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ABSTRACT: Investigation into the reactivity of reduced uranium °
species toward diazenes has revealed key intermediates in the four- @
electron cleavage of azobenzene. Trivalent Tp*,U(CH,Ph) (1a) (Tp*

= hydrotris(3,5-dimethylpyrazolyl)borate) and Tp*,U(2,2"-bpy) (1b) Diazenes at Uranium

both perform the two-electron reduction of diazenes affording 7>

hydrazido complexes Tp*,U(AzBz) (2-AzBz) (AzBz = azobenzene) Q Q
and Tp*,U(BCC) (2-BCC) (BCC = benzo[c]cinnoline) in contrast

to precursors of the bis(Cp*) (Cp* = 1,2,3,4,5-pentamethylcyclo- /

pentadienide) ligand framework. The four-electron cleavage of @
diazenes to give trans-bis(imido) species was possible by using
Cp*UM=PDI™)(THF) (3) (M*PDI™* = 2,6-((Mes)N=CMe),-
CsH;N, Mes = 2,4,6-trimethylphenyl), which is supported by a highly
reduced trianionic chelate that undergoes electron transfer. This
proceeds via concerted addition at a single uranium center supported

by both a crossover experiment and through addition of an asymmetrically substituted diazene, Ph-N=N-Tol. Further
investigation of 3 and its substituted analogue, Cp*U(‘Bu-*PDI™*)(THF) (3-Bu) (‘Bu-*PDI™® = 2,6-((Mes)N=CMe),p-
C(CH,);-CsH,N), with benzo[c]cinnoline, revealed that the four-electron cleavage occurs first by a single electron reduction of
the diazene with the redox chemistry performed solely at the redox-active pyridine(diimine) to form dimeric
[Cp*U(BCC)(M*HPDI™)], (5) and Cp*U(BCC)('Bu-"*PDI™) (6). While a transient pyridine(diimine) triplet diradical
in the formation of § results in H atom abstraction and p-pyridine coupling, the tert-butyl moiety in 6 allows for electronic
rearrangement to occur, precluding deleterious pyridine-radical coupling. The monomeric analogue of §, Cp*U(BCC)-
(MePDIM®) (7), was synthesized via salt metathesis from Cp*UI(M*PDI™®) (3-I). All complexes have been characterized by "H
NMR and electronic absorption spectroscopies, X-ray diffraction, and, where pertinent, EPR spectroscopy. Further, the electronic
structures of 3-I, 5, and 7 have been investigated by SQUID magnetometry.
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INTRODUCTION later studies showed that Cp*,U(NPh), can also be generated

As a fundamental step in the conversion of dinitrogen to
ammonia, cleavage of strong N—N bonds has been mdely
studied for both industrial and biological applications.'

Transition metals have enjoyed widespread use for this goal,
as their ability to backbond into the low lying #* orbitals of
dinitrogen results in activation, and in some instances, complete
scission.”” While the actinides are not known to engage in
backbonding to the same extent as transition metals, the large
size and highly reducing nature of these elements, and more
specifically uranium, make them viable candidates to perform
N-N cleavage.” Uranium is also advantageous due to its
available oxidation states, such that cleavage of a diazene (often
a model for dinitrogen) by an electron-rich center could be
achieved to form the corresponding high valent uranium
bis(imido) species. Such is the case in the synthesis of the
uranium(VI) cis-bis(imido), Cp*,U(NPh),. Although first
generated by Burns and co-workers via organoazide oxidation
of the uranium(IV) imido, [Li(TMEDA)][(Cp*,U(NPh)Cl],’
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by azobenzene cleavage by a variety of low valent starting
materials, which act as divalent®’ “[Cp*ZU]” synthons,
including Cp*;U," Cp*,U(°n*-C4He)UCp*,,” [Cp*,U][(u-
Ph),BPh,],"" Cp*U[u-CsMe;(CH,),] (u- H)ZUCp* "' and
Cp*,UCI(NaCl)/Na(Hg) (Scheme 1).'* Mechanistic support
for the N—N cleavage came from generation of a fleeting side-
on bound uranium(IV) hydrazido intermediate, Cp*,U(1*
N,Ph,),"” derived from protonation of Cp*,UMe, by
PhNHNHPh, which proceeds to the cis-bis(imido) product."’
Mechanistic experiments employing the mixed hydrazine,
PhNHNH-p-Tol, suggest a concerted process, as Cp*,U-
(NPh)(N-p-Tol) is isolated as the sole product.'’ This
pioneering work sparked subsequent studies examining the
formation of uranium complexes featuring side-on, 7
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Scheme 1. Examples of cis-Bis(imido) Formation by Burns
and Coworkers with Proposed 7>-Hydrazido Intermediates
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hydrazido ligands, lending additional support to the
proposed “Cp*,U(17>-N,Ph,)” intermediate.

In related work by our laboratory, we have studied
uranium(IV) hydrazido species supported by the hydrotris-
(3,5-dimethylpyrazolyl)borate ligand, namely, Tp*,U(N,CPh,)
and Tp*,U(N,CHSiMe,;), which were constructed via
diazoalkane reduction.”” Because Tp* is more sterically
demanding than Cp*, these derivatives were found as the
end-on, 1'-hydrazido species at room temperature in solution.
Fortunately, evidence for a side-on, #>-hydrazido species was
obtained for Tp*,U(N,CPh,), both in solution below —5 °C
and from X-ray diffraction analysis of crystals grown at —35 °C.
Interestingly, in contrast to what was noted by Burns, no N—N
cleavage was ever observed, despite the reduced N—N bond
distance.

In our hands, N—N bond cleavage has been observed by the
electron-rich uranium starting materials, Cp*U(M*PDI™")-
(THF) (3)" and Cp*U(‘Bu-M*PDIM*)(THF) (3-'Bu),"®
which bear triply anionic redox-active pyridine(diimine)
ligands. The uranium and ligand electrons work cooperatively
to reduce 1 equiv of azobenzene (PhAN=NPh), affording the
corresponding uranium(V) trans-bis(imido) species, Cp*U-
(NPh),(MPDIM®)."”"? In these cases, all three ligand electrons
as well as one uranium electron have been oxidized.
Interestingly, substitution of PhN=NPh with para-methyl
groups to generate ToIN=NTol does not preclude reactivity,
even with the higher reduction potential for the tolyl derivative.
Instead, the resulting uranium trans-bis(imido) species have
different electronic structures than their phenyl analogues. Both
Cp*U(NTol),(MesPDIMe)'7'? and Cp*U-
(NTol),("Bu-M*PDI™®) have spectroscopic and structural
features that are consistent with uranium(VI) centers supported
by monoanionic [M*PDIM¢]'~ ligands, where both the uranium
and M*PDI™* ligand have been oxidized by two electrons."”

On the basis of these preliminary results, we aimed to explore
the reductive capabilities of uranium(III) and (IV) complexes
toward N—N bonds, and also to further probe the stability of
uranium(IV) hydrazido species, which are often invoked as

intermediates in the four-electron cleavage of azobenzene. First,
the synthesis and characterization of elusive uranium(IV)
hydrazido species are facilitated by the sterically bulky Tp*
supporting ligands. Second, concomitant studies focused on
understanding the reductive capabilities of 3 and 3-Bu toward
diazenes for the formation of uranium(IV) hydrazido
complexes are discussed. Finally, the possibility for a second
two-electron reduction of diazene to form uranium trans-
bis(imido) species is examined, and mechanistic support to
demonstrate concerted addition at a monomeric uranium
compound is provided. Full spectroscopic and structural
characterization of all compounds is reported.

B EXPERIMENTAL SECTION

All air- and moisture-sensitive manipulations were performed using
standard Schlenk techniques or in an MBraun inert atmosphere drybox
with an atmosphere of purified nitrogen. The MBraun drybox was
equipped with a cold well designed for freezing samples in liquid
nitrogen as well as two —35 °C freezers for cooling samples and
crystallizations. Solvents for sensitive manipulations were dried and
deoxygenated usin§ literature procedures with a Seca solvent
purification system.”” Benzene-d; was purchased from Cambridge
Isotope Laboratories, dried with molecular sieves and sodium, and
degassed by three freeze—;ump—thaw cycles. Tp*,U(CH,Ph) (1a),”
Tp*,U(2,2"-bpy) (1b),”* Cp*UM=PDIM®)(THF) (3),"" Cp*U-
("‘Bu-M=PDIM®)(THF) (3-Bu),'® Cp*UI(M=PDI™®) (3-1),”* 1,2-di-p-
tolyldiazene (Tol-N=N-Tol),** and 1-phenyl-2-(p-tolyl)diazene (Ph-
N=N-Tol)** were prepared according to literature procedures.
Benzo[c]cinnoline (VWR) and azobenzene (Sigma-Aldrich) were
used as received. Synthetic procedures for the synthesis of 2-AzBz and
2-BCC from 1b are provided in the Supporting Information.

'"H NMR spectra were recorded on a Varian Inova 300
spectrometer operating at 299.992 MHz. All chemical shifts are
reported relative to the peak for SiMe,, using 'H (residual) chemical
shifts of the solvent as a secondary standard. The spectra for
paramagnetic molecules were obtained by using an acquisition time of
0.5 s; thus, the peak widths reported have an error of +2 Hz. For
paramagnetic molecules, the '"H NMR data are reported with the
chemical shift, followed by the peak width at half height in Hertz, the
integration value, and, where possible, the peak assignment. Elemental
analyses were performed by either Complete Analysis Laboratories,
Inc. (Parsippany, NJ) or Galbraith Laboratories, Inc. (Knoxville, TN).
Electronic absorption measurements were recorded at 294 K in sealed
1 cm quartz cuvettes with a Jasco V-6700 spectrophotometer.

The LUMO depiction of benzo[c]cinnoline (Scheme 2) was
generated using GaussView 5.”° EPR samples of 5—7 were prepared in
sealed J-Young EPR tubes, and data were reproduced over a minimum
of two samples in toluene. The EPR sample of K(benzo[c]cinnoline)
was prepared by addition of potassium graphite (0.081 mmol) to a
—35 °C THEF solution (2 mL) of benzo[c]cinnoline (0.089 mmol),
filtration, and dilution with toluene.

Single crystals of Tp*,U(BCC) (2-BCC), Cp*U(NPh)(NTol)-
(Me=PDI™¢) (4-Ph/Tol), [Cp*U(BCC)(M=PDI™)], (5), Cp*U-
(BCC)(‘Bu-M*PDI™) (6), and Cp*U(BCC)(M*PDI™®) (7) suitable
for X-ray diffraction were coated with poly(isobutylene) oil in a
glovebox and quickly transferred to the goniometer head of a Nonius
KappaCCD diffractometer at low temperature (see CIF) equipped
with a graphite crystal, incident beam monochromator using Mo Ka
radiation (4 = 0.71073 A). Data were collected using the Nonius
Collect software, processed using HKL3000, and corrected for
absorption and scaled using Scalepack. Crystals of Tp*,U([#*N,N’-
(CeHsN—NC4H;)) (2-AzBz) were transferred to the goniometer head
of a Bruker APEX II CCD diffractometer at 100 K using
monochromatic Mo Ka radiation (4 = 0.71073 A) with the @ scan
technique. Data for 2-AzBz were collected, and its unit cell was
determined; the data were integrated and corrected for absorption and
other systematic errors using the Apex2 suite of programs.27 The space
groups were assigned, and the structure was solved by direct methods
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using XPREP within the SHELXTL suite of programs***® and refined
by full matrix least-squares against F* with all reflections using
SHELXL 2014 and the graphical interface SHELXLE.*'

All voltammetric data were obtained under inert atmosphere
conditions using external electrical ports of the MBraun drybox using a
Gamry Instruments Interface 1000 model potentiostat with the Gamry
Instruments Laboratory software. Data were acquired in acetonitrile
with 0.1 M [Bu,N][PF] as the supporting electrolyte without internal
resistance corrections. Solutions were measured in 4 dram cells,
consisting of a 3 mm glassy carbon working electrode, a Pt wire
counter electrode, and a Ag wire quasireference electrode. Potential
corrections were performed at the end of the experiment using the
Ec"* couple as the internal standard.

Magnetic susceptibility data were collected on at least two
independently prepared solid samples for 3-I, S, and 7 using a
Quantum Design MPMS XL SQUID magnetometer. Plots of
susceptibility data for each species can be found in the Supporting
Information (Figures S13—S1S). All sample preparations were
performed inside a dinitrogen-filled glovebox (MBraun Labmaster
130). Powdered microcrystalline samples were loaded into poly-
ethylene bags, sealed in the glovebox, inserted into a straw, and
transported to the magnetometer under nitrogen. Ferromagnetic
impurities were checked through a variable field analysis (0 to 10 kOe)
of the magnetization at 100 K: curvature in the M versus H plot
between 0 and ~2000 Oe (Figures S5—S10) indicates the presence of
ferromagnetic impurities. When this behavior was observed,
susceptibility data were collected at magnetic fields where the field
dependence is linear (5000 Oe for these compounds). Magnetic
susceptibility data were collected at temperatures ranging from 2 (4 K
for compound 7) to 300 K. Susceptibility data reproducibility was
assessed through measurements on two different batches for
compounds 3-1, 5, and 7 (Figures S13—S15). The maximum difference
observed was 0.10 cm® K/mol at 225 K for complex 3-I. Magnetization
measurements were collected at 1.8 K at applied fields ranging from 0
to 50 kOe. Data were corrected for the diamagnetic contributions of
the sample holder and bag by subtracting empty containers;
corrections for the sample were calculated from Pascal’s constants.>”

Synthesis of Tp*,U[y*N,N’-(CqHsN—NCzH;)1 (2-AzBz) from
1a. A 20 mL scintillation vial was charged with Tp*,U(CH,Ph) (1a)
(0.140 g, 0.208 mmol) and 10 mL of THF and chilled to —35 °C.
While the reaction mixture was stirred, azobenzene (0.038 g, 0.208
mmol) was added resulting in a gradual color change from dark green
to brown over a few minutes. After 1 h, volatiles were removed in
vacuo, and the crude mixture was washed with n-pentane to afford
yellow-brown powder (0.141 g, 0.141 mmol, 92% yield) assigned as
Tp*,U[>-N,N'-(CqH{N-NC(H;)] (2-AzBz). Single, X-ray quality
crystals were obtained from a concentrated THF solution stored at
—35 °C. Anal. for C,,Hy,N,,B,U Caled: C, 49.72; H, 5.36; N, 19.33.
Found: C, 49.12; H, 5.54; N, 19.00. '"H NMR (C/D,, 25 °C): 6 =
—57.25 (9, 6H, Tp*—CH,), —30.00 (181, 2H, ArH), —18.69 (S, 6H,
Tp*-CH,), —12.44 (3, 2H, ArH), —11.95 (S, 6H, Tp*-CH,), —10.62
(34, 2H, ArH), —4.19 (4, 2H, ArH), —1.02 (8, 6H, Tp*-CHj,), 0.00 (4,
6H, Tp*—CH,;), 10.09 (t, ] = 7, 2H, Ph-p-CH), 32.77 (4, 2H, ArH),
33.26 (33, 2H, ArH), 66.50 (12, 6H, Tp*-CHs,), 84.04 (35, 2H, ArH).
1B NMR (CgDg, 25 °C): § = —90.32. IR (KBr salt plate) v = 2552,
2521 cm™ (B—H).

Synthesis of Tp*,U(BCC) (2-BCC) from 1a. A 20 mL
scintillation vial was charged with Tp*,U(2,2"-bpy) (1) (0.100 g,
0.110 mmol) and 5 mL of THF and chilled to —35 °C. While the
reaction mixture was stirred, benzo[c]cinnoline (0.020 g, 0.111 mmol)
was added resulting in a rapid color change from dark green to red-
brown. After 1 h, volatiles were removed in vacuo. The crude mixture
was washed with cold n-pentane to afford dark powder (0.085 g, 0.085
mmol, 77%) assigned as Tp*,U(BCC) (2-BCC). Single, X-ray quality
crystals were obtained from a concentrated diethyl ether/THF (1:3)
solution stored at —35 °C. Anal. for C,,H;,N,B,U Calcd: C, 49.82;
H, 5.18; N, 19.37. Found: C, 49.07; H, 4.81; N, 18.03. 'H NMR
(C¢Dg 25 °C): 8 = —28.52 (8, 6H, Tp*-CH;), —20.48 (20, 2H, BCC-
ArH), —17.94 (18, 2H, BCC-ArH), —14.58 (154, 2H, BH), —11.69 (3,
6H, Tp*-CH,), —4.13 (3, 6H, Tp*-CH,), —3.28 (3, 2H, Tp*-CH),

0.24 (3, 6H, Tp*-CH,), 0.72 (4, 2H, Tp*-CH), 5.04 (6, 6H, Tp*-
CHj;), 20.88 (3, 2H, Tp*-CH), 22.24 (t, ] = S, 2H, BCC-ArH), 32.89
(d, J = 8, 2H, BCC-ArH), 33.72 (8, 6H, Tp*-CH;). ''B NMR (C¢Dy,
25 °C): § = —52.40. IR (KBr salt plate) v = 2556, 2526 cm™" (B—H).

Synthesis of Cp*U(NPh)(NTol)(M*PDIM¢) (4-Ph/Tol). A 20 mL
scintillation vial was charged with Cp*U(M=PDI™*)(THF) (3) (0.145
g, 0.172 mmol) and S mL of toluene. While the reaction mixture was
stirred, Ph-N=N-Tol (0.034 g, 0.173 mmol) was added and stirred
for S min. After removal of volatiles in vacuo, the product was washed
with cold n-pentane and dried to afford brown powder (0.128 g, 0.132
mmol, 77%) assigned as Cp*U(NPh)(NTol)(M=PDI¥) (4-Ph/Tol).
Single, X-ray quality crystals were obtained from a concentrated
diethyl ether solution at —35 °C. Anal. for C;,HNsU Calcd: C,
62.10; H, 6.05; N, 7.24. Found: C, 62.62; H, 6.42; N, 7.48. '"H NMR
(C¢Dy, 25 °C): 6 = —10.34 (60, 6H, CH,), —5.23 (60, 2H, ArH),
—4.36 (60, 1H, ArH), —3.64 (22, 15H, Cp*), 0.07 (30, 2H, ArH), 0.53
(65, 2H, CH,), 0.71 (47, 2H, CH,), 2.76 (46, 2H, ArH), 6.32 (17, 2H,
ArH), 8.54 (290, 6H, CH,), 1095 (23, 2H, ArH), 12.58 (70, 2H,
ArH), 14.87 (59, 3H, Tol-CHj;), 22.68 (112, 6H, CH,), 28.63 (393,
6H, CH,).

Crossover Experiment between Cp*U(MePDIM¢)(THF), Ph-
N=N-Ph and Tol-N=N-Tol. A 20 mL scintillation vial was charged
with Cp*U(M*PDI™®)(THF) (1) (0.050 g, 0.059 mmol) and 5 mL of
toluene. In a separate vial, Ph-N=N-Ph (0.005 g, 0.027 mmol) and
Tol-N=N-Tol (0.006 g, 0.029 mmol) were dissolved in 3 mL of
toluene and added dropwise to the first vial with stirring. After 15 min,
volatiles were removed in vacuo. '"H NMR analysis of the crude
mixture revealed Cp*U(NPh),(M*PDI™®) (4-Ph) and Cp*U(NTol),-
(M=PDI™®) (4-Tol), as compared to authentic samples. Complex 4-
Ph/Tol was not observed.

Synthesis of [Cp*U(BCC)(MeHPDIM®)], (5). A 20 mL scintillation
vial was charged with Cp*U(M*PDIM®)(THF) (3) (0.125 g 0.148
mmol) and S mL of toluene. While the reaction mixture was stirred,
benzo[c]cinnoline (0.027 g, 0.150 mmol) was added and stirred for 15
min. After removal of volatiles in vacuo, the product was recrystallized
from a concentrated n-pentane and dried to afford brown powder
(0.105 g, 0.055 mmol, 74%) assigned as [Cp*U(BCC)(M*HPDI™*)],
(5). Single, X-ray quality crystals were obtained from concentrated
THF solution layered with n-pentane at —3S °C. Anal. for
CosH,;1oNoU, Caled: C, 61.82; H, 5.82; N, 7.36. Found: C, 61.63;
H, 5.67; N, 7.51. '"H NMR (C(Dj, 25 °C): 5 = —211.62 (249, 4H,
BCC-ArH), —153.27 (240, 4H, BCC-ArH), —32.28 (70, 6H, CH,),
—20.24 (20, 6H, CH,), —7.98 (11, 6H, CH;), —0.98 (10, 2H, ArH),
0.06 (13, 6H, CH,), 1.11 (20, 30H, Cp*), 4.49 (9, 6H, CH,), 4.76 (7,
6H, CH,), 5.65 (9, 2H, ArH), 6.75 (10, 2H, ArH), 8.69 (16, 2H, ArH),
10.09 (24, 6H, CH;), 12.57 (10, 2H, ArH), 18.79 (124, 6H, CH,),
28.65 (24, 2H, ArH), 32.98 (28, 2H, ArH), 37.31 (32, 2H, ArH), 56.57
(240, 4H, BCC-ArH), 60.11 (480, 4H, BCC-ArH).

Synthesis of Cp*U(BCC)(‘Bu-""*PDI"¢) (6). A 20 mL scintillation
vial was charged with Cp*U("Bu-M*PDI**)(THF) (3-Bu) (0.145 g,
0.161 mmol) and S mL of toluene. While the reaction mixture was
stirred, benzo[c]cinnoline (0.029 g, 0.161 mmol) was added and
stirred for S min. After removal of volatiles in vacuo, the product was
recrystallized from a concentrated n-pentane solution to afford brown
powder (0.10S g 0.104 mmol, 65%) assigned as Cp*U(BCC)-
(‘BuM=PDI™®) (6). Single, X-ray quality crystals were obtained from a
concentrated toluene/n-pentane solution (2:1) at =35 °C. Anal. for
CyHeN U Caled: C, 6321; H, 621; N, 6.95. Found: C, 62.94; H,
627; N, 7.10. '"H NMR (CD,, 25 °C): 6 = —13823 (t, J = 7, 2H,
BCC 2,9-ArH), —112.48 (d, J = 8, 2H, BCC 4,7-ArH), —5.74 (d, ] =
23, 1H, ArH), —4.09 (d, J = 23, 1H, ArH), —0.13 (6, 3H, CH,), 0.64
(4, 9H, C(CH,),), 0.66 (7, 3H, CH;), 4.09 (6, 1H, ArH), 4.22 (4,
1SH, Cp*), 4.60 (4, 3H, CH;), 6.82 (S, 3H, CH;), 8.00 (17, 1H,
ArH), 8.06 (4, 3H, CH,;), 12.38 (15, 3H, CH,), 12.86 (14, 1H, ArH),
17.48 (9, 1H, ArH), 34.23 (d, ] = 7, 2H, BCC 1,10-ArH), 36.18 (t, ] =
7, 2H, BCC 3,8-ArH), 135.20 (20, 3H, CH,;), 181.81 (28, 3H, CHj,).

Synthesis of Cp*U(BCC)(MePDIM®) (7). A 20 mL scintillation vial
was charged with benzo[c]cinnoline (0.028 g, 0.155 mmol) and S mL
of THF. While the reaction mixture was stirred, potassium graphite
(0.021 g, 0.155 mmol) was added, resulting in an immediate color
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change to vibrant green. This green solution was added dropwise to a
vial containing Cp*UI(M*PDI®) (0.139 g, 0.155 mmol) in THF (5
mL) resulting in immediate color change to dark brown. After 15 min,
volatiles were removed in vacuo. The product was extracted into
diethyl ether, filtered over Celite, and dried to afford brown powder
(0.135 g, 0.142 mmol, 92%) assigned as Cp*U(BCC)(M*PDI™) (7).
Single, X-ray quality crystals were obtained from a concentrated
hexamethyldisiloxane/n-pentane (1:5) solution stored at —35 °C.
Anal. for C,Hy NU Caled: C, 61.88; H, 5.72; N, 7.36. Found: C,
60.76; H, 6.06; N, 7.28. '"H NMR (C¢Ds, 25 °C): § = —216.46 (66,
2H, BCC 2,9-ArH), —158.04 (45, 2H, BCC 4,7-ArH), —30.35 (19,
6H, CHs), —3.17 (39, 6H, CH,), —1.51 (62, 6H, CHj), —0.79 (10,
2H, ArH), 1.95 (14, 1SH, Cp*), 2.66 (3, 6H, CH,), 4.77 (6, 2H, ArH),
12.91 (81, 2H, m-pyr-CH), 15.38 (202, 1H, p-pyr-CH), 60.89 (16, 2H,
BCC 1,10-ArH), 62.73 (16, 2H, BCC 3,8-ArH).

Bl RESULTS AND DISCUSSION

Tp* Uranium Derivatives. In order to probe the
mechanistic proposal for formation of intermediate 7
hydrazido compounds shown in Scheme 1, we sought to
generate isolable forms of these. Since Cp* did not afford the
steric protection to allow isolation of Cp*,U(#>-N,Ph,) as
noted by Burns,'” the analogous Tp* ligand was utilized as its
superior steric protection has been integral in the isolation of
reactive species.”’ As both Tp*,UCH,Ph (1a) and Tp*,U(2,2'-
bpy) (1b) have been shown to behave as sources of
“Tp*,U”,'*** initial experiments were performed with these.

Addition of azobenzene to a chilled THF solution (—35 °C)
of 1a resulted in a gradual color change from dark green to
yellow-brown (eq 1). Analysis of the crude mixture by 'H
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NMR spectroscopy revealed the extrusion of bibenzyl,
suggesting diazene reduction rather than U—C insertion.
Following workup, the 'H NMR spectrum of the product
displayed 14 paramagnetically shifted resonances ranging from
—57.25 to 84.04 ppm, precluding the assignment as a
diamagnetic uranium(VI) bis(imido). Instead, the spectro-
scopic data are consistent with azobenzene reduction, leading
to the assignment as Tp*,U[n*-N,N’-(C;Hs-N—N-C¢H;)] (2-
AzBz) (eq 1, right). Characterization by infrared (B—H: v =
2552, 2521 cm™") and "'B NMR spectroscopies (—90.32 ppm)
confirmed retention of the Tp* ligands despite the absence of a

B—H resonance in the 'H NMR spectrum. Heteronuclear
NMR shifts have previously been shown to be indicators of the
oxidation state at uranium.”” The "B resonance for 2-AzBz is
shifted significantly upfield of previously characterized uranium-
(III) complexes including Tp*,UEPh (E = O, S, Se, Te; ''B:
—1.2—0.1 ppm),”® TpUL(THF); (15.7 ppm),” Tp*,UF (-7.8
ppm),”” and Tp*,U(2,2"-bpy) (1b) (—27.14 ppm). Instead, the
"B chemical shift for 2-AzBz resembles that of Tp*,UF,
(—63.7 ppm),” signifying formation of a uranium(IV) product.
2-AzBz was also formed by treating 1b with azobenzene with
the expulsion of neutral 2,2"-bipyridine (details in Supporting
Information).

Structural confirmation of 2-AzBz was achieved by the
analysis of single, X-ray quality crystals obtained from a
concentrated THF solution stored at —35 °C. Refinement of
the data revealed an eight coordinate uranium bis(Tp*) species
bound by an 7*-1,2-diphenylhydrazido moiety (Figure 1, left).

Figure 1. Molecular structures of 2-AzBz (left) and 2-BCC (right)
displayed with 30% probability ellipsoids. Select hydrogen atoms and
cocrystallized solvents have been omitted for clarity. Selected bond
lengths for 2-AzBz: U1-N13 = 2.2254(15); N13—N13' = 1.440(3) A.
For 2-BCC: U1-N13 = 2.213(6); U1-N14 = 2.203(5); N13—N44 =
1.400(8) A.

The U=N,,, distances range from 2.518(6) to 2.654(7) A
and are unremarkable. The uranium—nitrogen distances of the
1*-1,2-diphenylhydrazido are significantly shorter (U1-N13 =
2.2254(15) A), suggesting a dianionic ligand. A two-electron-
reduced azobenzene is further evinced by significant elongation
of the diazo moiety (N13—N13’ = 1.440(3) A) compared to
neutral cis-azobenzene (1.251 A) and related trans-isomers.*
The reduction of the N—N bond in 2-AzBz is comparable to
those observed in transition metal and lanthanide complexes
bearing an (#7%-1,2-RNNR)*" unit, including Cp*WMe,(n*
MeNNMe) (1.38(1) A),*" Cp,Zr(y>-PhNNPh)(NC H;)
(1.434(4) A),** (x*(n°-CsH,SiMe,),)Mo(7*-PhNNPh)
(1.4061(9) A),” [Cp*(THF)Sm],[N,Ph,], (1.44(1) A), and
[Cp,(THF)Yb],[N,Ph,], (1.470(6) A).** Additionally, the N—
N bond in 2-AzBz is significantly more reduced than the
analogous bond in [((SiMe,NPh),-tacn)U(n*-N,Ph,)
(1.353(4) A)* and Cp*,Sm(N,Ph,)(THF) (1.388(15) A),**
both of which are characterized as containing a singly reduced,
(PhNNPh)'", ligand. Moreover, the molecular structure of the
azobenzene radical anion, [PhNNPh]'", has recently been
determined, and the N—N distance of 1.331(17) A is shorter
than that observed in 2-AzBz.*

In the formation of 2-AzBz, azobenzene is formally reduced
by two electrons while both the uranium(III) center and the
alkyl substituent of 1a (or bipyridine of 1b) are each oxidized
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by a single electron. Cooperation between metal and ligand to
afford substrate reduction by uranium(III) precursors la and
1b has previously been observed in this system in the formation
of Tp*,U(NR) (R = Ph, Mes, Ad)** and Tp*,U(O).** Heating
2-AzBz at 70 °C for several hours resulted in neither
decomposition of the complex nor formation of the
corresponding uranium(VI) bis(imido). This is in stark contrast
to what had been observed in the bis(Cp*) system, where a
fleeting uranium(IV) #*-hydrazido intermediate, “Cp*,U(i*-
N,Ph,)”, is proposed to undergo N—N bond cleavage at room
temperature, suggesting that the U(IV) to U(VI) oxidation is
facile.”"

The reactivities of complexes la and 1b toward benzo[c]-
cinnoline were also investigated. This substrate presents
interesting possibilities for reactivity because of the following:
(1) the first reduction potential of benzo[c]cinnoline is
significantly more negative than that of azobenzene (—2.084
vs —1.604 V), potentially preventing the two-electron
reduction; (2) it is rigid, and the resultant reduced ligand
would be planar, facilitating stabilization of a radical; or (3) the
reaction may form a cis-bis(imido) analogous to Cp*,U(NPh),
due to the tethered phenyl substituents.

Addition of benzo[c]cinnoline to a cold THF solution of 1a
(=35 °C) resulted in a gradual color change to dark red/purple
over ca. 10 min (eq 1, left). Investigation of the crude mixture
by 'H NMR spectroscopy confirmed the formation of bibenzyl
concomitant with consumption of benzo[c]cinnoline. Follow-
ing workup, the spectrum revealed 14 paramagnetically shifted
resonances ranging from —28.52 to 33.72 ppm allowing
assignment as Tp*,U(BCC) (2-BCC, eq 1). Unlike 2-AzBz,
the B—H resonance was identified at —14.58 ppm with the
corresponding ''B resonance observed at —52.40 ppm, similarly
upfield shifted and suggestive of uranium(IV). Slower reactivity
was observed by addition of benzo[c]cinnoline to a toluene
solution of 1b, with the same color change noted to form 2-
BCC over 12 hours with expulsion of neutral 2,2’-bipyridine
(synthetic details in Supporting Information).

For purposes of comparison to 2-AzBz, single X-ray quality
crystals of 2-BCC obtained from a concentrated diethyl ether/
THF (1:3) solution stored at —35 °C were analyzed by X-ray
diffraction (Figure 1, right). Refinement of the data revealed the
anticipated bis(Tp*) uranium complex bound by an 7>
benzo[c]cinnoline. The U—Npc distances (2.213(6) and
2.203(5) A) are consistent with uranium(IV) anionic amide
linkages and are nearly identical to those found in 2-AzBz and
the constrained-geometry organouranium catalyst, (Me,Si(77>
Me,C;)(*BuN))U(NMe,), (2.207(4) and 2.212(4) A).* Since
metal-to-ligand backbonding is difficult for elements of the f-
block,” N—N bond elongation is a useful metric to assess
benzo[c]cinnoline reduction; in this case, the elongation of the
N-N bond by ca. 0.09 A, as compared to the free ligand
(1.292(3) vs 1.400(8) A),*° is indicative of reduction. This
distance in 2-BCC is within error of the only other reported
benzo[c]cinnoline f-block complex, Yb(BCC),(THF),. In this
case, the three benzo[c]cinnoline ligands are characterized as
monoanionic, consistent with a Yb®" formulation by charge
balance.” In the case of 2-BCC, additional spectroscopic data
was obtained to determine the extent of reduction and uranium
oxidation state.

Electronic absorption spectroscopy was employed to support
the oxidation state of uranium in 2-AzBz and 2-BCC (Figure
2). For both species, data were obtained from 280 to 2100 nm
in THF at ambient temperature. In the near-infrared region, 2-
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Figure 2. Electronic absorption spectra of 2-AzBz (orange) and 2-

BCC (purple) recorded in THF at ambient temperature. Solvent
overtones between 1670 and 1760 nm have been omitted for clarity.

AzBz displays a pair of sharp, weakly intense f—f transitions
(Amax = 1416, 1078 nm; &€ = 191, 210 M~ cm™) consistent
with a 5f* complex (Figure 2, inset). These same transitions are
observed in 2-BCC (4, = 1398, 1109 nm) but are of much
greater intensity and engulfed by an ill-defined broad transition
throughout the region (¢ ~ 600—900 M~ cm™"). The visible
region of 2-BCC displays an intense color producing band at
509 nm (& = 6540 M™' cm™) consistent with the deep red/
purple color of the complex. In 2-AzBz, this band appears as a
weakened shoulder at 472 nm (¢ = 3495 M~ cm™) consistent
with the translucent yellow/brown appearance of the complex
attributed to decreased conjugation of the 5*-hydazido ligand.

Thus, combining these electronic absorption spectroscopic
data with our structural studies supports that both 2-AzBz and
2-BCC have dianionic diazene ligands and uranium(IV), Sf*
ions. We hypothesize that the observed double reduction of
azobenzene and benzo[c]cinnoline is driven by attainment of
the thermodynamically stable uranium(IV) oxidation state.

Pyridine(diimine) Complexes. With the general under-
standing obtained from 2-AzBz and 2-BCC of the intermediate
1’-species in the four-electron diazene cleavage at uranium, we
explored the same substrates with our highly reducing
pyridine(diimine) system, since we have previously shown
the ability of Cp*U(M*PDIM®)(THF) (3) and Cp*U-
(‘Bu-M*PDI™®)(THF) (3-Bu) to cleave Ar-N=N-Ar (Ar =
p-Tol, Ph) to form bis(imido) species.'”'” While the isolation
of complexes 2 would suggest this process occurs in a
concerted fashion at a single metal center, the possibility of a
bimetallic mechanism could not be discounted since this is
often observed for f-block metals. For instance, Evans and co-
workers have isolated a variety of Sm(III) complexes bearing
bridging [PhN-NPh]*~ units, including Cp*,Sm(y-PhNNPh)-
SmCp*,>> and Cp*(THF)Sm(p-n*#*-PhNNPh),SmCp*-
(THE).*

To distinguish between a mono- or bimetallic N—N bond
cleavage pathway, a crossover experiment was performed by
addition of a stoichiometric solution of Ph-N=N-Ph and Tol-
N=N-Tol to 3 (eq 2, bottom). "H NMR spectroscopy of the
crude reaction mixture revealed only the formation of
Cp*U(NPh),(M*PDIM®) (4-Ph) and Cp*U(NTol),-
(Me=PDI*) (4-Tol) (as compared to literature). The crossover
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product, Cp*U(NPh)(NTol)(M*PDI™¢) (4-Ph/Tol, vide
infra), was not detected, which is in contrast to the previous
observation for the addition of two-electron oxidants to
[Cp"UM=PDI™*)], (Cp” = 7,7-dimethylbenzylcyclopentadie-
nide), where complexes of the type Cp"U(EPh),(M*PDI™®) (E
= S, Se) were obtained through radical oxidative addition.>
Despite this result, 4-Ph and 4-Tol are known to exist in
different electronic ground states, suggesting that the kinetics of
addition may be different."”

As a further probe, the reactivity of 3 was tested with the
mixed aryldiazene, PhN=NTol, resulting in an immediate
darkening of the toluene solution (eq 2, top). Investigation of
the crude mixture by "H NMR spectroscopy revealed neither 4-
Ph nor 4-Tol but a new C; symmetric, paramagnetic species,
with 15 broadened resonances assigned as 4-Ph/Tol. The
electronic absorption spectrum of 4-Ph/Tol displays a
featureless visible region with two weakly intense absorbances
at 1659 and 1615 nm (124 and 81 M~' cm™, respectively)
consistent with a uranium(V) center (Figure $8)>* and, by
charge balance considerations, a neutral pyridine(diimine)
similar to 4-Ph."”

Structural confirmation of 4-Ph/Tol was achieved by analysis
of single, X-ray quality crystals obtained from a concentrated
diethyl ether solution stored at —35 °C (Figure 3, Table 1).
Refinement of the data revealed two independent molecules
per unit cell. As each have statistically indistinguishable bond
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Figure 3. Molecular structure of 4-Ph/Tol displayed with 30%
probability ellipsoids. Hydrogen atoms, solvent molecules, select aryl
(left) and 2,4,6-trimethylphenyl (right) substituents, and a second
molecule in the unit cell have been omitted for clarity.

Table 1. Structural Parameters of 4-Ph/Tol, S, 6, and 7 with
Pyridine(diimine) Numbering Scheme Depicted Here

o @ )

bond (A) 4-Ph/Tol S 6 7
U1-N1 2.619(6) 2.811(4) 2.382(6) 2.612(10)
U1-N2 2.594(6) 2.238(4) 2.344(6) 2.258(9)
U1-N3 2.587(7) 2.256(4) 2.349(6) 2.290(8)
Ul-N4 2.010(7) 2.385(4) 2.369(6) 2.413(9)
U1-N$§ 2.005(7) 2.393(4) 2.367(6) 2.388(9)
Ul-Ct 2.592 2.526 2.532 2.523
N1-C2 1.287(11) 1.296(6) 1.382(12) 1.314(14)
C2-C3 1.479(12) 1.470(7) 1.383(10) 1.466(16)
C3—C4 1.392(12) 1.342(7) 1.43(3) 1.344(16)
C4-C5 1.378(13) 1.502(7) 1.389(15) 1.450(18)
C5-C6 1.381(13) 1.539(7) 1.466(16) 1.370(17)
C6—C7 1.379(13) 1.511(6) 1.52(2) 1.433(16)
C7-C8 1.473(14) 1.366(7) 1.379(10) 1.353(15)
N2-C3 1.296(10) 1.381(6) 1.352(11) 1.384(15)
N2-C7 1.365(12) 1.397(6) 1.365(9) 1.431(14)
N3-C8 1.296(11) 1.421(6) 1.390(9) 1.418(14)
N4-NS 1.369(5) 1.382(8) 1.372(13)

metrics, only one species will be discussed. The anticipated
pseudo-octahedral uranium trans-bis(imido) (N4—UI1-NS =
154.8(3)°) complex capped by an 7°-Cp* (U1-Ct = 2.592 A)
was confirmed. Both the phenyl and tolyl(imido) substituents
(2.010(7) and 2.005(7) A, respectively) are similar to those
observed in 4-Ph, characterized as containing a uranium(V)
ion."” Due to steric pressure imparted on the imido substituents
by the bulky Cp* and subsequent disruption of the inverse
trans-influence, the U=N bond distances are slightly elongated
as corp<pared to other trans-bis(imido) uranium(V) com-
plexes.”” The long linkages to the pyridine(diimine) nitrogen
atoms (2.619(6), 2.594(6), 2.587(7) A) and aromaticity in the
pyridine ring confirm a neutral chelate.

The four-electron cleavage to form 4-Ph/Tol proceeds with
three reducing electrons provided from the redox-active ligand
and only a single equivalent from the metal center. Additionally,
the observation of 4-Ph/Tol as the only complex formed
during the reaction suggests that this process occurs at a single
uranium center with concerted diazene cleavage. These findings
for uranium are consistent with those observed for its transition
metal counterpart, tungsten. Rothwell and co-workers observed
cleavage of PAN=NTol at a single tungsten, W(OCzHPh;-1°-
Cg¢H;)(OAr)(PMe,Ph) (OAr = 2,3,5,6-tetraphenylphenoxide),
to form the mixed bis(imido), (ArO),W(NTol)(NPh).* In
that case, the aryl(imido) substituents were found to gradually
equilibrate to form the bis(tolyl) and bis(phenylimido) over
days in solution. Such behavior was not observed for 4-Ph/Tol;
thus, formation of 4-Ph/Tol further substantiates the
hypothesis of Burns and co-workers for the cleavage of
azobenzene by “Cp*,U” systems."”
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We envisioned the bis(imido) formation by 3 as an excellent
opportunity to probe cooperative metal—ligand oxidation. We
hypothesized that, by employing benzo[c]cinnoline, isolation of
an intermediate 7>-bound substrate would be possible because
its tethered aryl rings would disallow full cleavage of the N—N
bond to form a trans-bis(imido) as noted for PhAN=NPh.
Addition of a single equivalent of benzo[c]cinnoline to 3 in
toluene produced an immediate reaction and isolation of a

brown powder upon workup (eq 3, left). 'H NMR
o) R=H; 3
(POt (D R = C(CH3)s; 3-Bu
N=N
Tol. O O
-THF
(3)

u(Iv) u(iv)

[MesppMep2- 5 R=H [MesppiMe- 6 R=C(CHz)s

spectroscopic characterization revealed 21 paramagnetically
shifted resonances ranging from —211.62 to 60.11 ppm
consistent with asymmetry in the pyridine(diimine). The
largest resonance, at 1.11 ppm, was assigned to the Cp*
while the two furthest upfield (—211.62 and —153.27 ppm) and
two furthest downfield (56.57 and 60.11 ppm) resonances were
assigned to bound benzo[c]cinnoline. Far-shifted '"H NMR
resonances in 1b, as well as in both dioxophenoxazine®” and
pyridine(diimine)>® uranium derivatives, have previously been
attributed to ligand radical character, suggesting a singly
reduced n*-benzo[c]cinnoline (Scheme 2).

Analysis of single, brown crystals obtained from a
concentrated THF solution layered with n-pentane at —35 °C
by X-ray diffraction revealed a dimeric species, [Cp*U(BCC)-
(M=HPDI™®)], (5), after refinement (Figure 4, Table 1).
Bound by an #*-Cp* (U1—Ct = 2.526 A), the uranium center

Scheme 2. Relevant Resonance Forms of Singly Reduced
Benzo[c]cinnoline” and Free Ligand LUMO Depiction

d ' €]

“Numbering convention included. Red = anionic nitrogen. Blue =
neutral nitrogen.
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Figure 4. Molecular structure of § displayed with 30% probability
ellipsoids. 2,4,6-Trimethylphenyl substituents, solvent molecules, and
selected hydrogen atoms are omitted for clarity.

contains two short U—Npp; contacts (U1-N2 = 2.238(4) A;
U1-N3 = 2.256(4) A), one long contact (U1-N1 = 2.811(4)
A), and two intermediate bonds to the benzo[c]cinnoline (U1—
N4 = 2.385(4) A; U1-NS = 2.393(4) A). Reduction of the
benzo[c]cinnoline N=N double bond is apparent by its
elongation to 1.370(5) A. The pyridine(diimine) intraligand
distances are consistent with a closed shell dianionic ligand with
alternating long and short distances, analogous to Cp*UI-
(MepDIM®) (3-1). The C—N,, distances vary widely between
single (N3—C8 = 1.421(6) A) and double bond (Nl C2 =
1.296(6) A) character, while the adjacent Cj;,.—C yndme
distances show the opposite character (C7—C8 = 1.366(7
C2—C3 = 1.470(7) A). This trend is broken as coupling at the
para-pyridine (CS) occurs with concomitant H atom
abstraction at the adjacent carbon (C6).

To rationalize the formation of §, the reaction was repeated
in a variety of solvents with reproducible yields ranging from
60% to 80% after purification. Presumably, the one-electron
oxidation of [M*PDI™]*~ results in an unstable triplet diradical
electronic structure for [M*PDI™*]*~ prior to rearrangement to
the stable closed shell resonance form observed for 3-I,
Cp"UI(M=PDI™®), and (M*PDIM®)UL(THF), > To test
whether C—C coupling or H atom abstraction occurs first,
the reaction was repeated in low concentration in neat 1,4-
cyclohexadiene. Under these conditions, 5 was the only
observable product, suggesting H atom abstraction occurs
subsequent to C—C coupling. Therefore, in the formation of §,
oxidation of [M*PDIM]*~ to [M*“PDIY*]*~ results in a ligand
radical at the para-pyridine that couples to another molecule
bearing the same radical. To our knowledge, this para-pyridine
coupling is rarely observed for two pyridine(diimine) ligands;
generally coupling to the para-pyridine of pyrldlne(dumme)
complexes occurs from either alkyl*”** or hydride®" migration
from the metal center. para- Couphng of unsubstituted pyridine
radicals has been observed by Holland and co-workers in
[(CH(C(Me)N(DIPP)),Fe(pyr)(pyr)'~], and this was later
prevented through use of 4-tert-butylpyridine.®”

Despite the observed coupling, charge balance considerations
less the dianionic pyridine(diimine) and Cp* anion would
afford one of three electronic structures in $: U(III)/(BCC)°,
U(IV)/(BCC)'", or U(V)/(BCC)*". To support one of these
possibilities, we sought to disallow coupling through the para-
position in a fashion similar to that of Holland and co-workers
by using the BuM*PDI™® ligand. Adding an equivalent of
benzo[c]cinnoline to previously reported Cp*U-
("Bu-M*PDIM*)(THF) (3-Bu) resulted in isolation of a
brown powder upon workup (eq 3, right). Analysis of the
product by "H NMR spectroscopy revealed 20 paramagnetically
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shifted resonances ranging from —138.23 to 36.18 ppm with
similar peak distribution and symmetry to 5, leading to the
assignment as Cp*U(BCC)(‘Bu-M*PDI™) (6). The largest
resonance (4.22 ppm) was assigned to the Cp* protons, and
the benzo[c]cinnoline protons were readily assignable by their
splitting patterns. The furthest upfield resonances (—138.23
and —112.48 ppm) were assigned to the 2,9-position (triplet)
and 4,7-position (doublet), respectively, consistent with radical
character (Scheme 2). The remaining, less shifted resonances,
36.18 and 34.23 ppm, were assigned to the 3,8-position
(triplet) and 1,10-position (doublet).

To determine if the tert-butyl substituent in 6 halted
dimerization as predicted, single, X-ray quality crystals obtained
from a concentrated toluene/n-pentane solution (2:1) at —35
°C were analyzed by X-ray diffraction. Refinement of the data
revealed the desired monomeric pentamethylcyclopentadienyl
(U1-Ct = 2.532 A) uranium pyridine(diimine) complex bound
by an n*-benzo[c]cinnoline (Figure S, Table 1). The uranium—

/** % \ "“"\@ 1/‘2/%“‘4 Cat

Figure S. Molecular structures of 6 (left) and 7 (right) displayed with
30% probability ellipsoids. For 2,4,6-trimethylphenyl substituents, only
the ipso carbon atoms are shown, and solvent molecules and hydrogen
atoms have been omitted for clarity.

pyridine(diimine) distances (U1-N1 = 2.382(6) A, U1-N2 =
2.344(6) A, U1-N3 = 2.349(6) A) are all shorter or within
error of (M*PDIM*)UL(THF),"" suggesting a dianionic
pyridine(diimine). Further, the C—N;... (N1-C2 =
1.382(12), N3—-C8 = 1352(11) A) bonds are elongated
while the adjacent Clmlne pyridine (C2—C3 = 1.383(10), C7—
C8 = 1.379(10) A) bonds are contracted, both within the
parameters set forth by Budzelaar and co-workers for dianionic
pyridine(diimine) ligands.*® Due to refined disorder in the tert-
butyl and pyridine (C4—C5—C6), a detailed pyridine(diimine)
intraligand bond distance discussion is not possible. Both
uranium—benzo[c]cinnoline bonds are shorter than expected
for only dative nitrogen interactions (2.369(6) and 2.367(6)
A), while the diazo N4—NS unit displays considerable
reduction (1.382(8) A).

In the formation of 6, the para-tert-butyl moiety prevents the
dimerization brought about by an unstable intermediate
electronic structure derived through single-electron oxidation
of the reduced ligand. Electronic rearrangement affords a stable
dianionic pyridine(diimine). As such, we hypothesized that a
monomeric derivative of 5, Cp*U(BCC)(M=PDI™) (7),
should be attainable if a route other than [MSPDIM¢]3~
oxidation is chosen. To test this hypothesis, we sought to
synthesize 7 via salt metathesis rather than by a redox reaction
as this would result in no net change in the electronic structure,
removing the need for electronic rearrangement. To achieve
this, in situ K(benzo[c]cinnoline) was generated by reduction
with potassium graphite and added to an equivalent of
Cp*UI(M*PDI™) (3-I) (eq 4). After workup, the isolated
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dark brown/green complex was analyzed by 'H NMR
spectroscopy revealing a paramagnetic spectrum with similar
peak distributions to § and 6 with the largest resonance
assigned to the Cp* (1.95 ppm). Again, the furthest downfield
(62.73 and 60.89 ppm) and upfield (—216.46 and —158.04
ppm) resonances correspond to bound benzo[c]cinnoline
bearing radical character allowing for assignment as Cp*U-
(BCC)(M=PDI™) (7).

Structural confirmation of monomeric 7 was achieved by X-
ray diffraction analysis of crystals obtained from a concentrated
hexamethyldisiloxane/n-pentane (1:5) solution stored at —35
°C. Refinement of the data revealed the monomeric analogue of
5, a uranium pyridine(diimine) complex bound by an 7
benzo[c]cinnoline with an 7°-Cp* (U1-Ct = 2.523 A) cap
(Figure S, Table 1). The n*-diazo interaction displays two
uranium—nitrogen distances of intermediate length (2.413(9)
and 2.388(9) A) consistent with a singly reduced moiety with
the N—N bond reduced to 1.372(13) A. The tridentate
pyridine(diimine) chelate possesses the alternating long and
short intraligand bond distances of a classic closed shell
dianion. This electronic structure is further borne out by a
single long uranium-—nitrogen interaction (Ul1-N1 =
2.612(10) A) as well as two short contacts (U1—N2
2.258(9) A; U1-N3 = 2.290(8) A).

To probe the existence of benzo[c]cinnoline radical character
in complexes 5—7, X-band EPR spectroscopy was employed
(Figure 6). Each species displays a weakly intense, broadened
isotropic signal centered at Igl = 1.974 at room temperature in
toluene, similar to that observed for Cp*UO, (M“PDIME) (Igl =
1.974), which contains a pyridine(diimine) radical."® Uranium-

-- K{benzo[c]cinnoline}

- [Cp*U(BCC)(Me*HPDIM)], (5)

- Cp*U(BCC)(tBu-MesPDIe) (6)

- Cp*U(BCC)(MespDIMe) (7)

3480 3500 3520 3540 3560 3580 3600
Field (G)

Figure 6. EPR spectra of in situ generated K(benzo[c]cinnoline)
(green, toluene:THF 5:1, 6.81 mM, power 0.05 mW, modulation 0.01
mT/100 kHz), § (black, toluene, 2.63 mM, power 4.08 mW,
modulation 0.10 mT/100 kHz), 6 (red, toluene, 7.00 mM, power
6.04 mW, modulation 0.15 mT/100 kHz), and 7 (blue, toluene, 4.96
mM, power 3.03 mW, modulation 0.40 mT/100 kHz) recorded at
ambient temperature. Frequency: 9.85 GHz.
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Figure 7. Electronic absorption spectra. Left: Complex 6 (red) and K(benzo[c]cinnoline) (green). Right: Complexes 3-I (gold), S (black), and 7
(blue). All data were obtained in THF at ambient temperature. Solvent overtones between 1670 and 1760 nm have been omitted for clarity.

(1II) and uranium(V) complexes are generally known to be
EPR silent above liquid nitrogen temperatures,”* while uranium
Sf* species are expected to produce an EPR signal at very low
temperature only under rare circumstances,65 suggesting the
observed room temperature signals for 5—7 are ligand radical
derived. Owing to the broadened signals, each displays a poorly
resolved hyperfine splitting pattern consistent with previous
studies on the spectroscopic investigations of the expected
splitting pattern of the benzo[c]cinnoline radical anion.”*~%
Although poorly resolved, the observed splitting is similar to
that noted for the product from the room temperature chemical
oxidation of UO,(salophen®™)(H,0) (salophen™ = N,N'-
bis(3,5-di-tert-butylsalicylidene)-1,2-phenylenediamine), which
has been attributed to a radical cation localized on the salophen
ligand.”® The g-values of $—7 are significantly shifted from that
of in situ generated K(benzo[c]cinnoline) (Figure 6, green
trace) (Igl = 2.002) and its derivatives”' suggesting that the
ligand radicals are associated with uranium but not localized
there.

To gain further insight into their electronic structures,
complexes 5, 6, and 7 were investigated by electronic
absorption spectroscopy (Figure 7). Data were recorded in
THF at ambient temperature from 320 to 2100 nm. In the
near-infrared region, each complex displays weakly intense
absorptions characteristic of f—f transitions. These transitions
are rather ill-defined and likely obscured by a visible band. For
dimeric S, the visible region is composed of multiple transitions,
while 6 possesses a defined absorbance at 635 nm (802 M
em™'). In 7, this band appears at the same energy with
emerging vibrational fine structure and is comparatively
hyperchromic (2222 M™' cm™). These visible bands are
consistent with those observed in the electronic absorption
spectrum of K(benzo[c]cinnoline) (Figure 7, left, green). For
comparison, the spectrum of 3-I was also obtained as this
complex contains the same pyridine(diimine) electronic
structure but does not contain the benzo[c]cinnoline ligand
radical. For 3-1, the same visible absorbance was observed at
664 nm (g = 1550 M™' cm™). Therefore, this far visible
absorbance for §, 6, and 7 is attributable to contributions from
both the closed shell pyridine(diimine) dianion as well as
[benzo[c]cinnoline]'™ while evidence of the benzo[c]cinnoline
radical in complexes 5—7 appears as broad shoulders from 340
to 460 nm and are notably absent in 3-I. The energies of these
absorptions are similar to that observed in K(benzo[c]-
cinnoline) (438 nm, 6248 M~ cm™).

The magnetic properties of the pyridine(diimine) uranium
species 3-I, 5, and 7 were measured in the solid state using
SQUID magnetometry. Compound 3-I was used as a reference,
since this species was previously established to be a closed shell,
uranium(IV) compound with no ligand radical(s) present.””
The magnetic susceptibility for 3-I ranges from 1.20 cm® K/mol
(poge value = 3.15) at 300 K to 0.03 cm® K/mol (u.4 value =
0.46) at 2 K; the monotonic decrease in y,,T values is typically
encountered for noninteracting U(IV) ions, where ground state
singlets show paramagnetic responses at higher temperatures
due to population of magnetic excited states (Figure 8a).””~"°
Furthermore, the magnetization of 3-I is 0.07 pp at 1.8 K under
an applied dc magnetic field of 50 kOe (Figure 8b), which
further supports the assignment of a singlet ground state
without the presence of a ligand radical. We attribute the
nonzero magnetization value to a small population of
paramagnetic excited states.

Compound 7 displays a room temperature magnetic
susceptibility value of 1.29 cm® K/mol (u.g value = 3.21)
where the yyT product decreases slowly over all temperatures
until 4 K where the y,,T value is 0.67 cm® K/mol (pi.4 value =
2.32). While the high temperature magnetic susceptibility value
for 7 is indistinguishable from compound 3-I, the far different
temperature-dependent susceptibility suggests a distinct elec-
tronic structure. The low temperature yT value of 7 is higher
than reported for other U(IV) complexes where one ligand
radical is present.””~”’ Notwithstanding, the magnetization for
7 saturates at 1.06 ugp at 1.8 K under an applied dc magnetic
field of 50 kOe, consistent with the presence of a ligand radical
combined with some minor occupation of U(IV) excited
states.”” The magnetization value can be understood as the
combination of what is expected for a noninteracting
monoradical (1 pg for S = 1/2, g = 2.00) and a model U(IV)
complex like 3-I (0.07 ug). These data are also consistent with a
recently reported U(IV)-ligand radical complex, where its
magnetization saturates at ~1.1 yp at 0.33 K under an applied
field of 40 kOe.* This hypothesis is in agreement with our
spectroscopic data, which suggest that the ligand radical is
isolated on the BCC moiety but interacts weakly with the
U(IV) center.

Whereas the 300 K yyT value for compound 5 of 2.48 cm?®
K/mol (p.q value = 4.4S) is comparable to yyT for 3-I and 7
on a per-U atom basis, this value does not trend toward zero as
the temperature is decreased. Instead, it decreases gradually to
1.10 cm® K/mol (g value = 2.97) at 7 K, whereupon the value
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Figure 8. Top: Temperature dependence of magnetic susceptibilities
for compounds 3-I (gold), 5 (black), and 7 (blue) obtained at an
applied dc field of 5000 Oe. Bottom: Field dependence of
magnetization for compounds 3-L, 5, and 7, collected at 1.8 K.

decreases more sharply to 0.82 cm® K/mol (y. value = 2.56) at
2 K. The field dependence of magnetization, collected at 1.8 K,
approaches (but does not reach) saturation at S0 kOe with a
value of 1.99 ugp (Figure 8b), consistent with two unpaired
electrons in the ground state and magnetic anisotropy. On the
basis of the lack of substantial exchange interactions between
BCC*™ and U(IV) observed in the related mononuclear
compound 7 and the orbital singlet ground state observed for
the U(IV) complex in 3-I, we can rationalize the low
temperature susceptibility and magnetization properties of
dimeric 7 as an S = 1 ground state resulting from ferromagnetic
coupling of the ligand radical spins. Quantification of the
exchange coupling is hampered by the presence of U(IV) ions,
but susceptibility data corrected for the behavior of the “simple”
U(IV) complex 3-I support the formulation of a triplet ground
state (Figure S26 and further discussion in the SI). Here, the
U(IV) ions do not substantially impact the exchange coupling,
but may contribute to anisotropy through excited state
contributions to the overall complex electronic structure. The
expected magnetic anisotropy is observed as nonoverlaying
isofield magnetization values as a function of reduced field
(Figure S22). In addition, some frequency dependence in the
out-of-phase susceptibility values (Figure S23) is observed,
consistent with some involvement of the U(IV) centers.

In support of this assignment, we note that a diiron complex
bridged by a dimerized dianionic (bi)pyridine ligand has been
reported by Holland, Neese, and co-workers to show weak
ferromagnetic coupling of the iron—ligand spin systems.”” In

the current work, the coupling in § appears to be qualitatively
stronger (Figure S26) even though the bridging ligand in § is
less conjugated than the dimerized pyridine species in the
Holland/Neese report; we note that the C; symmetry of $ and
two sp® hybridized bridge atoms leads to strict orthogonality of
the z-based spin systems, whereas C, symmetry of the iron
dimer might allow more orbital overlap and thus competing
antiferromagnetic interactions. Conceptually related, another
dinuclear species recently reported by Heyduk and some of us
shows four spin centers (two ligand radicals and two iron
centers) present in a molecule where the magnetic behavior
was best modeled as two metal—ligand spin systems interacting
ferromagnetically with magnetic anisotropy present.*

Therefore, in our view the most reasonable representation of
the magnetic data (and electronic structure) for compound §
comprises two uranium—ligand coupled spin systems, each
having one ligand radical (delocalized on the BCC ligand) and
one U(IV) ion, the ferromagnetic coupling of which results in
an S = 1 ground state. Overall, the electronic structures
observed for compounds 5, 6, and 7, where each pyridine-
(diimine) is dianionic and each BCC fragment is monoanionic,
derive from the driving force to attain the thermodynamically
stable uranium(IV) oxidation state.

Bl CONCLUSION

In summary, we have provided further examples of diazene
activation by electron-rich uranium compounds; activation that
depends both on the nature of the uranium framework and the
diazene ligand. In the case of the bis-Tp* system, isolation of
the first dianionic 7°-1,2-diphenylhydrazido ligand bound to
uranium was possible, likely due to the steric protection of the
bulky hydrotris(3,5-dimethylpyrazolyl)borate ligands. Signifi-
cantly, the diazene has been reduced by two electrons, as
Tp*,UCH,Ph acts as a source of divalent [Tp*,U]. In the case
of the pyridine(diimine) system, complete N—N cleavage was
noted and is attributed to both the relatively coordinatively
unsaturated uranium center, and to the highly reducing
trianionic pyridine(diimine) ligand that mediates a four-
electron transfer for bond scission. Only in the case of the
tethered diazene, benzo[c]cinnoline, is the N—N bond retained
in this ligand system, and in each case, the presence of ligand
radicals is supported by spectroscopic, structural, and magnetic
studies.

The studies presented herein highlight the importance of
ligand framework choice, in that utilizing the sterically
demanding Tp* permits isolation of the first uranium 7*-1,2-
diphenylhydrazido species. Thus, 2-AzBz serves as a model for
this key intermediate proposed to be significant in N—N bond
cleavage pathways, providing further evidence for Burns’ idea
that four-electron diazene cleavage by uranium occurs at a
single metal center. This idea was further substantiated using
the highly reduced Cp*/M*PDIM® system, where formation of
the mixed p-tolyl/phenyl bis(imido) (4-Ph/Tol) was possible
via cleavage of the asymmetric diazene PhN=NTol
Significantly, activation of benzo[c]cinnoline demonstrated
that the first reduction of the diazo moiety occurs via oxidation
of the pyridine(diimine) ligand, rather than uranium,
maintaining the +4 metal oxidation state. Furthermore,
products S, 6, and 7 are an unusual family where both the
pyridine(diimine) and benzo[c]cinnoline ligands house radicals
simultaneously, although those present in [MespDIM]2~ are best
described as a closed shell configuration. With this insight into
the mechanism of diazene cleavage, further studies for the
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synthesis of heteroleptic bis(imido) species from directed
activation of N—N bonds are warranted and currently
underway in our laboratory.
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