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Treating U(IV) imido compounds, Tp3U(N-p-methoxyphenyl) (2-OMe) and Tp3U(N-pTol) (2-pTol), with
benzonitrile or 4-cyanopyridine results in unusual products of multiple bond metathesis ([27 + 27]-
cycloaddition and [27 + 27t]-cycloreversion). 'H and ''B NMR, infrared, and electronic absorption spectro-
scopic analyses provides evidence of tetravalent uranium compounds, while X-ray crystallography
confirmed molecular structures to be Tp3U[=N—C(=N-pOMePh)pyr]| (3-py), Tp3U[=N—C(=N-pOMePh)Ph]
(3-Ph), Tp3U[=N—C(=N-pTol)pyr] (4-py), Tp3U[=N—C(=N-pTol)Ph] (4-Ph), Tp3U[=N—C(=N-pOMePh)
p-CNPh] (5-OMe), and Tp3U[=N—C(=N-pTol)p-CNPh] (5-Tol). Previous examples of actinide imidos treated
with nitriles resulted in cyclometallated products; thus, the compounds reported represent divergent
chemistry in that an x'-amidinate ligand is formed through [2m+ 2m]-cycloaddition and [27 + 2m]-

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Small molecule activation has been extensively studied within
the actinide community due to the highly reducing nature of these
elements [1-3]. Making use of actinide-element multiple bonds is
a strategy with diverse reaction pathways dictated by the steric
environment [4,5]. Like early transition metal counterparts, acti-
nide-element multiple bonds can undergo [27 + 27t]-cycloaddition
and [27 + 21t]-cycloreversion, facilitating a direct comparison of d-
versus f-block reactivity.

Such reactivity has been studied for the early actinides - an
important example of actinide (uranium, thorium) cycloaddition
was reported by Eisen and co-workers [6,7], who proposed this
as an intermediate step during catalytic alkyne hydroamination.
The x2-enamine ligands were later isolated by Andersen (U) [8]
and Zi et al. (Th) [9,10], as the product of alkyne addition to An
(IV) imido compounds, respectively. Boncella [11] and Meyer
[12] have shown [271 + 21t]-cycloaddition of uranium imidos with
aryl isocyanates results in x2-ureato ligands for both U(IV) and U
(V) compounds. Similar examples of k?-bound ligands have been
isolated for Th imidos when treated with azides [13], carbodi-
imides [14], and nitriles [15].

Boncella and co-workers have demonstrated that U(VI) bis
(imido) compounds can sequentially exchange imido groups when
treated with an aryl isocyanate via [27 + 2m]-cycloaddition and
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concomitant [27 + 27t]-cycloreversion [16]. This is surprising given
the high oxophilicity of uranium [17]. More expected are reactions
that proceed through multiple bond metathesis pathways to form
Th [9] and U [18] oxo compounds.

Multiple bond metathesis, the combination of [2m +27]-
cycloaddition and [27 +2m]-cycloreversion, of uranium imido
compounds has been a subject of recent interest in our laboratory
as well. Using tetravalent Tp,U(N-R) (Tp = hydrotris(3,5-
dimethylpyrazolyl) borate; R = Ph, Mes, Ad), the corresponding U(IV)
oxo, Tp,UO, can be prepared via treatment with p-tolualdehyde with
simultaneous release of the substituted imine [19]. The analogous
[2+2m] cycloaddition chemistry occurs with alkynes and dia-
zoalkanes, where both small molecules yield metallacyclic uranium
derivatives [20]. More recently, we have reported [27 + 27t] cycload-
dition products of reactions with a series of isocyanates, PhNCE
(E=0, S, Se), where different «2-chalcogen-ureato derivatives are
isolated [21]. Here, we report the reactivity of uranium imidos
with nitriles that is divergent from previously reported studies.
These resulting products are a new class of sterically-hindered
k'-amidinate compounds that have undergone full spectroscopic
and structural characterization to confirm this unique reactivity.

2. Material and methods
2.1. General considerations

All air- and moisture-sensitive manipulations were performed
using standard Schlenk techniques or in an MBraun inert


http://crossmark.crossref.org/dialog/?doi=10.1016/j.poly.2018.10.042&domain=pdf
https://doi.org/10.1016/j.poly.2018.10.042
mailto:sbart@purdue.edu
https://doi.org/10.1016/j.poly.2018.10.042
http://www.sciencedirect.com/science/journal/02775387
http://www.elsevier.com/locate/poly

2 CJ. Tatebe et al./Polyhedron 158 (2019) 1-7

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 based on literature
procedures using a Seca solvent purification system [22].
Benzene-dg was purchased from Cambridge Isotope Laboratories,
dried with molecular sieves and sodium, and degassed by three
freeze-pump-thaw cycles. 4-cyanopyridine and terephthalonitrile
were purchased from Acros Organics and used as received. Ben-
zonitrile was purchased from Sigma-Aldrich and degassed by three
freeze-pumpthaw cycles before use. Potassium graphite [23],
Tp>UI (1-1) [24], Tp2UCH,Ph (1-Bn) [25], and Tp,U(N-pTol) (2-pTol)
[21], were prepared per literature procedures. An adapted method
was used for the synthesis of p-methoxyphenyl azide [26].

'H NMR spectra were recorded on a Varian Inova 300 spectrom-
eter operating at 299.992 MHz. !'B NMR spectra were recorded on
a Varian Inova 300 spectrometer operating at a frequency of
96.24 MHz. All chemical shifts are reported relative to the peak
for SiMe,, using 'H (residual) chemical shifts of the solvent
(CeDg: 7.16 ppm) as a secondary standard. ''B chemical shifts are
reported relative to the peak for BF;-Et;0 (0.0 ppm). 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 assign-
ment. Elemental analyses were performed by Midwest Microlab,
LLC (Indianapolis, Indiana). Solid state infrared spectra were
recorded using a Thermo Nicolet 6700 spectrophotometer;
samples were made by crushing the solids, mixing with dry KBr,
and pressing into a pellet. Electronic absorption spectroscopic
measurements were recorded at ambient temperature in
sealed 1cm quartz cuvettes with a Cary 6000i UV-Vis-NIR
spectrophotometer.

Single crystals of 3-Ph, 3-py, 4-py, 5-OMe and 5-Tol suitable for
X-ray diffraction, were coated with poly(isobutylene) oil in a dry-
box and quickly transferred to the goniometer head of a Bruker
AXS D8 Quest diffractometer with a fixed chi angle, a sealed tube
fine focus X-ray tube, single crystal curved graphite incident beam
monochromator and a Photon100 CMOS area detector. Examina-
tion and data collection were performed with Mo Ko radiation
(4=0.71073 A) (3-Ph, 3-py, 4-py, 5-Tol) or Cu Ko radiation
(i=1.5406 A) (5-OMe). Data were collected, reflections were
indexed and processed, and the files scaled and corrected for
absorption using APEX3 [27]. Additional details for each compound
are given in the SI.

2.1.1. Synthesis of Tp>U(=N-pOMeCsH,) (2-OMe).

To a 20 mL scintillation vial, 1-Bn (0.750 g, 0.812 mmol) was
dissolved in 15 mL THF. To this green solution, p-methoxyphenyl
azide (0.121 g, 0.812 mmol) was injected, which immediately pro-
duced effervescence and color change to deep red. After 5 minutes,
volatiles were removed in vacuo, affording a red-violet powder. To
remove any resulting bibenzyl, this powder was washed with
n-pentane (3 x 10mL) and dried again, affording a red-violet
powder which is assigned as Tp>U(N-pOMeCgH,) (2-OMe)
(0.726 g, 0.764 mmol, 94% yield).

Elemental analysis of C3;Hs;B,N;30U: Calculated: C, 46.61; H,
5.39; N, 19.10. Experimental: C, 46.00; H, 5.42; N, 17.88. '"H NMR
(benzene-ds, ambient temperature): 5= —20.98 (3, 2H, Tp" B-H),
—6.80 (4, 18H, Tp -CH3), 2.85 (30, 18H, Tp -CH;), 5.48 (8, GH,
Tp-CH), 21.18 (2, 3H, -OCH3), 52.80 (21, 2H, Ar-H), 77.82 (21, 2H,
Ar-H). "'B NMR (benzene-ds, ambient temperature): 6 = —66. IR
(KBr pellet): vg.y = 2556, 2525 cm™ L.

2.1.2. Alternate synthesis of 2-OMe

A 20mL scintillation vial was charged with 1-I (1.000 g,
1.042 mmol) in 15mL THF. p-Methoxyphenyl azide (0.155g,
1.042 mmol) and KCg (0.155 g, 1.147 mmol) were added to the
dark blue solution, which resulted in effervescence and darkening
of the solution. After 1 h, KI and graphite were removed by filtra-
tion over Celite. The solution was then concentrated under reduced
pressure, affording a red-violet powder. This solid was washed
with n-pentane (3 x 15 mL) and dried, resulting in the isolation
of 2-OMe (0.825 g, 0.865 mmol, 83% yield).

2.1.3. Synthesis of TpU[=N—C(=N(p-RPh)(Ar)].

In a 20 mL scintillation vial, Tp,U(N-p-RPh) (R = OMe: 0.120 g,
0.126 mmol; CHs: 0.120 g, 0.128 mmol) was dissolved in 8 mL THF.
To this deep red solution, one equivalent of nitrile (R = OMe: ben-
zonitrile: 13.0 pL; 4-cyanopyridine: 0.013 g, 0.126 mmol; R = CHj:
benzonitrile: 13.2 pL; 4-cyanopyridine: 0.013 g) was added. Within
five minutes of stirring, the solutions became a red-orange color,
at which point, volatiles were removed in vacuo. The resulting
orange powders were washed with n-pentane (2 x 5 mL) and subse-
quently dried affording in orange powders assigned as Tp>U[=NC(N-
pRPh)-Ar] (R = OMe, Ar = Ph (3-Ph) 0.105 g, 0.099 mmol, 79% yield;
py (3-py), 0.111 g, 0.104 mmol, 83% yield; R = CHs, Ar = Ph (4-Ph),
0.100 g, 0.096 mmol, 75% yield; py (4-py), 0.104 g, 0.100 mmol,
78% yield). Single crystals were obtained at —35°C by layering
n-pentane into a concentrated diethyl ether solution (5:1 ratio)
(3-py), vapor diffusion of diethyl ether into toluene (3-Ph), or
concentrated solution of diethyl ether (4-py).

2.1.3.1. 3-Ph. Elemental Analysis of C44Hs5¢B2N140U: Calculated: C,
50.01; H, 5.34; N, 18.56. Experimental: C, 49.87; H, 5.77; N,
18.58. 'H NMR (benzene-ds, ambient temperature): &= —81.54
(50, 3H, Tp'-CHs), —77.93 (15, 3H, Tp'-CH3), —28.85 (5, 1H, Tp’
B-H), —24.96 (3, 1H, Tp’ B-H), —20.71 (22, 1H, Tp'-CH), —19.92 (8,
1H, Tp'-CH), —18.81 (7, 3H, Tp'-CH3), —18.85 (10, 3H, Tp -CH3),
—14.66 (19, 3H, Tp'-CH3), -12.43 (9, 3H, Tp'-CHs), —6.91 (9, 1H,
Tp'-CH), —6.83 (4, 1H, Tp'-CH), —5.32 (8, 1H, Tp -CH), —3.25 (3,
3H, Tp'-CH3), —2.57 (48, 2H, Ar-H), 5.36 (9, 3H, pOCHs), 7.35 (6,
3H, Tp -CHs), 16.82 (25, 2H, Ar-H), 18.98 (53, 3H, Tp'-CHs), 22.43
(70, 3H, Tp'-CHs), 37.70 (23, 2H, Ar-H), 41.64 (7, 1H, Tp -CH),
41.75 (7, 1H, Tp-CH), 49.30 (25, 2H, Ar-H), 64.95 (75, 3H,
Tp'-CHs), 73.16 (19, 3H, Tp -CH3). ''B NMR (benzene-dg, ambient
temperature): 6 = —86, —76. IR (KBr pellet): vg_; = 2553,2521 cm™ .

2.1.3.2. 3-py. Elemental Analysis of C43Hs5B,N;50U: Calculated: C,
48.83; H, 5.24; N, 19.86. Experimental: C, 49.91; H, 5.80; N,
20.18. 'H NMR (benzene-ds, ambient temperature): = —81.41
(17, 3H, Tp'-CHs, —77.81 (18, 3H, Tp'-CH3), —28.79 (4, 1H, Tp B-
H), —24.88 (3, 1H, Tp' B-H), —20.70 (12, 1H, Tp"-CH), —19.90 (8,
1H, Tp'-CH), —18.80 (10, 3H, Tp'-CH;), —18.54 (13, 3H, Tp -CHs),
—14.66 (13, 3H, Tp'-CHs), —12.43 (9, 3H, Tp'-CHs), —6.92 (10, 1H,
Tp'-CH), —5.32 (12, 1H, Tp'-CH), —3.25 (6, 3H, Tp -CHs), —2.56
(17, 2H, Ar-CH), 5.32 (10, 3H, OCHs), 7.31 (11, 3H, Tp'-CHs),
16.81 (24, 2H, Ar-CH), 18.94 (21, 3H, Tp'-CHs), 22.38 (23, 3H,
Tp'-CHs), 37.65 (29, 2H, Ar-CH), 41.54 (13, 1H, Tp'-CH), 41.65
(27, 1H, Tp'-CH), 49.31 (13, 2H, Ar-CH), 64.79 (42, 3H, Tp -CHs),
73.00 (22, 3H, Tp -CHs). ''B NMR (benzene-dg, ambient tempera-
ture): 6 = —86, —75. IR (KBr pellet): vg.yy = 2551, 2517 cm™ .

2.1.3.3. 4-Ph. Elemental Analysis of C44Hs6B,N14U: Calculated: C,
50.78; H, 5.42; N, 18.84. Experimental: C, 49.66; H, 5.53; N,
19.34. 'H NMR (benzene-ds, ambient temperature): 6 =—81.31
(15, 3H, Tp -CH3), —77.72 (16, 3H, Tp -CHs), —28.68 (5, 1H, Tp" B-
H), —24.84 (4, 1H, Tp  B-H), —20.67 (12, 1H, Tp-CH), —19.86 (12,
1H, Tp-CH), —18.77 (9, 3H, Tp-CH;), —18.51 (12, 3H, Tp -CHs),
—14.64 (11, 3H, Tp -CHs), —12.41 (9, 3H, Tp-CHs), —6.89 (24, 1H,
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Tp'-CH), —5.29 (11, 1H, Tp'-CH), —3.22 (6, 3H, Tp -CH3), —2.54 (14,
2H, Ar-CH), 5.32 (9, 3H, para-CHs), 7.32 (9, 3H, Tp -CH;), 16.81 (22,
3H, Tp'-CH3), 18.91 (16, 2H, Ari-CH), 37.62 (10, 1H, Tp -CH), 41.51
(10, 1H, Tp'-CH), 41.63 (9, 1H, Tp'-CH), 49.17 (22, 2H, Ar-CH), 64.73
(51, 3H, Tp -CH3), 72.96 (19, 3H, Tp'-CH3). ''B NMR (benzene-ds,
ambient temperature): § = —82, —76. IR (KBr pellet): vy = 2550,
2522 cm~.

2.1.3.4. 4-py. Elemental Analysis of C43Hs5B,N;sU: Calculated: C,
49.58; H, 5.32; N, 20.17. Experimental: C, 49.05; H, 5.52; N,
19.71. 'H NMR (benzene-ds, ambient temperature): 5= —82.66
(12, 3H, Tp'-CHs), —77.25 (13, 3H, Tp'-CH;), —27.82 (2, 1H, Tp  B-
H), —25.63 (3, 1H, Tp’ B-H), —20.44 (8, 4H, Tp -CH; + Tp -CH),
—18.75 (7, 3H, Tp'-CHs), —18.61 (37, 3H, Tp -CH3), —14.17 (9, 3H,
Tp'-CH3), —12.84 (19, 3H, Tp -CHs), —7.08 (73, 1H, Tp'-CH), —5.66
(8, 1H, Tp -CH), —3.99 (47, 3H, Tp -CH3), —2.50 (89, 2H, Ar-CH),
5.89 (7, 3H, pTol-CHs), 6.36 (3, 1H, Tp'-CH), 8.11 (20, 1H, Tp'-CH),
17.20 (18, 2H, Ar-CH), 20.01 (98, 3H, Tp'-CHs), 21.76 (16, 3H,
Tp'-CHs), 37.43 (21, 2H, Ar-CH), 41.74 (6, 1H, Tp'-CH), 41.89 (6,
1H, Tp'-CH), 49.97 (6, 2H, Ar-CH), 66.45 (73, 3H, Tp -CHs), 70.73
(16, 3H, Tp'-CH;). ''B NMR (benzene-ds, ambient temperature):
6 =—83, —76. IR (KBr pellet): vgy =2551,2519cm™".

2.1.4. Synthesis of Tp;U[NC(=N-pRPh)-para-cyanobenzene)].

A 20mL scintillation vial was charged with Tp,U(N-pRPh)
(R=0CH3: 0.200 g, 0.210 mmol; R=CHs: 0.225 g, 0.240 mmol) in
8 mL THF. To this red solution, an equivalent of terephthalonitrile
(R=0CH3: 0.027 g, 0.210 mmol; R = CHs: 0.031 g, 0.240 mmol) was
added and a slight color change to red-orange was noted. After
30 min, volatiles were removed in vacuo which resulted in an orange
powder. This powder was washed with n-pentane (2 x 5 mL) and
dried, affording a pale orange powder (R=0CH;3: 0.184¢g,
0.168 mmol, 80% yield; R=CHs: 0.219 g, 0.203 mmol, 85% yield)
assigned as Tp,U[NC(=N-pOMePh)-p-cyanobenzene] (5-OMe) or
Tp>U[NC(=N-pTolyl)-p-cyanobenzene] (5-Tol). Single crystals suit-
able for X-ray crystallographic analysis were obtained from vapor
diffusion of concentrated diethyl ether solution into toluene at
-35°C.

2.1.4.1. 5-OMe. Elemental analysis of C46HsgN;5B,0U: Calculated,
C, 50.38; H, 5.33; N, 19.16. Found, C, 50.28; H, 5.14; N, 19.03. 'H
NMR (benzene-ds, ambient temperature): 6=-81.73 (25, 3H,
Tp'-CHs), —78.07 (9, 3H, Tp'-CHs), —28.48 (3, 1H, Tp'-BH), —24.70
(7, 1H, Tp -BH), —20.64 (5, 1H, Tp'-CH), —19.91 (4, 1H, Tp -CH),
—18.80 (5, 3H, Tp-CH3), —14.41 (9, 3H, Tp'-CHs), —12.31 (4, 3H,
Tp'-CHs), —6.99 (5, 1H, Tp -CH), —5.54 (5, 1H, Tp'-CH), —3.50 (3,
Tp'-CHs), 5.46 (5, 3H, -OCH3), 6.46 (3, 2H, Ar-CH), 7.50 (5, 3H,
Tp'-CHs), 15.22 (13, 2H, Ar-CH), 19.05 (11, 3H, Tp'-CHs), 22.70
(11, 3H, Tp'-CHs), 36.61 (63, 2H, Ar-CH), 41.71 (6, 1H, Tp'-CH),
41.81 (4, 1H, Tp'-CH), 53.06 (81, 2H, Ar-CH), 64.32 (742, 3H,
Tp'-CHs), 73.01 (11, 3H, Tp -CHs). ''B NMR (benzene-dg, ambient
temperature): &6=-85, -76. IR (KBr pellet): vgpy=2561,
2520cm™; ven=2230cm™.

2.1.4.2. 5-Tol. Elemental analysis of C46HsgN15B,U;: Calculated, C,
51.12; H, 5.41; N, 19.44. Found, C, 50.79; H, 5.20; N, 19.17. 'H
NMR (benzene-ds, ambient temperature): 6= -82.78 (12, 3H,
Tp'-CHs), —77.41 (7, 3H, Tp'-CHs), —27.28 (1, 1H, B-H), —25.06 (6,
1H, B-H), —20.38 (3, 1H, Tp'-CH), —20.31 (3, 1H, Tp-CH), —18.71
(4, 3H, Tp'-CH3), —18.57 (12, 3H, Tp-CH3), —13.88 (11, 3H,
Tp'-CHs), —12.67 (10, 3H, Tp'-CH3), —7.10 (8, 1H, Tp -CH), —5.87
(9, 1H, Tp-CH), —4.32 (4, 3H, p-tolyl-CHs), —2.99 (11, 1H,
Tp'-CH), 6.05 (4, 3H, Tp'-CHs), 7.35 (5, 3H, Tp -CHs), 15.57 (9, 2H,
CH), 20.09 (43, 3H, Tp -CH3), 22.04 (10, 3H, Tp'-CHs), 36.37 (11,
2H, CH), 41.86, (10, 1H, Tp'-CH), 41.96 (3, 1H, Tp'-CH), 53.61 (20,
2H, CH), 65.81 (51, 3H, Tp'-CHs), 70.66 (222, 3H, Tp'-CHs). ''B

NMR (benzene-dg, ambient temperature): § = —83, —76. IR (KBr
pellet): vg_y = 2557, 2517 cm™}; ven =2227 cm™ L

3. Results and discussion

Because studies were aimed at exploring how reactivity differs
with electronic effects of the imido fragment, a U(IV) imido with a
para-methoxy group was prepared to study in parallel with previ-
ously reported Tp>U(N-pTol) (2-pTol). Treating a THF solution of
Tp>UBn (1-Bn) with p-methoxyphenyl azide leads to immediate
effervescence and a color change from dark green to deep red-violet
(Scheme 1). Analysis of this red-violet compound by 'H NMR spec-
troscopy reveals a C,, symmetric spectrum, with seven resonances,
including a broad singlet (—20.98 ppm) which is assigned as the
Tp' B-H signal and two singlets (18H each) are assigned as the
ex0-(—6.80 ppm) and endo-(2.85 ppm) Tp -CHj signals. The pyrazolyl
backbone chemical shift is assigned as a singlet (5.48 ppm) which
integrates to six protons. The chemical shifts of the aryl protons
for the imido substituent are identified as two singlets (52.80 and
77.82 ppm) and methoxy protons are assigned as a singlet at
21.18 ppm. A single resonance is observed by !'B NMR spectroscopy
(—66 ppm), which has been seen for other bis(Tp )U(IV) imido com-
pounds [21]. These data of the red-violet powder are consistent with
the assignment as Tp,U(N-p-methoxyphenyl) (2-OMe). Alterna-
tively, 2-OMe can be made from Tp>UI (1-I) with an equiv 4-meth-
oxyphenyl azide and slight excess of KCs, but in lower yield (83%
yield) than the first described method (94% yield). Analysis of 2-
OMe by electronic absorption spectroscopy displays absorptions
with low molar absorptivity features throughout the near-infrared
(NIR) region, which are consistent with tetravalent uranium com-
plexes (Fig. S4) [19,21]. Efforts to make a U(IV) imido featuring an
electron withdrawing group on the aryl ring were unsuccessful.
When 1-Bn is stirred with para-nitrophenyl azide, the major product
is Tp>U(O). Reactions of 1-Bn or 1-I with 4-trifluoromethylphenyl
azide resulted in a mixture of paramagnetic products, including Tp>-
UF, and [Tp>U(N-pCF5Ph)], which could not be separated.

The addition of benzonitrile to 2-OMe led to a color change
from red-violet to red-orange within five minutes; work-up of
the reaction mixture afforded an orange powder (Scheme 2). Anal-
ysis of a benzene-dg solution of this powder by 'H NMR spec-
troscopy revealed a Cs symmetric spectrum with chemical shifts
in the range from —85 to 72 ppm. Twelve chemical shifts corre-
sponding to the methyl group of the two Tp  ligands (3H each)
and six shifts (1H each) for the C—H of the pyrazolyl rings were
noted, as well. Two broad resonances for the B-H of the Tp ligands
are observed at —28.85 and —24.96 ppm. Four chemical shifts
equating to two protons each are assigned as aryl protons. A chem-
ical shift worth three protons is also observed at 5.36 ppm, which
is attributed to the para methoxy group. Two chemical shifts were

b G
B B
/\§N§ /\\N/i
NN NN
/U \ N N3 /v \ AN
éN{\’ Ne éN{\ .
] —_— UEN—< >—R
\N/r\f A@ THF \N/;\é\
\ ""ﬁ\i N= - 12 bibenzyl <\ ""ﬁ\i N=
/\!3//N Y /\?’//N Y
H H
1-Bn R = OCH; (2-OMe); CH3 (2-pTol)

Scheme 1. The synthesis of bis(Tp )U(IV) imido complexes from 1-Bn.
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1 NN
A S g o
Cui Cuii G
N/ Ny N/ Ny
B B
H H

R = OCHj,; A = CH (3-Ph), N (3-py)

R = OCHj (2-OMe); CH5 (2-pTol) R = CHy A = CH (4Ph). N (d-py)

Scheme 2. Synthetic scheme for 3-Ph, 3-py, 4-Ph, and 4-py.

seen by ''B NMR spectroscopy (—86, —76 ppm), neither of which
corresponded to 2-OMe, suggesting full conversion of the starting
material.

To ascertain the identity and coordination mode of the isolated
orange powder (79% yield), its molecular structure was elucidated
using X-ray crystallography. Analysis of single crystals confirmed
the retention of two k>-Tp” ligands to a seven-coordinate uranium
with U-Npyrazony1 bond distances (2.518(10)-2.701(3) A) which are
similar to other reported bis(Tp')U compounds (Fig. 1, Table 1)
(TpoU(CH3) = 2.542(9)-2.700(8) A [28]; Tp5U(S-Ph)=2.496(4)-
2.674(5) A [29]; TpoU(O-Mes) = 2.506(12)-2.697(14) A [30]). In con-
trast to prior [27 + 27t] cycloaddition chemistry with actinide imido
compounds, the reaction of 2-OMe with benzonitrile does not result
in a x2-bound ligand, rather a k'-bound amidinate with a new U=N
bond is observed, and the previous N-pOMePh fragment has a newly
formed C=N bond. The bond distance of the new U-N bond (2.004(3)

A) is consistent with reported U(IV) imido bond lengths (tBu,bpy)
UL,(N-tBu)(THF), =1.931(5) A [31]; CpU(MePDIM®)(N-dipp)
(Cp® = 1-(7,7-dimethylbenzyl)cyclopentadienide; ~ MePDIM® =2 6-
((Mes)N = CMe),CsH3sN) = 1.984(4) A [32]; TpaU(N-pTol)=2.011(9)
A [21]). The U=N—C bond angle (178.1(2)°) is nearly linear, which
is consistent with bisTp'U(IV) imido compounds (Tp,U(N-Bn)
=165.7(2)°; TpsU(N-2,6-diethylphenyl) = 173.8(9)°) [21]. The bond
lengths corresponding to the remainder of the amidinate fragment
show inequivalent N—C bond distances, where N13-C31 (1.357(4)
A) is slightly longer than N14-C31 (1.305(5) A), which can be
assigned to the n'-amidinate ligand, N—C(=N-pOMePh)Ph. Overall,
the product of 2-OMe with benzonitrile is assigned as Tp>U[=N—C
(=N-pOMePh)Ph (3-Ph).

A previous example of benzonitrile reacting with an actinide
imido was reported by Zi and co-workers. Treatment of
[N°-1,2,4-(Me3C)sCsH,],Th(N-pTol) with benzonitrile resulted in
a x2-binding mode to a Th(IV) center [15]. Amidinate ligands have
been employed with actinide complexes before, but those reported
have bound through both nitrogen atoms of the ligand [33]. At the
time of submission, there were no other reported compounds with
such a x'-binding motif as seen with 3-Ph.

To study any effect of any heteroatom incorporation, 2-OMe
was treated with 4-cyanopyridine, which also produced a color
change to red-orange. The pale orange powder obtained from
work-up (83% yield) was analyzed by 'H NMR spectroscopy as a
benzene-dg solution, and showing similar resonance distribution
with chemical shifts in the range of —81-73 ppm and pattern to
3-Ph. This similar compound is assigned as 3-py, which also fea-
tures two chemical shifts in its "B NMR spectrum (—86,
—75 ppm) in the same region as 3-Ph. Molecular structure of
orange 3-py was confirmed by X-ray diffraction, showing a
seven-coordinate uranium ion with the same m'-bonding of the

Fig. 1. Molecular structures of 3-py, 3-Ph, and 4-py (left to right) displayed with 30% probability ellipsoids. Any co-crystallized molecules and selected hydrogen atoms have

been omitted for clarity.

Table 1
Selected bond lengths and bond angles of 3-Ph, 3-py, 4-py, 5-OMe, and 5-Tol.
3-Ph 3-py 4-py 5-Tol 5-OMe

U-Npyrazolyl 2.518(3)-2.701(3) A 2.524(2)-2.690(2) A 2.510(4)-2.687(4) A 2.512(6)-2.776(5) A 2.515(4)-2.674(4) A
U-N13 2.004(3) A 2.012(2) A 2.013(4) A 2.019(6) A 2.047(5) A
N13-C31 1.357(4) A 1.354(3) A 1.362(6) A 1.346(8) A 1.300(7) A
C31-C32 1.494(5) A 1.507(4) A 1.528(7) A 1.503(9) A 1.522(7) A
C31-N14 1.305(5) A 1.302(3) A 1.296(7) A 1.318(8) A 1.314(7) A
U1-N13-C31 178.1(2) 175.92(17)° 177.6(4)° 174.8(4) 175.9(4)°
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amidinate as 3-Ph (Fig. 1, left; Table 1). The molecular structure of
3-py has U-Npyazoy distances (2.524(2)-2.690(2) A) in a range
similar to 3-Ph. An imido fragment, identified as «'-amidinate
N—C(=N-pOMePh)pyr, is k!-bound through a nitrogen atom with
a short U-N bond distance of 2.012(2) A, which signifies a U(IV)
imido. Additionally, 3-py features a linear U—N—C bond angle
(175.92(17)°) within its amidinate fragment.

To determine if electronic changes in uranium imido play any
role in product formation, the methyl-substituted aryl imido, 2-
pTol, was treated with benzonitrile and 4-cyanopyridine. Both
reagents gave a color change from red-violet to red-orange. Upon
work-up, orange powders were isolated and assigned as 4-Ph
(75% yield) and 4-py (78% yield) (Scheme 2). Both iterations have
'H and "'B NMR and IR spectra similar to their p-OMe substituted
counterparts. For confirmation of the molecular structure, 4-py
was analyzed using X-ray diffraction (Fig. 1, right). Data refinement
shows a seven-coordinate uranium center with two 3-Tp" ligands
with U-N bond distances that are similar to 3-py and 3-Ph
(Table 1), as well as formation of a k'-amidinate with the formula
—NC(=N-p-Tol)pyr. This U—N bond length (2.013(4) A) is similar to
the other discussed U-N bond lengths in this report.

Compounds 3-Ph, 3-py, 4-Ph, and 4-py display similar features
in their electronic absorption spectroscopic profiles (Fig. 2). The
near-infrared (NIR) region has low molar absorptivity f-f transi-
tions throughout, which are consistent with U(IV), f? configuration
[34]. All four of these compounds also display a local Any.x (about
500 nm) that corresponds to their pale orange color.
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Fig. 2. Electronic absorption spectra of 3-py (green), 3-Ph (orange), 4-py (pink), and

4-Ph (blue) recorded from 300 to 1800 nm in THF at ambient temperature. (Colour
online.)
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Scheme 3. Synthetic scheme for 5-OMe and 5-Tol.

The formation of dinuclear species was attempted by adding
one-half an equivalent of 1,4-dicyanobenzene to a stirring solution
of 2-pTol in THF, which caused a slight color change from red to
red-orange (Scheme 3). After work-up, an orange powder was iso-
lated (85% yield) and analyzed as a CgDg solution by 'H NMR spec-
troscopy. As noted with the other nitrile reactions, a Cs symmetric
NMR spectrum with resonances in the range of —83-71 ppm was
observed. Further analysis of the orange powder by infrared spec-
troscopy (KBr) showed two absorptions assignable to the B-H
stretches (2517, 2557 cm~!) of the Tp” ligands. A strong absorption
at 2227 cm~! was also present, indicating a nitrile functional group
was still intact, inconsistent with formation of a dinuclear species.

To further probe the molecular structure, crystals of 5-Tol
grown from vapor diffusion of a concentrated diethyl ether solu-
tion into toluene and analyzed by X-ray diffraction. This technique
provided confirmation that two Tp" ligands were coordinated to a
pentagonal bipyramid uranium center (Fig. 3, left). The U—Npyrazole
bond lengths (2.512(6)-2.776(5) A) are similar to the previously
discussed compounds (Table 1). Crystallography also revealed for-
mation of a k'-amidinate ligand, with a short U—N bond length of
2.019(6) A, which is in the range of other U—N multiple bond
lengths presented here. The U—N,miginate—C bond angle is nearly
linear at 174.8(4)°. When examining bond distances further,
N13-C31 (1.346(8) A) and N15-C31 (1.318(8) A) are within range
for the other compounds (Table 1). The C—N bond length (1.147
(10) A) indicates that there has not been any reduction or activa-
tion of the second nitrile group. This confirmation allows for the
assignment as Tp,U(=N—C(=N-pTol)-p-cyanobenzene (5-Tol).
Compound 5-Tol was also probed by electronic absorption spec-
troscopy, which displayed characteristic weak absorbances in the
NIR region (Fig. S19) similar to those present for compounds 3 and
4. The UV-Vis region displays an absorbance at 515 nm, which likely
gives 5-Tol its red-orange color. This result contrasts work from
Kiplinger and co-workers who used 1,4-dicyanobenzene to prepare
bimetallic actinide complexes through nitrile insertion chemistry,
which gave a bridging diketimide product. [(CsH4Et),(Cl)U](p-
[N=C—(CH3)—CsH4—(CH3)C=N]) [35].

Studying 1,4-dicyanobenzene with 2-OMe provides another
opportunity to track reactivity using different electronic groups.
Similar to the reaction to yield 5-Tol, an orange powder is isolated
upon workup (80% yield), which has a Cs symmetric 'H NMR spec-
trum (CgDg, ambient temperature) with 24 resonances ranging
from —82 to 72 ppm. This orange powder also displays three nota-
ble stretches by IR spectroscopy; two absorbances correspond with
the B-H of Tp" (2561, 2520 cm™~') and a strong stretch (2230 cm™1)
is assigned to a nitrile functional group. The similar spectroscopic
data gives the assignment of the orange powder as Tp,U[NC(=N-
pOMePh)-p-cyanobenzene] (5-OMe).

An examination of 5-OMe’s molecular structure was studied
using X-ray crystallography (grown from a concentrated diethyl
ether solution at —35 °C) (Fig. 3, right). A pentagonal bipyramid
uranium ion with two bound k>-Tp" ligands with U—Npyrazotyt bond
lengths (2.515(4)-2.674(4) A) that are similar to 5-Tol (Table 1).
Confirmation of the same «'-amidinate ligand was also observed
by crystallography, with U—Namidinate (2.047(5)A) and U—N—C
(175.9(4)°) within range of the four x!-amidinate complexes pre-
sented (Table 1). The C—Npiwie bond length (1.143(9) A) shows
no activation at the second nitrile, just like 5-Tol.

Formation of the new amidinate ligands for 3-Ph, 3-py, 4-Ph, 4-
py, 5-OMe, and 5-Tol likely occurs from a [27 + 27| cycloaddition
event between the imido fragment and the incoming nitrile (I in
Fig. 4), which leads to a metalacyclic product, II. From here,
[2mt+27t]-cycloreversion of the C=N bond of the added nitrile
fragment and the U—N bond of the starting imido continues,
generating the x'-amidinate products. Thus, the work in this
article diverges from previous examples, such as Boncella’s imido
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Fig. 3. Molecular structures of 5-Tol (left) and 5-OMe (right) shown with 30% probability ellipsoids. Selected hydrogen atoms and co-crystalized solvent molecules have been

omitted for clarity.

L,U=N  [2r+2n]-cycloaddition [ ,U-N [2n+27]-cycloreversion UL, N
e _ 7 _— T
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/ A\
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Fig. 4. Proposed mechanistic pathway for product formation.

group switching [16] or Zi's Th example leading to a k?-bound
ligand [15].

4. Conclusions

Overall, we have demonstrated that bis-Tp'U(IV) amidinate
compounds can be synthesized from [27 + 27t]-cycloaddition and
[27 + 2m]-cycloreversion of uranium(IV) imido compounds with
nitriles. This is successful regardless for both imido groups (methyl
versus methoxy) or the type of nitrile employed. Full characteriza-
tion of these compounds using multinuclear NMR, infrared, and
electronic absorption spectroscopies, with the aid of X-ray crystal-
lography, confirmed the unanticipated x'-coordination of the
amidinate ligands as well as their tetravalent nature.

Interestingly, the imido reactivity observed here diverges from
what has been reported. Using nitriles sees these imidos undergo
consecutive multiple bond metathesis pathways, rather than just
one, yielding new sterically hindered amidinates not typically
observed in cycloaddition chemistry.

Acknowledgements

This work was supported by the National Science Foundation
(CHE-1665170, SCB). The X-ray crystallographic data in this work
was obtained on instruments funded by the NSF through the Major
Research Instrumentation Program (CHE-1625543).

Appendix A. Supplementary data

CCDC 1852446, 1854084, 1854085, 1854086, 1873214 contains
the supplementary crystallographic data for 5-Tol, 4-py, 3-Ph, 3-
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