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Benzoquinonoid-bridged dinuclear actinide complexes
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We report the coordination chemistry of the tripodal tris[2-amido(2-pyridyl)ethyllamine ligand, L, with thorium(IV) and

uranium(IV). Using a salt-metathesis strategy from the potassium salt of this ligand, KsL, new actinide complexes were

DOI: 10.1039/x0xx00000x

www.rsc.org/

isolated, namely the dimeric thorium complex [ThCI(L)]. (1) and the monomeric uranium complex UI(THF)(L) (2); under
different crystallisation conditions, the dimeric uranium complex is also isolated, [UI(L)]2 (2-dimer). With the aim of studying

electronic phenomena such as magnetic exchange between two actinide ions, we have synthesised the first examples of

dinuclear, quinoid-bridged actinide complexes from dianionic 2,5-bis[2,6-(diisopropyl)anilide]-1,4-benzoquinone (Q®??) and
2,5-bis[2-(methoxy)anilide]-1,4-benzoquinone (Q°Ve) ligands. The resulting complexes are [Th(L)].Q"?? (3), [Th(THF)(L)].Q°Ve
(5) and [U(L)].Q°Ve (6). The targeted [U(L)].Q°P" complex (4) could not be isolated. All isolated complexes have been
characterised by spectroscopic methods and X-ray crystallography. The uranium(lV) complexes 2-dimer and 6 have been

studied by SQUID magnetometry but indicate that there is negligible magnetic exchange between the two uranium(IV) ions.

The reduced form of 6, [K(18-c-6)][67] is unstable and highly sensitive, but X-ray crystallography indicates that it is a novel

UVUY complex bridged by a quinoid-radical.

Introduction

Bridging quinoid ligands have been used extensively in
transition metal chemistry! to study properties such as electron
transfer,2 spin-spin coupling,> mixed valency,* valence
tautomerism® and single-molecule magnetism (SMM).6 Donor
atoms are included in the extended m-conjugation of quinoid
ligands, which makes this ligand class well suited to studying
intermetallic communication. Moreover, quinoid ligands are
highly tuneable (see Scheme 1: X = H, halide or nitro; Ar =
aromatic imino substituent) and it has been shown that varying
the substituents or the donor atoms on the quinoid ligand has a
strong influence on the electronic properties of the resulting
For example, an [O,N,O,N]-
quinoid ligand has been shown to promote stronger anti-

dinuclear bridged complexes.

ferromagnetic coupling between two copper(ll) ions compared
to its isoelectronic [0,0,0,0]-quinoid analogue.? Owing to their
redox-activity, radical-bridged complexes can also be prepared
using quinoid ligands.” In one such example, much stronger
antiferromagnetic exchange was demonstrated between
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iron(ll) centres when the quinoid bridge was radical in
comparison with the neutral analogue (J £ =900 cm for the
radical; J =-2.9 cm~for the neutral complex).6

In contrast to transition metal chemistry, the use of bridging
benzoquinonoids in bimetallic f-element chemistry is

X =H, halide, nitro; Ar = aromatic substituent

X f\r Il\r .l‘\r
O O, O N N N
~N ~ ~
wm? “wn om? vy om “ S
Nz v N, v N,z e
Y o Vo W
X Ar Ar Ar

Keto-alkoxy quinoid Imino-alkoxy quinoid Imino-amido quinoid

Type used in
this work

Scheme 1. General depiction of previously reported, dinuclear quinoid-bridged transition
metal complexes, highlighting the variety of donor atoms, donor-atom substituents and
quinoid substituents that can be incorporated. See references 1-7.

unexplored. Low-oxidation-state uranium complexes bearing
other redox-active ligands such as pyridine di-imines, 2,2’-
bipyridines, Schiff-bases, a-di-imines, amido-phenolates and
dioxophenox-azines form complexes of ligand-centred radicals
from redox reactions.® Dinuclear lanthanide complexes bridged
by redox-active ligands such as dinitrogen,®
tetra(pyridyl)pyrazine,10 indigo!! and bi(pyridyl)tetrazinel2 have
been shown to display strong magnetic exchange and SMM
behaviour. Furthermore, SMM has been observed for dinuclear
lanthanide complexes bearing radical tetrathiafulvalene!? and
quinone-tetrathiafulvalene ligands,'4 although strong inter-
metallic magnetic exchange was not observed in those cases. It
is therefore surprising that similar actinide complexes of
bridging quinoid ligands have not yet been reported, as uranium
single-molecule magnets have been a focal point of recent
research.’> Multinuclear uranium complexes containing
bridging ligands have often displayed varying degrees of
electronic or magnetic intermetallic coupling. To give a few
illustrative examples: dinuclear uranium(V) complexes
containing chalcogenide bridges show anti-ferromagnetic
coupling around 20 K,'® but magnetic coupling in related
uranium(lV) complexes was less distinct;17 an inverse-sandwich
complex with a pwy-n®:n%-arene ligand bridging two uranium(lll)
centres is thought to display SMM behaviour at 1.8 K;® two
uranium(V) centres linked by a bis-imido ligand undergoes anti-
ferromagnetic coupling between 5 and 40 K;° and weak



ferromagnetic communication is present in di- and tri-nuclear
uranium(lV) arylacetylide complexes.2°

Tripodal ligands have been used extensively in transition
metal quinoid chemistry to impart kinetic and thermodynamic
stability on the resulting bimetallic complexes, and also because
of the well-defined volume of the coordination sphere that is
available to introduce the bridging quinoid ligand. For similar
reasons, these multidentate ligands have also been employed
for similar reasons to study novel modes of bonding, reactivity
and electronic structure. In this regard, significant advances in
actinide chemistry have come by use of substituted tris(2-
aminoethyl)amine ligands (tren),?! triazacyclononane ligands
(tacn),16b.22 gnd tripodal phosphino-amido-amine ligands.23

Here we describe the synthesis of the first dinuclear actinide
complexes of the tripodal tris[2-amino(2-pyridyl)-ethyl]amine
ligand. By incorporating two different bridging [O,N,O,N]-
quinoid ligands bearing either ortho-anisyl or di-
isopropylphenyl (Dipp) imino-substituents we can also report
the first examples of quinoid-bridged dinuclear actinide
complexes. We have studied these compounds using cyclic
voltammetry and magnetometry, and we also report our
attempts to isolate a rare quinoid-radical-bridged UVUWY
complex.

Experimental section

Caution! Depleted uranium (primary isotope 238U) and natural
thorium (primary isotope 232Th) are both weak a-emitters
(4.197 and 4.012 MeV, respectively) with half-lives of 4.47x10°
and 1.41x10%0 years, respectively; manipulations and reactions
should be carried out in monitored fume hoods or an inert-
atmosphere drybox in a radiation laboratory equipped with a-
and B-counting equipment.

Cyclic voltammograms were recorded with a three-
electrode system, using a Pt disc working-electrode, Pt mesh
counter-electrode and Ag wire quasi-reference electrode. A
1 mM solution of the analyte was employed using 0.1 M THF
solution of ["BusN][PF¢] as the supporting electrolyte. Potentials
were referenced against the ferrocenium/ferrocene redox
couple (E, Fc*/Fc = 0 V). Magnetic susceptibility measurements
were performed using Quantum Design MPMS (for 2-dimer)
and MPMS2 (for 6) SQUID magnetometers. DC magnetic
susceptibility measurements were performed at temperatures
ranging from 2-300 K under applied DC fields of 1000 Oe (0.1 T),
20,000 Oe (2.0 T), and 70,000 Oe (7.0 T). Magnetic samples
were prepared by flame-sealing 14 mg of crystalline powder
inside 7 mm quartz tubes.

Details of materials, CCDC numbers and other methods can
be found in the Supporting Information.

Synthesis of the ligands

Synthesis of tris[2-amino(2-pyridyl)ethyl]amine, HsL

Our procedure for the preparation of HsL differs from that
published previously.24 Neat 2-fluoro-pyridine (3.2 eq, 5 g, 51
mmol, 4.5 mL) was mixed under a flow of nitrogen gas with
K,COs3 (3.2 eq, 7.10 g, 51.5 mmol) and was then heated to 60 °C.
Tris(2-aminoethyl)amine, (1 eq, 2.35 g, 16.1 mmol, 2.4 mL) was

added dropwise through a rubber septum to the mixture over
10 minutes. The mixture was heated for 1 hour at 60 °C. The
temperature was slowly raised to 130 °C and then stirred at this
temperature for 3 days. The mixture was then cooled to room
temperature and extracted with 100 mL of chloroform. The
organic phase was washed with saturated KHCO3(aq) (3 x 20 mL),
water (3 x 20 mL) and brine (1 x 20 mL) and then dried over
Na,S0, (20 g). The solution was filtered and the solvent was
evaporated, producing a yellow oil. Remaining chloroform was
removed through trituration with toluene (3 x 30 mL) and the
resulting oil was dried under vacuum overnight at room
temperature to give HslL as a yellow oil, which slowly solidifies
over one or two days. Yield: 5.32 g, 13.8 mmol (86 %). *H NMR
(500 MHz, CDsCN, 300 K): &4 / ppm 2.71 (t, 3Jun = 6.1 Hz, 6H,
ethyl-CH>), 3.32 (q, 3Jun = 5.9 Hz, 6H, ethyl-CH>), 5.29 (s, 3H, NH),
6.36 (d, 3Jun = 8.4 Hz, 3H, py meta-H), 6.48 (t, 3/un = 6.1 Hz, 3H,
py meta-H), 7.32 (t, 3Jun = 6.9 Hz, 3H, py para-H), 7.98 (d, 3Juu =
4.1 Hz, 3H, py ortho-H). 13C{1H} NMR (125 MHz, CD3CN, 300 K):
8c / ppm 40.4 (ethyl-CH,), 54.3 (ethyl-CH,), 108.9 (py meta-C),
113.1 (py meta-C), 137.8 (py para-C), 148.8 (py ortho-C), 160.1
(py ipso-C).

Synthesis of KsL

In an oven-dried 500 mL Schlenk flask, HsL (1 eq, 18.5 mmol, 7
g) was dissolved in ca. 200 mL toluene. K[N(SiMes)] (3.1 eq,
57.4 mmol, 11.5g) was added as a solid in 5 portions over 10
minutes to the mixture, forming a thick yellow slurry that was
then stirred overnight at room temperature. The yellow solids
were isolated by filtration, washed with cold toluene and
hexane, and then dried under vacuum for 5 hours. KsL was
obtained as a fluffy yellow powder. Yield: 8.6 g, 17.6 mmol (95
%). TH NMR (400 MHz, CDsCN, 300 K): &4 / ppm 2.69 (t, 3Juy =
4.2 Hz, 6H, ethyl-CH>), 3.20 (t, 3/un = 4.2 Hz, 6H, ethyl-CH,), 6.28
—6.20 (m, 6H, py meta-H), 7.21 — 7.18 (m, 3H, py para-H), 7.88
— 7.86 (m, 3H, py ortho-H). 13C{*H} NMR (100 MHz, CDCls, 300
K): 8¢ / ppm 41.7 (ethyl-CH,), 54.8 (ethyl-CH,), 108.2 (py meta-
C), 110.7 (py meta-C), 137.3 (py para-C), 148.8 (py ortho-C),
161.5 (py ipso-C). Elemental analysis calculated for C1H24N7K3:
C,51.29 %; H, 4.92 %; N, 19.94 %. Found: C, 51.13 %; H, 5.01 %;
N, 19.86 %. UV/vis (CH3CN), A / nm (g / dm3 mol-t cm™): 249
(60,300), 299 (12,500), 359 (1800).

General synthetic procedure for quinones H,QP*P and H,Q°Me

The amino-quinones (H2QR, R = Dipp or ortho-anisyl) were
synthesised following the procedure reported by Schweinfurt et
al.ld 2,5-Dihydroxybenzoquinone (1 eq, 6.45 mmol, 900 mg)
was suspended in 60 mL of acetic acid at room temperature and
the appropriate aniline (2 eq) was added, resulting in a colour
change to orange-red. The mixture was heated at 115 °C for 4
hours. The reaction mixture was poured into water (500 mL)
and the precipitate was isolated by filtration and air-dried for 1
hour at room temperature. The resulting solids were then
dissolved in dichloromethane (100 mL) and stirred over MgSO4
(15 g) for 10 minutes. The H,QR was isolated after filtration and
evaporation of the solvent.

Synthesis of H,QPPp



Using 2,6-diisopropylaniline (2 eq, 12.9 mmol, 2.29 g, 2.45 mL).
The product was purified by silica gel column chromatography,
using CH,Cl,/MeOH (99:1) as the eluent, and isolated as a red-
pink powder. Yield: 1.18 g, 2.58 mmol (40 %). *H NMR (500 MHz,
CDCls, 300 K): 61/ ppm 1.19 (d, 3/un = 6.8 Hz, 12H, Pr-CHs3), 1.27
(d, 3Jun = 6.8 Hz, 12H, iPr-CHs), 3.00 (sept, 3/un = 7.0 Hz, 4H, Pr-
CH), 5.08 (s, 2H, quinone CH), 7.28 (d, 3/un = 8.3 Hz, 4H, Dipp
meta-H), 7.40 (t, 3Jun = 7.7 Hz, 2H, Dipp para-H), 7.68 (s, 2H, NH).
13C{1H} NMR (125 MHz, CDCls, 300 K): 8¢ / ppm 23.4 (iPr-CHs),
24.7 (iPr-CHs), 28.7 (PPr-CH), 95.05 (quinone CH), 124.2 (Dipp
meta-C), 129.3 (Dipp ortho-C), 131.0 (Dipp para-C), 146.3 (Dipp
ipso-C), 151.7 (quinone CN), 179.1 (quinone CO). UV/vis (THF),
A/ nm (g /dm3 mol-t cm™1): 239 (sh, 17,333), 342 (31,000).

Synthesis of H,Q°Me

Using ortho-anisidine (2 eq, 12.9 mmol, 1.59 g, 1.5 mL). The
product was obtained as a dark brown microcrystalline solid
which required no further purification. Yield: 1.77g, 5.05 mmol
(78 %). 'H NMR (600 MHz, CDCls, 300 K): &4 / ppm 3.89 (s, 6H,
OCHs), 6.15 (s, 2H, quinone CH), 6.94 (d, 3Juy = 8.16 Hz, 2H,
anisidine meta-H), 6.99 (t, 3Jun = 7.68 Hz, 2H, anisidine para-H),
7.14 (t, 3Jun = 8.04 Hz, 2H, anisidine meta-H), 7.39 (d, 3Jun = 7.86
Hz, 2H, anisidine ortho-H), 8.46 (s, 2H, NH). 33C{H} NMR (150
MHz, CDCls, 300 K): 8¢ / ppm 55.7 (OCHs), 96.3 (quinone CH),
111.1 (anisidine meta-C), 120.7 (anisidine para-C), 121.2
(anisidine meta-C), 125.9 (anisidine ortho-C), 126.6 (anisidine
ipso-CN), 145.6 (anisidine ipso-COCHs), 151.5 (quinone CN),
180.5 (quinone CO). UV/vis (THF), A / nm (g / dm3 mol-t cm™1):
239 (sh, 9000), 266 (10,800), 278 (10,500), 400 (8700).

Synthesis of metal complexes

Synthesis of [ThCI(L)]> (1)

A solution of ThCl4(DME); (1 eq, 0.5 mmol, 277 mg) in THF (5
mL) was added drop-wise to a stirred yellow solution of KsL (1
eq, 0.5 mmol, 265 mg) in THF (10 mL). The resulting dull yellow
suspension was stirred overnight at room temperature. The
suspended solids were removed by filtering twice through
Celite® and the filtrate was concentrated to approximately 2
mL. The THF solution was layered with hexane and cooled to —
40 °C for 5 hours, causing the product to precipitate. The
product was isolated as yellow microcrystalline material by
decanting the supernatant and drying the solids under vacuum
for several hours. Yield: 240 mg, 0.375 mmol (75 %). 'H NMR
(500 MHz, ds-pyridine, 300 K): &4 / ppm 3.03 (t, 3/un = 5.8 Hz,
12H, ethyl-CH,), 3.40 (t, 3Juy = 5.8 Hz, 12H, ethyl-CH,), 5.74 (d,
3Jun = 8.45 Hz, 6H, py meta-H), 6.04 (t, 3Jun = 6.1 Hz, 6H, py meta-
H), 7.03 (t, 3Jun = 6.85 Hz, 6H, py para-H), 8.82 (d, 3Jusy = 4 Hz, 6H,
py ortho-H). 3C{1H} NMR (175 MHz, ds-pyridine, 300 K): &¢ /
ppm 46.2 (ethyl-CH;), 55.1 (ethyl-CH3), 104.1 (py meta-C), 107.6
(py meta-C), 140.1 (py para-C), 146.8 (py ortho-C), 168.2 (py
ipso-C). Elemental analysis calculated for Cs2HagN14CloTha: C,
39.29 %; H, 3.77 %; N, 15.27 %. Found: C, 39.15 %; H, 3.86 %; N,
15.03 %. UV/vis (THF), A / nm (g / dm3 mol! cm™): 261 (sh,
56,700), 271 (59,500), 363 (9,400).

Synthesis of [UI(THF)(L)] (2)

A solution of Uls(dioxane); (1 eq, 0.5 mmol, 460 mg) in THF (5
mL) was added drop-wise to a stirred yellow solution of KsL (1
eq, 0.5 mmol, 265 mg) in THF (10 mL). The resulting orange-red
suspension was stirred overnight at room temperature. The
suspended solids were removed from the mixture by filtering
twice through Celite® and the THF filtrate was concentrated to
approximately 2 mL. The orange solution was then stored at
—40 °C for 5 hours to induce the precipitation of 2 as a
microcrystalline red-orange powder. The supernatant was
removed and the product was dried under vacuum for several
hours. Yield: 307 mg, 0.415 mmol (83 %). 'H NMR (500 MHz, ds-
pyridine, 300 K): 84 / ppm —13.02 (s, 6H, ethyl-CH>), 9.26 (s, 3H,
py-H), 11.18 (s, 3H, py-H), 14.62 (s, 3H, py-H), 14.76 (s, 6H, ethyl-
CH,), 17.14 (s, 3H, py-H). Elemental analysis calculated for
CasH32N7041:U10.2THF: C,37.52 %; H, 4.10 %; N, 11.87 %. Found:
C, 37.08 %; H, 4.24 %; N, 10.89 %. UV/vis (THF), A/ nm (¢ / dm3
mol~1 cm~1): 250 (46,900), 360 (6500). Evans method magnetic
moment: pess = 2.85 Ms.

Synthesis of dinuclear, quinoid-bridged complexes

General procedure

A 5 mL THF solution of the amino-quinone H,QPPP or H,Q%Me (1
eq, 0.1 mmol) was prepared and K[N(SiMes)] (2 eq, 0.2 mmol,
40 mg) was added to the solution directly as a solid. The
resulting brown (K,QPPP) or orange (K»Q°Me) mixture was
stirred for 1.5 hours at room temperature, during which time a
precipitate formed. The resulting suspension was added drop-
wise to a THF solution (5 mL) of the appropriate metal precursor
(1 or 2). The colour changed to red (for reactions involving 1) or
dark brown (for reactions involving 2) and the suspension was
stirred for 18 hours at room temperature. The reaction mixture
was then filtered through Celite® and the THF filtrate was
concentrated to approximately 5 % of its original volume.
Storage of the concentrated solution at —40 °C induced
crystallization of the desired complexes in moderate to good
yield as microcrystalline solids.

Synthesis of [Th(L)].QP*» (3)

From H,QPiPP (1 eq, 46 mg, 0.1 mmol) and 1 (1 eq, 0.1 mmol,
128 mg). Isolated as a microcrystalline red solid. Yield: 58 mg,
0.035 mmol (35 %). *H NMR (700 MHz, ds-pyridine, 300 K): 64 /
ppm 1.11 (d, 3Jyy = 6.6 Hz, 12H, 'Pr-CHs), 1.28 (d, 3Jun = 6.7 Hz,
12H, iPr-CHs), 2.67 (t, 3Jun = 5.5 Hz, 24H, ethyl-CH>), 3.17 (t, 3Jun
= 4.9 Hz, 24H, ethyl-CHy;), 3.31 (sept, 3Jun = 6.8 Hz, 4H, 'Pr-CH),
5.60 (s, 2H, quinone CH), 5.81 (d, 3/uy = 8.2 Hz, 6H, py para-H),
5.98 (t, 3Jun = 6.9 Hz, 6H, py meta-H), 7.10 (t, 3Jun = 6.9 Hz, 6H,
py meta-H), 7.24 (t, 3Juy = 7.4 Hz, 2H, Dipp para-H), 7.32 (d, 3Jun
= 7.6 Hz, 4H, Dipp meta-H), 8.01 (d, 3Juy = 4.3 Hz, 6H, py ortho-
H). 13C{*H} NMR (175 MHz, ds-pyridine, 300 K): &c / ppm 24.1
((Pr-CHs), 26.1 (iPr-CHs), 29.0 (‘Pr-CH), 46.2 (ethyl-CH,), 55.4
(ethyl-CH,), 101.1 (quinone CH), 103.9 (py para-C), 107.1 (py
meta-C), 124.3 (Dipp, meta-C), 125.7 (Dipp para-C), 139.5 (py
meta-C), 141.9 (Dipp, ipso-C-'Pr), 145.5 (py ortho-C), 147.5 (Dipp
ipso-CN), 167.0 (py ipso-C), 171.0 (quinone CN), 174.6 (quinone
CO). Elemental analysis calculated for C72HgaN10,Th,: C, 51.79
%; H, 5.07 %; N, 13.42 %. Found: C, 51.79 %; H, 4.92 %; N, 13.35



%. UV/vis (THF), A / nm (€ / dm3 mol-! cm): 268 (49,600), 365
(31,200).

Attempted synthesis of [U(L)].QP"F (4)

From H,QPPP (1 eq, 46 mg, 0.1 mmol) and 2 (2 eq, 0.2 mmol,
150 mg). 'H NMR spectrum taken in CDClz was uninformative
and included several resonances between —13 and 55 ppm. (See
Sl, Figure S16)

Synthesis of [Th(THF)(L)].Q°Me (5)

From H,Q°%Me (1 eq, 0.1 mmol, 35 mg) and 1 (1 eq, 0.1 mmol,
128 mg). Isolated as a microcrystalline red solid. Yield: 116 mg,
0.07 mmol (70%). *H NMR (500 MHz, ds-pyridine, 300 K): &4 /
ppm 1.61 — 1.63 (m, 8H, THF), 2.81 (s, 12H, ethyl-CH>), 3.17 (s,
12H, ethyl-CH.), 3.47 (s, 6H, O-CHs), 3.65 — 3-67 (m, 8H, THF),
5.68 (d, 3Jun = 8.4 Hz, 6H, py meta-H), 5.78 (s, 2H, quinone CH),
6.05 (t, 3Jun = 6.1 Hz, 6H, py meta-H), 6.86 (d, 3Jun = 7.8 Hz, 4H,
anisidine ortho- and meta-H), 6.93 (t, 3Jyq = 7.5 Hz, 2H, anisidine
para-H), 7.12 — 7.07 (m, 8H, py para-H and anisidine meta-H),
8.07 (d, 3wy = 4.6 Hz, 6H, py ortho-H). 3C{*tH} NMR (125 MHz,
CeDe, 300 K): 8¢ / ppm 26.3 (THF), 45.6 (ethyl-CH,), 54.2 (ethyl-
CH,), 55.5 (O-CHs), 68.3 (THF), 98.2 (quinone CH), 103.4 (py
meta-C), 106.9 (py meta-C), 111.0 (anisidine meta-C), 120.6
(anisidine para-C), 125.5 (anisidine ortho-C), 138.8 (py para-C),
139.7 (anisidine ipso-COCH3), 145.1 (py ortho-C), 152.0 (py ipso-
C), 167.6 (anisidine ipso-CN), 169.0 (quinone CN), 176.2
(quinone CO). Elemental analysis calculated for
C70H80N1505Th2(C4H301)1 C, 50.00 %; H, 4.99 %; N, 12.61 %.
Found: C, 49.83 %; H, 5.13 %; N, 12.34 %. UV/vis (THF), A / nm
(e / dm3 mol~t cm™1): 244 (102,300), 271 (sh, 63,000), 305 (sh,
34,500), 354 (28,000), ca. 410 (sh, 18,500).

Synthesis of [U(L)].Q°M¢ (6)

From H,Q°Ve (1 eq, 0.1 mmol, 35 mg) and 2 (2 eq, 0.2 mmol,
150 mg). Isolated as a microcrystalline brown solid. Yield: 100
mg, 0.062 mmol (62 %). IH NMR (600 MHz, ds-pyridine, 300 K):
84/ ppm —10.67 (s, broad, 4H, anisidine CH), —0.37 (s, 6H, py-H),
0.16 (s, 2H, anisidine CH), 1.92 (t, 3u = 9.2 Hz, py-H), 2.29 (s,
18H, ethyl-CH; and OCH3), 2.72 (d, 3Jyn = 7.92 Hz, 6H, py-H), 2.87
(t, 3Jun = 6.5 Hz, 2H, anisidine CH), 5.88 (s, broad, 14H, ethyl-CH,
and quinone CH), 39.96 (s, 6H, py-H). Elemental analysis
calculated for Ce2HeaN1604U32: C, 47.69 %; H, 4.13 %; N, 14.35 %.
Found: C, 47.31 %; H, 4.12 %; N, 14.50 %. UV/vis (THF), A / nm
(e / dm3 mol! cm™): 246 (82,800), 270 (sh, 29,000), 207
(25,800), 370 (28,800). Evans method magnetic moment: eff =
3.88 ps.

Synthesis of [K(18-c-6)(THF).][{U(L)}.Q°M¢] (67)

A 3 mL THF solution of 6 (100 mg, 0.064 mmol, 1 eq) was frozen
in a liquid-nitrogen cooled well in the glove box. A second, 2 mL
THF slurry of KCg (10.3 mg, 0.076 mmol, 1.2 eq) was also frozen.
The solution of 6 was added to the thawing KCs solution, and
the mixture was allowed to warm to room temperature and
then stirred at room temperature for 2 hours. Graphite was
removed from the mixture by filtration through Celite®
affording a dark red filtrate. 18-crown-6 ether (20.2 mg, 0.076
mmol, 1.2 eq) was added to the filtrate and stirred for 20

minutes at room temperature. The solution was then
concentrated to ca. 1 mL and then stored at —40 °C to
precipitate light red/brown solids. The solids were isolated by
decanting the supernatant and drying under vacuum. Due to
the extreme sensitivity of the complex, satisfactory elemental
analysis could not be obtained. Light red/brown crystals
suitable for single crystal X-ray diffraction studies were

obtained from a THF solution stored at —40 °C.

Results and discussion
Halide-bearing actinide complexes of the tripodal ligand

The tripodal pyridyl-amine pro-ligand, tris[2-amino(2-pyridyl)-
ethyl]lamine, HsL, was prepared using a modified literature
procedure and isolated as a yellow oil in high yield of 86 %. HsL
was deprotonated by a reaction with K[N(SiMes)] in toluene,
which afforded the potassium salt KsL, in 95 % yield as a light
yellow powder (Scheme 2). The synthesis of KsL was confirmed
by H NMR spectroscopy, which showed a loss of the N-H
resonance (&u 5.29 ppm for HsL) and change in methylene
proton chemical shifts. IR spectroscopy also showed a loss of N—
H absorption bands in comparison with HsL.



2-dimer

Figure 1. Solid-state structures of 1, 2 and 2-dimer. One half of the dimeric structures are
symmetry-generated. For clarity, all protons are omitted and for 2, a second molecule
and 2.5 THF molecules present in the asymmetric unit are also omitted. Ellipsoids are
drawn at 50 % probability.

Subsequent reaction of KsL with ThCIly(DME), or
Uls(dioxane); in THF led to the clean formation of the new
complexes [ThCI(L)]> (1) and [UI(THF)(L)] (2), respectively
(Scheme 2). X-ray quality crystals of 1 were obtained by vapour
diffusion of hexane into a concentrated THF solution (Figure 1,
top). The solid-state structure of 1 is dimeric, with the two
thorium centres bridged asymmetrically by two chloride ligands
(Thi-Cl1, 2.912(1) A; Thi-Cl1’, 2.948(1) A), giving an
intermetallic distance of 4.6124(4) A. Each thorium centre is
nine-coordinate, with N1 (the central amine), N30 and N31 (an
amido-pyridyl chelating group) occupying the equatorial plane
with the two bridging chloride ligands; the axial positions are
each occupied by one of the remaining two bidentate amido-
pyridyl groups. While the solution-state structure exhibits
averaged C; symmetry, as judged by NMR spectroscopy, the

solid-state structure reveals an asymmetric binding mode of the
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Scheme 2. Synthesis of KsL from the deprotonation of HsL, and subsequent synthesis of 1
and 2 from salt-metathesis reactions.
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Scheme 3. Synthesis of the dinuclear, quinoid-bridged complexes of thorium (3 and 5) and
of uranium(1V) (4 and 6), making use of the halide-bearing complexes 1 and 2 through
salt-metathesis with deprotonated quinones K,QP"®? and K,Q°%Me,

tripodal ligand, where the amido-pyridyl chelating group
containing N20 and N21 is twisted. Since this asymmetry is not
resembled in the NMR spectra of the complexes, we attribute
this to crystal packing effects.

The uranium complex 2 crystallised from a concentrated
THF solution as a monomeric complex, in the triclinic space
group P-1 (Figure 1, bottom right). The uranium centre is
coordinated by all 7 nitrogen donor atoms from the tripodal
ligand, along with one iodide and one THF ligand, giving a
coordination number of nine. As for the crystal structure of 1,
the halide ligand in 2 is situated trans to the central amine
nitrogen of the tripodal ligand. Due to THF coordination, the
idealised C3, symmetry imparted by the tripodal ligand is broken
in the solid state, and the amido-pyridyl chelating group
comprised of N20 and N21 appears distorted from its idealised
position to accommodate the THF ligand.

Interestingly, single crystals grown from THF solutions of 2
layered with hexane are dimeric and isostructural to 1,
crystallising in the same space group of P2:/n. Therefore, the
dimerisation of 2 seems to occur only during crystallisation and
is solvent-dependent. Just as for 1, the two uranium(IV) centres



in 2-dimer are also bridged asymmetrically by the two iodide
ligands (U1-11, 3.311(1) A; U1-11", 3.329(1) A).

A diamagnetic 1H NMR spectrum was obtained for 1 with
resonances observed between &4 3.00 and 9.00 ppm in ds-
pyridine. In contrast, 2 showed paramagnetically shifted H
NMR resonances from 64 18.5 to —13.0 ppm, with the most
characteristic being those at 4 17.4, 14.2, 11.2 and 9.3 ppm
which correspond to the four inequivalent pyridyl protons.
Interestingly, there are no NMR spectroscopic differences that
imply formal “axial” and “equatorial” coordination of the
tripodal ligand for 1 or 2 and the NMR spectra indicate averaged
three-fold symmetry in solution. This is in stark contrast to
previously reported complexes of tripodal ligands, for example
ruthenium complexes of tris(2-pyridyl-methyl)amine display
different sets of NMR resonances for the tripodal ligand
corresponding to differences in equatorial versus axial
coordination of the ligand arms.?> The 'H NMR spectrum of 2
showed the presence of three equivalents of free THF along
with a single set of resonances for the complex. For the
monomeric crystal structure, there are 2.5 equivalents of THF
per molecule of 2 in the crystal lattice, with one THF bound,
which agrees with the THF stoichiometry observed
spectroscopically. Therefore, 2 is monomeric unless specifically
crystallised from a THF/hexane mixture.

Quinoid-bridged actinide complexes

The amino-substituted quinones H,QPPP and H,Q°Me were
deprotonated to give the corresponding quinoid anions K,QPirp
and K;Q°Me using K[N(SiMes),] as base (Scheme 3). These
potassium salts were not isolated, but reacted in situ with either
1 or 2 to yield dinuclear, quinoid-bridged complexes of thorium
and uranium(lV), respectively.

The quinoid bridge with Dipp imino-substituents was
successfully coordinated by two thorium centres, although the
yield for [Th(L)]2(QP®P) (3) was low at 35 %. A full assignment of
the H and 13C NMR resonances was made using 2D experiments
and significant changes in chemical shifts were seen for all
resonances attributed to the tripodal ligand in comparison with
1.

Complex 3 crystallised from a concentrated THF solution in
the C2/c space group (Figure 2, top). The tripodal ligand-to-
metal bond distances in 3 are similar to those of 1, with the
exception of the central amine N1-Thl distance, which is
elongated by 0.12 A in 3. At 85.1°, the Dipp substituents on the
bridging quinoid are nearly orthogonal to the plane of the
quinoid.

Using the same procedure as for 3, isolation of the targeted
dinuclear uranium(lV) complex featuring the QPPP bridging
quinoid ([U(L)]>(QP®p), 4) was not achieved. 1H NMR spectra
recorded of the crude material in ds-pyridine featured several
resonances between 64 55 and —13 ppm, but were largely
uninformative (see Figure S16). No pure crystalline material
could be isolated to study the uranium(1V) analogue of 3.

Making use of the ortho-anisyl-substituted quinoid, Q®Me,
greatly improved the yield of the resulting dinuclear, bridged
thorium complex [Th(L)]2(Q°Me) (5), which was isolated in 70 %

Figure 2. Left: Solid-state structures of 3, 5 and 6. For clarity, all protons are omitted.
One molecule of THF present in the asymmetric unit of 5 is also omitted, along with a
disordered methoxy group. Right: Magnified views of the M,Q cores, showing
important bond parameters within the quinoid bridge.

yield (35 % for 3). Furthermore, use of Q®Me permitted clean
formation of the uranium(lV) complex [U(L)]2(Q°Ve) (6) and
isolation in 62 % vyield. 'TH NMR resonances for the tripodal
ligand in 5 appeared at similar chemical shifts as for 3.
Resonances at &y 3.66 and 1.62 ppm are assigned to
coordinated THF and their integrals suggest that one THF ligand
is bound to each metal centre. For complex 6, a number of
broad, paramagnetically shifted resonances were observed
between &y 40 and —11 ppm. It is interesting that the four
resonances for the pyridyl groups span a wide range of chemical
shift values, and were seen at &y 39.96, 2.72, 1.94 and —0.37
ppm. As for 3, complexes 5 and 6 both have averaged C;
symmetry in solution, with a single set of resonances seen for
the tripodal ligand. This is despite the planar bridging ligand that
is expected to break the symmetry and render the ligand
protons inequivalent, as is observed with other other metal
complexes with tripodal ligands and quinoid bridges.2¢

Single crystals of 5 were grown from a concentrated THF
solution at —40 °C, while single crystals of 6 were obtained by
vapour diffusion of hexane into a THF solution, and solid-state
structures were determined for each by X-ray crystallography.
In agreement with its 1H NMR spectrum, complex 5 features a
THF ligand coordinated to each thorium centre (Figure 2,
middle). In contrast, the uranium complex 6 is free of solvent in
the crystal lattice (Figure 2, bottom), presumably due to greater
steric crowding within the uranium coordination sphere.
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Figure 3. Cyclic voltammograms for the thorium complex 5 and the uranium(1V)
complex 6, measured at 100 mV s in THF, using 0.1 M ["BusN][PF¢] as the
supporting electrolyte. Pt-disc working electrode, Pt-wire quasi-reference
electrode and Pt-gauze counter electrode.

Notably, whilst the thorium centre in 5 is able to accommodate
an extra THF ligand, it does not employ the methoxy donor from
the quinoid substituent.

At 63.9°, the anisyl quinoid substituents in 5 are not
orthogonal to the bridge as in 3. In the latter, an orthogonal
arrangement was enforced because of the 2,6-substitution
pattern on the Dipp groups. This twisting observed in 5 positions
the methoxy groups in the centre of the bridge, above and
below the quinoid plane. This twisting is also more pronounced
in 5 thanitis in 6, where a torsion angle of 79.9° is seen. This is
attributed to the larger ionic radius of thorium(IV) versus that of
uranium(IV).27

Figure 2 summarises the important crystallographic bond
distances within the quinoid bridges in complexes 3, 5 and 6. In
all cases, the M—0O1 bond distances are shorter than the M—N2
distances. Bearing in mind the strong oxophilicity of the early
actinides, the quinoid ligand is perhaps best described as an
imino-alkoxy ligand, with a stronger localisation of the negative
charge on the oxygen donor.

Cyclic voltammetry

The electrochemical behaviour of the structurally-related
complexes 5 and 6 was investigated by cyclic voltammetry (CV),
using a three electrode setup with a Pt-disc working electrode
ina 0.1 M THF solution of ["BusN][PF¢]. For the thorium quinoid
complex 5, a reversible reduction occurs at Ey;; —=1.55 V and
irreversible oxidations occur at E,? +0.36 and +0.64 V, versus
ferrocene (Figure 3). Given the redox inactivity of thorium
within the electrochemical window of THF, these processes are
one-electron redox events on the bridging quinoid ligand.

The uranium(lV) quinoid complex 6 showed three reversible
redox processes in the CV (Figure 3). A one-electron reduction
occurs at E1/2 —1.89 V and two one-electron oxidations occur at
E1/ —0.56 V. and —0.37 V. As for 5, the reduction of 6 is assigned
to the formation of a quinoid radical-anion complex. The two
oxidation processes occur at less positive potentials than that in
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Figure 4. Left: Solid-state structure for 6-. For clarity, all protons and one molecule of THF
in the asymmetric unit have been omitted. Thermal ellipsoids are drawn at 50 %
probability. Right: focussed view of the U,Q°Ve core, showing bond lengths for 6 in green
(bold) and bond lengths for 6~ in pink (italics); changes in bond lengths that are significant
beyond 3o are highlighted with a blue spot.

5, and these are therefore assigned to reversible U(V)/U(IV)
oxidations. The step-wise nature of the metal-centred oxidation
does not necessarily indicate electronic communication
between the two metal centres; it could instead be due to a
geometric distortion in one of the tripodal ligand spheres
following oxidation of the associated uranium centre, which
perturbs the redox potential for the second uranium ion. Similar
electrochemical behaviour has been reported for related
cobalt(ll) complexes, with a single quinoid-based reduction
taking place along with step-wise metal-based oxidation.2 1m

Attempted chemical redox reactions with 6

The redox features observed in the CV of 6 indicate that
reduced, singly-oxidised (mixed-valent) and doubly-oxidised
complexes may be chemically accessible. Attempts were made
to isolate 6* and 62* from oxidation reactions with [Ag][OTf],
[Ag][BPh4], [FeCp2][BPh4] and [FeCp2][PF¢]. It was evident that
oxidation reactions had occurred; for example, Ag metal was
deposited from reactions involving Ag(l), and from reactions
with [FeCp;][BPh,], the FeCp, H NMR resonance was observed
at 8y 4.15 ppm (CD,Cl,) along with those for [BPhs]~ at &4 7.50,
7.18 and 7.00 ppm. However, the NMR resonances for the rest
of the complex were uninformative, and pure material could
not be isolated from attempted crystallisations.

As discussed above, dinuclear complexes bridged by a
radical, m-conjugated ligand are desirable compounds for
studying intermetallic exchange interactions and SMM. It has
also been shown previously that radical-containing ligands
promote SMM behaviour in the absence of an applied magnetic
field, as the local magnetic moment from the unpaired electron
maintains non-degeneracy in the m; levels.2® Therefore, our
main synthetic target was therefore 6~ and we found that
chemical reduction was achieved using KCg in thawing THF.
After removal of graphite by filtration, 18-crown-6 ether was
added to promote crystallisation of the potassium salt of 6-.
Whilst a small number of single crystals were isolated from a
THF solution of 6~ cooled to —40 °C and studied by X-ray
crystallography, satisfactory elemental analysis for the bulk
material could not be obtained. This reaction was repeated
multiple times, but changes to the reaction solvent (diethyl



ether), chelating agent (2.2.2-cryptand) or reaction time did not
improve the purity of the product. Unfortunately, this has
precluded a more detailed investigation into the electronic
structure of 6~ by magnetometry. Whilst attempts were made
to investigate the radical nature of the reduced complex by X-
band EPR spectroscopy (in the solid state and in frozen
solution), the spectra recorded from three separate batches
were inconsistent. The lack of purity is attributed to thermal
instability and high sensitivity of the complex to adventitious
moisture and oxygen.

In the X-ray crystal structure of 6-, the tripodal ligands are
positioned away from the bridging region, with all of the
nitrogen donor atoms inhabiting one half of the uranium
coordination sphere (Figure 4). This is probably due to crystal
packing as the [K(18-c-6)(THF),]* cation is located between the
two capping tripodal ligands. A one-electron reduction is
inferred from the 1:1 ratio between 6~ and K* in the asymmetric
unit. Comparing the changes in bond lengths between 6 and 6~
(those that are statistically significant beyond 3c) indicate that
a ligand-based reduction takes place. The U1-01 bond length
contracts by 0.137 A upon reduction, which is not indicative of
a lowering of the metal’s formal oxidation state on the metal. In
contrast, the quinoid C1-O1 and C2—N2 bond lengths both
increase by 0.033 A and 0.048 A, respectively, whilst the C1-C2
bond contracts by 0.042 A. DFT calculations carried out for 6
show that one of the four singly-occupied molecular orbitals
(SOMO-2) has significant quinoid ligand character and
describes a m-anti-bonding interaction for C1-O1 and C2—-N2, as
well as a m-bonding interaction for C1-C2 (Figure S58). The
observed changes in quinoid bond lengths therefore agree with
increased electron density at the quinoid bridge and the
formation of a ligand-centred radical.

The four unpaired electrons for 6 occupy SOMOs that are
mainly of mixed uranium/quinoid character (only SOMO-1 is
purely metal-based), the unpaired spin-density plot shows that
there is significant spin-delocalisation from uranium to the
quinoid.

A comparison of the calculated free-energies for the quartet
and sextet spin-states of 6~ indicate that the quartet is
preferred, as it is 16 kcal mol~ lower in energy than the sextet.
This indicates that the reduction of 6 also leads to spin-pairing
with an unpaired electron on 6, lowering the multiplicity. The
three SOMOs for 6~ are also mainly of mixed uranium/quinoid
character, although SOMO-2 is practically purely metal-based.
The spin-density plot for 6~ appears similar to 6 and shows
significant localisation of the spin density on the uranium
centres. However, the spin-density difference-plot {p(6-) — p(6)}
reveals that the extra electron-density in the anionic complex is
located purely on the quinoid, in agreement with the changes
in bond lengths discussed above.

Figure 5. Top: SOMO-2 for 6, highlighting the mixed uranium/quinoid character in the
frontier molecular orbitals; the m-bonding interactions in the quinoid ligand complement
the observed bond changes in Figure 4. Middle: unpaired spin-density for 6, showing spin-
delocalisation to the formally diamagnetic quinoid bridge. Bottom: spin-density
difference-plot, {p(6—) —p(6)}, further supporting that 6~ contains a radical-quinoid bridge.
Calculated using the B3PW91 functional, ECP78MWB pseudo-potential (along with its
adapted basis set) for uranium, and 6-31G(d,p) basis set for light atoms; all surfaces
displayed with an iso-value of 0.02.

Magnetic investigation of 2 and 6
Variable temperature DC magnetic susceptibility
measurements for 2-dimer provide a room-temperature (300 K)
XT value of 1.91 emu K mol—tat 5000 Oe (Ues = 3.91 pg), which
is well below that expected for two isolated, free-ion
uranium(lV) centres (3.2 emu K mol1). Similarly, the room
temperature XT value for 6 was 2.22 emu K mol~ at 1000 Oe
(Hetf = 4.21 pg). These values are within the range of those
reported for other uranium(IV)
complexes.?® Their deviation from the expected values is
ascribed to ligand-field splitting of the J ground-state multiplets.

For comparison, the room-temperature, solution-phase

mono- and di-nuclear

magnetic moments for 2 and 6 were measured using the Evans
NMR method.30 For 2, which is monomeric in solution, pes =
2.85 g and is lower than that predicted by the Landé formula
for a single free uranium(1V) ion (3.58 us).31 For 6, Heff = 3.88 s,
which is slightly lower than that measured in the solid state.

As the temperature is decreased, the susceptibility for 2-
dimer decreases, from 1.91 emu K mol~1to 0.05 emu K mol-!at
2 K; the same value was measured for 6 at 2 K (Figure 6).

Reduction of the susceptibility and moment at lower



temperatures is typical for uranium(lV) (5f2) complexes and is
consistent with a poorly isolated singlet ground-state arising
from crystal field effects.?® The low-temperature susceptibility
data indicates that the ground states for 2-dimer and 6 are non-
magnetic singlets that are not well isolated. Magnetic behaviour
at higher temperature is therefore due to excited paramagnetic
states as well as temperature-independent paramagnetism.

If any magnetic coupling exists between the two
uranium(lV) centres in 2-dimer or 6, it is incredibly weak and
cannot be quantified from the DC susceptibility measurements.
At low temperature, XT is strongly influenced by partial
quenching of the orbital angular momentum by the ligand field.
The long intermetallic distances, at 5.125(1) A for 2-dimer and
8.904(1) A for 6, further support the likelihood that any
magnetic coupling in these systems would be negligible.

Summary

The thorium and uranium derivatives of the tripodal tris[2-
amido(2-pyridyl)ethyllamine ligand L, bearing ancillary halide
ligands, are precursors to novel quinoid-bridged dinuclear
actinide complexes. Whilst the thorium complex of the bridging
QPirp ligand was isolated, better yields were obtained using the
QO°Me |igand, and the uranium species was only isolated using
this latter quinoid bridge, showing that the quinoid N-
substituents are important in terms of synthesis. Despite its
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Figure 6. Variable-temperature DC magnetic susceptibility data for 2-dimer (top) and
6 (bottom).

chelating nature, the tripodal supporting ligand is quite flexible
and adopts different positions in the coordination sphere in
order to accommodate different bridging ligands and cations
located between the two metal centres. Both thorium and
uranium(lV) ions make use of all seven donor atoms from the
tripodal ligand, resulting in high coordination numbers in the

complexes.
Both the thorium and uranium complexes 5 and 6 display
reversible redox activity in their cyclic voltammograms

indicating that the quinoid ligand undergoes reversible
reduction to form a radical anion. However, chemical redox
reactions with 6 were not straightforward, and chemical
reduction of 6 with KCg leads to an unstable and sensitive
complex, and X-ray crystallography indicates that the product
contains a radical bridge.

Magnetometry measurements for 2-dimer and 6 show that
despite the iodide and quinoid bridges between the uranium(1V)
ions, magnetic coupling between the two metals is negligible.
Unfortunately, due to a lack of bulk purity for 67, its
magnetometry has not been studied and the impact of the
radical bridge on the intermetallic exchange interaction cannot
be determined. In the future we will extend our studies towards
other bridging ligands which may allow for a higher degree of
coupling in their neutral from, and offer higher stabilities in
their singly reduced forms to study possible intermetallic
exchange interactions.
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