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ABSTRACT: Uranyl(VI), uranyl(V), and uranium(IV) com-
plexes supported by ferrocene-based tetradentate Schiff-base
ligands were synthesized, and their solid-state and solution
structures were determined. The redox properties of all
complexes were investigated by cyclic voltammetry. The bulky
salfen-Bu, allows the preparation of a stable uranyl(V) complex,
while a stable U(IV) bis-ligand complex is obtained from the salt
metathesis reaction between [UI,(OEt,),] and Kjsalfen. The
reduction of the [U(salfen),] complex leads to an unprecedented intramolecular reductive coupling of the Schiff-base ligand
resulting in a C—C bond between the two ferrocene-bound imino groups.

B INTRODUCTION Scheme 1. Reductive Coupling of the Salophen Ligand in
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Only in recent years, Schiff bases have been increasingly used as )

effective ligands for the stabilization of uranium in the elusive Naj,[U(bis-salophen))]
oxidation state of +V."" Our group has reported the synthesis of

several stable mononuclear and polynuclear uranyl(V)''<# 4

complexes, which have proven to be attractive bulldmg blocks substituents or the diimine bridging moiety.” In this context,
in the design of actinide-based molecular magnets 512 The ferrocene-based Schiff-base ligands such as salfen®~ (Figure 1)
structure and electronic properties of the Schiff-base ligand are an attractive class of redox-active ligands because they
have proven crucial for the stabilization of uranyl(V) with associate two different redox-active fragments on the same
respect to the disproportionation reaction to UO,** and ligand (imino group and ferrocene). Notably, the capability of
U(IV).""®4 In addition, our group has also shown that Schiff the ferrocene unit to participate in redox events might increase
bases could be used to promote ligand-centered multielectron the reactivity possibilities of their complexes. Moreover,
redox reactivity in U(IV) species.**"> Notably the reduction of compared to the salophen platform, the length of the spacer
U(IV) salophen (salophen = N,N’-disalicylidene-o-phenyl- fragment (1,1’-ferrocenyl vs 1,2-phenyl bridge) is increased,

providing a larger ONNO cavity well-suited for uranium.
1,1'-disubstituted ferrocene-based ligands have proven
versatile supporting ligands in the chemistry of group 3

enediaminate) complexes promote C—C bond formation to
afford dinuclear or mononuclear U(IV) amido complexes
(Scheme 1) that can release up to four electrons to substrates

through the oxidative cleavage of the C—C bond. elements and uranium due to the flexibility and redox-active
The redox properties of such ligand-centered redox-active
U(IV) systems should be easily tuned by straightforward Received: February 27, 2015
changes on the Schiff-base scaffold involving either the phenol Published: May 26, 2015
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Figure 1. Representation of salfen ligands.

character of ferrocene, leading to effective catalysts, to novel
reactivity, and to effective intermetallic electronic communica-
tion between iron and the metal center.">'® However, the
coordination chemistry of the ferrocene-based Schiff-base salfen
ligand remains practically unexplored with only three reports
on the use of this Schiff-base ligand in combination with
Mg(11),"” Zr(1v),"” Ti(IV),"” Ce(1ID),'® Ce(1V),” and Y-
(I11)."®" In view of the high steric and electronic flexibility of
these ligands we set out to explore its ability to stabilize unusual
uranium oxidation states and to support ligand-centered
multielectron redox chemistry in uranium-containing com-
pounds. Here we report the synthesis, characterization, and
redox properties of salfen complexes of uranium in different
oxidation states.

B EXPERIMENTAL SECTION

General Considerations. Unless otherwise noted, all manipu-
lations were performed at ambient temperature under an inert argon
atmosphere using Schlenk techniques and an MBraun glovebox
equipped with a purifier unit. The water and oxygen levels were always
kept lower than 1 ppm. Glassware was dried overnight at 130 °C
before use and dried in vacuo. '"H NMR experiments were performed
using NMR tubes adapted with J. Young valves. 'H NMR spectra were
recorded on Bruker 200 and 500 MHz and Varian Mercury 400 MHz
spectrometers. NMR chemical shifts are reported in parts per million
with solvent as internal reference. Elemental analyses were performed
under argon by Analytische Laboratorien GMBH at Lindlar, Germany.

Starting Materials. Unless otherwise noted, reagents were

purchased from commercial suppliers and used without further
purification. The solvents were purchased from Aldrich or Eurisotop
(deuterated solvents) in their anhydrous form, conditioned under
argon and vacuum distilled from K/benzophenone (toluene, hexane,
pyridine (Py), and tetrahydrofuran (THF)). All solid reagents were
dried under high vacuum for 7 d prior to use. [UO,L,(Py),],"
{[(U0,(Py)5)1[(KI,(Py),)]},, "' [UL,(OBt,),],** and
[ULy(THF),]*" were prepared according to the published procedures.
The H,salfen and H,salfen-Bu, ligands and the K,salfen and
[K(THF)],(salfen-"Bu,) ligand salts were prepared according to the
published procedures.'”*?
Caution! Depleted uranium (primary isotope **U) is a weak a-emitter
(4.197 MeV) with a halflife of 447 x 10° years. Manipulations and
reactions should be performed in monitored fume hoods or in an inert
atmosphere glovebox in a radiation laboratory equipped with a-counting
equipment.

Synthesis of [UO,(salfen-'Bu,)], 1. A red solution of
[UO,L(Py);] (10.0 mg, 0.013 mmol, 1 equiv) in pyridine (0.5 mL)
was added to a light red solution of K,salfen-Bu,.(THF), (9.5 mg,
0.013 mmol, 1 equiv) in pyridine (0.5 mL), yielding, after 30 min of
stirring, a dark red solution with an off-white precipitate. The off-white
precipitate was removed by filtration. Slow diffusion of hexane (one
week) into this solution afforded the desired compound as a red
crystalline solid (11 mg, 0.011 mmol, 90% yield). 'H NMR (200 MHz,
Py-ds, 298 K): 6 = 10.12 (s, 2H), 8.10 (d, 2H), 7.70 (d, 2H), 4.76 (4,
4H), 4.63 (t, 4H), 2.03 (s, 18H), 141 (s, 18H). Electrospray

5775

ionization mass spectrometry (ESI-MS): m/z 955.3
([UO,(salfen-"Bu,)]K*). Anal. Calcd for [UO,(salfen-'Bu,)]-0.15KI
C4oHsoFeN,O, UK, ;1) 15: C, 51.02; H, 5.35; N, 2.98. Found: C, 50.99;
H, 5.75; N, 3.09%.

Synthesis of [UO,(salfen-'Bu,)(K18-c-6)], 2. A solution of
K,salfen-Bu,-(THF)5, (71.5 mg, 0.096 mmol, 1 equiv) in pyridine
(2 mL) was added to an orange suspension of {[(UO,(Py);)]-
[KL,(Py),]}, (106.9 mg, 0.096 mmol, 1 equiv) in pyridine (0.5 mL). A
colorless solution of 18-c-6 (75.9 mg, 0.290 mmol, 3 equiv) in pyridine
(2 mL) was then added to the reaction mixture resulting in a dark red
solution. The solution was stirred 30 min at room temperature and
concentrated to 1 mL. This solution was filtered, and hexane (6 mL)
was added to the filtrate, resulting in the formation of a brown
precipitate. The solid was recovered by filtration, washed with hexane
(1 mL), and dried under vacuum to afford [UO,(salfen-‘Bu)(K18-c-
6)]-0.8hexane. (52.9 mg, 45% vyield). Anal. Caled for
[UO,(salfen-Bu)(K18-c-6)]-0.8hex CgqgHgs,KFeN,O,,U: C, 52.92;
H, 6.66; N, 2.17. Found: C, 52.89; H, 6.93; N, 2.34%. Orange single
crystals of 2 suitable for X-ray diffraction were obtained after two
weeks by recrystallization from toluene at room temperature. "H NMR
of 2 (500 MHz, Py-ds, 323 K): 6 = 6.89 (s, 2H), 6.64 (s, 2H), 5.23 (s,
2H), 4.65 (s, 24H, 18-c-6), 4.27 (s, 4H), 1.09 (s, 4H), 0.77 (s, 18H),
—3.41 (s, 18H). ESI-MS: m/z = 1522.2 ([UO,(salfen-"Bu,)(K18-c-
6)](K18-c-6)*).

Reaction of Ksalfen with {[(UO,(Py)s)l[KI,(Py),1},. A solution
of K,salfen (10.0 mg, 0.018 mmol, 1 equiv) in pyridine (1 mL) was
added to an orange suspension of {[(UO,(Py)s][KL,(Py),]}, (20.2
mg, 0.018 mmol, 1 equiv) in pyridine (1 mL), resulting in a dark red
solution. The solution was stirred over 15 min. Analysis of the crude
reaction mixture by 'H NMR revealed the presence of the signals of
[U(salfen),] and of [UO,(salfen)]. Complete disproportionation was
achieved in 12 h.

Synthesis of [U(salfen),], 3. A solution of K,salfen (50.0 mg,
0.099 mmol, 2 equiv) in THF (4 mL) was added to a red solution of
[UL,(OEt,),] (44.1 mg, 0.049 mmol, 1 equiv) in THF (4 mL). The
resulting red suspension was stirred for 12 h at room temperature
before filtration. The resulting red filtrate was evaporated to dryness to
give [U(salfen),]-0.2 KI as a red powder (40.8 mg, 0.037 mmol, 75%
yield). Single crystals suitable for X-ray diffraction were obtained by
slow diffusion of diisopropyl ether into a THF solution of
[U(salfen),]. 'TH NMR (200 MHz, THF-dy, 298 K): § = 23.5 (s,
4H), 17.6 (t, 4H), 12.8 (d, 4H), 12.2 (t, 4H), 10.6 (s, 4H), 3.6 (s, 4H),
—2.9 (s, 4H), =7.6 (s, 4H), —19.0 (s, 4H). "H NMR (200 MHz, py-ds,
298 K): 6 = 23.9 (s, 4H), 17.8 (t, 4H), 12.9 (d, 4H), 12.3 (t, 4H), 10.7
(s, 4H), 4.1 (s, 4H), —2.6 (s, 4H), —7.6 (s, 4H), —19.0 (s, 4H). Anal.
Calcd for [U(salfen),]-0.2(KI) C,sH,Fe,N,0,UKq,l,,: C, 51.67; H,
3.25; N, 5.02. Found: C, 51.70; H, 3.48; N, 4.96%.

Reaction of K,salfen with [Ul;(THF),]. A solution of K,salfen
(7.5 mg, 0.010 mmol, 1 equiv) in THF-dg (0.5 mL) was added to a
blue solution of [UL;(THF),] (5.0 mg; 0.010 mmol, 1 equiv) in THF-
dg (0.5 mL). The resulting brown suspension was stirred for 1 h at
room temperature, and the solids were removed by filtration. The 'H
NMR spectrum of this solution shows that [U(salfen),] is obtained as
the unique salfen-containing species.

Reduction of [U(salfen),]. A solution of K,salfen (50.0 mg, 0.099
mmol, 2 equiv) in THF (4 mL) was added to a red solution of
[UL(OEt,),] (44.1 mg, 0.049 mmol, 1 equiv) in THF (4 mL). The
resulting red suspension was stirred for 30 min at room temperature.
To the resulting red-orange suspension was added KCq (26.5 mg,
0.196 mmol, 4.0 equiv), and the mixture was stirred at room
temperature for 2 h. This afforded a dark brown suspension. The solid
residues were removed by centrifugation. The "H NMR spectrum of
the supernatant showed the formation of mixture of K;[U(bis-
salfen) (Hbis-salfen)] 4-H and K,[U(Hbis-salfen),] 4-H,. Attempts to
separate the two species by crystallization were unsuccessful. While the
reduction gives reproducibly a mixture of the 4-H and 4-H,, the
isolation of each of these species in analytically pure form was not
possible.

A few single crystals of 4-H suitable for X-ray diffraction were
grown by slow diffusion of diisopropyl ether into this solution. While
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the quality of the structure is not sufficient for a discussion of the
metrical parameters, the connectivity clearly shows the presence of a
complex of formula K;[U(bis-salfen)(Hbis-salfen)] ; space group P2,/
a;a=20.5937(13) A, b = 31.3962(15) A, c = 25.6297(12) A, a = =
90°, 7 = 108.864(6)°.

Spectroscopic data performed on isolated crystals of Ki[U(bis-
salfen) (Hbis-salfen) ] 4-H: ESI-MS: m/z = 1201.0 [M + H]*. '"H NMR
(200 MHz, THF-dg, 298 K): § = 36.4 (d, 1H), 32.3 (d, 1H), 30.5 (d,
1H), 27.5 (d, 1H), 21.0 (t, 1H), 17.3 (d, 1H), 16.2 (d, 1H), 15.7 (d,
1H), 13.6 (d, 1H), 12.1 (s, 1H), 10.4 (s, 1H), 10.1 (s, 1H), 9.6 (t, 1H),
9.3 (t, 1H), 9.1 (t, 1H), 9.0 (t, 1H), 7.0 (t, 1H), 6.8 (t, 1H), 6.4 (t,
1H), 6.1 (t, 1H), 4.5 (s, 1H), 3.4 (s, 1H), 3.3 (s, 1H), 2.5 (s, 1H), 2.1
(s, 1H), 2.0 (d, 1H), 1.5 (s, 1H), 0.4 (s, 1H), 0.3 (d, 1H), —1.5 (d,
1H), —1.7 (s, 1H), —=2.6 (s, 1H), —3.0 (s, 1H), —23.2 (s, 1H), —26.6
(s, 1H), =27.5 (s, 1H).

Spectroscopic data for K,[(Hbis-salfen),] 4-H, obtained from a
reaction mixture after partial separation: 'H NMR (200 MHz, THF-d,,
298 K): 6 = 19.7 (d, 2H), 13.5 (t, 2H), 13.0 (d, 2H), 11.7 (t, 2H), 104
(t, 2H), 9.6 (t, 2H), 9.2 (d, 2H), 8.0 (d, 2H), —2.7 (s, 2H), =3.1 (s,
2H), —3.3 (s, 2H), —5.3 (s, 2H), —6.1 (s, 2H), —6.9 (s, 2H), —12.0 (s,
2H), —13.1 (s, 2H), —16.8 (s, 2H), —19.1 (brs, 2H).

Single crystals of [(K18-c-6),U(bis-salfen)(Hbis-salfen)],(K18-c-
6),-7thf, S, suitable for X-ray diffraction were grown by slow diffusion
of diisopropyl ether into the THF reaction mixture in the presence of
18-c-6.

Single crystals of [K(dibenzo18-c-6)(py)],[U(Hbis-salfen),]-pys, 6
suitable for X-ray diffraction were grown by slow diffusion of hexane
into a pyridine solution of the complex reaction mixture in the
presence of excess dibenzol8-c-6.

Oxidation of 4H and 4H,. A red solution of [U(salfen),] 3 (6.0
mg, 0.006 mmol, 1 equiv) in THF-dg (0.7 mL) was added to solid KCy
(3 mg, 0.022 mmol, 4.0 equiv) at room temperature. To the resulting
dark brown suspension of a mixture of K;[U(bis-salfen) (Hbis-salfen)]
4-H and K,[U(Hbis-salfen),] 4-H, was added solid AgOTf (5.7 mg,
0.022 mmol, 4.0. equiv) affording a red solution and a black solid. 'H
NMR spectra were recorded at each step, and integrals were compared
to an internal reference (toluene). The addition of 4 equiv of AgOTf
allows a complete conversion of the mixture of reduced species into
the initial [U(salfen),] complex.

Electrochemical Methods. Cyclic voltammetry experiments were
performed at room temperature in an argon-filled glovebox described
above. Data were collected using a Biologic SP-300 potentiostat. All
samples were 2—6 mM in complex with 0.1 M [Bu,N][PF]
supporting electrolyte in pyridine solution. The experiments were
performed with a platinum disk (4 = S mm) working electrode, a
platinum wire counter electrode, and a Ag/AgCl reference electrode.
The experiments were repeated on independently synthesized samples
to assess the reproducibility of the measurement. Potential calibration
was performed at the end of each data collection cycle using the
ferrocene/ferrocenium [(CsHs),Fe]*’ couple as an internal standard.

Magnetic Methods. Static magnetic properties were measured
using a Quantum Design SQUID MPMS-XL 5.0 susceptometer. Ultra-
Low Field Capability (0.05 G for the S T magnets. Continuous Low
Temperature Control/Temperature Sweep Mode (CLTC) — Sweep
rate: 0.001—10 K/min. The samples were pressed under argon and
blocked from torquing using eicosane into a 5 mm Suprasil-Quartz
tube, which was then sealed under vacuum. Contribution to the
magnetization from the empty Suprasil-Quartz tube was measured
independently and subtracted from the total measured signal.
Diamagnetic corrections were made using Pascal’s constants.

X-ray Crystallography. Diffraction data were taken using an
Oxford-Diffraction XCallibur S kappa geometry diffractometer (Mo
Ka radiation, graphite monochromator, 4 = 0.710 73 A). To prevent
evaporation of cocrystallized solvent molecules the crystals were
coated with light hydrocarbon oil, and the data were collected at 150
K. The cell parameters were obtained with intensities detected on
three batches of five frames. The crystal-detector distance was 4.5 cm.
The number of settings and frames has been established taking in
consideration the Laue symmetry of the cell by CrysAlisPro Oxford-
diffraction software.*? 225 for 1, 491 for 2, 964 for 3, 500 for S, and
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1009 for 6 narrow data were collected for 1° increments in @ with a 40
s exposure time for 1, 180 s for 2, 10 s for 3, 1 s for 5, and 4 s for 6.
Unique intensities detected on all frames using the Oxford-diffraction
Red program were used to refine the values of the cell parameters. The
substantial redundancy in data allows empirical absorption corrections
to be applied using the ABSPACK Oxford-diffraction program®” for 1
and 6, and analytical absorption correction for 2, 3, and 5. Space
groups were determined from systematic absences, and they were
confirmed by the successful solution of the structure. The structures
were solved by direct methods using the SHELXTL 6.14 package or by
charge flipping method using superflip. All non-hydrogen atoms were
found by difference Fourier syntheses and refined on F>. For 3
hydrogen atoms were found by Fourier syntheses except for interstitial
solvent H atoms, which were fixed in ideal position. For 1, 2, §, and 6
hydrogen atoms were fixed in ideal position. Full crystallographic
details are given in Supporting Information, Table S.1.

B RESULTS AND DISCUSSION

Uranyl Complexes. The uranyl (VI) complex
[UO,(salfen-"Bu,)], 1, was prepared from the salt metathesis
reaction between Kjsalfen-Bu, and [UO,I,(Py);]'® in pyridine
(Scheme 2). The '"H NMR spectrum recorded for a pyridine

Scheme 2. Synthesis of the Uranyl Complexes
[UO,(salfen-'Bu,)] 1 and [UO,(salfen-'Bu,)(K18-c-6)] 2

=N N= [UO2I2(Py)sl
[UOy(salfen-'Bu,)]
Bu OK KO 'Bu pyridine, r.t. 1
‘Bu 'Bu
[UO,(Py)sl[Klx(Py).l o
pyridine, r.t.
18c6

[UOy(salfen-'Bu,)(K18-c-6)]
2

solution of 1 features seven resonances in the diamagnetic
region, as expected for a symmetric f° uranyl(VI) compound
with one low-spin Fe(II) center.

The reaction of the uranyl(V) precursor {{(UO,(Py);)]-
[KIZ(Py)Z]},,ld with K,salfen-Bu, in pyridine led to the
formation of a stable uranyl(V) complex as suggested by the
paramagnetically shifted "H NMR spectrum, which displays a
single set of seven resonances between 6.83 ppm and —3.87
ppm in pyridine (Supporting Information, Figure S.5). The
stable uranyl(V) complex [UO,(salfen-Bu,)(K18-c-6)], 2, is
isolated in the presence of 18-c-6 (Scheme 2). The proton
NMR spectrum recorded for a pyridine solution of 2
(Supporting Information, Figure S.7) shows seven para-
magnetically shifted signals for the salfen-Bu, ligand, in
agreement with the presence of a uranyl(V) C,, symmetric
complex. "H NMR studies show that complex 2 is highly stable
with respect to the disproportionation for at least 20 d in
pyridine solution (see Supporting Information).

Note that the reaction of the uranyl(V) precursor
{[(UO,(Py))][KL,(Py),]},"" with K,salfen in pyridine leads,
after formation of a transient uranyl(V) species, to
disproportionation of uranyl(V) resulting in the formation of
a mixture of U(IV) and UO,** species from which we identified
the presence of the [U(salfen),] and [UO,(salfen)] complexes

DOI: 10.1021/acs.inorgchem.5b00467
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(Supporting Information, Figure S.4). The disproportionation
is complete after 12 h.

This highlights the important role of the steric hindrance
provided by the bulky fert-butyl groups on the phenol arms in
preventing the disproportionation of uranyl(V) in the
[UO,(salfen-"Bu,)(K18-c-6)] complex. The disproportionation
of uranyl(V) is believed to occur through the formation of
UO,"-UO," cation—cation dimeric species. The presence of
bulky groups probably prevents the formation of such dimeric
cation—cation intermediates by hindering the coordination to
the uranium center of the uranyl(V) oxo group. Similar
behavior was previously observed with tetradentate Schiff-base
salophen and aminophenolate supporting ligands."'%*

The solid-state crystal structures of complexes 1 and 2 were
determined by X-ray diffraction studies and are presented in
Figures 2 and 3, respectively. The crystal structure of 2 shows

Figure 2. Solid-state molecular structure of [UO,(salfen-Bu,)] 1.
Hydrogen atoms and solvent molecules are omitted for clarity.
Uranium (green), iron (orange), nitrogen (blue), oxygen (red), and
carbon (gray) atoms are represented with S0% probability ellipsoids.

Figure 3. Solid-state molecular structure of the complex
[U,0,(salfen-'Bu,)(K18-c-6)] in 2. Hydrogen atoms and solvent
molecules are omitted for clarity. Uranium (green), iron (orange),
nitrogen (blue), potassium (purple), oxygen (red), and carbon (gray)
atoms are represented with 50% probability ellipsoids.

the presence of two independent uranium complexes Ul and
U2 in the asymmetric unit. Selected bond distances for 1 and 2
are given in Supporting Information, Table S.2. The
coordination environment around the uranium center is similar
in the two complexes. In compounds 1 and 2, the uranium
atoms are hexacoordinated in a tetragonal bipyramidal
coordination geometry. The four donor atoms of the
salfen-Bu, ligand (two oxygen and two nitrogen atoms)
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occupy the equatorial plane of the uranium ion (mean deviation
from the plane of 0.04 A in 1 and Ul, of 0.06 A in U2). The
axial positions in 1 are occupied by two oxo ligands with U=0
distances ranging between 1.831(4) and 1.864(4) A and
significantly longer than those found in the uranyl(VI) complex
1 (1.778(3) A). These distances are in the range of those found
in previously reported complexes of uranyl(V).'4751** In the
complexes Ul and U2 the [K(18-c-6)]" countercation binds
one oxo group of the uranyl group through cation—cation
interaction.”® The K—O(1U1) distance (2.568(4) A) is 0.2 A
smaller than K—O(1U2) (2.792(4) A). This difference is
probably because in U2 the potassium ion interacts also with a
phenolate oxygen (K—O = 2.941(4) A) and an imino nitrogen
(3.327(5) A) from the Schiff base. The value of the distance
between the uranium and iron atoms in complex 1 (3.708(1)
A) is smaller than the ones in 2 (mean distance 3.876(1) A).
This is the result of the presence of a stronger interaction of the
ligand with the UO,>* cation resulting in shorter metal—ligand
distances; notably, all the distances between the uranium ion
and the ligand donor atoms in the equatorial plane are smaller
by 0.1 A in the uranyl(VI) complex compared to the uranyl(V)
one (mean distances: U—0 2.221(3) A, U-N 2.460(3) Ain 1
and U-0 2.31(1) A, U-N 2.54(1) A in 2).

The above results show that the ferrocene-based salfen-"Bu,
ligand leads to stable complexes of uranyl(VI) and uranyl(V).
We then become interested in studying the ability of these
ligands to support uranium in lower oxidation states. In
particular we have explored the possibility of obtaining
homoleptic bis-ligand complexes of U(IV) with the objective
of investigating the uranium-mediated communication between
the two iron centers.'®

Tetravalent Uranium Salfen Complex. To favor the
formation of a homoleptic bis-ligand complex of U(IV) the
nonsubstituted salfen ligand was chosen to minimize steric
hindrance. The salt metathesis reaction between [UI,(OEt,),]
and 2 equiv of the potassium salt of the tetradentate Schiff-base
ligand Kjsalfen in THF affords the homoleptic U(IV) complex
[U(salfen),] 3 in 75% yield (Scheme 3). The "H NMR spectra

Scheme 3. Synthesis of [U(salfen),] 3

&)

2 = [UI4(OEt,),]
- ——— >  [U(salfen),]
OK KO pyridine, r.t. 3

recorded for 3 in deuterated THF or pyridine show the
presence of a single set of nine sharp resonances in agreement
with the presence of a D,, symmetric solution species.

Single crystals of 3 suitable for X-ray diffraction studies were
grown by slow diffusion of diisopropyl ether into a THF
solution of 3. The solid-state structure of 3 is represented in
Figure 4. The complex crystallizes in the monoclinic P2,/n
space group. The uranium cation is encapsulated between two
overlapping salfen ligands that provide a N,O, coordination
sphere around the metal. The resulting coordinating poly-
hedron around uranium is best described as a distorted square
antiprism with N1-O1-N31-031 and N2—02-N32-032
defining the square bases of the polyhedron. In the structures of
the previously reported heteroleptic monoligand complexes
[Ce(salfen-'Bu,)(O'Bu),]"® and [Zr(salfen-‘Bu,)(CH,Ph),],"”
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Figure 4. Two different views of the solid-state molecular structure of
[U(salfen),], 3. Hydrogen atoms and solvent molecules are omitted
for clarity. Uranium (green), iron (orange), nitrogen (blue), oxygen
(red), and carbon (gray) atoms are represented with S0% probability
ellipsoids. Selected metrical parameters are reported in Table 1.

as well as in 1 and 2, the salfen ligand adopts a planar geometry.
In contrast, in 3 the two N,O coordinating arms of the ligand
are strongly twisted with respect to each other with an average
angle of 73.7(7)° between the phenolate planes from the same
ligand. This arrangement differs significantly from that found in
the sandwich structure of the bis-ligand complex [U-
(salophen),],** highlighting the higher flexibility of the
ferrocene Schift base. The U-O,, 2.231(9) A and U—-N,,,
2.664(7) A bond distances are comparable to the ones in
[U(salophen),]* and fall in the range of those found in related
uranium(IV) complexes.'*

The two ferrocene units of the ligands are almost
perpendicular, as indicated by the 71.3° value for the torsion
angle between the Cp centroids and the irons in 3. Both
ferrocene moieties adopt roughly eclipsed conformations, with
values of the N1-CI1—-C6—N2 and N31-C31-C36—N32
dihedral angles of 16.3(3)° and 15.7(2)°, respectively. The
mean Fe—C distances 2.041(7) A are close to those found in
ferrocene.”” The U---Fe separations (Ul---Fel = 4.3087(5) A ;
Ul--Fe2 = 4.3237(4) A) have similar values for both ferrocene
ligands. These values are longer than the ones (3.32 and 2.961
A) respectively observed in the solid-state molecular structure
of the related bis-diamidoferrocene complexes [U(fc-
[NSiMe;],),]*® and [U(fc[NSi(t-Bu)Me,],),][BPh,]."®" This
is the result of the presence in the salfen ligand of imino groups
with longer U—N distances, compared to the U—N distances in
the diamidoferrocene complexes, which maintain the uranium
further apart from the ferrocene.
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Magnetic Data. The observed diamagnetism of compound
1 (y = —4.62.107 emu-mol™" at 300 K) is in agreement with
the presence of a low-spin Fe(II) and a diamagnetic UO,*".
Temperature-dependent magnetic data for 2 and 3 were
collected in the temperature range of 2—300 K. At 300 K, 2
displays an effective magnetic moment of 2.09 yy (Figure S),
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Figure S. Temperature-dependent effective magnetic moment for 2
(red trace) and 3 (blue trace) recorded under S00 G in the range of
2—-300 K. A g of 2.09 pg at 300 K was calculated for 2 (g, = —7.44
X 107* emu'mol ™, m = 19.3 mg, Mw = 1291.4 gmol™"). A pu.q of 2.64
ug at 300 K was calculated for 3 (yg4, = —4.53 X 10~* emu-mol ™}, m =
24 mg, Mw = 1078.93 g'mol™").

which is in agreement with the presence of low-spin Fe(II) and
U(V) ions. The magnetic moment of the U(V) ion is lower
than the theoretical value calculated for the free 5f' ion in the
L—S coupling scheme (po¢ = 2.54 ug), but within the range of
values reported for UY compounds (1.42—2.57 uy).>® The
magnetic moment for 2 decreases with decreasing temperature
and reaches 0.96 pp at 2 K, a behavior typically found in
mononuclear uranyl(V) complexes."'®

In comparison, complex 3 exhibits a magnetic moment at
300 K of 2.64 py, which falls in the typical range of values
recorded for U(IV) complexes.”® At low temperatures, the
magnetic moment for 3 decreases drastically and tends to zero
at 0 K, a behavior consistent with a singlet ground state as
typically found for the f* uranium(IV) ion. A similar behavior
had been reported for the U(IV) bis(1,1’-diamidoferrocene)
complex [U(fc[NSi(t-Bu)Me,],),]."**

Redox Properties of Complexes 2 and 3. Complexes 2
and 3 possess three different types of redox-active centers: the
uranium cation, the Fe(II) centers of the ferrocene units, and
the imino moieties of the supporting ligand. To get more
insight into the redox properties of these heterometallic
complexes, cyclovoltammetric studies were performed. The
measurements were performed on 2 mM pyridine solutions of
complexes using [Bu,N][PF,] as supporting electrolyte. The
pyridine was used as solvent because of the instability of the
uranyl(V) complex in THF. All redox potentials are referenced
against the [(CsH;),Fe]™® redox couple. The cyclovoltam-
metric study of Kjsalfen-Bu, ligand show the presence of a
redox event at E;,, = 0.24 V assigned to the Fe(II)/Fe(III)
couple in the ferrocene spacer. This value compares well with
thelglalue measured for the Hjsalfen-‘Bu, ligand in thf (0.29
V).

Compound 2 exhibits a reversible event at E;, = —1.61 V
(Figure 6), which corresponds to a U(VI)/U(V) couple. The
same reversible wave is observed in the voltammogram of 1
recorded using the same conditions. The value of the measured
redox potential is very similar to that reported for
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Figure 6. Room-temperature cyclic voltammogram for
[UO,(salfen-"Bu,)(K18-c-6)] 2 recorded in 0.1 M [Bu,N][PF,] in 2
mM pyridine solution at 100 mV/s scan rate, Cp,Fe/Cp,Fe”
corrected.

[UO,(salophen-'Bu,) (Py)K],"* indicating that the degree of
stabilization of the uranyl(V) cation is similar in both systems.
Additionally, an irreversible oxidation wave is observed around
0.57 V with a shoulder at 0.34 V that can reasonably be
assigned to the oxidation of the ligand ferrocene moiety. The
high intensity of wave at 0.57 V suggests that further oxidation
events might occur at this potential that might be assigned to
the formation of ligand phenoxy radicals.

Complex 3 shows an irreversible reduction wave at E,. =
—2.49 V (Figure 7). This process is associated with several
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Figure 7. Room-temperature cyclic voltammograms for [U(salfen),] 3
recorded in 0.1 M [Bu,N][PF¢] in 2 mM pyridine solution at 100
mV/s scan rate, Cp,Fe/Cp,Fe” corrected. The red trace corresponds
to the voltammogram swept initially from —0.9 V to the positive
direction, and the blue trace corresponds to the voltammogram swept
initially from —1.5 V to the negative direction.

irreversible oxidation waves of lower intensity at E,, = —1.54,
—1.10, and —0.55 V, which are not observed when the
voltammogram is swept initially from —2.0 V to the positive
direction (Supporting Information, Figure S.23). On the basis
of previous studies of the redox chemistry of f-elements bis-
salophen complexes,'>'** this electrochemical signature is
evocative of a reduction/oxidation feature involving the
Schiff-base ligand, even if a U(IV)/U(III) process could also
occur in this potential window.'®® This process remains
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irreversible at higher scan-rate (5000 mV/s), suggesting that
the electrochemically generated reduced species has a very
short lifetime and undergoes rapid rearrangement/reaction.
The multiple irreversible reoxidation waves indicate the
formation of several products, which is in agreement with
what is observed when the chemical reduction of 3 is
performed (vide infra).

We also considered the electrochemical oxidation of
[U(salfen),], 3. The cyclic voltammogram displays a reversible
feature centered at E;;,, = —0.14 V that is assigned to the
Fe(1I)/Fe(Ill) couple of the ferrocene moieties. Indeed, this
potential is close to that of ferrocene and lies in between the
values measured for the Fe?*/Fe3* oxidation in the monoligand
complexes [Ln(*salfen)(OBu)(X)] ({Ln, X} = {Y, THF}:
Ey; = 009 V; {Ln, X} = {Ce, O'Bu}, E,, = —0.28)."® This
indicates that the two chemically equivalent ferrocenes from the
two Schiff-base ligands are oxidized at the same potential.
Therefore, it is reasonable to assume that no iron—iron
communication is occurring in 3, which is consistent with the
large U---Fe separation observed in the solid-state structure.
Notably, systems in which an electronic communication occurs
between two ferrocene units generally display two clearly
distinct one-electron reversible waves.'¢*%3

Ligand-Centered Reduction. The ability of the salfen
ligand to support uranium in a reduced form was also explored.
The addition of 1 equiv of K,salfen to a THF solution of
[UL;(THF),] resulted in a rapid color change from deep blue
to brown accompanied by the formation of KI precipitate.
Analysis of the crude reaction mixture by "H NMR showed the
formation of [U(salfen),] 3 as the only salfen-containing
species (Scheme 4).

Scheme 4. Reaction of [UL;(THF),] with K,salfen

\
=N N=

The uranium(IV) complex [U(salfen),] is presumably
formed by a disproportionation process yielding some form
of U(0) that is removed by filtration. A similar behavior has
been previously reported for various ligands when reacted with
[UL,(THF),],"*****" including for the related bis(1,1'-
diamidoferrocene) ligand [KZ(OEtZ)Z]fc[NSi—(t—Bu)Mez]2'16b

Overall, salt metathesis reactions of uranium iodides with
salfen potassium salts underline that the salfen scaffold is able
to stabilize and saturate the coordination sphere of a U(IV) ion
but does not allow the synthesis of stable uranium(III)
complexes.

Since previous studies on the related Schiff-base complex
[U(salophen),] have shown that further reduction of this
complex was possible leading to the reduction of the imino
group (Scheme 1), we decided to investigate the chemical
reduction of compound 3.

The reaction of 3 with 4 equiv of KCq per uranium atom in
THE resulted in a color change of the solution from orange to
dark brown. Analysis of the crude mixture by "H NMR revealed
that a mixture of compounds was reproducibly obtained. The
"H NMR spectrum recorded in deuterated THF for the crude
reaction mixture displays a series of sharp resonances

[UI5(THF)4]

_ =

THF, r.t.

[U(salfen),]
3
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Scheme 5. Reduction of [U(salfen),] 3
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K3[U(bis-salfen)(Hbis-salfen)] Ky[U(Hbis-salfen),]

4-H 4-H,
dibenzo18-c-6
l 18-c-6 J pyridine
5 6

paramagnetically shifted in the +40 to —30 ppm range
characteristic of U(IV) complexes.

A few crystals of the complex 4-H (Scheme S) could be
grown by slow diffusion of diisopropylether in the crude
mixture in THF. While the quality of the structure is not
sufficient to allow for a detailed discussion of the metrical
parameters of the structure, it is of reasonable quality to
indicate atom connectivity. In the crystal structure of 4-H,
reported in Supporting Information, the uranium complexes
K;[U(bis-salfen) (Hbis-salfen)]-(THF), (Figure 8) are con-

bis-salfen* Hbis-salfen®

Figure 8. Drawing of the bis-salfen*” and Hbis-salfen®~ ligands.

nected in a one-dimensional coordination polymer by bridging
potassium counter cations with different coordination modes
and geometries (see Supporting Information, Figures S.18 and
S.19). The '"H NMR spectrum of 4-H in THF-dg at 298 K
features 36 sharp resonances over the range from 36.4 to —27.5
ppm. This shows the presence of fully asymmetric uranium(IV)
solution species in agreement with the solid-state structure of
this heteroleptic species. ESI/MS studies further support the
formulation of 4-H as K;[U(bis-salfen)(Hbis-salfen)] in THF
solution (m/z 1201.0 corresponding to the {K;[U(bis-
salfen) (Hbis-salfen) ]+H}* moiety).

In presence of 18-c-6, the solid-state polymeric structure was
disrupted, and single crystals of the dimer [(K18-c-6),U(bis-
salfen) (Hbis-salfen)],(K18-c-6),-7thf, S, were obtained. X-ray
diffraction studies show the presence of a centrosymmetric
structure composed of two [(K18-c-6)U(bis-salfen)(Hbis-
salfen)]*” moieties bridged by 2(K18-c-6)* units, as shown in
Figure 9. The charge is balanced by two [K(18-c-6)]*
countercations.

Selected metrical parameters are reported in Table 1. The
uranium ion is heptacoordinated in a distorted capped trigonal
prismatic arrangement. Upon reduction two new intra-
molecular C—C bonds formed between the imino moieties of
each salfen ligand. This results in the formation of a new
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Figure 9. Ortep diagram of the solid-state molecular structure of the
[(K18-c-6),U(bis-salfen) (Hbis-salfen)],>~ dimeric anion in 5 (upper)
and of the coordination environment around the uranium ion (lower).
Hydrogen atoms, except that of the amino moiety, and interstitial
solvent molecules are omitted for clarity. The C—C bonds formed by
reduction of the imine moieties of the salfen ligands are represented in
yellow. Uranium (green), iron (orange), nitrogen (blue), oxygen
(red), potassium (purple), carbon (gray), and hydrogen (white) atoms
are represented with 50% probability ellipsoids.

bisphenolate bisamido ligand (bis-salfen; Figure 8). The
intraligand reductive coupling of the two imido moieties
forms a linker between the two C;Hj ligands, yielding an ansa-
ferrocene derivative. The structure shows that in one of the two
bis-salfen ligands one amido group is protonated to give the
Hbis-salfen ligand, which acts as a tridentate OON ligand, with
the amino group (N32) remaining uncoordinated. The
resulting heteroleptic complex is therefore composed of a
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Table 1. Mean Values of Selected Bond Lengths [A] in the
U(IV) Complexes 3, 5, and 6

compd 3 S 6
U-N 2.664(7) 2.46(6) 2.355(4)
U-0 2.231(9) 2.29(5) 2.24(3)
C—Ciinx 1.62(2) 1.586(8)
C-N 1.294(6) 1.471(3) 1.469(11)
U-Fe 4316(11)  4.3450(2) (Fel) 5.0419(3) (Fe2)  4.8874(9)
Fe—C 2.041(7) 2.046(17) 2.043(13)

U(IV) cation coordinated by a tetraanionic bis-salfen ligand
and a trianionic Hbis-salfen ligand, which is consistent with the
overall trianionic charge for the complex. The metrical
parameters, given in Table 1, are in agreement with this
description. Notably, the U—N,_ 4, average bond distance
(2.46(6) A) is shorter by ~0.2 A compared to the U—Njpin,
bond distances found in 3 and falls in the range of what was
observed in related U(IV) amido complexes.”"* The C—N
bond distances are elongated by ~0.18 A compared to those of
complex 3, in agreement with the reduction of the imine double
C=N bond into amido/amino units.

Detailed analysis of the proton NMR spectrum of the
reaction mixture obtained from the reduction of [U(salfen),]
with KCy reveals that this apparently complex pattern can be
decomposed into two sets of resonances, one corresponding to
the complex two 4-H and one additional reduced complex with
higher solution symmetry identified (see below) as K,[U(Hbis-
salfen),] 4-H, (Scheme $). However, their separation proved
difficult, preventing the isolation of significant amounts of these
species in analytically pure form.

Single crystals of [K(dibenzol8-c-6)(Py)],[U(Hbis-sal-
fen),]-pys, 6, were grown upon slow diffusion of hexane into
a pyridine solution of the reaction mixture in the presence of
dibenzo18-c-6. The solid-state structure consists of an isolated
ion pair, and the structure of the [U(Hbis-salfen),]*~ anion is
presented in Figure 10. Selected bond distances are given in
Table 1. The uranium(IV) cation lies on a symmetry center and

Figure 10. Solid-state molecular structure of the [U(Hbis-salfen),]*
anion in [K(dibenzo18-c-6)(Py)],[U(Hbis-salfen),]-pys 6. Hydrogen
atoms and solvent molecules are omitted for clarity. The C—C bond
formed through the reductive coupling of the imino groups is
represented in yellow and uranium (green), nitrogen (blue), oxygen
(red), iron (orange) ellipsoids. Selected metrical parameters are
reported in Table 1
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exhibits a pseudo-octahedral coordination with four phenolate
moieties from the Hbis-salfen ligands coordinated in the
equatorial plane and two amido moieties bound in a trans
configuration. The NMR pattern of 4-H, features 18 signals,
indicating that the ligands are equivalents on the NMR time
scale in agreement with the ligand arrangement found in the
solid-state crystal structure of 6. The value of the distance of the
C—C bond formed from the coupling of two imino groups is
1.586(8) A. The value of the C—C bond distance falls in the
range of the ones found in bis-salophen, cyclo-salophen, and
bis-napthquinolen ligands formed from reductive coupling of
imino groups in tetradentate and tridentate Schiff bases,
respectively.”>'* Similarly to 5, the C18—N2 and C7-N1
bond distances (1.476(6) A and 1.461(5) A) in 6 are longer
than the C—Nj_ ;.. bond distances found in 3 and correspond to
C—N simple bonds. The U1—N2 bond distance (2.355(4) A)
is much shorter than the U-N, ;. bond distances found in 3,
which is consistent with an amido moiety. While N2 is
coordinated to the uranium cation, as expected for an amido
moiety, the neutral amino nitrogen N1 remains uncoordinated
to the metal center. The average value of the U-—O bond
distances (2.24(3) A) is in line with those reported for U(IV)
phenolate systems.*>*° The U---Fe separation (4.8874(9) A) in
6 is longer than the one in 3. Finally, the overall K/U ratio is 2,
in agreement with a +IV charge for the uranium. Thus, the
formula [U(Hbis-salfen),]*~ where Hbis-salfen is a trianionic
tridentate ligand provides a good description of the complex.

These studies indicate that ligand reduction is more favorable
than a U(IV) to U(III) process. The complex reduction results
in the reductive coupling of the imino moieties of the salfen
ligand yielding U(IV) amidophenolate compounds. Metal-
mediated intramolecular and intermolecular reductive coupling
of the imino group of the tetradentate Schiff-base salophen has
been previously reported for U(IV) (Scheme 1),%* Ln(1II),"*"
and d-block metals.** However, the isolated complexes 4-H and
4-H, show that in the reduction of the [U(salfen),] complex,
the reductive coupling occurs between the imino groups of the
same salfen ligand (Scheme S5). Such reactivity is unprece-
dented, and it is most likely the result of the higher flexibility of
the salfen ligand compared to the salophen one.

Mixtures of 4-H and 4-H, were reproducibly obtained from
independent syntheses. These species are, respectively, the
monoprotonated and the diprotonated analogues of a bis-
amido bis-phenolate [U(bis-salfen),]*” complex and are
probably formed by hydrogen abstraction from the solvent.
We previously observed that the amido moieties of the bis-
salophen ligand formed upon reductive coupling of the
salophen Schiff-base feature a basic character."*" In the putative
tetraanionic mononuclear [U(bis-salfen),]*” species (Scheme
5), resulting from the four-electron reduction of [U(salfen),],
the octaanionic environment provided at the U(IV) cation by
the four phenolates and four amido groups likely results in a
high electron density at the metal responsible for the low
stability of this species. Unfortunately, efforts to characterize
this intermediate so far proved unsuccessful in our hands.
Attempts to perform the reduction in the more robust 1,2-
dimethoxyethane solvent afforded the same mixture of
compounds. Similar results were obtained when replacing
KCg by K metal. Using a larger number of equivalents of
potassium graphite resulted in the formation of intractable
mixtures containing 4-H, and/or 4-H together with other
unidentified reduction products. When only 2 equiv of KCg are
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used in the reduction, a mixture of unreacted complex 3 and
reduced 4-H and 4-H, species were obtained.

Interestingly, preliminary studies show that despite the
presence of protonated amino groups the electrons stored in
the C—C bonds can became available to oxidizing agents.
Notably, the addition of 4 equiv of AgOTf to the reaction
mixture of 4-H and 4-H, led to immediate restoration of the
original [U(salfen),] (Scheme 6). This suggests that the

Scheme 6
K3[U(bis-salfen)(Hbis-salfen)]
8 KCg, THF, r.t. 4-H
2 [U(salfen),] +
3 8 AgOTf, THF, r.t. K;[U(Hbis-salfen),]
4-H,

[U(salfen),] can be used to store four electrons for the
reduction of substrates even in the presence of proton sources.
This result contrasts with what was previously found for the
complex K[Nd(bis-H,salophen)] where the electrons stored in
the C—C bond of the protonated bis-salophen ligand are no
longer available to oxidizing agents.14b Work in progress is
directed to investigate the reactivity of the reduced [U(salfen),]
and to probe its ability to transfer the electrons stored in the
C—C bond to different oxidizing substrates.

B CONCLUSIONS

In summary, a series of heterometallic uranium—iron complexes
was synthesized and fully characterized by NMR spectroscopy,
single-crystal X-ray diffraction, variable-temperature magnetic
measurements, and cyclovoltammetry. The ferrocene-based
Schiff-base ligand salfen was shown to be a good platform for
stabilizing the three higher oxidation states of uranium (IV, V,
and VI). The reduction of the U(IV) bis-ligand complex
[U(salfen),] led to ligand-centered reduction involving the
reductive coupling of the imino groups on the Schiff-base
ligand. This results in the unprecedented formation of an
intramolecular intraligand C—C bond between the two imino
groups of a salfen ligand rather than in the interligand C—C
bond formation reported previously for tridentate and
tetradentate Schiff bases. Such novel reactivity arises from the
high flexibility of the ferrocene backbone. We also show that
the electrons stored in the C—C bond are available for the
oxidation of substrates. Future work will be directed to
investigate the reactivity of the reported complexes.
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