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2 Functional Theory Analysis 

3 Liam P. Spencer,t Ping Yang,* Brian L. Scou,t Enrique R. Batista,* and James M. Boncella"t 

4 Materials, Physics and Applications Division, Los Alamos National Laboratory, MS J514, 
5 Los Alamos, New Mexico 87545, and Theoretical Division, Los Alamos National Laboratory, 
6 MS 8268, Los Alamos. New Mexico 87545 

7 Received November 18. 2008 

8 Bis(imido) uranium(VI) trans- and cis-dichalcogenate complexes with the general formula U(NtBul2(EArh{OPPh3l2 
9 (EAr = 0-2.tBuC6H4' SPh, SePh, TePh) and U(NtBuh{EArl2(R2bpy) (EAr = SPh, SePh, TePh) (R2bpy = 4,4'
10 disubstituted-2,2'-bipyridyl, R = Me, tBu) have been prepared. This family of complexes includes the first reported 
11 monodentate selenolate and teliurolate complexes of uranium(VI). Density functional theory calculations show that 
12 covalent interactions in the U-E bond increase in the trans-dichalcogerlate series U(NtBul2(EArl2(OPPh3h as the 
13 size of the chalcogenate donor increases and that both 5f and 6d orbital participation is important in the M-E 
14 bonds of U-S, U-Se, and U-Te complexes. 

15 

16 Introduction 

17 The significance of covalent interactions and the role of 
18 f-orbitals in metal ligand bonds in f-element complexes is 
19 an intensely studied and greatly debated area in actinide 
20 chemistry. Studies of uranyl (U022+) complexes have been 
21 crucial in developing an understanding of the importance of 
22 these issues in f-element complexes, in particular their 
23 function in the formation of U=O multiple bonds. I The 
24 interactions of ligands in the equatorial plane perpendicular 
25 to the dioxo ligands are also important because of the 
26 relevance of the UO/+ ion in lanthanide/actinide separation 
27 schemes and speciation of the U022+ ion in the environment. 
28 Coordination chemistry studies of this ion have shown that 
29 the majority of complexes involve hard donor ligands (i.e .. 
30 0, N, and halide)2 which suggests that the equatorial U-L 
31 bonds possess significant ionic character.' The coordination 
32 of soft donor ligands to the UOl+ ion holds promise for 
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further understanding covalency and f-orbital participation 33 

in U-L bonding; however, few of these complexes have 34 

been reported.4 
35 

We have recently reported the isolation of the imido 36 

analogue of the uranyl ion (U(NRh2+) and found that there 37 

are some striking differences between this ion and the uranyl 38 

ion.s Density functional theory (DFf) calculations and X-ray 39 

absorption near edge structure (XANES) experiments have 40 

shown that there is less positive charge present on the 41 

uranium center in the U(NR)22+ ion, which suggests a greater 42 

degree of covalency in the U=N bond in comparison to the 43 

U=O bond in the UO/+ ion.5a We have also found that soft 44 

phosphine donor ligands can coordinate to the U(NR)/+ ion 45 

in contrast to the UO/+ fragment. 5h
.
d This finding suggests 46 

that the metal center in the U(NRh2+ ion is a softer Lewis 47 

acid than its UOl+ counterpart which presents the op- 48 
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49 portunity to investigate the coordination of other soft donor 
50 ligands and evaluate how covalent interactions and orbital 
51 participation in U(VI)-L bonds change as the softness of 
52 the L donor is varied. 
53 In this paper, we report the synthesis of a family of 
54 bis(imido) uranium(VI) dichalcogenate complexes U(N1Bu)2
55 (EArMOPPh)2 (EAr = 0-2-tBuC6H4' SPh, SePh, TePh) and 
56 U(NtBuh(EArh(R2bpy) (EAr = SPh, SePh, TePh) (R2bpy 
57 = 4,4'-disubstituted-2,2'-bipyridyl, R ::;: Me, tBu). OFf 
58 calculations have been performed on the trans-dichalcogenate 
59 complexes U(NtBuh(EArh(OPPhJ)2 to investigate the trends 
60 in covalent interactions as the size of the chalcogenate donor 
61 changes and to evaluate the participation of d- and f-orbitals 
62 in the U-E bonds. 

63 Experimental Section 

64 Methods and Materials. All reactions and subsequent manipu
65 lations were performed under anaerobic and anhydrous conditions 
66 under either a high vacuum or an atmosphere of helium or argon. 
67 Hexanes and tetrahydrofuran (THF) were dried by passage over 
68 activated alumina, and CH:!Ch was purchased anhydrous and stored 
69 over activated 4 A molecular sieves for 24 h before use. CD1CI2 
70 and CsDsN were dried over activated 4 Amolecular sieves for 24 h 
71 before use. U(NtBuhh(OPPh,h,~h NaSPh-I/4 dme (dme = 
72 CH,OCH2CH20CH.,)," KO(2-tBuC6H4 )7 were synthesized by pub
73 lished procedures or derivations based on published procedures. 
74 All other reagents were purchased from commercial suppliers and 
75 used as received. NMR spectra were recorded on a Bruker AVA300 
76 spectrometer. 'H and iJC('H) NMR spectra are referenced to 
77 external SiMe4 using the residual protio solvent peaks as internal 
78 standards (I H NMR experiments) or the characteristic resonances 
79 of the solvent nuclei (uC NMR experiments). The .J'P(,H) NMR 
80 spectra were referenced to external 85% H, P04. The 77Se('H) NMR 
81 spectrum was referenced to external Ph2Se2 which has a chemical 
82 shift of 460 ppm relative to Me~Se. The 12sTe('H) NMR spectrum 
83 was referenced to external Ph2Te2 which has a chemical shift of 
84 420 ppm relative 10 Me2Te. Elemental analyses were performed at 
85 the UC Berkeley Microanalytical Facility on a Perkin-Elmer Series 
86 II 2400 CHNS analyzer. 

87 Synthesis of NaEPh-S (E = Se, S = 112 DMEj E = Te, S 
88 = 112 THF). The following procedure is representative of the 
89 synthesis of NaEPh-S. To a stirring DME (3 mL) suspension of 
90 Na metal (31.3 mg, 1.4 mmol) at room temperature was added a 
91 DME solution (2 mL) of Ph2Se2 (250 mg, 0.8 mmol). The pale 
92 yellow suspension was stirred overnight at which time a yellow 
93 solution had formed . The solution was filtered through Celite, and 
94 the solvent removed umil a white precipitate began to fonn. 
95 Hexanes were added, and the solution was left at - 30 °C overnight 
96 10 complete precipitation of a powdery white solid (95% yield based 
97 on Na metal used). The solid was filtered, dried in vacuo, and 
98 identified by 'H NMR spectroscopy. In the case of NaTePh, the 
99 residue was recrystallized from THFlhexanes and recovered as a 
lOO white powder. NaSePh-1I2 DME:IH NMR (CsDsN): 3.28 (s, 3H, 
lOl -OCH3), 3.50 (s, 2H , -OCH2), 6.94-6.97 (m, 3H, -p-ArH and -m
102 ArH), 8.32 (d, .Jl(H,H) = 4 Hz, 2H, -o-ArH) . NaTePh-1I2 THF: 
lO3 IH NMR (CsDsN): 1.62 (m. 2H. THF), 3.66 (m . 2H, THF), 6.86 

(6) Bartucz, T . Y.: Golombek. A.; Lough, A. J. : Maltby. P. A.; Morris , 
R. H.: Ramachandran, R.;.; Schlaf, M. Illo rg. Chern. 1998, 3 7, 1555. 

(7) 	 Buzzeo. M. c.: Zakharov, L. N.: Rhcingold, A. L.: Doerrer. L. H. 1. 
Mol. Slntct. 2003. 657. 19. 
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(m, 2H, -11l-ArH), 7.05 (m, IH. -p-ArH), S.65 (d , ' l(H,H) = 6 Hz, 104 

lli,~~H) . 1M 

Synthesis of U(NtBu)z(EArh(OPPhlh (EAr = 0-2-'BuC6~ 106 

(1), SPh (2), SePh (3), TePh (4)). The following procedure is 107 

representative of the synthesis of 1-4. To a cooled (-30 °C) THF 108 

(5 ml) solution of U(N'Bu)ZOh(OPPh)h (175 mg, 0.15 mmol) in 109 

a 20 mL scinti'llation vial was added a chilled (-30 DC) THF 110 

solution (2 mL) of KO-2-'BuC6H4 (55.4 mg, 0.30 mmol). The 111 

mixture slowly darkens upon wanning to room temperature. After H2 

being stirred overnight, the brown suspension was filtered through 113 

Celite, and the sol vent removed until several milliliters remained. 114 

Hexanes (10 mL) were added to precipitate a dark red-brown 115 

powder (138 mg, 76%), which was recrystallized from CH1CI2/ 116 
hexanes . 1: (Yield = 76%) IH NMR (C6D6): 0 0.33 (s, 18H, 117 

-NC(CH3h ), 2.15 (s, ISH, - C(CHJh), 6.89-7.08 (m, 22H, -OPPh3 118 

and -ArH), 7.85 (d , 31(H,H) = 9 Hz, 2H, -ArH) , 8.03 (d, 2H, 119 
31(H,H) = 9 Hz, -ArH), 8.25- 8.29 (m, 12H, -OPPh3). DCeH) 120 

NMR (C6 D6): 0 18.6 (-C(CH3h), 35.9 (-NC(CH3lJ), 40.9 121 

(C(CH,h), 67.0 (-NClCH)hJ. 123.7 (-ArC), 128.6 (-ArC), 129.9 122 

(-ArC), 130.5 (-ArC), 133.4 (-ArC), 135.6 (-ArC). 137.8 el(C,p) 123 

= 14 Hz, -ArC), 146.8 (-ArC) . IIp( IH) NMR (C~6): b 42.7. 124 

Anal. Calcd. for C64H74UN10.Pz: %C, 62.23; %H, 5.94; %N, 2.27. 125 

Found: %C, 62.09; %H, 5.56; %N, 2.16. 2: (Yield = 86%) IH 126 

NMR (C6 D6): () 0.25 (s , 18H, -NC(CH3h), 6.88 (I, 31(H,H) =;= 8 127 

Hz, 4H, -m-ArH). 7.11-7.24 (m, 20H. -OPPh3 and -p-ArH). 8.31 128 

(d, 4H, 31(H,H) = 8 H7., -o-ArH), 8.53-8.62 (m, 12H, -ArH, 129 

-OPPh.J). 13CeH) NMR (C6D6): b 35A (-C(CH.J l.J), 65.3 (-C(CH,}J). 130 

124.8 (-ArC), 128.2 (-ArC), 129.2 (-ArC), 131A (·ArC), 134.1 131 

(-ArC). 134.8 (-ArC), 136.8 ('l(C,P) = 14 Hz. -ArC), 1435 (-ArC). 132 

llpeH) NMR (CJ>6): b 43.6. Anal. Calcd. for CS6HssUN10ZPlSl: 133 

%C, 58.22 ; %H. 5.06; %N, 2.43. Found: %C, 58.74; %H, 4.54; 134 

%N, 2.30.3: (Yield = 81 %) IH NMR (CDlCIz): 0 -0.17 (s, 18H, 135 

-NC(CH)H 6.91 (t, 31(H.H) = 8 Hz, 4H, -m-ArH), 7.04 (t, )l(H,H) 136 

= 8 Hz, 2H. -p-ArH) , 7.42~7.72 (m, 18H, -OPPh), 8.12 (d. 4H, 137 

31(H,H) = 8 Hz, -o-ArH), 8.4I-S.56 (m, 12H, -OPPhJ ). DCeH) 138 

NMR (CDzCh): 0 36.8 (-C(CH J),,), 66.1 (-C(CHJh), 122.9 (-ArC), 139 

127.6 (-ArC) , 128.6 (-ArC), 130.2 (-ArC), 133 .3 (-ArC), 135.8 140 

(-ArC), 137.0 el(C,p) = 14 Hz, -ArC), 145.2 (-ArC). 3tpeH) NMR 141 

(CDlClz): 643.7. 77Se('H) NMR (CDlClz): 6 134.3. Anal. Calcd. 142 

for CS6HssUN20lPZSeZ: %C, 53.85; %H, 4.68; %N, 2.24. Found: 143 

%C. 53.32; %H, 4.55; %N, 2.39. 4: (Yield = 73%) IH NMR 144 

(CDzClz): 6 -0.11 (5, 18H, -NC(CH3h), 6.94 (t, .Jl(H,H) = 8 Hz, 145 

4H, -m-ArH) , 7.52 - 7.68 (m, 18H, -OPPh), 7.18 (t, 31(H,H) = 8 146 

Hz, -p-ArH) , 8.06 (d, 4H, 'l(H.H) = 8 Hz, -o-ArH) , 8.37 - 8.51 147 

(m, 12H, -ArH, -OPPh). 13C(IH) NMR (CDlCIz): 0 34.9 j48 

(-C(CH)h), 64.9 (-C(CH.,J,), 121.6 (-ArC). 127.1 ("ArC), 127.9 149 

(-ArC) , 129.8 (-ArC), 134.7 (-ArC). 135.1 (-ArC). 136.3 (,.I(C,P) 150 

= 14 Hz, -ArC), 142.5 (-ArC). llpeH) NMR (CDzCIz): 6 44.3. 151 

IlsTe(IH) NMR (CD1CIz): 6 216.8. Anal. Calcd. for CS6HssUNzOz- 152 

PzTez: %C, 49.96; %H. 4.34; %N, 2.08. Found: %C, 49.78; %H, 153 

4.07; %N, 2.38. 154 

Synthesis of U(N'Buh<Dl(R1bpy) (R = Me (5), tBu (6)). The 155 

following procedure is representative of the synthesis of 5 and 6. 156 

A toluene (5 mL) solution of U(N'Bu)z(Ih(THF)2 (500 mg, 0.64 157 

mmol) was treated with a toluene (2 mL) solution of Me1bpy (118 158 

mg, 0.64 mmol) and stirred for 2 h. The red-orange precipitate was 159 

collected by filtration and washed with toluene (2 x 5 mL) and 160 

dried in vacuo. (526 mg, Yield = 97%), 5: IH NMR (CDlCIz): 6 161 

0.12 (s , ISH. -c(CH,h), 2.77 (s, 6H, -CH», 7.90 (d, 31(H,H) = 5 162 

Hz, 2H, -bpyH). 8.60 (s, 2H, -bpyH), 10.74 (d, )l(H,H) = 5 Hz, 163 

2H, -bpyH). 13CeH) NMR (CDlCI2): 0 29.3 (-C(CH)h), 34.2 164 

(-CH). 72.3 (-C(CH)h), 122.6 (-bpyC), 124.6 (-bpyC), 148.2 165 

(-bpyC), 155.7 (-bpyC), 165.0 (-bpyC). Anal. Calcd. For 166 

http:7.52-7.68
http:8.4I-S.56
http:7.42~7.72
http:8.53-8.62
http:7.11-7.24
http:C64H74UN10.Pz
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167 CzoH30N4IzU: %C 29.36; %H. 3.70: %N, 6.85. FOllnd: %C, 29.44; 
168 %H, 3.62: %N. 6.66. 6: IH NMR (CD2C1 z): () 0.12 (s, ISH, 
169 -CCCH,h). 1.59 (s , 6H, -C(CH,),), 8.08 (d, lJ(H ,H) = 5 Hz, 2H, 
170 -bpyH). 8.66 (s, 2H. -bpyH), 10.80 (d, 'J(H,H) = 5 Hz. 2H. 
171 -bpyH)."CeH) NMR (CDzCh): 6 30.5 (-C(CH3h), 30.7 
172 (-CCCH3h). 55.4 (-C(CH,);), 76.5 (-C(CH,h), 121.2 (-bpyC), t123.5 
173 (-bpyC), 149.1 (-bpyC), 157.2 (-bpyC), 166.0 (-bpyC). Anal. Calcd. 
174 For CZ6H~zNJ2U: %C. 34.60; %H, 4.69; 'io N, 6.21. FOllnd: %C, 
175 34.52; %H, 4.52; %N, 6.15. 

176 Synthesis of U(NtBu)z(EPh)z(R2bpy) (E = S, R = Me (7); 
177 E = S, R = 'Bu (8); E = Se, R ;;; Me (9); E = Se, R = 'Bu 
178 (10); E = Te, R = Me (11); E = Te, R = 'Bu (12». The following 
179 procedure is representative of the synthesis of 7 - 12. To a cooled 
180 (-30 °C) THF (5 mL) solution of 5 (175 mg, 0.21 mmol) in a 20 
181 mL scintillation vial was added a chilled (- 30 °C) THF solution 
182 (2 ml...) of NaSPh-I/4 dme (95 mg. 0.42 mmol). The mixture slowly 
183 turns a deep red color upon warming to room temperature. After 
184 being stirred overnight, the red suspension was filtered throllgh 
185 Celite, and the solvent removed until several milliliters remained. 
186 Hexanes (10 mL) were added to precipitate a bright red powder 
187 (138 mg, 76%), which was recrystallized from CH2Chlhexanes. 
188 (mg. Yield = %) 7: IH NMR (CDzCh): 0 -0.29 (s. 18H, 
189 -C(CH,h), 2.74 (5, 6H, -CH, ), 6.86 (I. J = 7 Hz, 2H, -p-SArH). 
190 7.21 (t, }J(H,H) = 7 Hz. 4H, -111-SArH), 7.89 (d,'J(H,H) = 5 Hz. 
191 2H. -H), 8.09 (d, ' J(H ,H) = 7 Hz, 4H, -o-SArH), 8.50 (s. 2H, 
192 -bpyH), 10.85 (d, 3J(H,H) = 5 Hz, 2H, -bpyH). BCetH) NMR (CD2 

193 Chi: 6 29.9 (-CCCH)h), 35.0 (-CH,). 71.3 (-C(CH,) ,), 122.9 
194 (-bpyC), 123.8 (-Ar C), 125.9 (-bpyC), 128.6 (-ArC). 147.1 (-bpyC), 
195 152.2 (-ArC). 153.5 (-bpyC), 164.2 (-bpyC). Anal. Calcd. For 
196 C3zH4oN4S2U: %C, 49.09; %H, 5.15; %N, 7.19. Found: %C,48.98; 
197 %H, 5.07; %N, 7. I I. 8: Three molecules of THF were present in 
198 the solid state lattice. Under vacuum. the crystalline material 
199 obtained readily loses this solvent. IH NMR (CD2 Chi: 6 - 0.29 
200 (s , 18H, -C(CH3h ), 1.58 (s, 18H, -CCCH,),), 6.87 (t. J = 7 Hz, 
201 2H, -p-SArH), 7.22 (t, ' J(H,H) = 7 Hz, 4H, -111-SArH). 8.10 (br s, 
202 6H , -bpyH and -o-SArH). 8.60 (s, 2H, -bpyH), 10.89 (d, 3J(H.H) 
203 = 5 Hz, 2H, -bpyH). DCeH) NMR (CDzC-\z): 6 32.3 (-C(CH3h), 
204 33.0 (-C(CH,h), 53.2 (-C(CH,h), 75.8 (-C(CH ,), ), 123.4 (-bpyC), 
205 125.3 (-ArC), 125.9 (-bpyC), 129.1 (-ArC), 133 .7 (-ArC), 149.0 
206 (-bpyC), 150.6 (-ArC), 152.9 (-bpyC), 163.3 (-bpyC). Anal. Calcd. 
207 For C.,~H52 N4SzU: %C, 52.64; %H, 6.05; 'ioN, 6.46. FOllnd: %C, 
208 52.59: %H, 6.13; %N, 6.37. 9: IH NMR (CD2CI2): 6 -0.21 (s, 
209 18H, -CCCH3h), 2.75 (s, 6H , -CH,), 6.95 (t, .J = 7 Hz, 2H, -p
210 SeArH), 7.19 (t , 3J(H,H) = 7 Hz. 4H, -m-SArH), 7.90 (d , 'J(H.H) 
211 

212 

= 5 Hz, 2H, -bpyH), 8.23 (d, 'J(H,H) = 7 Hz. 4H , -o-SArH), 8.53 
(s, 2H. -bpyH), 10.87 (d, 3J(H.H) = 5 Hz. 2H, -bpyH). 13C(IH) 

213 NMR (CDzCh): 6 29.3 (-CCCH, h). 35.7 (-CH3), 72.5 (-C(CH,)}), 
214 123.6 (-bpyC). 124.8 (-ArC), 127.4 (-bpyC), 129.1 (-ArC). 148.0 
215 (-bpyC). 151.6 (-ArC). 153.0 (-bpyC), 165.3 (-bpyC). 77SeeH) 
216 NMR (CD2Ch): 0 142.8 Anal. Calcd. For C32H40N4Se2U: %C, 
217 43.84; %H, 4.71 ; 'lo N, 6.39. Found: %C, 43.80: %H, 4.71; 'lo N, 
218 6.29. 10: IH NMR (CD2Clz): 0 -0.23 (5, 18H. -CCCH,l3l. 1.58 (s , 
219 18H, -C(CH,);). 6.95 (I. ' .J(H,H) = 8 H7., 2H. -p-SeArH), 7.18 (t. 
220 ·'J(H.H) = 7 Hz, 4H, -m-SeArH), 8.08 (d. 3J(H.H) = 5 Hz. 2H, 
221 -bpyH), 8.26 (d, 3J(H.H) = 7 Hz. 4H, -o-SeArH). 8.60 (s , 2H, 
222 -bpyH). 10.90 (d. 3J(H.H) = 5 Hz, 2H, -bpyH). BC(IH) NMR 
223 (CD2CIz): 6 30.2 (-C(CH ,),), 30.6 (-C(CH,h). 55.5 (-C(CH,h), 77.2 
224 (-C(CH3);), 124.9 (-bpyC). 125.6 (-ArC), 125.3 (-bpyC), 129.9 
225 (-ArC). 134.1 (-ArC). '149.5 (-bpyC), 150.0 (-ArC). 153.1 (-bpyC), 
226 165.8 (-bpyC). 77Se(IH) NMR (CD2Ch): 0 145.0. Anal. Calcd. 
227 For CJs Hs2 N4Se2U: %C, 47.50; %H. 5.46: %N , 5.83. Found: %C, 
228 47.61: %H, 5.60; %N. 5.72. 11: IH NMR (CD2CIz): -0.10 (5. 18H, 
229 -CCCH,H 1.89 C), 18H, -C(CH3), ), 6.79 (t, 3J(H,H) = 8 Hz. 2H, 

,p-TeArH), 7.0 I (t. 3J(H ,H) = 7 Hz. 4H, -111-TeArH), 7.50 'J(H.H) 230 

= 5 Hz. 2H, -bpyH), 8.19 (d, 'J(H.H) = 7 Hz. 4H. -o-TeArH). 23 1 

8.97 (s. 2H, -bpyH). 1106 (d, 'J(H.H) = 5 Hz. 2H, -bpyH). 13C(IH) 232 

NMR (CD2CIz): 0 30.5 (-CCCH,);). 34.2 (-CH3), 73.9 (-C(CH,h). 233 

12l.? (-bpyC), 124.0 (-ArC), 126.3 (-bpyC), 129.4 (-ArC). 146.2 234 

(-bpyC). 153 .1 (-ArC), 155.0 (-bpyC). 163.9 (-bpyC). 125Te('H) 235 

NMR (CD2CIz): 6226.3 Anal. Calcd. For C32H40N4Te2U: %C, 236 

39.46; %H, 4.14; %N, 5.75. Found: %C. 39.40; %H, 4.21; %N. 237 

5.71. 12:IH NMR (CD2CIz): - 0.092 (s, 18H. -CCCH,h). 1.56 (5 , 238 

18H, -CCCH,h), 6.9 1 (t, 3J(H.H) = 8 Hz. 2H, -p-TeArH). 7.07 (t, 239 

3J(H.H) = 7 Hz, 4H, -m-TeArH), 7.51 (d. 3J(H.H) = 5 Hz. 2H. 240 

-bpyH). 8.24 (d, 3J(H-H) = 7 Hz, 4H, -o-TeArH), 8.83 (5, 2H, 241 

-bpyH), 10.93 (d. 'J(H,H) = 5 Hz. 2H. -bpyH). 13C( IH) NMR 242 

(CD2CI2): 031.0 (-CCCH"h), 31.2 (-CCCH3h ), 53.6 (-C(CH,,),), 75.3 243 

(-C(CH,h), 123.8 (-bpyC), 124.2 (-ArC). 124.9 (-bpyC). 128.6 244 

(-ArC), 133.0 (-ArC), 148.6 (-bpyC), 151.4 (-ArC), 152.6 (-bpyC), 245 

164.6 (-bpyC). 12sTe(IH) NMR (CD2Ch): 0 224.0 Anal. Calcd. 246 

For C38H52 N4TezU: %C, 43 .13; %H, 4.95; %N, 5.30. Found: 'foC, 247 

42.98: %H, 4.88; %N, 5.23. 	 248 

X-ray Crystallographic Details. The crystal structures of 249 

compounds 1-4, 5. 8, 9, and 12 were determined as follows: The 250 

crystal was mounted in a nylon cryoloop from ParalOne-N oil under 251 

argon gas flow. The data were collected on a Bruker SMART APEX 252 

"charge-coupled-device (CCD) diffractometer. with KRYO-FLEX 253 

liquid nitrogen vapor cooling device. The instrument was equipped 254 

with graphite monochromatized Mo Ku X-ray source (A= 0.71073 255 

A), with MonoCap X-ray source optics. A hemisphere of data was 2.56 

collected using OJ scans, with 5 s frame exposures and 0.30 frame 257 

widths. Data collection and initial indexing and cell refinement were 258 

handled using APEX II software.s Frame integration, including 259 

Lorentz-polarization corrections, and final cell parameter calcula- 260 

tions were carried out using the SAINT+ software. Q The data were 261 

corrected for absorption using the SADABS program.10 Decay of 262 

reflection intensity was monitored via analysis of redundant frames . 263 

The structure was solved using Direct methods and difference 264 

Fourier techniques. All hydrogen atom positions were idealized , 265 

and rode on the atom they were attached to. The final refinement 266 

included anisotropic temperature factors on all non-hydrogen atoms. 267 

Structure solution, refinement, graphics, and creation of publication 268 

materials were perfonned using SHELXTL." 269 

Computational Details. The B3LYP hybrid density functional 270 

was employed to optimize the equilibrium molecular structures of 271 

all the complexes studied.' 2 The small-core Stuttgart RSC 1997 272 

relativistic effective core potential (RECP) was used to model the 273 

uranium center. 13 with the associate basis set [6s/6p/5d/3f]. For 274 

light chalcogenate atoms , that is, oxygen, sulfur, and selenium, the 275 

6-31 +G* basis sets were used. While for the heavy chalcogenate 276 

atoms. selenium, tellurium, and polonium. the calculations use the 277 

Stuttgart relativistic large core ECP.14 To compare systematically 278 

and avoid spurious effects while comparing all-electron calculations 279 

with pseudopotential ones, we also applied the same Stuttgard ECP 280 

on oxygen and sulfur complexes. The geometries of all the 281 

molecules were optimi zed without symmetry constraints. The 282 

geometries from the all electron and RECP calculation were 283 

(8) APEX II , 1.08; Bruker AXS. In c.: Madi so n. WI. 2004; SIS. 
(9) SAINT+ . 7.06: Bruker AXS. Inc.: Madi son. WI. 2003. 

(10) 	Sheldrick. G. M. SADABS. 2.03: Universily of Gotlingen: Gotlingen, 
Germany , 2001. 

(II) SHELXTL. 5. 10; Brllkcr AXS, Inc.: Madison, WI , 1997. 
( 12) Becke. A. D. 1. Chern . Phy.\'. 1993. 98, 5648. 
(13) Kiichlc. W.; Dolg, M. ; Stoll. H.; Preuss, H. 1. Chern. Phys. 1994, 100, 

7535 . 
(14) (a) FlIenlealba. P.; Preuss. 	H. ; Stoll , H.; Szcnpaly, L. v. Chern. Phys. 

Leu. 1982,89.418-422. (b) KlIechle , W.; Dolg, M.; Stoll , H.; Preuss, 
H. Mol. Phl's. 1991. 74. 1245-1263. 
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Figure 1. Solid Slate molecular structure of [U(N'Bu),(0-2
'BuC.H.h(OPPh,h] (1) with thermal ellipsoids drawn at the 50% probability 
level (Symmetry codes: (A) -x, I - y, z). Selected bond lengths (A) and 
angles (deg): U I-N I = 1.870(6), U 1-01 = 2.341(7). UI-02 = 2.267(6), 
ai-PI = 1.539(7), NI-UI-NIA = 180.0, UI-02-C5 = 145.1(4). 

Figure 2. Solid state molecular structure of [U(N'Bu),(SPh),(OPPh,)'J (2) 
with thermal ellipsoids drawn at the 50% probability level. Selected bond 
lengths (A) and angles (dcg): UI-NI = 1.840(7), UI  SI = 2.757(10), 
UI-OI = 2.322(5) , ai-PI = 1.533(6), U I-SI  C5 = 110.6(2), 
NI-UI-NIA = 180.0. 

284 

285 

286 

287 

288 

essentially identical and in good agreement with the experimental 
structures (see below). The molecular orbital energies from the two 
methodologies are equivalent and the components of the orbitals 
are the same. All the calculations reported in this paper were carried 
out with the Gaussian 03 code. I S 

289 Results and Discussion 

290 

291 

292 

293 

294 

295 

We have previously shown that the iodide ligands in the 
bis(imido) uranium(VI) complex U(NRh(lMTHF), (R = 'Bu, 
x = 2; Ph, x = 3) can undergo metathesis reactions to 
generate new uranium(VI) complexes.5b Rather than use 
these uranium(VI) synthons as an entry to chalcogenate 
complexes, we focused on the reactivity of the triph

o Inorganic Chemistry, Vol. xx, No. x, XXXX 
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enylphosphine oxide analogue, U(N'Bu)z(lh(OPPh3b which 296 
1has enabled us to follow reactions by 3 p NMR spectroscopy. 297 

The reactions between 2 equiv of aryl chalcogenate reagents 298 

MEAr (M = K. EAr = 0-2-'BuC6H4; M = Na, EAr = SPh, 299 

SePh, TePh) and U(N'Buh(lMOPPh3h provide the urani- 300 

um(VI) trans-dichalcogenate complexes U(N'Buh(EAr)z- 301 

(OPPh3)2, (1-4, eq I). The cis-dichalcogenate complexes 302 

U(N'BuhCEArhCR2bpy) (EAr = SPh, SePh, TePh) (7-12, 303 

eq 2) were prepared in a similar fashion from the bis(imido) 304 

uranium(VI) diiodide complexes U(N'Bu)ilhCR2bpy) (5, 6). 305 

To our knowledge, the selenolate and tellurolate complexes 306 

in this family of complexes represent the first monodentate 307 

uranium(VI)-selenolate and -tellurolate complexes reported. 308 

The IH NMR spectrum of 1 is representative and features 309 

two equivalent 'Bu-phenoxide donors with a singlet at 2.15 310 

ppm and multiplets at 7.85 ,8.03, and 8.27 ppm. In addition, 311 

there arc multiplets at 6.90 and 8.27 ppm indicative of the 312 

OPPh, ligands and a singlet at 0 .33 ppm attributable to the 313 

tert-butyl imido group. The 31p NMR of 1 shows a singlet 314 

at 42.7 ppm that is shifted down field from the starting 315 

material U(N'Bu)z(lh(OPPh3h. An interesting aspect of 316 

compounds 3 and 4 is the 77SeeH) and 125TectH)NMR 317 

spectra that feature singlets at 134.3 and 216.8 ppm, 318 

respectively. Similar 77Se and 125Te chemical shifts were also 319 

observed in the cis-dichalcogenate complexes 9-12. 320 

IBu 

I 
N 

Ph3PO"", II ...."I 2MEAr
"u' 

THFfToluene'/II"op~ 
-2MIN 

I 
'Bu 

'Bu 

I 
N 

Ph3PO"" ""E-ArII 
'·· u·" (1) 

Ar-E/1/ "OPPh3 

N 


IBu
I 

1: M =K. E =O. Ar =2-'BuCt;H4 
2: M =Na. E =S. E =Ph 
3; M =Na. E =Se. E =Ph 
4; M =Na. E =Te. E =Ph 

IBu 

2 NaEArR~I"'- N", •. ~ II ."", '1 
·u· 

THFfToIuene "N/II"I
1.& N 

-2MI 

E=S. Se. TeR I 
'Bu 


R = Me (5). IBu (6) 


'Bu 

R~ ~ ~~)~(: 
(2) 

1.& N 
R I 

'Bu 

E =S; R =Me (7). tsu (8) 

E =Se; R =Me (9). IBu (10) 

E = Te: R = Me (11). IBu (12) 


Reactions between the cis-disposed diiodide complexes 5 321 

and 6 and 2 equiv of NaOR (R = C6Hs, 4-MeC6H4, 322 

2-'BuC6H4) give unexpected products. Instead of the antici 323 

pated bis(imido) uranium(VI) bis(phenolate) complexes, a 324 

family of mixed valent uranium(V)-uranium(VI) complexes 325 

was recovered that have been identified by NMR spectros 326 

copy and X-ray diffraction experiments. A full description 327 

of these complexes will be published in due course. 328 

We have also explored the reactions between 2 equiv of 329 

NaEPh (E = Se, Te) and U02h(OPPh3h in an attempt to 330 

form analogous selenolate and tellurolate complexes of the 331 

http:7.85,8.03
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Uranium(VI) Bis(imUlo) Chalcogenate Complexes 

Figure 3. Solid state molecular stmclUre of [U(N'Bu),(SePhh(OPPhJhl 
(3) with thermal ellipso ids drawn at the SO% probability level. Selected 
bond lengthS (A) and angles (deg) : UI-NI = 1.86 1(6). UI-Sel = 
2.8868(8) , U 1- 01 = 2.360(S) , Ol  PI = 1.483(6), N I-U I-NI A = 180.0, 
U II-Sel  CS = 106.4(2). 

332 U02 
2+ ion. Given the simple nature of these compounds and 

333 the extensive coordination studies performed with the uranyl 
334 ion, it is surprising that these complexes have yet to be 
335 reported. Our attempts to prepare these complexes did not 
336 provide un identate selenolate or tellurolate complexes but 
337 rather unidentifiable materials as evidenced by 'H NMR 
338 spectroscopy. Similar findings were observed in a previous 
339 study that examined the coordination of unidentate thiolate 
340 ligands to the UO/+ ion. In this report, stable mononuclear 
341 uranyl-thiolate complexes were only isolated with mono
342 dentate thiolate ligands that possessed significant electron
343 withdrawing properties and provided steric protection at the 
344 uranium(VI) center.4a In light of these findings and our failed 
345 attempts to prepare simple Se- and Te. analogues of the 
346 U022+ ion, it appears that the nature of the uranium center 
347 in the U(NR)/+ and U022+ ions has a significant effect on 
348 the isolation of stable uranium(VI) cha1cogenate complexes. 
349 This striking difference has facilitated the isolation of novel 
350 uranium(VI) complexes with unique U(VI)-E bonds (E = 
351 S, Se, Te, P). 
352 The solid state molecular structures of 1-5, 8, 9, and 12 
353 were determined by X-ray crystallography. Their respective 
354 thermal ellipsoid plots are shown in Figures 1-7. In the case 
355 of 4, there is considerable disorder among the phos

( IS) Frisch, M. J.; Trucks, G. W.: Schlegel. H. B.: Scuser,ia, G. E.: Robb. 
M. A.; Cheeseman. J. R.; Montgomery , J. J. A.; Yreven , T. ; Kudin , 
K. N.; Buranl. J . c.: Millam, J. M.: Iyengar, S. S. ; Tomasi, J. ; Barone, 
Y.; Mennucei , B. ; Cossi . M.: Sealmani, G.: Rega, N.; Petersson, G. A.; 
Nakatsuji. H.: Hada, M.: Ehara. M.: Toyota. K.; Fukuda. R.; Hasegawa, 
J.; Ishida, M.: Nakajima. T: Honda. Y.: Kitao. 0.: Nakai. H.: Kiene, 
M.; Li . X.: Knox . J. E. ; Hratehian . H. P.; Cross, J. B.; Bakken, Y.; 
Adamo, c.: Jaramillo. J.: Gomperts. R.; Stratmann, R. E.; Yazyev, 
0. : Austin. A. J.: Cammi. R.: Pomelli , c.: Ochterski, J. W. ; Ayala, 
P. Y.; Morokuma, K. : Yoth. G. A. ; Salvador, P.; Dannenberg, J. J. ; 
Zakrzewski , Y. G.: Dapprich, S.; Daniels, A. D. ; Strain, M. c.;Farkas, 
0.: Malick, D. K.: Rabuck , A. D.; Raghavachari , K.; Foresman , J. B. ; 
Ortiz , 1. Y. : Cui , Q.: Baboul. A. G.; Clifford. S. ; Cioslowski, J.; 
Stefano v. B. B. : Liu , G.; Liashenko, A.: Piskorz. P.; Komaromi, I. ; 
Martin , R. L.: Fox. D. J.: Keith. T.; AI-Laham, M. A.; Peng, C. Y.; 
Nanayakkara. A.; Challacombe. M.; Gill, P. M. W.; Johnson, B.; Chen, 
W. ; Wong. M. W.; Gonzalez, c.: Pople, 1. A. Gaussian 03, Revision 
C.02: Gaussian. Inc.: Wallingford, CT, 2004. 

Figure 4. Solid state molecul ar stmcture of [U(N'Buh(lh(Me2bpy)1 (5) 
with thermal ellipsoids drawn at thc SO% probability leve l. Selected bond 
lengths (A) and angles (deg): UI-NI = 2.S30(11). UI-N2 =2.480( 10), 
UI-N3 =1.822(1 1]) . UI-N4 = 1.810(11). U I - II = 3.0S26(15), UI-12 
= 3.01IS(18), NI-U I-N2 =64.2(3), N3-UI-N4 = 171.3(5).II-UI-12 
= IOS.II(4). 

Figure 5. Solid state molecular stmclllre of [U(N'BuHSPh)Z(,Bu2bpy)] (8) 
with thermal ellipsoids drawn at the SO% probability level. Selected bond 
lengths (A) and angles (deg): UI -N I = 1. 835( 11 ), U I-N2 = 1.846( 11 ), 
UI- N3 = 2.S6S(I I ), UI-N4 = 2.533(12), UI-SI = 2.690(3), UI-S2 
= 2.682(3), N I- U \ - N2 = 178.4(S), N3-U I- N4 = 62.2(4), U I-SI-C27 
= 108.0(S), UI-S2-C33 = 110.1(4). 

phine oxide and imido ligands. Despite this disorder, the 356 

structure confirms the substitution at the uranium center (see 357 

Supp0l1ing lnformation, Figure I S) and possesses a small 358 

estimated standard deviation for U-Te bond distances and 359 

ang,]es . Selected average bond lengths and angles of both 360 

tralls- and cis-dicha1cogenate complexes are shown in Table 361 

I. Complexes with the general formula U(N'Buh(EArh- 362 

(OPPh:;)2 (1-4) are isostructural and feature a uranium center 363 

in a pseudo-octahedral geometry with imido, aryl cha1coge- 364 

nate, and phosphine oxide ligands in an all trans-disposition . 365 

The U- N(imido), U - I, and U -O(phosphine oxide) bond 366 

lengths are all comparable to analogous bond lengths in other 367 

structurally characterized uranium bis(imido) complexes.S 368 

The U 1- 02 phenolate bond length in 1 is 2.267(6) A. and 369 

is longer than the U -0 phenolate bond distances in the 370 

(16) Wilkerson, M. P. ; Bums, C. 1. ; Morris, D. E.; Paine, R. T. ; SCOll, 
B. L. Il1org. Chem. 2002, 41 , 3110. 
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Figure 6. Solid state molecular structure of [U(N'Buh(SePhh(Me2bpy)] 
(9) with thermal ellipsoids drawn at the 50% probability level. Selected 
bond lengths (A) and angles (deg): U I - NI = 1.843(4), U I-N2 = l .ll46(4) , 
UI-N3 = 2.526(4). UI-N4 = 2.532(4), UI-Sel = 2.8375(5) , UI-Se2 
= 2.8073(5) , NI - UI-N2 = 175.94(17), N3-UI-N4 = 62.93(12), 
UI-Sel-C2I = 108.54(14), UI-Se2 - C27 =104.83(14). 

Figure 7. Solid state molecular structure of [U(N'Buh(TePhh('Bu2bpy)] 
(12) with Ihermal ellipsoids drawn at the 50% probability level. Selected 
bond lengths (A) and angles (deg): U I - N 1 = 1.824(8). U I-N2 = 1.832(8), 
UI - N3 = 2.544(8). UI - N4 = 2.521(8), UI - Tel = 3.0405(8), UI-Te2 
=3.0335(8),NI -UI - N2= 177.4(3).N3-UI - N4=63.4(3), UI-Tel - C27 
= 100.2(3), UI-Te2- C33 = 103.0(3). 

371 neutral monomeric uranium(VI) phenolate complexes [U02(0
372 2,6-tBu]C(,H1)(THF)21 (avg. U-O(phenolate) = 2.200(8) 
373 A), 16 [U02(0-2,6-Ph2C6HJh(THFhJ (avg. U -O(phenolate) 
374 = 2.199(11) A),16 and [U02(0-2,6-iPr2C6H3MpY)3J (avg. 
375 U-O(phenolate) = 2.197(5) A)n The U(I)-S(l) bond 
376 distance of 2.757(1 0) A in 2 is slightly longer than the bond 
377 lengths reported for the unidentate thiolate uranium(VI) 
378 complex [U02(S-2,6-CI2C6HJ)L2J (avg.= 2.7234(8) A)4a but 
379 shorter thall the bond lengths reported for [U02(0
380 CSH4NS)(N03)zr (2.805(6) A) and [U02(0-C~H4NS-3-
381 SiMe3»(N03hl (2.813(8) A).4f The U( I )-Se( I) bond length 

(17) 	Barnhan. D. M.; Bums, C. 1.; Sauer, N. N.; Watkin, 1. G./norg. Chern. 
1995. 34. 4079. 
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of 2.8868(8) A in 3 is significantly shorter than the only 382 


other structurally characterized uranium(Vl) compound that 383 


has a U-Se bond, [U02[Et2NCSe2h(Ph3AsO)1 (average 384 


U-Se bond length = 2.981(5) A)IX but is longer than the 385 


terminal U-Se bond distances found in the uranium, 386 


(IV) selcnolatc complex [U(SePh)z(,u-SePhh(CH3CN)2h (U- 387 


Setcn"inal = 2.8491 (12) A).19 In the case of complex 4, the 388 


U(I)-Te(l) bond lengths (3.0920(13) A.) possesses a small 389 


estimated standard deviation and are shorter than the average 390 


U - Te bond reported lengths in the uranium (III) species 391 


U(N(Tepipr2hh (U-Te = 3.1639(7) A.)20 but longer than 392 


average U - Te bond lengths in the uranium(IV) complex 393 


(C5Mes)zU(TePhh (U-Te = 3.0444(6) A.)?1 cis-Disposed 394 


dichalcogenate complexes 5, 8, 9, and 12 possess structural 395 


features that are similar to their trans-oriented congeners. 396 


The diiodo complex 5 possesses U-N(imido) and U-I bond 397 


lengths typical of many bis(imido) uranium(VI) complexes. 398 


The U-N(bpy) bond lengths are also similar to bipyridyl 399 


complexes of the uranyl(VI) ion.22 The U-E ehalcogenate 400 


bond lengths in 8, 9, and 12 have values are similar to those 401 


in the trans-series . 402 


These structural studies reveal a trend in the U-E-Cpso 403 


angles of the trans-series 1-4 and the cis-series 8, 9, and 404 


12. In 1, a U(l)-0(2)-C(5) bond angle of 145.1(4)° is 405 


observed that gradually decreases in going to the heavier 406 


chalcogenate donor complexes 2 (U( I )-S(l )-C(5) = 407 


110.O(6n, 3 (U(l )-Se(l )-C(5) ~ 106.4(2n, and 4 408 


(U(l)-Te(l)-C(5) = 103.9(3)°). The family of cis-dichal- 409 


eogenate complexes shows a similar decrease from the 410 


thiolate complex 8 (109.1 (5)°) to the heavier selenolate 411 


complex 9 (106.69(14)°) and tellurolate complex 12 412 


(101.6(3)°). This trend of a decreasing U-E-Cip", bond 413 


angle has also been observed in (CsMes)2U(EPh)2 (E = S, 414 


Se, Te)21 and (CsMeshSm(EPh)THF (E = S, Se, Te)23 4'1.5 


complexes and is consistent with a decrease in the degree 416 


of s hybridization of the E atoms in the U - E bond as the 417 


atomic number of E increases . 418 


Theoretical Calculations 	 419 


The series of U(NtBuh(EArh(OPPh')2 compounds was 420 


studied using hybrid density functional theory (OFT) to 421 


investigate trends in the covalency and the participation of 422 


f-orbitals in the U-E bonds. The polonium analogue, 423 


U(N'Buh(PoPhMOPPh3h (5), was also studied to complete 424 


the chalcogenate series. The optimized structures of 425 


U(N'Buh(EAr)z(OPPh3h as predicted by OFT calculations 426 


are shown in Table 2 and agree well with U - E bond lengths 427 


and U - E-Cpso bond angles determined from erystal- 428 


(18) Zarli , B.; Graziani, R.; Forselli , E .; Croatto, U.; Bomhicri, G. J. Chern. 

Soc.. Chern. Cornrnun. 1971, 1501. 


(19) Gaunt, A . J .; Scott, B. L.; Neu, M. P. Inorg. Chern. 2006, 45, 7401. 

(20) Gaunt, 	A. J.; Scott, B. L.: Neu, M. P. Angew. Chem. , /nl. Ed. 2006, 


45, 1638. 

(21) 	Evans, W. 1.; Miller, K . A. ; Ziller, 1. W.; Dipasquale, A. G.; Heroux, 

K. 1.; Rheingold, A. L. Orgunornelullics 2007, 26, 4287. 

(22) 	(a) Alcock, N. W.; Flanders, D. 1.; Brown, D. 1. Chern. Soc. , Daltoll 


TrailS. 1985, 1001. (b) Benhct , 1. c.; Nierlich, M.; Ephritikhine, M. 

Chern. Cornmun. 2003, 1660. 


(23) Evans , W . 1.; Miller, K. A. ; Lee, D. S.; Ziller, 1. W. /norg. Chern. 

2005, 44, 4326. 
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Urallium(VI) Bis(imido) Clwlcogellate Complexes 

Table 1. Selected Average Bond Lengths (A) and Angles (deg) of trctl1s-Dichalcogenates (1-4) and cis-Dichalcogenates (8, 9, and 12) 

1 2 3 4 8 9 12 
(E = 0) (E = S) (E = Se) (E = Te) (E = S) (E = Se) (E == Te) 

U-Nil1ml<, 1.870(6) 1.840(7) 1.861 (6) 1.829( 19) 1.841( II) 1.845(4) 1.828(8) 
U-E 2,267(6) 2,757(10) 2,8868(8) 3.0920(13) 2.686(3) 2.8224(5) 3.0370(8) 
U-O,"po 2.341 (7) 2.322(5) 2.360(5) 2.39(2) 
U-No,,), 2.549(12) 2.529(4) 2.532(8) 
U-E-C,",o 1451(4) II06(l) 106.4(2) 103.9(3) 109.1(5) I 06.69( 14) 1101.6(3) 

Table 2. Comparison of Selected Experimental and Theoretical Metrical Parameters in Complexes 1- 5 

experimental geometry at optimized geometry 

E 
U- E- C,p'Q 

(deg) 
U - E 
(A) 

U-OPPh, 
(A) 

U=N 
(A) 

U-E-Cip,o 
(deg) 

U-E 
(Al 

U- OPPhJ 
(A) 

lJ=N 
(A) 

0 145 .06 2.267 2.341 1.870 
S 109.98 2.757 2.322 1.840 
Se 106.43 2.887 2.360 1.861 
Te 103.90 3.092 2.366 1.863 
Po a a a a 

"Complex was not synthesized. 

Table 3. Mulliken Charges for the Uranium Center, the N=U=N unit, 
and the Chalcogenate Atom in U( N'Buh(EArh (OPPh3h 

all electron RECP 

E U UN~ E U UN, E 

o 1.65 0.41 -0.72 1.64 0.39 -0.71 
S 1.36 0.11 - 0.21 1.35 0.09 -0.19 
Se 1.33 0.07 -0. 16 1.34 0.07 - 0.15 
Tc a 1I a 1.3 1 0.03 - 0.06 
Po a a (/ 1.33 0.04 -0.04 

'.' Were not calculated. 

Table 4. Molecular Orbitals Involved in the Bonding between the 
Uranium Center and Chaleogen Donor" 

E MOs energy (eV) U-6d U-5f E-np (each) 

o 

S 

Se 

Te 

Po 

H-2 
H-8 
H-9 
H-O 
H-I 
H-2 
H-3 
H-30 
H-O 
H-I 
H-2 
H-3 
H-I' I 
H-26 
H-O 
H-I 
H-2 
H-3 
H-II 
H-26 
H-O 
H-2 
H-3 
H-II 
H-14 
H-23 

-5.37 
-6.22 
-6.73 
- 4.54 
-4.75 
-5 .12 
-5.41 
- 8.30 
-4.44 
-4.65 
-4.79 
-5.16 
-6.79 
-7.89 
-4 .35 
- 4.45 
- 4.54 
-5.05 
-6.62 
-7.52 
-4.19 
-4.34 
-4.94 
- 6.54 
-7.02 
-7.32 

11.3 

10.1 

4.8 

6.1 
4.8 

5.4 

6.9 
7.5 
5.8 

5.0 

8.9 
10.4 
8.4 

10.7 
12.6 

7.8 

10.1 

5.2 

6.0 

6.1 

5.9 

6.6 

5.8 

6.3 
6.5 

3.5 

9.8 
28.3 
23.2 
26.0 
27.5 
42.3 
35.8 

9.7 
31.2 
36.8 
43.8 
31.1 
12.8 
13.7 
35.9 
41.9 
44.1 
30.5 

7.8 
12.9 
38.6 
43.2 
31.2 

5.3 
12.5 
11.2 

149.9 2.261 2.451 1.&75 
119.2 2.791 2.433 1.862 
115.2 2.933 2.431 1.860 
111.8 3.184 2.428 1.857 
I 11.1 3.252 2.427 1.856 

findings. Similar discrepancies between experimental and 432 

thcoretical values have also been observed for other urani- 433 

um(VI) imido complexes at a similar Icvc1 of computational 434 

theory. 5 
435 

The amount of electronic charge in (I) the uranium and E 436 

centers and (2) the N= U=N core were examined to assess 437 

the nature of covalent interactions in the U - E bonds in 438 

complexes 1-5. Table 2 shows a consistent trend where the 439 

E center becomes less negative and the U center less positive 440 

as the size of the chalcogenate donor increases. For example, 441 

a significant decrease in charge in both U and E centers and 442 

the N=U=N unit is observed between the O-complex 1 and 443 

the S-complex 2, which suggests that the U-O bond 444 

possesses a more ionic character compared to U -S bonds. 445 

This finding suggests a monotonic shift in the covalent nature 446 

in the U-E bond as the size of the cha\cogenate donor 447 

increases which is also consistent with previous reports on 448 

a series of uranium(III) chalcogenate complexes. 14 449 

The relative bonding strength of the U-E bond was 450 

evaluated by comparing the interaction energies of the two 451 

charged fragments, that is , one [U(N'Bu)2(OPPh,hl2+ unit 452 

and two EAr- ions, at the geometry of the molecular 453 

complex, with the dc10calized molecular complexes. The 454 

calculations show interaction energies of -160.8, -140.7, 455 

-135,7, -129.6, and -127.7 kcal!mol , per EAr- unit, for 456 

E corresponding to 0 , S, Se, Te, and Po, respectively . 457 

Although these energies are not true values for U - E bond 458 

energies because they are in the totally ionic limit, the 459 

differences between these numbers show that the relative 460 

strength of the U - E bond decreases as the size of chalcogen 461 

atom becomes larger. 462 

These results suggest that a correlation exists between 463 

covalency and relative U - E bond strength in U(N'Buh(EAr)2- 464 

(OPPh3h complexes. As the size of the E donor is increased, 465 

the covalency in the U - E bond increases and the relative 466 

U - E bond strength decreases. Recent studies ofuranium(IV)-L 467 

multiple bonds in Cp2U=L (L = 0, NMe) have also shown 468 

this correlation between covalency and U - L bond strength, 15 469 

In the case of Cp2U=0, the u=o bond contains less 470 

covalent character compared to the U=N analogue but 471 

possesses a stronger U - L multiple bond. 472 
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" Values of the uranium 6d and Sf-orbitals arc expressed as the percentage 
contribution in the specified molecular orbital in the U- E bonds of 
complexes 1-5. The partieipaling orhitals are referenced to the highest 
occupied molecular orbital (HOMO, H-O means HOMO and H-2 corre
sponds to HOMO-2 orbiwl). The values given are the percent contributions 
from the uranium 6d and Sf orbitals and the IIp orbitals of the chalcogenide 
atom to each MO. 

429 lographic measurements . In the case of complex 2, the U - E 
430 and U-E-C,p,,, (E = 0 , S, Se, Te) values determined by 
431 OFf calculations are within 3% and 9° of experimental 
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473 The molecular orbitals involved in the U-E bond are 
474 decomposed in uranium 6d and Sf, and chalcogenate np 
475 component in Table 3. The values are given as percentage 
476 of the total MO using a Mulliken population decomposition. 
477 For this type of analysis, whcre one looks at trends in charge 
478 migration from one center to another, the Mulliken decom
479 position gives a reasonable description as the overlap between 
480 uranium and chalcogcnate basis functions is not large and 
481 each center is described by a complete enough basis set. The 
482 MOs of complexes 1-5 show significant mixing of uranium 
483 6d and Sf orbitals with the np orbitals of the chalcogenate 
484 atom (Table 4) . This finding suggests covalent interactions 
485 arc important in the formation of U - E bonds in the family 
486 of U(N'BuMEArh(OPPh,h complexes. 

487 Conclusion 

488 We have shown that a series of bis(imido) uranium(VI) 
489 trans- and cis-dichalcogenate complexes can be synthesized 
490 and report the first examples of monodentate selenolate and 
491 tellurolate-uranium(VI) complexes. These results further 
492 exemplify the differences between U02H and U(NR)zH ions, 
493 as Se- and Te-donor ligands are not known to coordinate to 
494 the UOz2+ ion. DFT calculations show that covalent interac
495 tions in the U - E bond increase as the size of the chalco
496 genate donor increases and that there is both Sf and 6d orbital 
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5272. 
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participation in the M-E bond of U-S , U-Se, and U-Te 497 

complexes. While it is not possible to obta,in a quantitative 498 

view of covalency in these complexes, it is clear that covalent 499 

interactions and f-orbitals are important U(V~)-E bonds in 500 

this series of uranium(VI) chalcogenate complexes. We are 501 

cUlTently investigating the use X-ray absorption spectroscopy 502 

to further evaluate the electronic structure of this family of 503 

uranium(VI) complexes. 504 
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