accessible reduction events at —1.35 and —1.67 V (all
potentials quoted vs Fc*/°) with corresponding, paired
reoxidation events at —0.77 and —1.36 V, respectively. This
is in good agreement with the titrations monitored by
electronic absorption spectroscopy (vide supra), as both of
these reductive features are located at potentials less negative
than that of the reduction potential of Cp*,Co, but at a more
negative value than that of Cp,Co. Chemical reactivity appears
to follow the electrochemical reductions measured in the
voltammograms based on the observation of anodically shifted
reoxidation waves (AEP values of 580 and 310 mV,
respectively) and scan rate-dependent data, which do show
only minimal increases in apparent chemical reversibility at
faster scan rates (see the SI, Figures $69 and S70). The follow-
up reactivity may be a result of the electrochemical conditions,
as at least one reduced form of 1-UO, appears to be persistent
in solution on the basis of the stable response observed in the
spectrochemical titrations and observation of NMR spectra
corresponding to in-situ-generated reduced species (vide
supra); however, as precipitate was observed in the NMR
study, multiple products appear accessible over longer times
and at higher concentrations in chemical work. As expected,
cyclic voltammetry data for 1-UQ,’ also collected in the DMF
electrolyte show an overall quite similar electrochemical profile
to 1-UO, (see the SI, Figure S71), consistent with the similar
structures of the two compounds that differ only by the
identity of the fifth equatorial ligand prior to dissolution in the
DMEF-based electrolyte.

16137

Scanning further negative toward the cathodic limit of the
conditions in these experiments near —2.4 V revealed another
reduction event with E,. = —2.3 V and corresponding
reoxidation with E,, = —2.2 V; we hypothesize that these
features are attributable to a direct ligand-centered reduction
process. The smaller value of AE, for this event (100 mV)
suggests a chemically reversible process, while the midpoint
potential of —2.25 V is relatively similar to the potential
measured for the reduction of both 1-Ru and free bdc (both
centered at —1.9 V vide infra). This implies that the generation
of a uranium (V) form of 1-UO, could result in a negative shift
of the ligand-centered reduction by 350 mV. This hypothesis is
consistent with the formation of the uranium(V) form of 1-
UO,, which would be an anionic species if no chemical
reactivity were to occur following electron transfer. Addition-
ally, we note here that the electrochemical data for 1-UO, and
1-UO,’ indicate that no significant quantity of free bdc was
generated upon electrochemical reduction of the uranium
complexes, as confirmed by the lack of an observable redox
signal centered at —1.9 V, suggesting that these species can
serve as effective ligands for both the isolated U(VI) and
reduced forms of the complexes. This finding is also in
accordance with the lack of observation of diamagnetic peaks
in the '"H NMR studies attributable to free bdc or its
presumably accessible deprotonated forms.

To further interrogate the nature of the reduced form(s) of
1-UO, and the apparent chemical reactivity that follows
reduction under electrochemical conditions, increasing
amounts of Cp*,Co were added to a solution of 1-UQO, in
the DMF electrolyte, and cyclic voltammograms were collected
on the resulting solution. Upon addition of Cp*,Co to the
solution, decreased current densities were observed for both
the two reduction features and the two oxidation features
associated with uranium-centered redox with 1-UO,; this
could be consistent with an overall decrease in the
concentration of 1-UO, (and/or reduction products derived
from it) present in solution (see the SI, Figures S72 and S73).
Evolution of the cyclic voltammetric data continued across
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additions of up to 1 equiv of Cp*,Co (on the basis of the
initial concentration of 1-UQ, present in the electrochemical
cell); the measured changes in response include the nearly
complete disappearance of the reductive feature at —1.35 V
and its corresponding oxidation at —0.77 V. The more negative
cathodic feature at —1.67 V and corresponding reoxidation
wave at —1.36 V persist to some degree, however, suggesting
that one reduced/reoxidized form of 1-UO, can remain in
solution. Ap/pealingly, a highly reversible couple corresponding
to the Co"™™ redox cycling of Cp*,Co*/Cp*,Co grows in at
—1.91'V; this is consistent with the noted changes being driven
in this work by the addition of Cp*,Co and electron transfer to
1-UO,. When more than 1 equiv of Cp*,Co was present, the
reductive feature at —1.67 V and its related reoxidation wave
remained measurable; slight decreases in its current were
observed beyond addition of 1 equiv of Cp*,Co, a behavior
consistent with dilution. The current associated with the
Co™™ couple increased after all additions, consistent with
buildup of both Cp*,Co* and Cp*,Co in solution.

Mirroring the NMR studies, a precipitate formed in the
electrochemical cell during the titration; the precipitate
became visible beginning around the addition of 0.5 equiv of
reductant. At this stage, we anticipate that electron transfer to
1-UO, in both DMSO (as in the NMR studies) or DMF-based
electrolyte (as in the electrochemical work) results in the
generation of insoluble species that drive the observable
precipitation behaviors. However, loss of the bdc ligand from
the uranium center does not appear to occur on the basis of
both the 'H NMR and electrochemical studies. We anticipate
that the observation of precipitates in both the chemical work
with NMR and the electrochemical studies could be associated
with the relatively higher concentration of uranium present in
both cases ([U], = 12.7 mM in NMR, 2 mM in electro-
chemical work) in comparison with UV—visible spectroscopic
studies (0.022 mM). Alternatively, the origin of the
precipitation behavior could be distinct in both cases. In the
case of the latter origin of the precipitation behavior,
electrochemical conditions could modulate the speciation of
1-UO, upon reduction, perhaps through the interaction(s) of
nascent reduced species with electrolyte ions. However,
considering that all the evidence obtained so far suggests
that some reduced species derived from 1-UO, remain in
solution over the time scale of minutes to hours, we pursued
further characterization data with infrared and near-infrared
spectroscopies to obtain evidence of the oxidation state of
species that can persist in solution.

Infrared and Near-Infrared Spectra of U(V). Clean one-
electron transfer to 1-UQ, was observed via electronic
absorption spectroscopy. Related "H NMR studies show that
at least one form of a reduced complex derived from 1-UO,
persists in DMSO solution after generation (at higher
concentration), and related findings were obtained from the
electrochemical studies in a DMF-based electrolyte. Impor-
tantly, the electrochemical work also indicates that 1-UO,
undergoes electrode-driven reduction at potential(s) positive
of those required for ligand-centered reduction. In light of this,
we further investigated the site of reduction through the
characterization of the in-situ-generated species derived from
1-UQ, in the near-infrared (NIR) region. While 2,2-bipyridyl
and compounds built on this core often display broad, long-
wavelength absorption features in this region, it has been well
documented that compounds containing U(V) display sharp
peaks in the NIR with & ~ 100 M~' cm™" between 1300 and

1600 nm.'”*>* Therefore, we anticipated that distinguishing
between a ligand-centered and U-centered reduction could be
achieved through the interrogation of NIR spectra of the
reduced uranium species. Upon adding 1 equiv of Cp*,Co to
1-UO, in DMF, two sharp features at A,, = 1338 and 1439
nm (7474 and 6949 cm™, respectively) were observed with
molar absorptivity values of ¢ = 13 and 10 M™' cm™,
respectively (Figure S). These values agree with the Laporte-
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Figure S. Comparison of NIR spectra of 1-UO, with 1 equiv of
Cp*,Co (blue) and Cp*,Co (gray) in DMF, supporting the
generation of the U(V) oxidation state upon electron transfer.

forbidden nature of these transitions and are similar to other
previously reported U(V) NIR features, supporting the
generation of U(V) under these conditions.*

With this support for the accessibility and identity of U(V)
in the bdc framework, we analyzed changes in the vibrational
spectra between U in the +6 and +5 oxidation states. The
asymmetric stretch of the UO,** unit in 1-UQ, in DMF can be
clearly observed as a strong feature at 912 cm ™" when detected
by IR; this stretching frequency is in good agreement with
previously reported stretches of U(VI) in the trans-dioxo
environment of uranyl.** Upon the addition of Cp*,Co to 1-
UO, in DMF, the strong v,,,,,(U—~0) was lost and a small new
feature can be observed at 800 cm™' where an asymmetric
stretch of U(V)—O might be expected, giving further evidence
for the ability of bdc to support U(V) in this system (Figure
6).'%"" Additionally, a complementary infrared spectrum was
collected by the addition of Cp*,Co to 1-UO, in DMSO; the
spectrum shows retention of a carboxylate C=O stretch,
consistent with the interaction of this moiety on the bdc ligand
remaining bound to uranium. These data provide further
evidence of the ability of bdc to support U(V) and remain
bound to the studied, presumably the anionic form of the
complex (see SI, Figure S29).

Although the structure and detailed composition of the
reduced form(s) of 1-UO, on which the spectroscopic and
electrochemical experiments could be carried out are not
known at this time, we can conclude from the assembled
evidence that the species retain(s) the bound bdc ligand and
feature(s) uranium in the +V oxidation state. As these features
appear established at this time, we have elected to denote the
reduced species (or mixture of species) detected in the
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Figure 6. Comparison of solution IR spectra collected for 1-UO, (black) and a sample obtained by mixing of 1-UO, with 1 equiv of Cp*,Co
(blue) in DMF, supporting the generation of the U(V) oxidation state upon electron transfer to 1-UO,.

spectroscopic and electrochemical work as [1-UO,]”, in
accordance with the measurements implying the presence of
U(V) and the retention of the bound bdc ligand. Regarding
the precipitation behaviors measured in select experiments,
one reviewer of this study helpfully suggested that the two
sequential, presumably uranium-centered reductions measured
in the electrochemical work could suggest the accessibility of
the U(IV) oxidation state in the DMF-based electrolyte. U(IV)
species could be anticipated to be more reactive than their
U(VI) or U(V) counterparts, meaning that they could
contribute to the formation of precipitates through further
reactivity. Thus, we note here that the observation of
spectroscopic and electrochemical features corresponding to
the generation of U(V) species does not preclude dispro-
portionation behaviors or involvement of U(IV) species in the
formation of the precipitates that could be seen visually during
select experiments.

Reductive Electrochemistry of Ruthenium Com-
plexes. As mentioned previously, ruthenium complexes of
bdc and related polypyridyl dicarboxylates tdc and *tdc were
synthesized as control compounds to aid in the assignment of
the site of reduction in 1-UQO,. Additionally, the Ru(II)
complexes have beneficial properties compared with the free
ligands in that they are more soluble and could be less likely to
engage in stacking interactions with the working electrode
surface; we have found that these difficult properties of H,bdc,
H,tdc, and H,™tdc preclude direct, extensive solution-phase
studies. Prior work with Ru(II) complexes of bdc and tdc has
demonstrated that these ligands can support complexes
showing rich redox chemistry, but investigations have focused
entirely, to the best of our knowledge, on their oxidative
electrochemical properties.”***° In particular, electrochemical
data show that such complexes can undergo sequential, metal-
centered oxidations that are chemically reversible, giving access
to the Ru™" and Ru™™ processes and underpinning the
ability of these complexes to serve as oxidation catalysts.' ">
On the other hand, the reductive electrochemical properties of
Ru(II) complexes of bdc, tdc, and ™tdc have not been
reported. Elucidation of these properties could be useful,
particularly because ruthenium is not known to readily
undergo reduction beyond the +2 oxidation state;”® thus,

16139

any reduction processes measured might be more readily
confirmed as ligand-centered in nature.”’

In line with our expectations based on prior work with
complexes containing the bipyridyl core motif, the cyclic
voltammogram (CV) of 1-Ru reveals that there is a single
accessible reduction event in dimethylformamide-based
electrolyte with a midpoint reduction potential (E,;) of
—1.90 V vs Fc*/° (Figure 7; Figure S73 in the SI). This process
appears to be chemically quasi-reversible, based on the

1 1

1.4

-1.6
E/Vvs. Fc*®

Figure 7. Cyclic voltammetry spectra of 1-Ru (top), 2-Ru (middle),
and 3-Ru (lower). Conditions: 0.1 M [Bu,N]*[PF4]~ in DMF; scan
rate: 100 mV/s; [Ru] = 1 mM in all cases.
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attenuated peak current associated with reoxidation of the
reduced form of the complex (Figure 7). Scan rate-dependent
data confirm, however, that both the oxidized and reduced
forms of 1-Ru are freely diffusing in solution, consistent with
the solubility of 1-Ru in DMF (see the SI, Figure S81). CVs
collected of 2-Ru and 3-Ru in the DMF electrolyte reveal
similar reduction processes with E,/,, values of —1.85 and
—1.80 V vs Fc*’", respectively (see Figure 7). However, these
processes appear significantly more chemically reversible in
nature, as the cathodic and anodic peak currents are similar for
each of these complexes at a variety of scan rates. As in the case
of 1-Ru, scan rate-dependent data for 2-Ru and 3-Ru confirm
the diffusional nature of the oxidized and reduced forms of
these compounds in the DMF electrolyte (see the SI, Figures
$82-885).

Notably, there is a uniform positive shift of the estimated
E, /, values for 1-Ru, 2-Ru, and 3-Ru (—1.90, —1.85, and —1.80
V, respectively). This shift in the reduction potentials to more
positive values is consistent with ligand-centered reduction of
the complexes, considering that (i) the expanded z-systems of
tdc and *tdc should enable reduction of these species at more
positive potentials than that of smaller bdc and that (i) ™tdc
contains a terpyridyl core with an additional conjugated phenyl
ring that should enable easier reduction of this ligand in
comparison to tdc. Indeed, the cyclic voltammetry data shown
in Figure 7 confirm this model of the reduction potentials of
the complexes and suggest that the processes measured in all
cases are ligand-centered.

In line with these results for the ruthenium complexes of
bdc, tdc, and Ttdc, preliminary CV data collected with the
free diprotic ligands display single reduction processes in all
cases. However, unlike the metal complexes, the free ligands
undergo chemically quasi-reversible reductions with E, ;, values
that are similar in each case and centered near —1.9 V (see the
SI, Figures S74—S79). In light of the measurement of similar
reduction potentials for each of the free ligands, we
hypothesize that the extent of the effective conjugation of
each species in solution may be quite different from those
measured in the corresponding ruthenium complexes (vide
supra), leading to similar reduction potentials. This may be

attributable to greater nonplanarity of the free ligands,
diminishing the effectiveness of conjugation that can be
confirmed in the metal complexes. Additionally, based on the
poorer apparent chemical reversibility of the reduction waves
measured for the free organic molecules, chelation of the
ligands to ruthenium results in increased stability of the
reduced forms of the ligands, particularly in the case of tdc and
Phtdc. However, as each free ligand and metal complex can
undergo single reduction processes, the available data do
suggest that the reduction events are predominantly centered
on the conjugated organic ligand core in all cases.

Computational Studies of Reduced Complexes. DFT
calculations were used to probe the electronic structure of the
complexes prepared in this study and their reduced analogues
to aid in the differentiation between metal- and ligand-centered
reduction. Beginning with coordinates of each complex derived
from structural data from X-ray diffraction analysis, optimized
geometries for neutral and reduced forms of the complexes
were computed (see SI, pp. S53 and S65 for the Cartesian
coordinates). Based on these structures, highest occupied
molecular orbitals (HOMOs), lowest unoccupied molecular
orbitals (LUMOs), singly occupied molecular orbitals
(SOMOs), and spin density plots were visualized to gain
insight into the distribution of electron density in the reduced
species (e.g., Figure 8). Spin density is defined as the difference
between p, and pj (i.e., the density of a-spin electrons minus
the density of f-spin electrons). Therefore, blue regions
correspond to an excess of a density and the light-green
regions to an excess of f§ density (e.g., top right structure in
Figure 8). Furthermore, we remind the reader that an orbital is
not a density (the latter in DFT is obtained as the sum of the
modulus squared of the occupied orbitals), and the colors in
the orbital isodensity surfaces only reflect the sign of the orbital
in a certain region of space; however, the sign value is arbitrary
as it disappears when the density is computed. Nonetheless,
one would expect that the shape of the spin density and that of
the SOMO in the reduced species to be similar if the extra
electron is mainly localized in the SOMO.

Calculations on 1-UO,’" reveal a distinctly metal-based
SOMO upon reduction of the parent complex by le™.
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Employing the coordinates from the crystal structure of 1-
UO,’, HOMO and LUMO are visualized for the neutral form
of the complex, as shown in Figure 8. While the HOMO is
primarily on the ligand, the LUMO is metal-centered and
becomes populated upon the addition of one electron. This is
consistent with the high-valent nature of U(VI) and the
propensity for this system to undergo reduction, as discussed
above. In the reduced form of 1-UOQ,’, the orbital containing
the unpaired electron and the spin density bears a stron%
resemblance to the f,> ) orbital from the general Sf set.*
The spin density is localized on the uranyl ion with significant
P electron density extending out onto the oxo groups of the
uranyl moiety, an observation consistent with the multiple-
bond character of the uranyl ion and the recognized propensity
of uranium(V) species to display greater oxo-centered basicity
than their uranium(VI) counterparts.'” Charge analysis finds
that 48% of the charge in [1-UO,’]™ is accounted for by the
uranium center itself, whereas only 30% can be accounted for
by atoms contained in the bdc framework (see the SI, Table
S11).

In addition to these observations relating to the calculated
orbitals, significant structural changes were computationally
observed upon reduction that support a uranium-centered
reduction process. All of the U-N and U—O interactions that
tether uranyl to bdc lengthen upon reduction (with an average
increase of 0.064 A for the U—N bonds and 0.122 A for the
U-O bonds), indicating that the uranyl unit becomes more
electron-rich. On the other hand, computing the W), parameter
for the U metal centers in 1-UO,’ and [1-UQ,’]™ reveals that
the value of this parameter does not change significantly upon
reduction (from 0.007 for 1-UO,’ to 0.001 for [1-UO,’]7),
indicating that the U center remains situated in the planar
tetradentate pocket provided by bdc even upon generation of
the monocationic UO,". Upon reduction, the monocationic
nature of UO," is further evident in the calculated elongation
of the U-0,,, distances by 0.058 A for both oxo oxygens, a
value consistent with elongations measured in prior structural
work."? Additionally, consistent with the metal-centered nature
of the reduction of 1-UO,’ but in contrast to the ligand-
centered reduction behavior of 1-Ru (vide infra), the bipyridyl
CS—C6 distance in [1-UO,’]” is only slightly contracted
compared to the neutral 1-UO,’ (Adcs_cs = 0.006 A; see the
SI, Table S12), highlighting the capability of bdc to support
uranium species in lower valencies. Indeed, the electrochemical
data suggest that the ligand-centered reduction of species
derived from 1-UO, or 1-UO,’ occurs at potentials
significantly more negative than those required for the
reduction of U(VI) to U(V).

Time-dependent density functional theory calculations (TD-
DFT) based on the MO6L functional were carried out on the
reduced species [1-UO,’]” to confirm the presence of
transitions originating from orbitals derived from f parentage.
Indeed, the 20 lowest transitions of the same spin symmetry as
the ground state involve f orbitals (Table S13). Some of these
transitions have small but nonzero oscillator strength in the
near-IR region, which is in accordance with the measured
spectral properties of [1-UO,]” from the spectrochemical
titrations. Although these calculations are somewhat limited in
scope, as they ignore relativistic effects such as spin—orbit
coupling that could reveal other transitions with non-negligible
intensity, they support the interpretation of the experimental
data in that both charge transfer transitions and transitions in
the near-IR were measured, which could correspond to f-to-f

transitions. Similar results were also obtained at the TD-
B3LYP and TD-CAM-B3LYP levels of theory (see Tables S14,
S1S and Figure S93).

In the case of the neutral form of 1-Ru, the HOMO resides
primarily on the metal, with a small amount of electron density
extending to the atoms that are directly coordinated to Ru(1I).
The LUMO, on the other hand, is ligand-centered and
becomes populated with electron density upon reduction, as
seen in the SOMO and spin density maps (Figure 9).

LUMO SOMO

Figure 9. (a) HOMO and LUMO of 1-Ru; (b) Spin density and
SOMO of [1-Ru]".

Consistent with ligand-centered reduction and the conjugated
nature of the bipyridyl core of bdc, structural changes in the
ligand were also calculated, including most notably contraction
of the C5—C6 distance (contraction of 0.043 A from 1-Ru to
[1-Ru]7; see the SI, Table S12).*° Additionally, atomic charge
analysis shows large increases in the charge density of the
pyridyl rings compared to ruthenium and the axial DMSO
ligands, where the charge on the pyridyl rings accounts for 74%
of the single additional anionic charge in [1-Ru]~ (see the SI,
Table S11). TD-DFT calculations also confirmed a tail at
longer wavelengths for [1-Ru]™ compared to its neutral
analogue, in line with the spectral properties anticipated for a
bipyridine anion with radical-like character in the reduced
compound and consistent with experimental spectra (see
Figures $94—S99, where calculations are performed with all
density functionals).

The DFT calculations of 2-Ru and 3-Ru yielded similar
evidence of the preference for ligand-centered reduction (see
the SI, Figure S92 for visualizations of 2-Ru and [2-Ru]"). In
both cases, the HOMO remains primarily on Ru(II) and the
atoms directly bonded to it with the bulk of the LUMO
residing on the ligand (Figure 10). Upon reduction, the
SOMO again appears to be populated by a ligand-centered
radical, but notably, a nonsymmetric distribution of electron
density is observed for the tdc and "tdc complexes. In
particular, the ligand-centered electron spin density is greater
on the region of the complex that bears the carboxylate
functionality positioned in greater conjugation with the
terpyridyl z-system and coordinated to ruthenium. This
carboxylate group is associated with a short Ru—O distance
of ca. 2.2 A in the data from XRD (see the SI, Table S16).
Thus, the in-plane conjugation of the Ru-bound carboxylate
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a)

LUMO
Figure 10. (a) HOMO and LUMO of 3-Ru; (b) spin density and the SOMO of [3-Ru]".

b)

group affords an electron-withdrawing effect with a portion of
unpaired spin density present in the carboxylate group that is
in conjugation with the terpyridyl core. On the other hand, less
electron spin density was found on the pyridyl ring adjacent to
the unbound carboxylate that is formally not metal-bound
(Ru--O distance of ca. 3.7 A; see Table S16). This
arrangement allows the formally anionic carboxylate to repel
the nascent electron spin density placed into the LUMOs of 2-
Ru or 3-Ru, resulting in the nonsymmetrical delocalization of
electron spin density in these systems. Therefore, the relative
orientation of the carboxylate groups with respect to the ligand
plane has the net effect of localizing most of the charge density
on the pyridyl rings containing N1 and N2 (and away from the
N3 ring) in the reduced forms of both 2-Ru and 3-Ru. In the
case of [2-Ru]”, the charge density resides at 34% on the
pyridyl containing N1, 33% on the pyridyl containing N2, and
only 9% on the pyridyl containing N3. For [3-Ru]~, the charge
density resides 26, 40, and 11% on the rings containing N1,
N2, and N3, respectively (see the SI, Table S11); the
additional phenyl group of tdc stabilizes the spin density
on the N2 ring through its conjugated structure.

Further support for the localization of most of the unpaired
spin on a bipyridyl core within tdc or tdc is provided by the
determination of a nonsymmetric contraction of the inter-ring
linking C—C bonds (Adcs_cs = 0.037 A; Adcjg_ciq = 0.004 A)
(see the SI, Table S12). In the case of [2-Ru]~, the C5—C6
distance is contracted by 0.037 A compared to 2-Ru, which
compares well with an experimental value that we have
measured (Adcs_cg = 0.048 A) for a set of related
[Cp*Rh(bpy)] (Cp* = pentamethylcyclopentadienzrl) com-
plexes displaying significant reduced ligand character.”® Similar
to [2-Ru]™, a contraction of 0.028 A was observed in the C5—
C6 bond of [3-Ru]™. Taken together, these findings support
the hypothesis that the first reductions measured for 1-Ru, 2-

Ru, and 3-Ru are ligand-centered in nature. Also, for these two
complexes and for 1-Ru, TD-DFT spectra reveal a tailing
absorption at longer wavelengths in the simulated spectra
computed for the reduced species, by comparison to the
spectra for the neutral species, in all choices of density
functionals (see the SI, Figures $94—599).

B DISCUSSION

Prior structural and metal-binding equilibrium studies in
aqueous media have suggested that complexes of U(VI) and
bdc could be formed, but no synthetic route or character-
ization data for these complexes under nonaqueous conditions
have been reported. With the properties of these species
partially established in the prior work, we were encouraged to
target the development of a protonolysis-driven synthetic
strategy for bdc complexes of uranyl. Under nonaqueous
conditions, we were able to isolate the molecular complex 1-
UO, and probe the ability of bdc to support uranium in the +5
oxidation state. Indeed, the addition of 1 equiv of Cp*,Co, a
well-known one-electron reductant, resulted in the clean
formation of a reduced species whose spectral features are
indicative of the formation of U(V). The spectra given here
support the oxidation state assignment of U as +5 and add to
the limited reports of U(V) complexes, which can still be
considered to be a frontier area in the f-element commun-
ity.""'* We also extended the characterization of the bdc-
ligated species in this report to their electrochemical behavior.
In particular, we note that preliminary evidence from this work
suggests that the U(V) forms of these compounds are
significantly more promiscuous in their reactivity and prone
to speciation than the stable U(VI) starting materials on the
basis of the features in voltammetry, implying that chemical
reactivity occurs upon reduction. However, the observation
that these complexes undergo uranium-centered reductions at
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potentials well positive of the practical limit for work in DMF-
based electrolyte and that U(V) is accessible in this ligand
framework suggest that bdc could be a useful ligand platform
for further studies of reduction-induced reactions of higher-
valent uranium or other actinyls.

In our study of the reductive chemistry of uranyl complexes
supported by the polypyridyl dicarboxylate ligands, we
anticipated that a valuable comparison could be made between
the U complexes and their Ru-ligated analogs to aid in the
distinction between metal- and ligand-centered reduction, as
the reduction would likely be ligand-centered when Ru(II) is
the metal center in question. While prior electrochemical
studies of polypyridyl dicarboxylate complexes of ruthenium
have established the ability of these ligands to support metals
under highly oxidizing conditions, even allowing for the
multiple metal-centered oxidations involved in catalysis of
water oxidation, the reductive electrochemical properties of
these ligands were not reported until now. We investigated the
electronic properties of 1-Ru, 2-Ru, and 3-Ru and found that
the profiles of these species indicate the presence of an
accessible ligand-based LUMO that shifted to lower energies as
the extent of conjugation increases in the ligand backbone.
While differences in coordination environments between 1-Ru,
2-Ru, and 3-Ru are evident both spectroscopically and
structurally, insight from computational results indicates a
comparison of these complexes is useful; electron density
associated with transfer of le” to these complexes was
confirmed to undergo delocalization across each conjugated
system, with greater conjugation driving more extensive
delocalization in the 2-Ru and 3-Ru systems in particular.
However, a bipyridyl-like motif was predicted by the
calculations to be preserved at the core of each reduced
complex; reduction of the ligand in each case was shown to
result in lengthening of one inter-ring bond (C5—C6) but not
the adjacent inter-ring distance. This observation made
comparison of all three complexes in the computational
studies especially gratifying in this case, as these results agree
well with experimental electrochemistry. More generally, the
observation of accessible redox couples for the Ru(II)
complexes in electrochemical investigations and the apparent
uniform positive shift of these E, /, values as the conjugation of
the ligand backbone is extended are indicative of ligand-based
reduction in the Ru(1l) complexes, especially since ruthenium
is not known to readily undergo reduction beyond the +2
oxidation state.”>*° Appealingly, the computational work
provides a direct link between our work with the polypyridyl
dicarboxylate complexes and prior experimental work with
systems featuring reduced ligand character in that the
quantitative structural metrics from experimental investigation
of the noted bipyridyl systems compare quite well with the
computationally derived metrical data presented in the current
work.

Finally, while the bdc ligated species of uranyl were soluble
and could be characterized by solution-phase techniques, the
more extensive conjugation of H,tdc and H,™tdc appears to
drive the formation of highly insoluble material upon reaction
with uranyl precursors in both cases. This result is likely also
attributable to the anticipated pentadentate nature of the tdc
and ™tdc frameworks in that protonolysis reactivity would
generate neutral complexes of [UO,]*" supported by the
dianionic ligands that could be quite insoluble in polar organic
solvents. We note that prior work from Mazzanti and co-
workers has proven the utility of tdc-like frameworks for

studies of lanthanide chemistry;51 thus, the current work
suggests that additional derivatization of the tdc core with
solubilizing alkyl groups could engender greater solubility for
solution-phase studies. Further exploration of the coordinative
properties of dicarboxylate ligands in actinide chemistry is
called for, in any case, as both U(VI) and U(V) appear to bind
stably to bdc, even in coordinating media.

B CONCLUSIONS

We have prepared and characterized two U(VI) complexes
supported by polypyridyl dicarboxylate ligand bdc. Comple-
mentary electronic absorption spectra and signature features in
the near-infrared spectral region show that the site of the first
reduction in such complexes is uranium-centered, giving rise to
a U(V) complex supported by bdc. This was distinguished
from a ligand-centered process by comparison of the reductive
chemistry of 1-UO, with control Ru(Il) compounds, whose
first accessible redox process is ligand-centered in these
complexes. Reductive electrochemical studies of 1-UO,,
however, reveal that the uranium(V) complexes are likely
less stable in solution than their uranium(VI) counterparts and
undergo speciation, possibly involving the formation of
secondary species deserving of investigation in future work.
Solid-state structural data from X-ray diffraction analysis of
both U(VI) and Ru(II) complexes in this family highlight the
useful flexibility of bdc, which enables it to ligate these metals
of differing sizes and oxidation states despite its highly
conjugated nature. This work represents the first report of
the reductive characteristics of polypyridyl dicarboxylate
ligands and their metal complexes, highlighting their unique
ability to support reduced forms of uranyl and building on
their robust chemistry from the field of redox catalysis. As
these sturdy ligands are resistant to reduction until rather
negative potentials and display notable carboxylate-influenced
spin density properties upon reduction, polypyridyl dicarbox-
ylates represent an exciting family of ligands for future
investigations under reducing conditions.

B EXPERIMENTAL SECTION

General Considerations. All manipulations were carried out in
dry N,-filled gloveboxes (Vacuum Atmospheres Co., Hawthorne, CA)
or under a N, atmosphere using standard Schlenk techniques unless
otherwise noted. All solvents were of commercial grade and dried over
activated alumina using a PPT Glass Contour (Nashua, NH) solvent
purification system prior to use and were stored over molecular sieves.
2,2'-Bipyridyl, 2,2":6’,2"-terpyridyl, 2-acetylpyridine, and benzalde-
hyde were purchased from Aldrich, Oakwood Chemical, and Sigma-
Aldrich, respectively, and were used without further purification.
RuClL,DMSO,,* 2,2 -bipyridyl-6,6’-dicarboxylic acid,®® 2,2:6'2"-
terpyridyl-6,6”-dicarboxylic acid,” 4’-phenyl-2,2':6’,2"-terpyridyl,>*
4'-phenyl-2,2":6',2"-terpyridyl-N,N-dioxide,” 4’-phenyl-2,2:6",2"-
terpyridyl-6,6”-dicarbonitrile,”® 1-Ru,”® and 2-Ru** were prepared
according to literature procedures. Deuterated solvents were
purchased from Cambridge Isotope Laboratories.

'H and “C NMR spectra were collected on 400 or 500 MHz
Bruker spectrometers (Bruker, Billerica, MA, USA) and referenced to
the residual protio-solvent signal.>' Infrared spectra were collected on
the benchtop in an open atmosphere using a Shimadzu IRSpirit
Fourier Transform infrared spectrometer in transmission mode using
KBr solid pellets or with a solution cell. Electronic absorption spectra
were collected with an Ocean Optics Flame spectrometer equipped
with a DH-Mini light source (Ocean Optics, Largo, FL, USA) using
quartz cuvettes. Experimental high resolution mass spectrometry data
were collected on an LCT Premier mass spectrometer equipped with
a quadrupole time-of-flight mass analyzer and an electrospray ion
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source. Predicted mass spectrometry data were obtained from the
PerkinElmer Informatics ChemDraw Professional Suite. Elemental
analyses were performed by Midwest Microlab, Inc. (Indianapolis, IN,
USA), the University of Southern California (Los Angeles, CA, USA),
and the CENTC Elemental Analysis Facility at the University of
Rochester.

X-ray Crystallography. Crystals were mounted using Paratone
oil with MiTeGen loops and placed under a cold nitrogen stream for
data collection. For 1-UO,’, low-temperature (120 K) X-ray data
were collected using 0.5° @- or @-scans on a Bruker D8 3-circle
diffractometer with a PHOTON-II detector. X-rays were provided by
a fine-focus Mo-sealed tube running at S0 kV and 35 mA (Mo Ka =
0.71073 A). All diffractometer manipulations for 1-UO,’, including
data collection, integration, and scaling, were carried out using the
Bruker APEX4 Software Suite.”® For 3-Ru, low-temperature (145 K)
X-ray data were collected using 0.5°-wide @- or ¢-scans on a Bruker
D8 Venture diffractometer with a Photon III CPAD detector
equipped with Helios high-brilliance multilayer mirror optics. X-rays
were provided by an IuS 3.0 Microfocus Mo sealed tube running at 50
kV and 1.4 mA (Mo Ka = 0.71073 A). All data manipulations for 3-
Ru were carried out using the Bruker APEX4 Software Suite.”” The
data set for 3-Ru was corrected for absorption using the multiscan
method by SADABS, while a numerical face-indexed absorption
correction was used for 1-UO,’.*® SHELXT was used to solve each
structure using intrinsic phasing methods.*” Final stages of weighted
full-matrix least-squares refinement were conducted using F,> data
with SHELXL in SHELXle.*’

All non-hydrogen atoms were refined anisotropically. Nonmethyl
hydrogen atoms bonded to carbon in each complex were fixed at
idealized riding model sp’ or sp*-hybridized positions with C—H
bond lengths of 0.95—0.99 A. Methyl groups were incorporated into
the structural models either as sp*-hybridized riding model groups
with idealized “staggered” geometry and a C—H bond length of 0.98
A or as idealized riding model rigid rotors (with a C—H bond length
of 0.98 A) that were allowed to rotate freely about their N—C bonds
in least-squares refinement cycles. The isotropic thermal parameters
of the idealized hydrogen atoms in all structures were fixed at values
1.2 (nonmethyl) or 1.5 (methyl) times the equivalent isotropic
thermal parameter of the carbon atom to which they are covalently
bonded. The relevant crystallographic and structure refinement data
for structures 1-UQ," and 3-Ru are listed in Table S17.

Computational Details. All calculations were performed with a
development version of the Gaussian suite of programs using density
functional theory with Grimme’s D3 dispersion correction.’"®*
Ruthenium complexes were treated with the revised Minnesota 06
(MO6L) functional, which has been shown to give good agreement
with experimental results for geometric structure parameters (Ru—C/
0).” The def2TZVP basis set with Stuttgart/Dresden (SDD)
effective core potential (ECP) was used for Ru in all calculations
and 6-31++G (d, p) was used for the remaining atoms H, C, N, O,
and S.°*% Geometry optimization of the uranium complexes was
performed using the B3LYP functional and treated with small-core
Stuttgart/Dresden ECPs within the quasi-relativistic Wood-Boring
correction.’”®” ECP60MWB was used to match the valence basis set
for uranium, and the remaining atoms (H, C, N, and O) were treated
with the 6-31g(d) basis set.*>%%% The solvent (DMF) was modeled
by the solvation method based on density (SMD).”® All geometry
optimizations were carried out in solution. Geometries of the neutral
compounds were optimized as singlets, and the reduced compounds
were optimized as doublets. Plots of calculated Kohn—Sham orbitals
were generated using Gaussview (v. 5.0.8) with an isovalue of 0.04
and spin density maps with an isovalue of 0.002. Note that although
the calculations discussed in the main text used the optimal functional
for each metal complex based on the available literature, we also
performed single-point cross calculations using the other functional
for the complexes of the two metals and confirmed the same
qualitative picture. TD-DFT calculations were performed at the
corresponding level of theory and basis set as for the ground-state
calculations.

Electrochemistry. Electrochemical experiments were carried out
in a nitrogen-filled glovebox. Tetra(n-butylammonium) hexafluor-
ophosphate (Sigma-Aldrich, electrochemical grade; 0.1 M in DMF)
served as the supporting electrolyte for all experiments. Measurements
were made with a Gamry Reference 600 Plus potentiostat/galvanostat
using a standard three-electrode configuration. The working electrode
was the basal plane of highly oriented pyrolytic graphite (HOPG)
(GraphiteStore.com, Buffalo Grove, IL; surface area: 0.09 cm?), the
counter electrode was a platinum wire (Kurt J. Lesker, Jefferson Hills,
PA; 99.99%, 0.5 mm diameter), and a silver wire immersed in the
electrolyte served as a pseudoreference electrode (CH Instruments).
The reference was separated from the working solution by a Vycor frit
(Bioanalytical Systems, Inc.). For all uranium complexes, a platinum
wire directly immersed in the working solution was used as a quasi-
reference electrode. Ferrocene (Sigma-Aldrich, twice-sublimed; 0.1
M) was added to the electrolyte solution at the conclusion of each
experiment, and the midpoint potential of the ferrocenium/ferrocene
couple (denoted as Fc*/®) served as an external standard for
comparison of the recorded potentials.

Synthetic Procedures. Preparation of UO,bdc Complexes 1-
U0, and 1-UO;’. 1-UO, is a known material characterized previously
by UV-—visible spectroscopy and single-crystal X-ray diffraction by
Rao and co-workers."” In the current work, we developed methods for
the preparation of bdc-ligated uranyl complexes and provided relevant
characterizations of each complex.

1-UO,. To a stirring solution of 2,2’-bipyridyl-6,6’-dicarboxylic acid
(0.049 g, 0.2 mmol) in a minimal amount of DMSO in a 20 mL
scintillation vial was added uranyl acetate dihydrate (0.085 g, 0.2
mmol) as a solid in open air, instantly turning the solution a vibrant
yellow color. The solution was stirred overnight at room temperature.
The next day, the yellow solution was transferred to an Erlenmeyer
flask and flooded with diethyl ether (~400 mL). The flask was
covered with Parafilm and cooled to 4 °C for at least 24 h. The
precipitate was collected via vacuum filtration and washed with
diethyl ether to yield 1-UO, as a pale-yellow solid (0.118 g, 99%). 'H
NMR (500 MHz, d,-DMSO) & (ppm): 9.27 (d, 2H, ] = 7.9 Hz), 8.76
(t,2H, J = 7.8 Hz), 8.68 (d, 2H, ] = 7.7 Hz), 2.54 (s, 6H, ] = 7.3 Hz).
BC{'H} NMR (126 MHz, d¢-DMSO) & (ppm): 170.95, 157.21,
156.18, 143.61, 127.28, 126.46. IR spectroscopy (KBr) v(cm™): 3426
(m, free water), 3111—-3015 (w, sp> C—H), 2927 (w, sp> C—H), 1656
(s, C=0), 1600 (s, C=N), 1569 (m, C=C), 1459 (s, C=C), 1410 (m,
sp> methyl C—H bending), 1367 (m), 1082 (w, S=0O), 1004 (m, C—
0), 963 (m), 908 (s, [UO,],;mm), 850 (w, 1,3-substituted ring sp
C—H bend), 842 (w), 778 (m, 1,3-substituted ring sp> C—H bend),
704 (w, 1,3-substituted ring sp> C—H bend), 679 (w), 645 (w), 575
(w, U=N). These analytical characterization data are in accordance
with the prior report of the formation and solid-state structure of 1-
UO, by Rao and co-workers."

1-UO;'". To a refluxing slurry of 2,2’-bipyridyl-6,6’-dicarboxylic acid
in methanol (0.049 g, 0.2 mmol) in a S0 mL flask was added
triethylamine (0.060 mL, 3 equiv) with stirring in open air, which
caused the reaction mixture to become homogeneous. Following this,
uranyl acetate dihydrate (0.085 g, 0.2 mmol) in minimal methanol
was added, which turned the solution yellow. The solution was
allowed to reflux in open air with stirring overnight. The next day, the
solution was filtered to remove any trace insoluble material and the
filtrate was concentrated in vacuo to afford 1-UO,’ as a yellow solid
(0.131 g, 99%). '"H NMR (500 MHz, d,-MeOH) & (ppm): 9.04 (d,
2H, ] = 7.9 Hz), 8.70 (d, 2H, ] = 7.6 Hz), 8.62 (t, 2H, ] = 7.8 Hz),
324 (q, 9H, J = 7.3 Hz), 1.32 (t, 13H, J = 7.2 Hz). *C{'H} NMR
(126 MHz, d,-MeOH) & (ppm): 174.37, 158.4S, 158.35, 143.81,
128.45, 126.88, 47.87, 9.21. IR spectroscopy (KBr) v(cm™): 3426
(m, free water), 3127—3024 (w, sp*> C—H), 2975 (w), 2938 (w),
2736 (w), 2676 (w), 2492 (w), 1657 (s, C=0), 1601 (m, C=N), 1458
(m, C=C), 1385 (s), 1271 (w, C—N), 1193 (w), 1162 (w), 1035 (w),
1016 (w, C=0), 910 (s, [UO, ] qymm), 849 (w, 1,3-substituted ring sp*
C—H bend), 778 (m, 1,3-substituted ring sp> C—H bend), 703 (w,
1,3-substituted ring sp* C—H bend), 675 (w), 638 (w), 577 (w, U—
N). Anal. Calcd for C;gH,;N;0.U (1-UO,’): C 35.35, H 345, N
6.85; Found: C 34.97, H 3.41, N 6.13. Calc for C;iH, N;0,U +
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0.5(CH;),SO: C 34.98, H 3.71, N 6.44. This analysis is consistent
with the incorporation of 0.5 equiv of DMSO during sample transfer
and handling. Single crystals suitable for XRD analysis were obtained
by vapor diffusion of diethyl ether into a concentrated solution of the
title compound in DMF.

Preparation of 4'-Phenyl-2,2':6',2"-terpyridyl-6,6"-dicarboxylic
Acid (H,;"tdc). The title compound was prepared according to the
literature procedure for preparation of closely related H,tdc with
relevant modifications.”> To a solution of 4’-phenyl-2,2":6',2"-
terpyridyl-6,6”-dicarbonitrile (0.20 g, 0.56 mmol) in 90% ethanol
(12 mL) in open air was added a solution of potassium hydroxide
(0.33 g, 10.5 equiv) in water (2 mL). The reaction mixture was
refluxed with stirring overnight, during which time a white precipitate
formed. The next day, the solvent was evaporated in vacuo and the
resulting solid was suspended in the minimal amount of water. The
pH was adjusted to ~1 with 1 M HCl(aq) and a white solid was
collected via vacuum filtration. This solid was then suspended in 1:1
H,S0,/CH;COOH (8 mL total volume) with 4 drops of water and
heated at 90 °C for 48 h. The resulting off-white mixture was poured
over ice, and a white precipitate formed which was collected via
vacuum filtration and washed with water and acetonitrile to give the
title compound as an off-white solid (0.22 g, 39%). '"H NMR (400
MHz, d.-DMSO) § (ppm): 8.96—8.91 (m, 4H), 8.25 (t, 2H, ] = 7.7
Hz), 8.21-8.18 (m, 2H), 7.98 (d, 2H, ] = 7.4 Hz), 7.66 (t, 2H, ] = 7.4
Hz), 7.59 (dd, 1H, ] = 8.4 Hz, ] = 6.0 Hz). *C{'"H} NMR (126 MHz,
deDMSO) 5 (ppm): 165.92, 154.86, 150.15, 148.00, 139.00, 137.53,
129.59, 129.36, 127.24, 125.13, 124.26, 119.20. IR spectroscopy
(KBr): v(ecm™) = 3666-3135 (s, H-bonding with H,0), 3124—2973
(m, sp* C—H stretching), 1733 (s, C=0), 1621 (s, C=N), 1596 (m,
C=C), 1584 (m, C=C), 1450 (s, C=C), 1095 (s, C—O), 764 (s, 1,3-
substituted ring sp> C—H bend), and 695 (m, 1,3-substituted ring sp>
C—H bend). High Resolution ESI-MS (positive) m/z: expected
420.10; found 420.0968 (H,™tdc + Na*).

Preparation of Ru(™tdc)py, (3-Ru). To a round-bottom flask were
added H,™tdc (0.075 g, 0.21 mmol), RuCL,LDMSO, (0.102 g, 0.21
mmol), and methanol (§ mL) in open air. Following degassing with
N,, Hunig’s base (0.5 mL, 10 equiv) was added, and the reaction
mixture was refluxed with stirring for 24 h, during which time a dark
purple precipitate formed. This precipitate was collected via vacuum
filtration, redissolved in a mixture of pyridine and water (3:1, total
volume 10 mL), degassed under N, and refluxed with stirring
overnight. The next day, the reaction mixture along with 15 mL of
water was placed in a separatory funnel and washed with ethyl acetate
(20 mL x 3). The aqueous layer was subjected to vacuum distillation
and dried to afford the title compound as a purple solid (0.027 g, 19%
yield). See the SI, Figure S8 for the numbering scheme of
Ru("tdc)py,. 'H NMR (500 MHz, de-DMSO) & (ppm): 9.13 (s,
2H, H6), 8.81 (d, ] = 7.9 Hz, 2H, H9), 8.31 (d, J = 7.7 Hz, 2H, H3),
8.25—8.17 (m, 2H, H14), 8.05—7.86 (m, 4H, HI10& HI11), 7.67 (t, ]
=7.5Hz, 2H, H2),7.57 (t,] = 7.6 Hz, 3H, H1& H16),7.10 (t, ] = 6.5
Hz, 4H, HIS). “C{'H} NMR (126 MHz, dDMSO) & (ppm):
168.47 (C13), 161.74 (C7), 158.98 (CI12), 157.63 (C8), 152.59
(C14), 142.81 (C4), 136.55 (C16), 136.30 (CS), 135.94 (Cl10),
129.80 (C1), 129.22 (C2), 127.39 (C3), 126.08 (C11), 124.59 (C1S),
123.68 (C9), 121.13 (C6). Electronic absorption spectrum (DMF):
A nm (M1 cm™1) = 288 (22,600), 295 (22,600), 338 (19,200),
501 (5,700), 549 (5,000). High Resolution ESI-MS (positive) m/z:
expected 678.068; found 678.0648 (Ru("tdc)py, + Na*). Elemental
analysis of 3-Ru returned unsatisfactory results on multiple occasions;
in each case, the C, H, and N contents were significantly below the
expected values (see the SI, p. SSO for details). Dark red single crystals
suitable for XRD analysis were obtained by the vapor diffusion of
diethyl ether into a concentrated solution of the title compound in
acetonitrile.
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