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We present the synthesis and reactivity of a newly developed, cyclen-based tris-aryloxide ligand precursor,
namely cyclen(Me)(B“BYArOH)s, and its coordination chemistry to uranium. The corresponding
uranium(n) complex [U"((OArtBUBY)(Me)cyclen)] (1) was characterized by H NMR analysis, CHN
elemental analysis and UV/vis/NIR electronic absorption spectroscopy. Since no single-crystals suitable
for X-ray diffraction analysis could be obtained from this precursor, 1 was oxidized with methylene
chloride or silver fluoride to vyield [(cyclen(Me)(Bu#BUArO)-)UV(X)] (X = Cl (2), F (3)), which were
unambiguously characterized and successfully crystallized to gain insight into the molecular structure by
single-crystal X-ray diffraction analysis (SC-XRD). Further, the activation of H,O and N,O by 1 is
presented, resulting in the U(v) complex [(cyclen(Me)(B4BUArQ)5)UV(OH)] (4) and the U(v) complex
[(cyclen(Me)(FB“BUArO)5)UV(O)] (6). Complexes 2, 3, 4, and 6 were characterized by *H NMR analysis,
CHN elemental analysis, UV/vis/NIR electronic absorption spectroscopy, IR vibrational spectroscopy, and
SQUID magnetization measurements as well as cyclic voltammetry. Furthermore, chemical oxidation of
3, 4, and 6 with AgF or AgSbFg was achieved leading to complexes [(cyclen(Me)(*"Bu+BUArO)3)UY(F),] (5),
[(cyclen(Me)(B4BYArO)5) UY(OH)IISbFel  (7), [(cyclen(Me)(* B+ BYArO)5)UV(O)IISbFel  (8).
reduction of 7 with KCg yielded a U(v) complex, spectroscopically and magnetochemically identified as K
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Introduction

In low oxidation states, uranium complexes are immensely
sensitive to even trace amounts of oxygen and/or water and, in
uncontrolled reactions, tend to be fully oxidized to U(wi)
compounds in the form of the thermodynamically stable uranyl
dication [UY'0,]*".*” Whereas a few reports of the formation
and isolation of U(wv) hydroxido compounds exist,*** the
controlled reaction with water - in one-electron oxidation
processes with the concomitant release of dihydrogen - is only
sparsely reported in the literature.”*™ The first uranium
hydroxido complex was reported by Berthet and Ephritikhine in
1993. In a hydrolysis reaction of the uranium(wv) hydrido
complex [(CsH4R);U™VH] (R = t-butyl or SiMe;), with 1 equiva-
lent of H,O in toluene, the hydroxide species [(CsH4R);UVOH]
(R = t-butyl and SiMe;) were obtained.® In 1996, Lukens et al.
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reported the formation and characterization of the dinuclear,
bis-hydroxido-bridged complexes [{(Cp'),U"}»(1-OH),] (Cp' =
1,3-(Me;3Si),CsH;) and  [{(Cp”),U™},(1-OH),] (Cp” = 1,3
(Me;C),CsH;) from the reaction of [U™(Cp);] and [{(Cp)s-
U™}, (n-H),] with H,0, respectively.® The first example of a crys-
tallographically characterized terminal uranium(iv) hydroxide
was given in 2002 by Scott and co-workers. The oxidation of
[(NN'3)U™(CH,PMe;)] (NN’; = N(CH,CH,NSiMe,’Bu);) resulted
in a non-reproducible structural characterization of [(NN';)
U"(OH)(CH,PMe;)].* Besides, only a few further examples of
hydroxido compounds are structurally determined, but these
examples were obtained from accidental and uncontrolled
reactions, which can be traced back to minor impurities of
water (moisture) and were not reproducible in most cases.'"'**
Ariyaratne et al. reported the reaction of [(Cp*),U™(Cl),
(HNSPh,)] with 1 equivalent of HNSPh, x H,O to give [(Cp*),-
U"(OH)(CI)(HNSPh,)]. The terminal hydroxido complex is an
intermediate in the formation of the tetra uranium oxido cluster
[Cp*(C)(HNSPh,)U(pt3-O)(12-0),U(CI)(HNSPh,),],, which forms
upon hydrolysis of [(Cp*),U(Cl),] with excess HNSPh, x H,0."?

Hence, up until now, reports of controlled one- or two-
electron oxidations of uranium compounds to form defined
terminal hydroxido and oxido complexes, even with excess
amount of H,O, still remain scarce, and are of current interest
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Scheme 1 Synthesis of [U"((OArtBU#BY) (Me)cyclen)] (1) and [(cyclen(Me) (B BYArO)5)UN(CI)] (2).

to our group in the context of the electrocatalytic generation of
dihydrogen from water. In 2016, we reported the electrocatalytic
production of H, mediated by [(mes(*™°Ar0),)U"(OH)],***
and a series of uranium hydrochalcogenido (EH) and chalco-
genido (E) (with E = O, S, Se, Te) uranium(iv) compounds.*® In
the latter report, solutions of [U™((OAr*®™¢),tacn)] were
allowed to react with stoichiometric amounts of the hydro-
chalcogenides H,0, H,S, H,Se, and H,Te in THF to obtain the
corresponding complexes [(tacn(*™¢Ar0),)U"(EH)]. While the
reaction for the higher homologous H,S, H,Se and H,Te is
relatively fast, the reaction with H,O is notably slow, takes at
least three days, and the reaction outcome was observed to be
the same even when an excess of H,O was used.'”*®

In contrast to the stable uranyl dication [UY'0,]**, complexes
of uranium with reactive terminal oxido ligands - of which
[(mes(**°Ar0);)U"(0)] has been identified as an intermediate in
the above-mentioned electrocatalytic production of H, from H,O
- require particular demands for their synthesis and spectro-
scopic characterization.>*** Accordingly, the number of such
complexes is comparably limited and insight into the under-
standing of the intrinsic bonding situation is still lacking behind
their uranyl analogues. Consequently, compounds featuring
uranium-oxygen bonds in the form of oxidos'****** or hydrox-
idos'***'® are of particular interest, due to the varying degree of
multiple bonding character in the U-O bonds and their resulting
reactivity. In combination with a strictly retained ligand envi-
ronment, essential information about the molecular and elec-
tronic structure of these U-O/OH species can be obtained.
However, pairs of uranium oxido/hydroxido complexes - sup-
ported by an identical ligand system - remain exceedingly rare.

Here, we present the preparation, characterization, and
redox-behavior of two uranium(wv/v) and uranium(iv/v/vi)
hydroxido/oxido pairs, and closely related fluorido complexes,
utilizing a low-valent uranium center surrounded by a newly
developed chelate, the cyclen-anchored tris-aryloxide ligand
precursor 1,4,7-tris-(3,5-di-tert-butyl-2-hydroxy-benzyl)-10-
methyl-1,4,7,10-tetraazacyclododecane, abbreviated as cyclen-
(Me)(“P**B"ArOH); (Scheme 1, left).

Results and discussion

The new seven-coordinate tris-aryloxide ligand precursor,
cyclen(Me)(“®*“*BArOH);, represents a variation of the literature-

M342 | Chem. Sci, 2022, 13, N1341-11351

known, cyclen-anchored, eight-coordinate tetrakis-aryloxide
(cyclen("®**PYArOH),) (Scheme 1). The corresponding U(w)
complex, [U™((OAr®""®"),cyclen)], possesses a remarkable
stability with accompanied low reactivity towards small mole-
cules; most notably, including H,0.* Cyclen-anchored tetrakis-
aryloxide chelates of the type cyclen(""**Ar0O), (with R, = Me,
t-Bu; R, = Me) were first coordinated to terbium.*** To increase
their metal complexes' reactivity and enable the capability of
small molecule activation, one aryloxide arm is substituted by
a methyl (Me) group. This opens up coordination sites in axial
and equatorial positions and engenders the formation of a more
reactive trivalent precursor after complexation to uranium. For
this purpose, the cyclen-derived anchoring unit 1-methyl-1,4,7,10-
tetraazacyclododecane (methyl-cyclen) was synthesized by
a modest variation of a literature-known procedure, adopted from
Rodriguez-Rodriguez et al*” A subsequent Sy2-reaction with 2-
bromomethyl-4,6-di-t-butylphenol as the electrophile yields the
ligand precursor (1,4,7-tris-(3,5-di-tert-butyl-2-hydroxy-benzyl)-10-
methyl-1,4,7,10-tetraazacyclododecane) ("B**BYArOH),(Me)
cyclen; yield: 93%).

Reaction of cyclen(Me)(*®**P"ArOH); with [U™(N(SiMej;),)5]**
in thawing benzene generates the target precursor complex
[U™((OAr"P**®");(Me)cyclen)] (1) in 65% yield (Scheme 1). 'H
NMR analysis of 1 in benzene-dgs shows 12 of the 15 signals for the
85 hydrogen atoms, paramagnetically broadened and shifted, in
the range from 15.17 to -13.29 ppm (Fig. S61). The number of
signals suggests Cs symmetry in solution and the lack of some
signals can be explained by strong broadening due to the coor-
dination of the chelate to the paramagnetic U(m) f* ion. The bulk
purity of 1 was established by CHN combustion analysis, and its
3+ oxidation state is unambiguously supported by UV/vis/NIR
electronic absorption spectroscopy (Fig. 3, top) and SQUID
magnetic measurements (Fig. S47-5491). We assume that the
ligand's high flexibility prevents the formation of suitable single-
crystals for X-ray diffraction (SC-XRD) analysis. Although the
structural proof of 1 is missing, all characterizations, the subse-
quent reactivity, and structural studies support the formation and
existence of the targeted uranium(III) precursor complex. For
instance, oxidation of 1 with a few drops of methylene chloride
yields the corresponding uranium(v) complex, [(cyclen(Me)
(FBu*BUAr0);)U™(CI)] (2) (Scheme 1, 76% yield). For 2, suitable
single-crystals for SC-XRD analysis were obtained by slow diffu-
sion of pentane into a concentrated THF solution (2 x 2 THF),

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Solid-state molecular structures of 2 (top), 3 (middle), and 4
(bottom) in crystals of [(cyclen(Me)(B“BUArO)-)UN(CY] x 2.5
benzene, [(cyclen(Me)("B4BUArO))UV(F)] x 2 Et,O, and [(cyclen-
(Me)(tButBUArO))UN(OH)] x 2 THF, respectively, as well as the
coordination polyhedra of the heteroatoms (each bottom right).
Hydrogen atoms (except for the hydroxyl H), co-crystallized solvent
molecules, and the second component (3) in the mixed crystal are omitted
for clarity. Thermal ellipsoids are shown at the 50% probability level.

which crystallizes in the orthorhombic space group P2,2,2;.
Better quality crystals of 2 were obtained from a concentrated
benzene solution, which crystallized in the monoclinic space
group P2;/n. The molecular structures observed in the two
determined crystal structures are very similar and only the latter
(2 x 2.5 benzene) will be discussed here (Fig. 1, top; Table 1).
Tetravalent 2 reveals a distorted square antiprismatic geometry
with an N,O;Cl polyhedron, consisting of the cyclen's N, and an
05;Cl plane. Notably, the chloride ligand is not coordinated in an
axial position but with a slight shift of 0.628 A out of the plane of
the three aryloxide ligands and with a dihedral angle of 47.2(3)° to
the substituted cyclic amine's methyl group. The U-Cl bond

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

Bu Bu
QJBU @,’Bu
-
/_7)/ /
\ |V ﬁ AgF Bu l \4 w
THF U o T oW
N’ / N
N
é * é
Bu Bu
Bu Bu
Bu (3) (5)

Bu
2 AgF
! N/_?\N/ ™
Bu OE\\:U\”[ j
XN
‘ﬁé

toluene J

7 % / exposure
HO in THF ‘Bu / Ulv ﬁ toar B
toluene / benzene
’B O Bu
Bu
Bu

4

Scheme 2 Synthesis of [(cyclen(Me)(BUEBYArO)-)UVIF)  (3),
l(cyclen(Me)(BUBUArO);UN(OH)]  (4),  [(cyclen(Me)("B+*BUArO)s)
UY(F),] (5), and [(cyclen(Me)(*B4BUArO)5)UY(O)] (6).

distance is 2.734(1) A and the average U-Oaro (2.179(3) A) and
U-Neyeten (2.732(4) A) distances are in agreement with literature
values of the cyclen- and tacn-based U(wv) complexes
[U(OAr BB, cyclen)* and [(tacn(®X Ar0);)U™(CI)] (R = tAmyl,
DMB, Ad, neoP, #Bu, Dia; R’ = tAmyl, DMB, ¢-Bu, Me) (Cl, axially
bound, d(U-Cl) = 2.691(3)-2.875(5) A).#5

Treatment of [(cyclen(Me)(“®*"*®"Ar0);)U™] (1) with stoi-
chiometric amounts of AgF induces a one-electron oxidation
and leads to the formation of [(cyclen(Me)(“®"*®"Ar0),)U(F)] (3)
in 36% yield with concomitant precipitation of elemental silver.
Similarly, oxidation of 1 with a slight excess of H,O (0.2 M
solution in THF) results in the corresponding U(wv) hydroxido
derivative [(cyclen(Me)(*®**®"Ar0);)U™(OH)] (4) in 23% yield
(Scheme 2). "H NMR spectroscopy reveals signals ranging from
60.78 to —65.59 ppm for 3 and 64.76 to —67.77 ppm for 4,
respectively (Fig. S8 and S9t). As expected, the spectra of 3 and 4
are quite comparable and show the 35 signals originating from
the 85 and 86 protons, respectively. This is in accordance with
the expected Cs symmetry in the solution. While the acidic OH
proton of 4 has not been observed and likely is broadened into
the baseline by rapid exchange or paramagnetism, the six most
dominant peaks at 4.88, 4.04, 3.83, —6.52, —9.65 and
—12.35 ppm for 3 and 5.16, 5.00, 3.82, —3.16, —12.26 and
—13.35 ppm for 4 can be assigned to the ¢-butyl groups. More-
over, the methyl groups can be detected at 33.21 ppm for 3 and
20.14 ppm for 4. The OH group of 4 was detected via infrared
vibrational spectroscopy centered at a wavenumber 7 of
3675 cm ™ .

Chem. Sci., 2022, 13, 1341-11351 | 11343
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Table 1 Selected bond lengths (A) for complexes 2, 3, 4, 5, and 6, together with the literature-known [(cyclen(*84BYArO),,)U]** for comparison

2 x 2 THF 2 x 2.5 benzene 3 4 5 6 [(cyclen(*®**B Ar0),)U]

U-Olr0 2.152(6) 2.195(3) 2.176(2) 2.231(2) 2.123(2) 2.234(3) 2.203(2)
U-024r0 2.211(6) 2.173(2) 2.213(2) 2.233(2) 2.096(2) 2.183(3) 2.228(2)
U-O34r0 2.175(6) 2.170(3) 2.196(2) 2.208(2) 2.137(2) 2.211(4) 2.203(2)
U-O44,0 — — — — — — 2.228(2)
U-Opro (av) 2.179(6) 2.179(3) 2.195(2) 2.224(2) 2.119(2) 2.209(6) 2.216(2)
U-N1 2.717(8) 2.715(3) 2.770(2) 2.730(2) 2.895(3) 2.688(4) 2.801(2)
U-N2 2.675(7) 2.708(3) 2.778(2) 2.784(3) 2.851(3) 2.759(4) 2.755(2)
U-N3 2.765(8) 2.772(3) 2.708(2) 2.817(2) 2.983(3) 2.850(4) 2.801(2)
U-N4 2.788(8) 2.810(3) 2.805(2) 2.817(3) 3.018(3) 2.743(4) 2.755(2)
U-Neyclen (V) 2.736(8) 2.751(3) 2.765(2) 2.787(3) 2.937(3) 2.760(4) 2.778(2)
Uoop —0.949(3) —0.952(2) —0.875(5) —0.865(1) —0.480(2) —0.801(2) —0.879(2)
U-Leq 2.770(2) 2.734(1) 2.118(1) 2.141(2) 2.106(2) 1.850(3) —

U-Lgy — — — — 2.105(2) — —

Suitable single-crystals of complexes 3 and 4 were grown
from a concentrated THF solution and slow evaporation of
a saturated THF solution, respectively (Fig. 1). Both complexes
crystallize in monoclinic space groups, namely P2,/c (3) and P2,/
n (4). The U-X (X = F (3) and OH (4)) bond distances are 2.118(2)
Aand 2.141(2) A, respectively. Notably, in the crystal structure of
4, the position of the 04 bound hydrogen atom H4 has been
unequivocally identified in a difference Fourier map. The
correctness of the determined H4 position is further supported
by the involvement of this O-H group in a hydrogen bond to the
oxygen atom of one of the located solvent tetrahydrofuran
molecules (for details see ESIf). The average U-Oa,o und
U-Ngyclen distances are in agreement with literature-reported
values of the cyclen- and tacn-based U(wv) complexes
[(cyclen(*®"*®YAr0),)U] and [(tacn(*® Ar0);)UY(X)] (X = axially
bound ligand) (Table 1). Both molecules reveal a distorted
square antiprism-like geometry with an N,0;X polyhedron
scaffold consisting of an N, and an O3;X plane. Thereby, the
fluorido and hydroxido ligand fit well into the vacant site of the
03X plane with out-of-plane shifts of 0.040(3) A for 3 and
0.165(5) A for 4. Tetravalent 3 is conveniently oxidized with
silver fluoride to yield the corresponding U(v) complex
[(cyclen(Me)(“®**B"Ar0),)UY(F),] (5) in 23% yield (Scheme 2).
Compound 5 is also accessible by treating 1 with two equiva-
lents of AgF. Suitable single crystals of 5 were obtained from
slow diffusion of n-pentane into a concentrated Et,O solution at
—30 °C, but always in the form of mixed crystals with an
approximate ratio of 80 : 20% of the components [(cyclen(Me)-
(FBH*BUATO);)UY(F),] (5) (Fig. 2, top) and [(cyclen(Me)-
(“PH*BUAr0);)UY(F)] (3). The compound crystallizes in the
monoclinic space group P2,/n, revealing the expected cis
orientation of the two fluorido ligands for 5. The geometry of
the complex is best described as capped, distorted square
antiprismatic, with one fluorido ligand in the equatorial O3F¢q
plane and one axial fluorido ligand (F,y). The occupation of the
axial position forces F.q to shift towards the cyclen methyl
group. The resulting repulsion leads to a slightly longer U-N,
distance (3.018(3) A with regard to complex 3 (2.805(2) A).
Complex 5 demonstrates that it is, in principle, possible to bind
a ninth, axial ligand in cis-position to a monodentate equatorial

M344 | Chem. Sci,, 2022, 13, 11341-11351

ligand. This is an important prerequisite in water reduction
catalysis, where a cis-hydroxido/hydrido intermediate is an
imperative intermediate in the postulated reaction
mechanism.*

The "H NMR spectra of the U(v) complex 5 shows 26 reso-
nances that range from 17.08 to —5.94 ppm (Fig. S10). The
spectrum shows a pattern consisting of six resonances in the
aromatic region (10.51 to 8.04 ppm), one broad signal (5.94

ppm), two nearby sharp singlets (4.49 and 4.31 ppm), a broad

Fig. 2 Solid-state molecular structures of 5 (top) and 6 (bottom) in
crystals of [(cyclen(Me)(FBUTBYArO)3)UY(F), o slicyclen(Me)-
(FBUEBUALO))UN(F)los x 2 Et,O and [(cyclen(Me)(tBUBUArO)5)UY(O)]
x 1.5 THF, respectively, as well as the coordination polyhedra of the
heteroatoms (each bottom right). Hydrogen atoms and co-crystallized
solvent molecules are omitted for clarity. Thermal ellipsoids are shown
at the 50% probability level.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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singlet (2.04 ppm), three nearby sharp singlets (1.87, 1.79 and
1.70 ppm) and two further broad singlets (0.30 and —0.39 ppm).

Complex 1 also serves as a starting material for the oxido
complex [(cyclen(Me)(“®*"*®"Ar0);U"(0)] (6) when treating the
precursor with oxygen-atom transfer (OAT) reagents, such as
N,O gas, 2,2,6,6-tetramethylpiperidinyloxyl (TEMPO) or trime-
thylamine N-oxide (Me3;NO). Remarkably, pentavalent oxido 6 is
also formed when a benzene solution of hydroxido 4 is exposed
to air for several days. Regardless, the highest yield (61%) of 6
was accomplished by stirring 1 under an atmosphere of N,O in
toluene solution overnight (Scheme 2).

Single-crystals suitable for SC-XRD analysis of 6 were ob-
tained by slow evaporation of a concentrated THF solution at
—30 °C (Fig. 2, bottom). Complex 6 crystallizes in the mono-
clinic space group C2/c. Despite the different oxidation states of
the uranium center, the geometry, structure, and bond lengths
of 6 are comparable to the U(w) fluorido and hydroxido
complexes 3 and 4, the main difference being the short U(v)-O
bond distance of 1.850(3) A. While the U=0 bond length in 6 is
in agreement with literature-known values for terminal U(v) oxo
complexes (1.706-1.863 A),"*"#4 it is noteworthy that the oxido
atom is situated perfectly within the O;X plane and that the
oxido's equatorial binding mode is quite uncommon, with
merely two other comparable examples reported in the litera-
ture; namely, the tacn-based neo-pentyl-substituted complexes
[(tacn("™°Ar0),)UY(0)(X)] (X = O-Py, O-NMe;). In the latter
cases, the axial position is occupied by the donor ligands pyri-
dine N-oxide or trimethylamine-N-oxide. In 6, however, the axial
coordination site remains open. One possible reason for the
preferred equatorial binding mode could be the inverse trans
influence (ITI)."***¢ Although the < 04-U1-02 angle is
significantly bent (132.8(2) °), the ITI is reflected in the shorter
uranium - aryloxide U-O2 bond distance (2.183(3) A) trans to
the oxido ligand. This bond is about 0.04 A shorter than the
U-O,, bonds in cis position (U-O1 = 2.234(3) A and U-03 =
2.211(4) A). In this context, it is also worth mentioning that the
U-02 bond distances trans to the bound chlorido ligand in 2
(2.211(6) A) and the fluorido ligand in 3 (2.213(1) A) are slightly
longer than the U-O1 and U-O3 bond distances (2.152(6) and
2.175(6) A for 2, 2.176(1) and 2.196(1) A for 3). This observation
suggests a stronger ITI of the aryloxides than of the chloride and
fluoride, which is in agreement with the literature. The fact
that the newly employed, low-symmetry seven-coordinate
chelate, plus the additional oxido/hydroxido ligands, enforce
a geometry with four oxygen donors on one face and four
nitrogen donors on the other, allows for a comparison of
uranium complexes with our group's “classic” tris-aryloxide-
tacn-based systems (N3O3) and a number of extended solids,
including those with [UO,]** motifs.

Electronic absorption spectroscopy

The electronic absorption spectra of complexes 1, 2, 3, and 4
(Fig. 3) clearly reflect the difference between the uranium(m) and
the uranium(iv) oxidation states. In uranium(m) complexes, the
5f-6d energy gap is smaller than in uranium(iv) complexes. As
a consequence, the Laporte-allowed 5f-6d transitions are shifted

© 2022 The Author(s). Published by the Royal Society of Chemistry
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towards lower energy, viz. higher wavelength, for uranium(u),
usually between 500-700 nm.”” Consequently, these chromo-
phoric transitions of dark purple 1 are located at 537 nm (¢ =
1220 M~ " em ™), 515 nm (¢ = 1215 M~ em '), and 465 nm (¢ =
1180 M em™ ') and the pale green color of complexes 2, 3 and 4
seems to originate from absorption bands centered at 325 nm (e

Wavenumber v/ cm™

20000 10000 8000 6000 5000
T > T ¥ T - T ¥ T
—y]
_ 150+ e
£
o
2 100 r =
=
50 |+ -
Ok ! | i | ; 1 A Al/\J—‘
600 900 1200 1500 1800
Wavelength A/ nm
Wavenumber v/ cm™
20000 10000 8000 6000 5000
T L T X T ¥ T ¥ T
100 -_ —2UV-C| __
I ——3UV-F
- L —— 4 UV-0OH
c 80 _
©
% 40f
20 -
(R . 1 R 1 . 1 N 1 N 1 .
600 900 1200 1500 1800
Wavelength 2/ nm
Wavenumber v/ cm™
20000 10000 8000 6000 5000
T T T T T T 1 T T
—5U'-F,
150 —6U%=0 4
£
PO
s 100 E
=
50 -
O o 1 1 L 1 L 1 L 1 N 1 N -
600 900 1200 1500 1800
Wavelength A/ nm

Fig. 3 Top: Electronic absorption spectrum of complex 1 recorded at
room temperature in benzene solution. Middle: Electronic absorption
spectra of complexes 2, 3 and 4 recorded at room temperature in THF
solution. Bottom: Electronic absorption spectra of complexes 5 and 6
recorded at room temperature in benzene solution (5) and THF
solution (6). Data points from 1700 nm to 1760 nm (top and middle)
and 1660 nm to 1720 nm (bottom) are omitted due to the change from
a PbS to an In/Ga/As detector.
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= 8000 M ' em ! for 2, ¢ = 6000 M ' ecm™ ! for 3, ¢ =
4500 M~ em™' for 4, see SI), starting to gain intensity from
400 nm (Fig. 3). The UV region of uranium(wv) complexes is
characteristic for charge-transfer bands, likely originating from
ligand-based © — w*, LMCT or MLCT and inter-configurational
5f-6d transitions.*® All further low-intensity absorption bands in
the range from 400 to 2100 nm arise from Laporte-forbidden f-f
transitions and, therefore, exhibit small extinction coefficients of
10-60 M~ em™* for 2, 10-77 M~ ' em™* for 3, and 10-
64 M~" cm ™" for 4 (Fig. 3, middle). The number and shape of the
bands of 2, 3 and 4 is in accordance with the typical pattern
observed for the 5f> electronic configuration of uranium(iv)
complexes.*>***% As expected from the similar molecular
structure and geometry, the data for 3 and 4 are very comparable
over the whole spectral range, even though the maximum
intensities slightly vary (e =77 M " em " for3,e =64M 'cm ™"
for 4).

The dark black color of the U(v) complex 5 can be explained
by the intense absorptions starting in the NIR region at 1020 nm
(value given for e = 100 M~ cm ') (Fig. 3, bottom), covering the
entire visible light spectrum. This, in combination with the NIR
region that is dominated by only a few, notably sharp Laporte
forbidden f-f transitions, is in agreement with a U(v) metal
center with its 5f' electronic configuration and resulting *Fs,,
ground state with seven non-degenerate energetic states for
both complexes (Fig. 4).>** As a consequence, only six f-f
transitions are possible in U(v) complexes. For 5, two sharp
(1480 and 1615 nm) and four broad transitions (1065 nm,
1160 nm and 1735 nm) are detected with the most intense band
located at 1480 nm with ¢ = 98 M~ cm™". The strong absorp-
tion band of 6 starts at 527 nm in the visible region, explaining
the bright orange color of this compound. This hypsochromic
shift of the assumed 5f-6d transitions simplifies the detection
of five f-f transitions in the case of 6. The transitions are
detected at 760 nm (¢ = 27 M~ " ecm™ '), 890 nm (¢ =
65 M~' em™"), 1322 nm (¢ = 46 M~ ' em™ "), 1507 nm (¢ =
59M 'em '), and 1760 nm (¢ = 105 M cm ™ ') (Fig. 3, bottom).
The transitions of 5 are weaker than those of 6, presumably due
to greater orbital mixing in the latter.

E =

J=712 |

Energy

Fig. 4 Schematic energy levels for a 5f* system assuming the spin—
orbit interaction is greater than the ligand field interaction.?
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Fig. 5 VT SQUID magnetization measurements of microcrystalline,
solid samples of 2, 3, 4, and 6. The plot shows averaged values of two
independently synthesized samples.

o

Magnetism

For the tetravalent complexes, variable temperature-dependent
SQUID measurements reveal an effective magnetic moment,
Uegr, Of 1.36 ug at 2 K and 2.81 ug at 300 K for the chlorido
complex 2,1.04 ug at 2 K and 2.91 up at 300 K for fluorido 3, and
0.77 up at 2 K and 2.72 ug at 300 K for hydroxido 4 (Fig. 5).
Especially the low-temperature magnetic moment of 2 is rela-
tively high for uranium(iv) complexes with its 5f> electronic
configuration and its, presumably, *H, non-magnetic ground
state, suggests either a high contribution of temperature-
independent paramagnetism (TIP) at low temperatures or an
unusual pseudo-doublet ground state.®®*  Tetravalent
complexes of the tacn-based tris-aryloxide ligand system, for
instance, often possess low-temperature moments down to
approx. 0.3 ug.*” In the case of 3 and 4, the magnetic data is
comparable to that of [U™((OAr ®"*®"),cyclen)].**

Pentavalent 6 is nearly temperature-independent with a low-
temperature value of . = 1.68 up at 2 K, which increases to
1.99 ug at 300 K. This behavior is ordinary for a U(v) ion with
a 5f' electronic configuration and a *Fs, ground state.®”
Furthermore, the magnetic data of 6 compare well with that of
the tacn-based oxido complex [(tacn(“®"Ar0);)UY(0)] (1.61 ug at
5 K, and 1.98 ug at 300 K), despite the fact that the oxido ligand
is bound in the axial position for [(tacn(*®"Ar0);)U"(0)].>
Interestingly, the tacn-based and neo-pentyl-substituted
systems [(tacn(""™°Ar0),)U"(0)(X)] (X = O-Py, O-NMe,), with
the oxido ligand coordinated in the equatorial site and an
additional neutral donor ligand in the axial site, show a strik-
ingly different magnetic behavior.** This leads to the assump-
tion that the addition of another (neutral) ligand and, thus,
a change from an 8-coordinated to a 9-coordinated complex, has
a stronger influence on the magnetic properties than a change
of the oxido ligand from an axial to an equatorial position.

Electrochemistry

Cyclic voltammetry studies of complexes 1, 2, 3, and 4 all show
two major reversible redox-events for each complex (see SI). For

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Cyclic voltammograms of 4 and 6 at scan rates varying from
0.05 to 1.4 V s7%, recorded in THF solution with 0.1 M TBAPFg as
supporting electrolyte.

1, the events at a half-wave potential of E;,, = —1.71 V (all values
referenced to [FeCp,]”" at 0.0 V) and at E;;, = 0.00 V can be
attributed to the U(m/wv) and U(v/v) redox couples according to
linear sweep measurements. Accordingly, 1 is quite sensitive to
electrolysis and decomposes to a U(wv) species over the course of
several measurements. The main reversible redox events of 2, 3
and 4 occur at half-wave potentials of E,, = 0.12 V, E;, =
—0.12 V and E;;, = —0.59 V for the U(wv/v) couples, and E;, =
0.85 V, Ey;, = 1.06 V and E;;, = 0.64 V for the U(v/vi) couple,
respectively (see SI). The cyclic voltammogram of 6 shows one
non-reversible redox event at E;,, = —1.97 V and one reversible
at Ey;, = —0.32 V. The more negative one probably accounts for
the reduction to a U(w) species when scanning in a cathodic
direction. According to linear sweep measurements, the event at
Ey;, = —0.32 V can be assigned to the U(v/vi) redox couple. The
metal-centered oxidations of hydroxido 4 and oxido 6 (Fig. 6) are
of particular interest and, indeed, it was possible to chemically
oxidize these complexes while retaining their structural main
features (vide infra).

Redox chemistry of [(cyclen(Me)(“®***"Ar0);)U"(OH)] and
[(cyclen(Me)(“®***"Ar0),)U"(0)]

Accordingly, one-electron oxidation of 4 and 6 with AgSbF,
yields the corresponding U(v) and U(vi) complexes [(cyclen(Me)
(“P+*BUAr0);)UY(OH)][SbFs] (7) and [(cyclen(Me)(“®*"*®"Ar0);)
U"(0)][SbFs] (8) in 80% and 39% yield, respectively (Scheme 3).

The "H NMR spectrum of 7 shows a paramagnetic influence
of the uranium(v) center with the resonances ranging from
36.04 to —25.41 ppm (Fig. S12%). By integration, the ¢-butyl
groups can readily be attributed to the resonances at 4.48, 4.42,
1.04, —2.39, —4.75 and —4.85 ppm. The "H NMR spectrum of 8
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l(cyclen(Me)(tBUBUArO)-)UV(O)IISbFsl  (8), and  Ki(cyclen(Me)
(thu,thuAro)s)U\V(O)] (9)

instead is characteristic for a uranium(vi) center with reso-
nances in deuterated benzene in the diamagnetic region
ranging from 8.11 to 1.12 ppm, with the resonances of the
t-butyl groups at 1.80, 1.48, 1.43, 1.32 and 1.16 ppm, where the
signal at 1.32 ppm accounts for two t-butyl groups according to
the integration. Due to paramagnetic resonances in spectra of
diamagnetic 8, even after crystallization, VT-VF "H NMR studies
were performed (see SI). The analyses suggest that the observed
paramagnetic signals stem from trace amounts of 7 (ca. 3%)
rather than magnetic excited states/TIP of 8.

Single-crystals suitable for SC-XRD analysis for 7 and 8
(Fig. 7) were grown from concentrated benzene solutions. Both
complexes crystallize in the monoclinic space group P2/c. Due
to the higher oxidation states of the uranium centers, the
average U-Opro and U-Ngycen bond distances decrease from
2.224(2) A and 2.787(3) A in 4 to 2.113(2) A and 2.691(3) A in 7
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Fig. 7 Solid-state molecular structure of 7 (top) and 8 (bottom) in
crystals of [(cyclen(Me)(* B4 BUArO)5)UY(OH)IISbFg] x 3.5 benzene and
[(cyclen(Me)(*"BuBUArO)5)UV(O)IISbFe] x 3.5 benzene, as well as the
coordination polyhedra of the heteroatoms (bottom right). Hydrogen
atoms (except for the hydroxido H) and co-crystallized solvent
molecules are omitted for clarity. Thermal ellipsoids are shown at the
50% probability level.

and from 2.179(6) and 2.760(4) in 6 to 2.116(2) and 2.698(3) in 8.
Also, the U-OH bond distance decreases slightly from 2.141(2) A
in 4 to 2.052(2) A in 7 (Table 2). It should be noted that in the
crystal structure of 7 the position of the O4 bound hydrogen
atom H4 could not be unequivocally derived from a difference
Fourier synthesis. We have decided to use the O4 bound
hydrogen atom in a calculated position and subsequently
allowed it to ride on its carrier oxygen atom. Evidence for the
presence of the hydroxyl group comes from the fact that the unit
cell volume of 7 x 3.5 benzene is by 24.5 A significantly larger
than that of the oxido analogue 8 x 3.5 benzene, which crys-
tallizes isostructurally to the hydroxido compound 7.

Table 2 Selected bond lengths (A) for complexes 4, 6, 7, and 8

4 6 7 8
U-01 2.231(2) 2.234(3) 2.108(2) 2.119(2)
U-02 2.233(2) 2.183(3) 2.131(2) 2.123(2)
U-03 2.208(2) 2.211(4) 2.100(2) 2.106(2)
U-Opro(av) 2.224(2) 2.179(6) 2.113(2) 2.116(2)
U-N1 2.730(2) 2.688(4) 2.646(2) 2.643(3)
U-N2 2.784(3) 2.759(4) 2.652(2) 2.662(3)
U-N3 2.817(2) 2.850(4) 2.706(2) 2.729(3)
U-N4 2.817(3) 2.743(4) 2.759(3) 2.759(3)
U-Ngaen(av)  2.787(3) 2.760(4) 2.691(3) 2.698(3)
Usop —0.865(1)  —0.801(2)  —0.831(1)  —0.804(2)
U-Leq(04) 2.141 (2) 1.850(3) 2.052(2) 1.949(3)
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Additionally, the U-O4 (hydroxido) bond distance in 7 x 3.5
benzene of 2.052(2) A is significantly longer than the U-04
(oxido) bond distance in 8 x 3.5 benzene of 1.949(3) A (for
further details see SI). Interestingly, the U=0 bond is elongated
when going from pentavalent 6 (1.850(3) A) to hexavalent 8
(1.949(3) A), and is longer than the average bond length of U(vi)
non-uranyl U=0 complexes, but still within the literature re-
ported range (dU-O = 1.764(5)-1.98(3) A).3**5566+6% While we
cannot rule out possible contamination of oxido complex 8 with
minor impurities of the hydroxido 7 (vide supra), we were unable
to detect these from the SC-XRD data. In the single-crystal
structure determination of 8, we cannot find additional signif-
icant electron density at the location of the oxido ligand. While
there is one minor electron density maximum (peak #31 in the
list of residual electron density maxima, see ESI) with a height
of 0.45 e A that is close to O4 and at a distance of 2.04 A from
the U center, attempts to refine a disorder between an oxido and
a hydroxido ligand, including both the original position of O4
and Q31, remained unsuccessful. Eventually, all electron
density was always located at the original O4 position.

Finally, treating 6 with KCg in benzene solution results in the
light green complex 9, with a yield of 97%, that is identified as
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Fig. 8 Top: Electronic absorption spectra of complexes 4, 7, 8, and 9
were recorded at room temperature in benzene (8) and THF (4, 7, 9)
solution. Data points from 1700 nm to 1760 nm are omitted due to
a detector change from a PbS to an In/Ga/As detector. Bottom: VT
SQUID magnetization measurements of microcrystalline, solid
samples of 4, 7 and 9.
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a uranium(iv) species by vis/NIR absorption spectroscopy and
SQUID magnetometry (Fig. 8). Even though single-crystals
suitable for XRD analysis could not be obtained, especially the
electronic absorption measurements suggest that, in THF
solution, the molecular structure of 9 is similar to that of
hydroxido 4 (Scheme 3 and Fig. 8).

The "H NMR spectrum of complex 9 shows resonances over
a range from 91.50 to —72.47 ppm (Fig. S151). The six ¢-butyl
resonances can be attributed by integration to the signals at
11.93, —2.38, —3.02, —4.33, —9.16 and -20.24 ppm.

Electronic absorption spectra of 7 and 8 feature exceedingly
intense absorptions below A = 1400 nm (& > 2000 M~ " cm™ %),
explaining the dark black color of both complexes (Fig. 8, top).
Above 1500 nm, the uranium(v) hydroxido 7 reveals two sharp
bands at 1545 nm (¢ = 65 M~ " ¢cm™ ') and 1615 nm (¢ =
60 M~ ' cm™ '), while the uranium(vi) oxido 8 shows two, very
weak absorptions at 1610 nm with a shoulder at 1590 nm (¢ =
35 M ' em ') and 1673 nm (e = 20 M~ " ecm ™). Since there are
no f-f-transitions expected in hexavalent uranium complexes,
the origin of these bands is uncertain. It is assumed that these
faint features origin from interactions of traces (3%) of para-
magnetic hydroxido 7 with the oxido 8 in solution, since 7 is
also present in the "H NMR spectrum of 8. The spectrum of 9 in
benzene looks like a typical uranium(iv) ion indicating
a successful one-electron reduction of 6 with KCg (Fig. S46,
top). It is noteworthy, that measuring 9 in THF leads to
a different absorption. Now the spectrum of 9 and 4 are
superimposable suggesting the solvation of the potassium ion
and similar molecular and electronic structures of 4 and 9 in
THF solution. This observed structural similarity is also sup-
ported by magnetic measurements (Fig. 8, bottom). The strong
temperature dependence and the low magnetic moment peg =
0.70 pp at 2 K rather fit to a uranium(wv) complex and is also
comparable to that of 4 (0.77 ug). In contrast to that, complex 7
is clearly identified as a uranium(v) complex with u.g values
ranging from 0.97 up at 2 K to 2.02 ugp at 300 K.

Conclusions

In summary, and motivated by our recently reported hydroxido
and oxido uranium complexes as active catalysts for the
production of H, from water, we report the synthesis and coor-
dination chemistry of a newly developed, hepta-dentate, cyclen-
based tris(aryloxide) ligand precursor, namely cyclen(Me)
(FB**BUArOH)s, and its coordination chemistry to uranium. The
resulting precursor complex [U™((OAr"®**®");(Me)cyclen)] (1) is
more reactive than its previously reported, eight-coordinate,
tetrakis-aryloxide ~derivative [U((OAr"®"*®"),cyclen)], which
could only be obtained in its tetravalent form.** Since it was not
possible to obtain suitable crystals of 1 for single-crystal X-ray
diffraction analysis, trivalent 1 was oxidized to the correspond-
ing uranium(v) complexes [(cyclen(Me)(“®*“*®"Ar0);)U™(Cl)] (2)
and [(cyclen(Me)(“®*“*®"Ar0);)U(F)] (3) to draw conclusions about
the precursor's molecular structure.

As expected, trivalent 1 is capable of reductively activating
small molecules, such as H,O and N,O, yielding the tetravalent
[(cyclen(Me)(“®**P"Ar0),)U(OH)] (4) and pentavalent
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[(cyclen(Me)(“®**B"Ar0);)UY(0)] (7) complexes, respectively.
The solid-state molecular structures of these mononuclear
complexes feature an N,O;X coordination mode, where the
additional ligands (X = F, Cl, OH, O) bind in the equatorial
position. Oxidation of 3 and 4 with AgF or AgSbF, yields the
corresponding uranium(v) complexes [(cyclen(Me)(“®*“*P"Ar0);)
UY(F),] (5) and [(cyclen(Me)(“®*“*®"Ar0);)UY(OH)][SbF,] (7).
Oxidation and reduction of 6 was achieved by a reaction with
AgSbFs or potassium graphite; thus, providing access to hex-
avalent [(cyclen(Me)(“®**®“Ar0);)UY(O)][SbFs] (8) and a tetra-
valent species, identified as [K][(cyclen(Me)(*®**®"Ar0),)U(0)]
(9), respectively. Thus, the present study provides controlled
and reproducible access to the first U(wv/v) hydroxido (4 and 7)
and U(wv/v/vi) oxido (6, 8 and 9) complex pairs in a retained
ligand environment. Regardless, these complexes could not be
used for the electrocatalytic production of H, from water.

Data availability

ESIt with general considerations, synthetic and spectroscopic
details, NMR spectroscopy, IR vibrational spectroscopy, UV/Vis/
NIR electronic absorption spectroscopy, VI SQUID magnetiza-
tion spectroscopy, cyclic voltammetry, and single crystal X-ray
structure determinations (PDF).
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