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Abstract Uranium complexes play an increasingly important role in the fields of power resource, environment and medical
science. As the most stable and the most prevalent formation of uranium, hexavalent uranyl species (UO,>") are widely pre-
sent in the natural water system and the nuclear fuel cycle. Since 2005, the isoelectronic analogue of the uranyl, UNNR),*", (R
=alkyl and aryl) has been a burgeoning area of research. Many bis-imido uranium complexes have been synthesized and
investigated for their structural, reactivity and spectroscopic properties. It is found that the bis-imido uranium(VI) complex is
capable of undergoing imido exchange reaction with oxo group, but the contrary reaction can not occur. Recently, a flexible
polypyrrolic macrocycle (HsL) has been widely used to complexate hexavalent UO**. An interesting Pacman-like complex,
[(THF)(U"'0,)(H,L)], was obtained, where the uranyl ion is accommodated by one N,-donor compartment and the other
compartment remains vacant. In the equatorial plane of linear uranyl ion, one THF solvent serves as the fifth coordination.
Notably, two hydrogen bonds are formed between the endo-oxo of uranyl and remaining hydrogen atoms of two pyrrolides in
the second compartment of macrocycle. In this work, a series of uranium complexes of the polypyrrolic macrocycle with the
mixed oxo and imido groups, [(THF)(OUE)(A,L)] (E=NH, NMe and NPh; A=H and Li; labeled as UE-A) were designed,
on the basis of their dioxo analogues UO-A (E=O0) where the UO-H was experimentally synthesized and characterized.
Their structures, Infrared (IR) vibrational spectra and oxo-imido exchange reaction were examined by the scalar relativistic
density functional theory (DFT). The U=0,,4, bond lengths of UE-A were optimized to be within 1.84~1.89 A, longer than
those of known uranyl complexes which possess regular pentagonal dipyramidal structure. This is related to the interaction
between the A and endo-oxo atoms. The calculated U=N distances range from 1.87 to 1.90 A, which are affected by various
R substituent (direct effect) and different A atom that is bonding to endo-oxo atom (indirect effect). All the calculated U=
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O/U=N distances fall well within the range of experimental values. The partial triple character is unraveled for U=0O,,, and
U=N bonds, but a modest one between single and double is assigned to U=0,,4, of UE-Li. Frequency calculations find the
close bonding properties for O=U=NH and O=U=0, both of which show symmetrical and asymmetrical stretching vibra-
tional bands between 700 and 900 cm . The introduction of steric substituents of Me and Ph leads to two greatly separate
peaks of U=0 and U=N—C. The strong coupling of Me and Ph with U=N bonding makes the U=N—C vibrations pre-
sent in the high-frequency region from 1166 to 1266 cm ', which are comparable to experimental values of 1170~1270 e’
for U=N—R (R='Bu and Ph). The variation of the A atom from H to Li significantly redshifts the U=0 and U=N—C
stretches. When carefully selecting the A atom and the R substituent, the Pacman-like complex UO-A would be easier to
undergo the oxo exchange with the imido group, compared with regular pentagonal dipyrimid complex. This study is ex-

pected to provide theoretical support for experimental study of mixed oxo-imido uranium complex.
Keywords mixed oxo-imido uranium complexes; IR vibrational spectra; electronic structure; exchange reaction; relativistic
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Scheme 1 Polypyrrolic macrocycle (HsL), as well as Pacman- and pen-
tagonal-dipyrimid complexes
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B 1 [(THF)(OUE)(A,L)] (E=0O. NH. NMe 1 NPh; A=H Al Li)4%
I, BEYESC AR A UE-A

Figure 1 Optimized structures of [(THF)(OUE)(A,L)] (E=0O, NH,
NMe and NPh; A=H and Li; labeled as UE-A)
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FIRENIR =T UO-Li, X 515K U=0 8K g
B EHBMAFFE. ERIFEAE LRSS UO-H 1)
815/909 cm ' i Zh A AR, I 78 2 U4l BE I & 9
[(THF)UO,***M(THF)](L) (M=Mn, Fe and Co)(f 895~
907 cm ). [UO,(ReO4)(TPPO);] (TPPO = triphenyl-
phosphine oxide) (830 A1 933 cm H!''. {[UO,Pys]-
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Table 1 Optimized geometry parameters and bond orders (in parentheses) for UE-A (E=O0, NH, NMe and NPh; A=H and Li) and (OUE')(THF);L, (E'=

0 and NPh) in the gas phase (distance in A and angle in °)

Complexes U=0ex/N U=0¢ndo U—O0¢q A—Ocndo N—H/C o’ o
UO-H 1.799 (2.42) 1.835 (2.20) 2.484 (0.41) 2.084 - 175.3 -
UNH-H 1.869 (2.32) 1.838 (2.20) 2.485 (0.41) 2.079 1.027 (0.98) 175.8 156.3
UNMe-H 1.869 (2.23) 1.843 (2.19) 2.495 (0.39) 2.048 1.440 (1.06) 176.7 164.7
UNPh-H 1.899 (2.08) 1.841 (2.21) 2.490 (0.40) 2.087 1.385 (1.20) 175.9 168.7
UO-Li 1.823 (2.42) 1.879 (1.52) 2.470 (0.43) 1.935 - 174.5 -
UNH-Li 1.875 (2.32) 1.880 (1.49) 2.468 (0.43) 1.934 1.029 (0.98) 174.5 153.3
UNMe-Li 1.874 (2.23) 1.884 (1.48) 2.476 (0.41) 1.930 1.444 (1.07) 175.4 163.9
UNPh-Li 1.902 (2.09) 1.886 (1.48) 2.473 (0.42) 1.933 1.387 (1.20) 174.8 168.1
(UO,) (THF);1, - 1.801 (2.40) 2.529 (0.37) 3.130 (0.99) - 176.1 —
(OUNPh) (THF);1; 1.892 (2.09) 1.805 (2.41) 2.530 (0.42) 3.141 (1.18) 1.390 (1.18) 175.7 1732

“ a1 and a, corresponds to angles of O=U=O/N and U-N-H/C, respectively.
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Figure 2 Density of states (left) and diagrams of orbitals (right) of UNMe-Li calculated at the PBE/scalar ZORA/Sol(THF) level
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Hra&mintng EA7 8 A JRTX endo-oxo HITHLREHTE—
SEFERE_LHIFINAL exo-oxo 5 U [HEEIER. Bk, %
T T SO (1) %2 exo-oxo 5 =NR F 35 #e i ] Ge 1k,
I il 17 J5 TP B T A RUE 2 S BRI S 4 ) O (2) 3k
Xt LE.

S Bi(1): UO-A+H,NR —UNR-A+H,0
(A=H and Li; R=H, Me and Ph)
JXBi(2): (UOL)(THF);1,+H,NPh —

(OUNPh)(THF);,+H,0

HERERER2), TIREASIERIEFERF, K
L) HCR ARG FE. SASKZE K UNR-A RN H HfE
[AG(gas)]{E 31.5~38.4 kcal/mol JuFE, VAR X i%
A SRS, AN IS 1.5 keal/mol.

7t THF AW 42 % UNH-H 752 38.2 kcal/mol fE &
A.G(THF), EBHH N ) Me AT Ph 5 [ g A4 ) 75 ZE A 5
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A I L g (keal/mol),  PAKe 55 i A SUHE RS C& 40 L REof L

Table 2 Calculated free energies (kcal/mol) of reactions to form mixed
oxo-imido complexes in THF solution, compared with that of pentagonal
bipyramid complex

Products AE(gas)  AEo(gas) AH(gas) AG(gas) AG(THF)
UNH-H 40.69 38.36 38.90 38.40 38.22
UNMe-H 34.06 31.27 31.93 31.59 31.46
UNPh-H 36.72 33.95 35.50 3532 36.69
UNH-Li 40.22 37.90 38.44 38.02 36.68
UNMe-Li 33.69 31.03 32.26 31.54 30.01
UNMe-Na 35.97 33.57 34.72 31.83 34.35
UNMe-K “ 34.62 31.94 33.20 31.39 32.20
UNPh-Li “ 36.55 33.78 35.36 35.06 35.33

(OUNPh)(THF);31,35.67 32.99 33.95 36.17 36.07

© 2016 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

“ [(THF)(OUNMe)(Na,L)] (UNMe-Na) and [(THF)(OUNMe)(K>L)] (UN-
Me-K).

B/DBIRER, 70908 31.5 F1 36.7 keal/mol. 24{# ] Li J&
FHAC H B, A &%) UNR-Li (R=H, Me £l Ph)[]
R K T 1.5 keal/mol(CF34MH). 15 B Li 5 H fiH AR
FARR 8. Hoh UNMe-Li £ AG(THF)& 1%, 30.1
kcal/mol. J B (2) Xt B2 F #h /) JC $E 30  Bic & W
(UO,)(THF);1, £ Rl oxo-imido 24 7 (OUNPh)(THF);1,
(Scheme 1), 7% 36.1 kcal/mol fJRE=R; HILZ T,
Pacman %5 WC &%) UNMe-Li M)A B HEEMK 6
keal/mol, FBA S B(DFHXS 25 5 AT, 2%l H Na fi
K 48 & Fit, 7515304 s UNMe-Na 1 UNMe-K
MR BEREARXS H A1 Li (A Bt (3R 2). R AR it &
) UNR-A [¥] A,G(THF), FJLLE H R B 40 e B
ReF B, 4. Hrf UNMe-A F1 UNPh-Li 2 3 fig
T =B, 1 UNPh-H F1 UNH-A [ )5 87 U A X 5
. ISR UE, Li HEEA R T oxo-imido AL & 404 ik,
HAK Me lEAMIBNES. HTHABARRKASH
BEH) UsN AHEAEH, JAT RPOSES i
HARBLI, FIRE) 12 R SR AR fridt— 0 I .

B2, U0 B HA w8 e Fsk i sh 11
A, 2 2 BUKIE IR 73 A WLV L 1) B 48 e
FEW) 2 — (thermodynamic sinks), KT 1E N —ANFEA L
FIRIC] 2 AFAET HAR TR IR R FZ SR IE A . AR
SEIG R 7T R 7 A R A (i, T A RUHE S5
B &) HH A B 4 (= O) A g i el 256 [ A8 480 S I A il 5
BB (=NR), (EEEIEMRR S FHEE T, Wk
SCHEFE Pacman S5 RS HIR] LA U0 I — AN
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