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ABSTRACT: A series of uranium(VI)−acetylide complexes of the general
formula UVI(O)(CC−C6H4−R)[N(SiMe3)2]3, with variation of the para
substituent (R = NMe2, OMe, Me, Ph, H, Cl) on the aryl(acetylide) ring, was
prepared. These compounds were analyzed by 13C NMR spectroscopy, which
showed that the acetylide carbon bound to the uranium(VI) center, U−C
C−Ar, was shifted strongly downfield, with δ(13C) values ranging from 392.1
to 409.7 ppm for Cl and NMe2 substituted complexes, respectively. These
extreme high-frequency 13C resonances are attributed to large negative
paramagnetic (σpara) and relativistic spin−orbit (σSO) shielding contributions,
associated with extensive U(5f) and C(2s) orbital contributions to the U−C
bonding in title complexes. The trend in the 13C chemical shift of the terminal
acetylide carbon is opposite that observed in the series of parent
(aryl)acetylenes, due to shielding effects of the para substituent. The 13C
chemical shifts of the acetylide carbon instead correlate with DFT computed
U−C bond lengths and corresponding QTAIM delocalization indices or Wiberg bond orders. SQUID magnetic susceptibility
measurements were indicative of the Van Vleck temperature independent paramagnetism (TIP) of the uranium(VI) complexes,
suggesting a magnetic field-induced mixing of the singlet ground-state (f0) of the U(VI) ion with low-lying (thermally
inaccessible) paramagnetic excited states (involved also in the perturbation-theoretical treatment of the unusually large
paramagnetic and SO contributions to the 13C shifts). Thus, together with reported data, we demonstrate that the sensitive 13C
NMR shifts serve as a direct, simple, and accessible measure of uranium(VI)−carbon bond covalency.

■ INTRODUCTION

Interest in organometallic uranium complexes developed in the
1950s for applications in isotope separations processes.
Actinide organometallic complexes were expected to be
volatile, in analogy with transition metal organometallic
complexes.1,2 Since that time, a number of uranium(IV) alkyl
complexes have been synthesized, supported by substituted
cyclopentadienyl,3−6 amide,7−10 alkoxide,11 phosphine,12,13

and homoleptic ligand frameworks.14−17 However, uranium
alkyl complexes in the oxidation states III,18,19 V,20 and
VI10,20,21 remain relatively scarce. Among the known organo-
metallic uranium complexes are a number of uranium(IV)
acetylide complexes.22−32 However, as in the chemistry of
uranium alkyls, there are few examples of uranium acetylides in
the other available oxidation states of uranium.10,25,33

Work from our group recently reported the first example of a
uranium(VI) acetylide complex, UVI(O)(CC−Ph)[N-
(SiMe3)2]3 (1-H), stabilized through the inverse trans
influence by the trans position of the (phenyl)acetylide ligand

with respect to an oxo ligand.10 The axial U−C bond in this
compound was short (2.337(14) Å) when compared with
equatorial U−C bonds, as in the uranyl−alkyl complex
r e p o r t e d b y H a y t o n a n d c o - w o r k e r s , [ L i -
(DME)1.5]2[U

VIO2(CH2SiMe3)4] (2.489(6) Å; Figure 1).34

For equatorial U−C interactions with more dative bonding, as
in UVIO2Cl[HC(PPh2NMes)2](THF) (Mes = C6H2-2,4,6-
Me3), reported by Liddle and co-workers, longer bonds of
2.7935(17) Å were observed.35 When comparing within this
series of compounds, the 13C NMR spectra of UVIO2Cl[HC-
(PPh2NMes)2](THF) and 1-H, recorded in benzene-d6 at
room temperature, revealed that the chemical shift of the U−C
carbon atom ranged from 7 to 395 ppm, respectively. These
chemical shifts indicated that long U−C bonds (2.7935(17) Å)
had 13C resonances similar to those of free, diamagnetic
ligands, while carbon atoms with short U−C bonds (2.337(14)
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Å) were shifted strongly downfield, usually beyond the typical
range of diamagnetic substances (Figure 1).36,37 The
homoleptic alkyl compound, UVI(CH2SiMe3)6, reported by
Hayton and co-workers, has shown the most downfield shifted
resonance, at 434 ppm, recorded at −46 °C in THF-d8, with a
short calculated U−C bond length of 2.335 Å, although no
crystal structure was obtained (Figure 1).20,34

Previously, information about bonding and electronic
structure was obtained by Hrobaŕik and co-workers from
correlating experimental and computed 77Se and 125Te
chemical shifts of high valent actinide complexes bearing
actinide-chalcogen multiple bonds.38 Also, 13C NMR spectros-
copy has been used to examine the covalency of U−C bonds in
t w o i s o l a t e d u r a n i um (V I ) c om p l e x e s , [ L i -
(DME)1.5]2[U

VIO2(CH2SiMe3)4] and UVI(CH2SiMe3)6.
34

NLMO (natural localized molecular orbital) hybridization
analysis revealed that UVI(CH2SiMe3)6 had increased the
uranium contribution to the U−C bond compared with
[Li(DME)1.5]2[U

VIO2(CH2SiMe3)4], with metal-based contri-
butions of 28.9 and 21.9%, respectively. This covalency was
reflected in the chemical shift of the uranium-bound carbon,
which was shifted downfield to 434 ppm for UVI(CH2SiMe3)6,
c o m p a r e d w i t h 2 4 3 p p m f o r [ L i -
(DME)1.5]2[U

VIO2(CH2SiMe3)4] (Figure 1).20,34

These data indicated that increased U(VI)−C covalency
within structurally related series could be evaluated in the
extent of the downfield chemical shift in 13C NMR
spectroscopy. However, only a few examples of uranium(VI)
organometallic complexes have been isolated, which prevents
this observation from being further substantiated. Herein, we
present the synthesis and characterization of a series of
uranium(VI) (aryl)acetylide complexes with varying substitu-
tion in the para position, UVI(O)(CC−C6H4−R)[N-
(SiMe3)2]3 (R = NMe2, OMe, Me, Ph, H, Cl; 1-R). These
complexes exhibited extreme downfield chemical shifts of the
uranium-bound acetylide carbon, U−CC−Ar, ranging from
409.7 to 392.1 ppm. Computed U−C bond lengths and
Quantum Theory of Atoms in Molecules (QTAIM)
delocalization indices and Wiberg bond orders were used to
determine the extent of U−C covalency. QTAIM computa-
tional methods have recently been used to examine actinide−
ligand (An−L) bond covalency in a number of reported
compounds.38−46 These computational metrics are shown here
to correlate well with the downfield 13C chemicals shifts we
observed for the uranium-bound acetylide carbon.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of Uranium(VI)

(Phenyl)Acetylide Complexes. Previously, compound 1-H
had been synthesized and reported by our group (Scheme
1).10 The synthesis of 1-H was accomplished by reaction of

UIII[N(SiMe3)2]3 with CuCCPh in a solution of diethyl ether.
This reaction generated the uranium(IV) (phenyl)acetylide
complex, UIV(CCPh)[N(SiMe3)2]3. This compound was
then reacted with N-methylmorpholine N-oxide, an oxygen-
atom transfer reagent, to yield 1-H as a crystalline solid (59%
yield). In order to generate a library of uranium(VI)
(aryl)acetylide complexes with varying substituents in the
para position, we employed a similar synthetic strategy and
generated 1-R (R = NMe2, OMe, Me, Ph, Cl) complexes in
low to moderate crystalline yields of 3−28% (Scheme 1). 1H
NMR spectra of crude mixtures showed that 1-R were the
major products and that the low yields were mainly due to
isolation; the products were difficult to crystallize due to their
high solubilities in organic solvents.
Compounds 1-R (R = NMe2, OMe, Me, Ph, H, Cl) were

characterized by X-ray diffraction as well as by 1H and 13C
NMR spectroscopies. The 1H NMR spectra appeared within
the standard chemical shift window (0−10 ppm), with two sets
of aryl peaks, ranging from 7.34 and 6.19 ppm for 1-NMe2 to
7.15 and 6.88 ppm for 1-Cl. The resonance of methyl protons
of N(SiMe3)2 ligands appeared as two peaks in the 1H NMR
spectra for 1-R complexes due to hindered rotation along the
U−N bond. These peaks ranged from 0.77 and 0.72 ppm for 1-
NMe2 to 0.68 and 0.65 ppm for 1-Cl. Overall, 1H chemical
shifts of 1-R complexes agreed well with those reported for the
parent 1-H, which had two aryl peaks at 7.44 and 6.95 ppm,

Figure 1. Selected previously reported uranium(VI) organometallic complexes, the experimental U−C bond lengths (in Å), and 13C chemical shifts
(in ppm with respect to TMS) of the U−C carbon. The 13C NMR spectra of UVIO2Cl[HC(PPh2NMes)2](THF) and UVI(O)(CC−
Ph)[N(SiMe3)2]3 (1-H) were collected at room temperature in benzene-d6. The

13C NMR spectra of [Li(DME)1.5]2[U
VIO2(CH2SiMe3)4] and

UVI(CH2SiMe3)6 were recorded at −1.6 and −45.5 °C, respectively, in THF-d8.
10,20,34,35

Scheme 1. Synthesis of Uranium(VI) Acetylide Complexes
1-R (R = NMe2, OMe, Me, Ph, H, Cl)
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and N(SiMe3)2 ligand resonances were coincident at 0.70
ppm.10

The 13C NMR spectra for the 1-R complexes showed
abnormal shifts for atoms in close contact with the uranium
center. The acetylide β-carbon atoms (those not bound to the
uranium center), U−CC−Ar, were shifted downfield only
moderately (103.3−103.9 ppm) when compared with the 13C
chemical shifts in the free alkynes H−CC−Ar (82.7−85.3
ppm, cf. Figures S12−S17 in the Supporting Information).47,48

The acetylide carbons directly bound to the uranium center,
however, were high-frequency shifted by about 325 ppm from
their 13C chemical shifts in the corresponding free alkynes!
Specifically, the H−CC−Ar carbon resonances ranged from
75.6 to 78.7 ppm for the −NMe2 and −Cl substituted
(phenyl)acetylenes (cf. Figures S12−S17 in Supporting
Information), while 13C chemical shifts for the U−CC−Ar
carbon atoms were observed in the range of 409.7 to 392.1
ppm for 1-NMe2 and 1-Cl, respectively (Figure 2).

In keeping with expectations, the chemical shift of the
primary carbon in free alkynes, H−CC−Ar, correlated
linearly (R2 = 0.900) with the Hammett parameters of the para
substituent (Figure 3, top), where the conventional trend in
which electron donating groups shield and electron with-
drawing groups deshield nearby groups was observed. The 13C
chemical shifts of the uranium-bound carbon, U−CC−Ar, in
1-R complexes also correlated well with the Hammett
parameters (σp) for the para substituents (with R2 = 0.985),
but in the opposite direction (negative slope) as compared to
free alkynes (Figure 3, bottom).49 Namely, the substituents
with increased electron-donating strength (Ph < Me < OMe <
NMe2) shifted the acetylide carbon, U−CC−Ar, further
downfield as compared to 1-H, despite somewhat more
negative charge on the acetylide carbon atom (see natural
population analysis and discussion below). To rationalize this
observation and to understand the electronic structure of 1-R
complexes more thoroughly, we studied their structures and

U−C bonding experimentally and computationally using DFT
calculations.

X-Ray Studies and Correlations of U−C Bond Lengths
with 13C NMR Shifts. We structurally characterized the series
of uranium(VI) complexes, 1-R (R = NMe2, OMe, Me, Ph,
Cl), and compared these substituted derivatives to 1-H (Figure
4, Table 1).10 The U−O and U−N bond lengths for 1-H were
1.811(10) and 2.201(6) Å, respectively, and were statistically
indistinguishable across the 1-R series. The O−U−C bond
angle varied by approximately 3° within the series; complexes
with electron donating (NMe2) and withdrawing (Cl)
substituents both had near linear O−U−C angles of
178.91(14) and 179.20(9)°. However, 1-H had a slightly
bent O−U−C bond angle of 177.2(7)°. The U−C−C bond
angle was noticeably more bent for 1-NMe2 at 173.4(4)°,
while the other derivatives had a more linear average U−C−C
bond angle of 176.2(11)°. These variations are, however,
proposed to result from different crystal packing forces in the
solid-state structures.
The U(1)−C(19) bond lengths were of special interest to us

because we had hypothesized that the downfield shift of the
acetylide carbons, U−CC−Ar, in complexes with electron-
donating substituents was due to shortened U−C bonds for
these complexes. Although the X-ray data were not of sufficient
quality to distinguish between the majority of the U−C bond
lengths, a statistical difference was observed for the U−C bond
length of 1-NMe2, which was short (2.279(4) Å) in
comparison with the U−C bond lengths of 1-OMe, 1-Ph, 1-
H, and 1-Cl, which were 2.316(2), 2.303(2), 2.337(14), and
2.315(3) Å, respectively. However, when the 13C NMR

Figure 2. Excerpt of the 13C NMR spectra of 1-R (R = NMe2, OMe,
Me, Ph, H, Cl) complexes in benzene-d6 showing the chemical shifts
(in ppm vs TMS) of the U−C acetylide carbon atom.

Figure 3. Correlation of the 13C chemical shifts of primary acetylide
carbon atoms in the free alkynes, H−CC−C6H4−R (R = NMe2,
OMe, Me, H, Ph, Cl; top), and uranium complexes (1-R), U−C
C−C6H4−R (R = NMe2, OMe, Me, H, Ph, Cl) (bottom), with the
Hammett parameter (σp).
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resonances of the acetylide ligand were plotted against the
experimental U−C bond lengths, a poor correlation (R2 =
0.630) was obtained, presumably due to the large standard
deviations on the experimental U−C bond lengths (cf. Figure
S21 in the Supporting Information).
DFT Computed Electronic Structures and 13C NMR

Chemical Shifts. To ascertain that the difference we observed
in the U−C bond length of 1-NMe2 compared with the other
1-R complexes was not the result of crystal packing forces, we
carried out DFT structure optimizations and electronic
structure analysis on the series of 1-R complexes. A hybrid
DFT method was employed with the B3LYP functional along

with Grimme’s D3 dispersion forces, using a 60 electron
effective core potential applied to uranium, and the def2-TZVP
basis set for all other atoms. In addition, we also computed 13C
NMR shifts for uranium-bound acetylide carbon atoms at the
two-component ZORA relativistic level, including spin−orbit
coupling (see Computational Details).
The computed bond lengths agreed well with the

experimental bond distances and showed trends that were
too subtle to observe in the experimental X-ray data (cf. Table
S2 in the Supporting Information). Besides the experimentally
characterized 1-R complexes (R = NMe2, OMe, Me, Ph, H,
Cl), we also considered in our theoretical investigations

Figure 4. Thermal ellipsoid plots of 1-R (R = NMe2, OMe, Me, Ph, Cl) at 50% probability. All hydrogen atoms and amide methyl groups are
omitted for clarity.

Table 1. Selected X-Ray Bond Lengths (Å) and Angles (deg) for U(VI)−Acetylide Complexes 1-R (R = NMe2, OMe, Me, Ph,
H, Cl)a,10

bond lengths (Å) bond angles (deg)

R U−O U−Navg. U−C CC O−U−C U−C−C
NMe2 1.819(3) 2.209(3) 2.279(4) 1.227(6) 178.91(14) 173.4(4)
OMe 1.8121(15) 2.2072(17) 2.316(2) 1.209(3) 179.89(8) 176.18(19)
Me 1.811(7) 2.208(8) 2.313(11) 1.208(14) 179.3(4) 176.0(9)
Ph 1.8013(16) 2.2041(18) 2.303(2) 1.217(3) 179.73(8) 176.7(2)
H 1.811(10) 2.201(6) 2.337(14) 1.209(1) 177.2(7) 176.9(14)
Cl 1.7989(18) 2.201(2) 2.315(3) 1.217(4) 179.20(9) 175.3(2)

aThe crystal structure of 1-H was previously reported.

Table 2. Optimized U−C Bond Lengths, Corresponding QTAIM Delocalization Indices (DI) and Wiberg Bond Orders (WBI),
NPA Atomic Charges (q), 13C NMR Shielding Contributions (σ) and Total Shifts (δ) Calculated for the Uranium-Bound
Carbon Atoms in 1-R Complexesa,b,c

R d(U−C) [Å] DI(U−C) WBI(U−C) q(C) σdia [ppm] σpara [ppm] σSO [ppm] δcalcd.(
13C) [ppm] δexpt.(

13C) [ppm]

NMe2 2.281 0.796 0.903 −0.297 268.8 −291.7 −214.6 408.8 409.7
OMe 2.295 0.775 0.879 −0.282 269.0 −284.9 −212.8 400.0 399.7
Me 2.302 0.765 0.868 −0.274 268.5 −282.6 −212.4 397.8 397.0
Ph 2.302 0.759 0.867 −0.261 268.1 −281.7 −212.2 397.1 396.1
H 2.307 0.753 0.860 −0.267 268.5 −281.0 −210.7 394.5 394.5
Cl 2.31.2 0.746 0.851 −0.265 269.2 −280.7 −208.7 391.5 392.1
CN 2.328 0.724 0.829 −0.241 268.8 −278.9 −205.4 386.8
NO2 2.330 0.723 0.828 −0.220 268.0 −277.5 −205.7 386.5

aSee Computational Details. bChemical shieldings/shifts calculated at the 2c-ZORA(SO)/PBE0-40HF/TZ2P level. Data computed at the 2c-
ZORA(SO)/PBE0-15HF/TZ2P level, including XC response kernel, are listed in Table S6 in the Supporting Information and are of the same
quality as those reported here. cExperimental 13C NMR shifts (in ppm vs. TMS) are given as well.
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complexes with cyano (1-CN) and nitro (1-NO2) groups
located in the para position of the aryl(acetylide) ring, which
were not synthetically accessible in our hands, to study the
trends for a wider set of substituents. Additionally, computed
13C chemical shifts of the uranium-bound carbon agreed
excellently with experimental 13C chemical shift values (R2 =
0.986; cf. Table 2 and Figure S22 in the Supporting
Information).
When examining the computed bond distances in the entire

series (cf. Table 2 and Table S2 in the Supporting
Information), a trend was observed in which the U−C bond
shortened as electron donating ability of the para substituent
increased. At the most extreme ends of the series 1-NMe2 had
a computed U−C bond length of 2.281 Å, while 1-Cl and 1-
NO2 had computed bond lengths of 2.312 and 2.330 Å,
respectively. The excellent linear correlation between exper-
imental and computed 13C NMR shifts with DFT calculated
U−C bond lengths (R2 > 0.970; Figure 5), as well as with

Hammett parameters of the para substituent (Figure 3,
bottom), supported our hypothesis that the U−C bond
shortened with increased electron donation from the
substituted (aryl)acetylide ligand. This in turn affected the
U−C bond covalency and thus the orbital interaction of the
ligand with the uranium(VI) center, as evident from Wiberg
bond orders and QTAIM topological analysis via U−C
delocalization indices, DI(U−C) (cf. Table 2 and Tables S3
and S5 in the Supporting Information), and led to higher
frequency shifts for complexes with the electron-donating
substituents when compared to 1-H. Correlations of
experimental and computed U−C carbon chemical shifts
with the U−C bond covalency, represented by delocalization
indices and Wiberg bond orders, respectively, are depicted in
Figure 6, showing an almost perfect linear behavior.
Analysis of computed 13C shielding showed that the extreme

downfield shifts of U−CC−Ar carbon atoms can be
attributed to large paramagnetic (σpara) and relativistic spin−
orbit (σSO) deshielding contributions (Table 2), both
associated with extensive metal participation in the U−C
bonding along with low-lying unoccupied orbitals with
predominant U(5f) character.36,37 According to NLMO
hybridization analysis (cf. Table S4 in the Supporting
Information), U−C bonds of 1-R complexes possessed about
a 28−29% uranium contribution with 60−62% f-character,

resulting in an overall 17% of U(5f) contribution to the U−C
bonds. Moreover, the acetylide carbon atoms were sp-
hybridized with large C(2s) character in the σ(U−C) bonding,
which effectively mediated the heavy-atom induced spin−orbit
(SO) effects to a ligand atom through the Fermi-contact-type
mechanism.50,36,37 The σSO contributions in 1-R were about 50
ppm larger as compared to an analogous U(O)Me[N-
(SiMe3)2]3 complex with an sp3 hybridized methyl carbon
atom, which displayed a U−Me 13C NMR resonance at 301
ppm.10 We note in passing that this finding is consistent with
previous theoretical studies on HALA (heavy-atom-effects on
the light-atom) “spin-orbit” shifts in transition-metal and
actinide complexes.34,36,50−56 Similarly, owing to the large
hydrogen 1s-orbital contribution to the An−H bonding, as-yet
elusive uranium(VI) hydrides were predicted to exhibit giant
downfield 1H hydride shifts between +30 ppm and more than
+200 ppm.36,37

From Table 2, it was clear that the diamagnetic (σdia) term
remained almost constant and the changes in δ(13C) shifts
across the series were dictated by σpara and σSO contributions,
which were roughly parallel along the series. Interestingly,
artificial elongation of U−C bonds in 1-NMe2 or 1-H
complexes by 0.03 Å led to moderate downfield shifts (+ 3
ppm) of δ(13C) values, despite the expected decrease of U−C
bond covalencythus in opposite direction as observed across
the 1-R series with optimized U−C bond lengths (cf. Table S8
in Supporting Information). This observation demonstrated

Figure 5. Experimental and calculated 13C NMR chemical shifts of
the U−C acetylide carbon atoms (in ppm vs TMS) plotted versus the
calculated U−C bond lengths (Å) for 1-R complexes (cf. Table 2 for
numerical data).

Figure 6. Experimental (top) and calculated (bottom) 13C NMR
shifts of the U−C acetylide carbon (in ppm vs TMS) in 1-R
complexes plotted versus the U−C bond covalency represented by
QTAIM delocalization indices, DI(U−C), and Wiberg bond orders,
WBI(U−C) (see Table 2 for numerical data).
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that not only U−C bond lengths and metal−ligand covalencies
but also corresponding atomic charges and, in particular,
energy levels of relevant magnetically active occupied and
vacant orbitals should be considered when explaining the
trends thoroughly.57

According to Ramsey’s formula for σpara,58−60 the large
paramagnetic deshielding contributions of the U(VI)-bound
carbon in 1-R complexes can be rationalized by its short
distance to the uranium center (accompanied with a large U−
C bond covalency) and by symmetry-allowed couplings
between the occupied molecular orbitals and low-lying virtual
orbitals, with predominant uranium 5f character, involved in
the perturbation-theoretical treatment of chemical shield-
ings.61−63 Not surprisingly, 13C NMR shifts of the U(VI)-
bound acetylide carbon atoms were found to correlate with the
reciprocal of the energy of the LUMO (cf. Figure S23 in the
Supporting Information), which is basically a uranium-
centered f-orbital within the entire series (Figure 7). The

magnetic field-induced mixing of the ground state with low-
lying (thermally inaccessible) paramagnetic excited states is
also confirmed experimentally by SQUID measurements of
selected 1-R complexes (R = NMe2, Cl). These measurements
revealed a temperature independent paramagnetism (TIP) of
the compounds, evident from small positive slopes in the

temperature dependent χT data (cf. Figures S18−S20 in the
Supporting Information), despite the ground-state singlet (f0)
electronic configuration of U(VI) ion.
Similarly, low-lying vacant d orbitals are responsible for TIP

behavior of some high-oxidation-state transition-metal d0

complexes (“closed-shell” tetraoxo anions and oxides of
Cr(VI), Mn(VII), and Ru(VIII) being the most illustrative
and well-studied examples64,65) and influence their ligand
NMR shifts,66−68 which are often shifted notably downfield as
observed here for uranium(VI) f0 systems.

Electrochemistry. Compounds 1-R (R = NMe2, OMe,
Me, Ph, H, Cl) were characterized by solution electrochemistry
(Figure 8, top). These compounds were not stable for an
extended time under electrochemical conditions. However,

Figure 7. Frontier molecular orbitals (isosurface plots, ±0.03 au) of
extreme cases, 1-NMe2 and 1-NO2, with an electron-donating
(NMe2) and electron-withdrawing (NO2) para substituent, respec-
tively. Orbital energies and composition from Mulliken population
analysis, as obtained at the B3LYP-D3(BJ)/def2-TZVP/ECP level,
are indicated below corresponding MOs.

Figure 8. Cyclic voltammograms of 1-R complexes in THF with 0.1
M [nBu4N][PF6] supporting electrolyte at a scan rate of 250 mV/s
(top). Correlation of E1/2 for the U(VI)/U(V) couple with Hammett
parameter, σp (middle), and energy of LUMO orbitals (bottom).
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cyclic voltammograms were collected in THF with 0.1 M
[nBu4N][PF6] supporting electrolyte. Redox potentials of the
U(VI)/U(V) couple ranged from −0.47 to −0.61 V (vs Fc+/0)
for 1-Cl and 1-NMe2, respectively (Table S1). This 140 mV
range of E1/2 values for the studied 1-R complexes showed a
reasonable correlation with the Hammett parameters of the
para substituents (R2 = 0.885; Figure 8, middle) as well as with
the energies of the LUMO (R2 = 0.867; Figure 8, bottom),
which is primarily a U(5f)-centered vacant orbital (cf. Figure
7), that is active in the U(VI)/U(V) redox process. The
stabilization of the +6 oxidation state, as indicated by the
negative shift of the E1/2 for the U(VI/V) couple, for 1-NMe2
further indicated that the electron-donating substituent, NMe2,
was able to increase the electron density at the uranium center
by electron donation through the acetylide ligand. In the case
of 1-NMe2, we also detected an oxidation wave, attributed to
the amine+/0 redox process with an E1/2 value of +0.52 V (see
Figure 7 for HOMO of 1-NMe2).
Previously, other structurally related series of high-valent

uranium complexes have been synthesized and characterized
electrochemically. For example, Kiplinger and Graves
developed a series of uranium(V)-imido halide complexes of
the general formula (C5Me5)2U

V(NAr)X (Ar = 2,6-iPr2−
C6H3), where X = F, Cl, Br, I, OTf, SPh, CCPh, NPh2, OPh,
Me, and NCPh2. Within this series of compounds, the halide
compounds exhibited E1/2 values for the U(VI)/U(V) couple
ranging from −0.19 to +0.11 V versus Fc+/0, for F and I
ligands, respectively.69,70 In this series the halide ligands were
directly bound to the uranium center and shifted the redox
potential of U(VI)/U(V) couple by 300 mV, so it was
noteworthy that in our complexes a distal aryl substituent
changed the U(VI)/U(V) couple by 140 mV.

■ CONCLUSIONS
We have synthesized a series of uranium(VI) (aryl)acetylide
complexes of the general formula UVI(O)(CC−C6H4−
R)[N(SiMe3)2]3 (1-R), with R = NMe2, OMe, Me, Ph, H, Cl.
Correlation of structural data with the Hammett parameters of
the para substituent showed that electron-donating or
withdrawing groups shortened and elongated the U−C bond,
respectively. This bond shortening along with electron density
accumulation in the U−C bonding region led to moderate
deshielding of the U−CC−Ar acetylide 13C NMR
resonance, which thus serves as a sensitive probe of the
actinide-carbon bond covalency and provides an insight into
the charge redistribution within the title complexes. SQUID
magnetometry revealed the Van Vleck temperature independ-
ent paramagnetism (TIP) of the studied U(VI) complexes,
suggesting a magnetic-field induced mixing of the diamagnetic
(closed-shell) ground-state (f0) of the U(VI) ion with low-
lying paramagnetic excited states.
Electrochemical data confirmed that the para substituent on

the (aryl)acetylide ligand affected the electron density at the
U−C bond as well as the energy of frontier orbitals. Redox
potentials (E1/2) of the U(VI)/U(V) couple within the studied
1-R series showed a range of 140 mV and correlated well with
the Hammett parameters of the substituents and calculated
energies of the LUMO.

■ EXPERIMENTAL SECTION
General Methods. All reactions and manipulations were

performed under an inert atmosphere (N2) using standard Schlenk
techniques or in a Vacuum Atmospheres, Inc. Nexus II drybox

equipped with a molecular sieves 13X/Q5 Cu-0226S catalyst purifier
system. Glassware was oven-dried overnight at 150 °C prior to use.
1H and 13C{1H} NMR spectra were obtained on a Bruker DRX-500
Fourier transform NMR spectrometer operating at 500 MHz (1H)
and 126 MHz (13C). Chemical shifts were recorded in units of parts
per million (ppm) downfield from residual proteo solvent peaks
(benzene-d6, δH = 7.16 ppm, δC = 128.06 ppm). Elemental analyses
were performed at Complete Analysis Laboratories, Inc. (Parsippany,
NJ) or on a Costech ECS 4010 analyzer at the Earth and
Environmental Science department of the University of Pennsylvania.
The infrared spectra were obtained from 400−4000 cm−1 using a
PerkinElmer 1600 series infrared spectrometer.

Materials. Tetrahydrofuran, Et2O, CH2Cl2, hexanes, pentane, and
toluene were purchased from Fisher Scientific. These solvents were
sparged for 20 min with dry argon and dried using a commercial two-
column solvent purification system comprising columns packed with
Q5 reactant and neutral alumina, respectively (for hexanes and
pentane), or two columns of neutral alumina (for THF, Et2O, and
CH2Cl2). All solvents were stored over 3 Å molecular sieves. Benzene-
d6 was purchased from Cambridge Isotope Laboratories, Inc. and
stored over a potassium mirror overnight prior to use. Starting
materials: UI3(THF)4,

71 U[N(SiMe3)2]3,
72 and 1-H10 were prepared

according to the reported procedures. Substituted copper(I) acetylide
compounds were prepared according to the literature procedure to
prepare copper(I) phenyl acetylide.73

Electrochemistry. Voltammetry experiments (CV, DPV) were
performed using a CH Instruments 620D Electrochemical Analyzer/
Workstation, and the data were processed using CHI software v9.24.
All experiments were performed in an N2 atmosphere drybox using
electrochemical cells that consisted of a 4 mL vial, glassy carbon
working electrode, a platinum wire counter electrode, and a silver wire
plated with AgCl as a quasi-reference electrode. The quasi-reference
electrode was prepared by dipping a length of silver wire in
concentrated hydrochloric acid. The working electrode surfaces
were polished prior to each set of experiments. Potentials were
reported versus ferrocene, which was added as an internal standard for
calibration at the end of each run. Solutions employed during these
studies were ∼3 mM in analyte and 100 mM in [nBu4N][PF6] in 2
mL of THF. All data were collected in a positive-feedback IR
compensation mode.

X-ray Crystallography. X-ray intensity data were collected on a
Bruker APEXII CCD area detector employing graphite-monochro-
mated Mo Kα radiation (λ = 0.71073 Å) at a temperature of 100(1)
K. In all cases, rotation frames were integrated using SAINT,74

producing a listing of unaveraged F2 and σ(F2) values which were then
passed to the SHELXTL75 program package for further processing
and structure solution. The intensity data were corrected for Lorentz
and polarization effects and for absorption using TWINABS76 or
SADABS.77 The structures were solved by direct methods (SHELXS-
97).78 Refinement was by full-matrix least-squares based on F2 using
SHELXL-97.78 All reflections were used during refinements. Non-
hydrogen atoms were refined anisotropically, and hydrogen atoms
were refined using a riding model.

Computational Details. All structures were fully optimized
without symmetry restrictions at the B3LYP level of theory,79−81

including an atom-pairwise correction for dispersion forces via
Grimme’s D3 model with Becke-Johnson (BJ) damping82,83 in the
Turbomole program.84 A quasirelativistic energy-consistent small-core
pseudopotential (with 60 core electrons)85 was used for the uranium
center, together with a (14s13p10d8f1g)/[10s9p5d4f1g] Gaussian-
type orbital valence basis set, while ligand atoms were treated with an
all-electron def2-TZVP basis set.86 Relativistic all-electron DFT
calculations of the nuclear shieldings were performed using the
Amsterdam Density Functional (ADF) program suite,87 employing a
user-customized hybrid PBE0 exchange-correlation functional88−90

with 15% and 40% of Hartree−Fock (exact-exchange, EXX)
admixture (denoted as PBE0-15HF and PBE0-40HF, respectively)
in conjunction with Slater-type orbital basis sets of triple-ζ doubly
polarized (TZ2P) quality and an integration accuracy of 5. Both scalar
and spin−orbit relativistic effects were treated by the two-component
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zeroth-order regular approximation (ZORA).91−94 The ZORA
calculations of NMR shieldings were done by using gauge-including
atomic orbitals (GIAOs)95 with and without the previously neglected
terms from the exchange−correlation (XC) response kernel.36,37 The
computed 13C nuclear shieldings were converted to chemical shifts (δ,
in ppm) relative to the shieldings of tetramethylsilane (TMS),
considering 1-H as a secondary standard, with δ(13C) = 394.5 ppm.
We note here that computed ligand NMR shifts in actinide

complexes are particularly sensitive to the DFT method used. Our
choice of functionals (PBE0-40HF and PBE0-15HF/XC) is based on
the previous benchmark studies on 13C NMR shifts in actinide
complexes.34,36,37 While the PBE0-40HF hybrid functional with
missing XC kernel in the older ADF implementations was found to
work very well (due to a fortuitous compensation between missing
XC kernel and too large amount of Hartree−Fock exact exchange), a
proper kernel treatment in two-component ZORA calculations
required lower EXX admixtures, with the optimal value of around
15% for systems with extremely large spin−orbit-induced NMR
shifts.37

Evaluation of Wiberg bond indices (WBI), natural population
analyses (NPA), and analysis of natural localized molecular orbitals
(NLMOs)96 were carried out at the B3LYP/def2-TZVP/ECP level
using the NBO6 code,97 interfaced with Gaussian 09.98 Bader’s
quantum theory of atoms-in-molecules (QTAIM)99−101 analyses of
the Kohn−Sham wave functions were performed at the same level
using the Multiwfn program.102

Synthesis of 1-NMe2. To a stirred solution of U[N(SiMe3)2]3
(200 mg, 0.28 mmol, 1.0 equiv) in Et2O was added [(4-
(dimethylamino)phenyl)ethynyl]copper (115 mg, 0.56 mmol, 2.0
equiv). The mixture was stirred for 2 h and filtered over Celite. N-
Methylmorpholine N-oxide (33 mg, 0.28 mmol, 1.0 equiv) was added,
resulting in an immediate color change to dark red. After being stirred
for 1 h, volatiles were removed under reduced pressure. The resulting
black residue was extracted with hexanes, filtered over Celite, and
stored at −21 °C to give black crystals. Yield: 68 mg, 0.08 mmol, 28%.
1H NMR (benzene-d6): 7.34 (d, 2H), 6.19 (d, 2H), 2.43 (s, 6H), 0.77
(s, 27H), 0.72 (s, 27H). 13C NMR (benzene-d6): 409.72 (U−CC−
R), 151.02 (Ar), 132.96 (Ar), 112.89 (Ar), 103.40 (U−CC−R),
39.12 (NMe2), 6.93 (SiMe3). IR (KBr): 2961 (s), 2899 (w), 2799
(w), 2023 (m, CC), 1607 (m), 1520 (m), 1457 (w), 1358 (w),
1258 (s), 1186 (m), 1117 (w), 1104 (w), 936 (s), 879 (m), 850 (s),
683 (w), 655 (w), 612 (w). Elemental analysis found (calculated) for
C28H64N4OSi6U: C, 38.12 (38.24); H, 7.32 (7.34); N, 6.17 (6.37).
Synthesis of 1-OMe. To a stirred solution of U[N(SiMe3)2]3

(500 mg, 0.70 mmol, 1.0 equiv) in Et2O was added [4-
methoxyphenyl)ethynyl]copper (270 mg, 1.39 mmol, 2.0 equiv).
The mixture was stirred for 2 h, and volatiles were removed under
reduced pressure. The residue was extracted with hexanes and filtered
over Celite, and volatiles were removed under reduced pressure. The
residue was redissolved in Et2O, and N-methylmorpholine N-oxide
(81 mg, 0.70 mmol, 1.0 equiv) was added, resulting in an immediate
color change to dark red. After being stirred for 1 h, volatiles were
removed under reduced pressure. The resulting black residue was
extracted with hexanes, filtered over Celite, and stored at −21 °C.
Yield: 35 mg, 0.04 mmol, 6%. 1H NMR (benzene-d6): 7.35 (d, 2H),
6.53 (d, 2H), 3.13 (s, 3H), 0.72 (s, 27H), 0.71 (s, 27H). 13C NMR
(benzene-d6): 399.68 (U−CC−R), 161.32 (Ar), 133.11 (Ar),
115.11 (Ar), 103.37 (U−CC−R), 54.76 (OMe), 6.97 (SiMe3). IR
(KBr): 2957 (s), 2902 (m), 2056 (m, CC), 1603 (m), 1505 (m),
1463 (m), 1442 (m), 1295 (w), 1261 (s), 1181 (m), 1169 (w), 1108
(m), 1092 (w), 1030 (w), 935 (s), 883 (s), 842 (s), 774 (m), 656
(w), 615 (w). Elemental analysis found (calculated) for
C27H61N3O2Si6U: C, 37.75 (37.43); H, 6.63 (7.10); N, 4.91 (4.85).
Synthesis of 1-Me. To a stirred solution of U[N(SiMe3)2]3 (500

mg, 0.70 mmol, 1.0 equiv) in Et2O was added (p-tolylethynyl)copper
(249 mg, 1.39 mmol, 2.0 equiv). The mixture was stirred for 2 h, and
volatiles were removed under reduced pressure. The residue was
extracted with hexanes and filtered over Celite, and volatiles were
removed under reduced pressure. The residue was redissolved in Et2O
and N-methylmorpholine N-oxide (81 mg, 0.70 mmol, 1.0 equiv) was

added, resulting in an immediate color change to dark red. After being
stirred for 1 h, volatiles were removed under reduced pressure. The
resulting black residue was extracted with hexanes, filtered over Celite,
and crytallized at −21 °C to yield black crystals. Yield: 55 mg, 0.06
mmol, 9%. 1H NMR (benzene-d6): 7.37 (d, 2H), 6.79 (d, 2H), 1.95
(s, 3H), 0.71 (s, 27H), 0.70 (s, 27H). 13C NMR (benzene-d6): 397.04
(U−CC−R), 140.05 (Ar), 131.38 (Ar), 129.95 (Ar), 116.68 (Ar),
103.57 (U−CC−R), 21.32 (Me), 6.97 (SiMe3). IR (KBr): 2952
(m), 2897 (w), 2059 (m, CC), 1504 (m), 1248 (s), 1178 (w), 1039
(w), 873 (s), 844 (s), 773 (m), 681 (w), 653 (s), 620 (s). Elemental
analysis found (calculated) for C27H61N3OSi6U: C, 37.81 (38.14); H,
6.82 (7.23); N, 5.02 (4.94).

Synthesis of 1-Ph. To a stirred solution of U[N(SiMe3)2]3 (750
mg, 1.04 mmol, 1.0 equiv) in Et2O was added [(1,1′-biphenyl)-4-
ethynyl]copper (502 mg, 2.08 mmol, 2.0 equiv). The mixture was
stirred for 2 h, and volatiles were removed under reduced pressure.
The residue was extracted with hexanes and filtered over Celite, and
volatiles were removed under reduced pressure. The residue was
redissolved in Et2O, and N-methylmorpholine N-oxide (122, 1.04
mmol, 1.0 equiv) was added, resulting in an immediate color change
to dark red. After being stirred for 1 h, volatiles were removed under
reduced pressure. The resulting black residue was extracted with
hexanes, filtered over Celite, and stored at −21 °C. Yield: 30 mg, 0.03
mmol, 3%. 1H NMR (benzene-d6): 7.46 (d, 2H), 7.29 (d, 2H), 7.25
(d, 2H), 7.14 (d, 2H), 7.08 (t, 1H), 0.71 (s, 27H), 0.68 (s, 27H). 13C
NMR (benzene-d6): 396.09 (U−CC−R), 142.63 (Ar), 140.35
(Ar), 131.84 (Ar), 129.14 (Ar), 127.35 (Ar), 118.62 (Ar), 103.90
(U−CC−R), 7.00 (SiMe3). IR (KBr): 2957 (s), 2897 (m), 2797
(m), 2698 (w), 2058 (m, CC), 1600 (w), 1484 (m), 1455 (m),
1404 (w), 1288 (w), 1249 (s), 1183 (m), 1145 (w), 1103 (m), 1064
(w), 957 (s), 939 (s), 841 (s), 762 (m), 686 (w), 654 (w), 612 (w).
Elemental analysis found (calculated) for C32H63N3OSi6U: C 42.85
(42.12), H 6.44 (6.96), N 4.45 (4.61). We attempted elemental
analysis on two independently prepared samples. However, the
experimental carbon value differed from the calculated by 0.73%.

Synthesis of 1-Cl. To a stirred solution of U[N(SiMe3)2]3 (200
mg, 0.28 mmol, 1.0 eqiv) in Et2O was added [(4-chlorophenyl)-
ethynyl]copper (110 mg, 0.56 mmol, 2.0 equiv). The mixture was
stirred for 2 h and filtered over Celite. N-Methylmorpholine N-oxide
(33 mg, 0.28 mmol, 1.0 equiv) was added, resulting in an immediate
color change to dark red. After being stirred for 1 h, volatiles were
removed under reduced pressure. The resulting black residue was
extracted with hexanes, filtered over Celite, and stored at −21 °C to
give black crystals. Yield: 45 mg, 0.05 mmol, 18%. 1H NMR (benzene-
d6): 7.15 (d, 2H), 6.88 (d, 2H), 0.68 (s, 27H), 0.65 (s, 27H). 13C
NMR (benzene-d6): 392.13 (U−CC−R), 135.75 (Ar), 132.27
(Ar), 129.60 (Ar), 118.83 (Ar), 103.80 (U−CC−R), 7.00 (SiMe3).
IR (KBr): 2965 (s), 2900 (m), 2798 (m), 2698 (w), 2065 (m, CC),
1590 (w), 1486 (m), 1457 (m), 1256 (s), 1184 (m), 1146 (w), 1094
(w), 939 (s), 844 (s), 678 (w), 620 (w). Elemental analysis found
(calculated) for C26H58ClN3OSi6U: C, 35.74 (35.86); H, 6.58 (6.71);
N, 4.79 (4.83).
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