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Structures and Uranium—Uranium Multiple Bond of Binuclear Divalent Uranium
Complex of Pyrrolic Schiff-base Macrocycle: a Relativistic DFT Probe

Chen, Fangyuan“ Qu, Ning” Wu, Qunyan” Zhang, Hongxing" Shi, Weiqun*”
Pan, Qingjiang**
(“ Key Laboratory of Functional Inorganic Material Chemistry of Education Ministry, School of Chemistry and Materials
Science, Heilongjiang University, Harbin 150080)
(® Laboratory of Nuclear Energy Chemistry, Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049,
China)
(¢ Institute of Theoretical Chemistry, Jilin University, Changchun 130023)

Abstract Although attempts to synthesize divalent uranium molecules were begun three decades ago, molecular U(II) spe-
cies isolable in solution have been not achieved until recent years. In 2013, Evans and co-workers synthesized the first U(II)
complex, [U(Cp');]*[K(2,2,2-cryptand)] (Cp’=CsH4SiMe;) via flash reduction, that was suitable for X-ray crystal diffraction
characterization. A year later, the group of Meyer obtained another divalent uranium complex,
[U((**M°ArO);mes)]*[K(2,2,2-cryptand)] employing their particularly interesting tris(aryloxide) arene ligand. The 5f°6d’ and
5f* ground states were assigned to these two complexes, respectively, by the jointed experimental/theoretical studies. It was
demonstrated that the ligand significantly affect the nature of the ground state of divalent uranium complex by tuning the
energetic separation of the 5f and 6d orbitals. Therefore, careful selection of ligand makes it possible to have access to =+1I
oxidation state of uranium and prepare new U™ complex. A flexible octadentate polypyrrollic Schiff-base macrocycle (H,L)
has been developed to complex a variety of metals such as actinides, rare earth and transition metals that show a wide range
of size and diverse oxidation states. Both mono- and bimetallic complexes featured with an intriguing “Pacman-like” struc-
ture were obtained. For example, the reaction of HyL with a trivalent uranium precursor [(U™)I3(THF),] yielded a neutral
[(U™)(L)] complex, where the uranium ion was determined by the single crystal X-ray diffraction to be situated inside the
ligand mouth and held by eight nitrogen atoms together. The +IV oxidation state was assigned to the uranium by presuming
dihydrogen elimination. Considering the flexibility, tetravalent-anion nature as well as capability of accommodating bimetal-
lic ions and stabilizing various oxidation states of uranium (e.g. III~~VI complexes have been found so far) that the polypyr-
rolic ligand has exhibited in previously synthesized complexes, two divalent uranium ions would be likely complexated by
the ligand to generate a complex, [(U"),(L)]. In addition to enriching the coordination chemistry of U(II), it is also a good
example to explore electronic structures of the low-valent uranium complex and unravel the uranium-uranium multiple
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bonding nature. Although many theoretical studies have explored uranium complexes, the study focusing on the divalent
diuranium complex of a single macrocyclic ligand remains rare. In the work, a relativistic density functional theory has been
employed to investigate [(U™),(L)]. The structures in electron spin states (singlet, triplet, quintet, septet and nonet) were op-
timized. Short distances of U—U (2.32~2.67 A), large bond order (2.95~3.90) and high stretching vibrational frequencies
(180~263 cm ') were calculated. Energetic calculations find that its triplet state is the ground state. It has the electronic con-
figuration of n*6?8% primarily contributed by U(5f) character. Structural and molecular-orbital analyses suggest a slightly
weak uranium-uranium quadruple bond, which is confirmed by the quantum theory of atoms in molecule (QTAIM) calcula-
tions. Further comparison with analogues [(U™),(L)]*" and [(U™),(L)]*" was also addressed. It is found that the uranium
oxidation state is able to tune the energetic matching between the highest-energy occupied orbital of ligand and the adjacent
low-energy metal-based orbital, as well as correlates with the electron transfer between metal and ligand and the diuranium

multiple bond number.

Keywords bimetallic U" polypyrrolic complexes; electronic structures; diuranium multiple bond; QTAIM,; relativistic DFT
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Figure 1 Optimized structures (left) of the ligand H4L and the com-
plexes [(UM(L)]"" (m=1I~1V, n=0~4) in Priroda codes where
side-on (top) and face-on (bottom) views are shown
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B U—U 8E1Ifi 7 55 (Bond critical point) [ B, 25 & p(r) Al
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JE) M EAE IR, Ak RIMEE U—U
MECA. 74, BT A% UM BL &P (4 1)
R, I UM X AI[U™X]* (X=F, Cl, OH, NH, Al
CH,)P* 5N T H U—U =HFAR, HE
VU471 OURZ 1 A5 420 e R AR /D230,

1 ITHEEYAEARFEFHRESESS) T U—U HEKD, A). 8
% (BO) HARIRENIFZE (v, e )VFIH 5 T F0L T H e % (Su), BARCEAT]
HIAEX R (kJ/mol)*
Table 1 Calculated U—U distances (D, A), bond orders (BO), stretch-
ing vibrational frequencies (v, cm™) and electron-spin density (Sy) of
uranium atoms for diuranium complexes in various electron-spin states
(ESS), together with the relative energies (kJ/mol)*
Complex ESS D v BO Sy Ou AE AE,
(UML) nonet 2.668 180 2.95 3.789 1.055 68.0 64.9
septet 2.517 196 3.52 2958 1.078 42.5 40.1
quintet 2.412 235 3.76 1916 1.087 27.7 25.8
triplet  2.332 259 3.89 0.939 1.067 0.0 0.0
singlet 2.324 263 3.90 0.000 1.069 24.4 239
[(U™L)*"  septet 2.622 188 3.08 3.001 1372 26.9 26.9
quintet 2.506 201 3.14 2.045 1.373 28 23
triplet 2.474 214 3.18 1.073 1.380 0.0 0.0
singlet 2.426 220 3.17 0.000 1.349 11.9 12.3
[(UML)]*"  quintet 2.720 140 228 2.103 1.541 0.0 0.0
triplet 2.641 149 2.33 1.240 1.516 11.8 11.8
singlet 2.627 156 2.31 0.000 1.528 31.8 31.8

© 2017 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

“ AE denotes the total energy and AE, includes the zero-point vibration energy,
which were obtained by subtracting the respective ground-state energy. Triva-

. : 14
lent complexes were reported in our previous work!"*.
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Figure 2 Difference (ASy) of spin density of uranium atom of
(UML) (m=11, n=0; m=I1II, n=2; m=1V, n=4) in various elec-
tronic spin states from the respective expected formal value, i.e. 0, 1, 2, 3
and 4 for the singlet, triplet, quintet, septet and nonet states, respectively.

K2 HFZRITRERE B A YIS U—U M U—N 8K(@D, A%
Table2 Calculated U—U and U—N bond distances (D, A) and bond orders of the diuranium complexes in their ground states
Complex Functional Bond D - ADF: DFhT 5 A Pri: DFT
Mayer G-J N-M(1) N-M(2) N-M(3) Mayer
[(UMyL)] PBE u—u 2.332 4.80 4.13 4.94 4.54 4.67 3.89
(U—N),,, 2433 0.39 0.62 0.70 0.81 0.70 0.51
B3LYP u—u 2.332 3.65 4.15 5.11 4.46 4.75
(U—N),,  2.433 0.45 0.57 0.66 0.82 0.66
mPWI1PW Uu—u 2.332 3.67 4.17 5.17 4.52 4.80
(U—N)a. 2433 0.43 0.57 0.66 0.81 0.66
[(U™(L)1" PBE U—u 2474 3.56 3.40 4.15 3.37 3.81 3.18
(U—N),,. 2352 0.46 0.74 0.85 0.99 0.84 0.63
[(U™@L)** PBE U—u 2.720 2.32 2.45 2.81 1.86 2.53 228
(U—N),,.  2.291 0.60 0.89 0.99 1.11 0.96 0.76

“ Gophinatan-Jug bond order analysis. b Nalewajski-Mrozek bond order analysis based on different partitionings.
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Table 3 Electron-spin density (Sy), charge (Qu) and atomic populations

of the uranium atom in the diuranium complexes in their ground states
calculated by the ADF code

Complex Approach Su QOu Atomic population

(UML) PBE/sol  0.955 1.070 5f*36s"%6p*%6d"$27p"%
PBE/gas  0.951 1.092 5f%6s"6p*6d' **7p"*
B3LYP/sol  0.931 1.044 5f%%6s>6p*°6d' 75"’

mPWI1PW/sol 0.936 1.067 565 6p>*6d' 7#7s"*
PBE/sol  1.111 1.448 5F%6s' SB6p>S6d"
PBE/sol  2.132 1.710  5f%6s"6p*"°6d"**
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Bl 3 PBE/Scalar-ZORA/sol(THF) /7 i:iHH [(U™(L)]"" (m=11~1V; n
=0~HEEH o ARPUERY, IS5 =M AW LESBTHE
HITE, ZHIEY TR UERIA T 2.12eV, ZMCAEMM=E
SR LR 0.05 eV, TIUHEL SN LT 2.01 eV

Figure 3 Energetic levels and character of frontier molecular orbitals
(a-spin) of [(U™(L)]"" (m=II~1V; n=0~4) in ground states calculat-
ed by PBE/Scalar-ZORA/sol(THF), compared with those of the second
lowest-state [(U™),(L)]*" (quintet). For convenient comparison, overall
orbitals of the divalent complex (first column) were down-shifted by 2.12
eV, those of the triplet state of the trivalent complex (second column)
up-shifted by 0.05 eV, while those of the tetravalent complex (fourth
column) up-shifted by 2.01 eV
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Figure 4 Characteristic U(f) and ligand-based o-spin orbitals of the
ground (triplet) state of [(U")y(L)]
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Table 4 Contributions (%) to the a-spin orbitals of the ground (triplet)
state of [(U™)y(L)]*

Orbital &Y/ eith Ligand
eV s p d f

L+2  —2719 90.5

L+1  —2720 87 89 423 123
LUMO  —2.737 4.1 68 566
HOMO  —3.100 22 797

H—1 —3214 129 75.1

H—2 —3.604 129 7.0 72 642

H—3  —3.654 181 672

H—4  —3.867 201 488

H—5 —5017 23 77.1

“ The sum of contributions for each orbital is less than 100%, for the output of
SFO contributions smaller than 1% in the calculations is suppressed. ” Total
values of two uranium atoms are given here, for each uranium has approxi-

mately identical components.

HOMO LumoO

pH-S H-4| H-3 H2 H-1
Ligand

MU

\ Total JU\}\\ 1
5.1 42 -39 36 -33 -30 27
Energy/eV

Figure 5 Density of states (DOS) of a-spin orbitals of the triplet state of

[(U™(L)]
B 5 ZHEAUYNL)] o HiEHEKSSEER
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NS BA-H 5. o Ml EEE, B n’o’n,'s!
BLTAAS. REHUETILL UGHE NE, UGd) Tk A
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NE, AR5 . #lin, H—1 A1 H—2 H5
A 23%H 21% K ECAATTER. S48, &8 R LIE
(HOMO. H—1. H—2 Ml H—4)5%84 & UGHIER, 1M
U(6d) XA AN 3% DTk,

{# Ff ADF Al Multiwfn F2/7 715 QTAIM Y S 4L,
BT p(r)s BB V2 p(r) RIS B E H(r). 5t
TR &4, BRIVESS, A e KT 0.1,
MV KT 034, H HNGE, W4 U BL&Y
1) U—U BEA S IANRE. Hr, =#E RS E
20514 0.19. 0.52 A1—0.11. THEEH, QTAIM S5
HE (2 0] L) e i 0P 2 TR 185 o v 328 ek /), 15 A i —
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< B DR LB A UL U—U B, B
AR IR AN THIE M, s =AU Hraic
B HEA U—U 90 E G, — HE AU S .

K5 WEBHMEESYT U—U RIGF S ETEESE o) Vo)
H(r) ($44%: au)

Table 5 Electron density [p(r), au], its Laplacian [V2p(r), au] and ener-
gy density [H(r), au] at U—U bond critical point in diuranium complexes,
where all electronic states were calculated for the divalent uranium com-
plex, and only the ground state for other complexes
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Complex ES ) V2p(r) H(r)
(UML) nonet 0.088 0.266 —0.030
septet 0.122 0.343 —0.049
quintet 0.169 0.344 —0.067
triplet 0.189 0.517 —0.109
singlet 0.191 0.552 —0.112
(U™, @) triplet 0.125 0.421 —
[(U™),(L)1* quintet 0.082 0.251 —0.026
“ Don’t obtain the value.
4 g

o AR X8 T SR B AN 2 4k 25 B2 72 bR RO T VR AR
RN E BTSSP T ARESSW. BT E
WEE ., BRESHTEMMEE S BRER, FS5H =M
FUG Bl R AT LU

RIS B AL &Y H LM A IS, H=8
BAEL, AFEZ KT ES B E SR, =i s
LA YIMES AN =EMAES. M. =HA
Mt B YIRS U—U 8K H0h 2,33, 2.47 F12.72
A, Mayer 8200 3.89. 3.18 F1 2.28, H4EHRENIR N
259,214 f1 140 cm '; HH 0 EE nn’6%8'8" 1, ’0’n, '8!
Al o'o'n'c' TUZ. 454 QTAIM it FHIA—
Py A AOS99 0 BAA 55 U—U DY E
— B A OU B A

Sy FHUE SR B A S U—U BB &
HEE, FEm UGHTER BIRA S Ued)risr; H
I BE L AR 5 48 Pl 5 _E T AR AR SRR e & B B e
HAHZ 1.15 eV. =8RG0 & o 98 P s LA
U(SHAE, U6d) DTk AHXT I/, &)@ P 5 5 s o 4
B AR BE A 221N 0.39 eV. HHELZ R, VUM ahE &)
) LTS5 R R AR R AR A, 1 S AR LA e & 2R T
L IS R IE 0.09 eV, Hk, BCARRHELIE S T
BRAES A=A B SR RGO, B, S
TE5E4 N USHIER, U(6d) Tk il LLZRE.

H AT 70 R 0B 1 3 4 R 1 P B 3, s
B 5 4 S8 RE 22 WL . TR TR AL SN B
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Structures and Metal-Metal Multiple
Bond of Binuclear Divalent Uranium
Complex of Pyrrolic Schiff-base Mac-
rocycle: a Relativistic DFT Probe

Chen, Fangyuan; Qu, Ning; Wu, Qunyan;
Zhang, Hongxing; Shi, Weiqun®; Pan,
Qingjiang™

Acta Chim. Sinica 2017, 75(X), XXX-XXX

H-4 H-
H-3 5fr, 5fr, Lig

A relativistic DFT probe has been carried out on the divalent diuranium complex of a
single macrocyclic ligand. Its triplet state was found as the ground state. Structural pa-
rameters, molecular orbitals and QTAIM analysis all indicate diuranium multiple bond-
ing nature. Comparison with tri- and tetravalent diuranium analogues finds that the ura-
nium oxidation state can tune energetic match between the highest-energy occupied
ligand orbital and the adjacent low-energy metal-based orbital, as well as correlates with
the electron transfer between metal and ligand and the diuranium multiple bond number.
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