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2+/0/4—

The electronic structure and chemical bonding in Re;F3 clusters are investigated using

density functional theory (DFT) calculations. Out research results show that the ground state

for the Re;F §+/0/47 clusters is found to be triplet state * A’ with the Dy, symmetry, quintet state

54" with the C, symmetry, and quintet state 5A'l with the Dj;, symmetry, respectively. A de-
tailed molecular orbital (MO) analysis reveals that the Re3F§+ (D3, 3A'l) dication possesses

multiple (mg and partial dg.) aromaticity that is respectively responsible for the triangular F;
framework and the triangular Re; framework in the Re3F§+ (Dsp, 3A'l) dication. The neutral

ResFs (G, 5A’) cluster possesses partial 5-aromaticity that is responsible for the triangular Res
framework in the Re;F; (C,, °4") cluster. The Re3F§_ (D3, 5A'l) anion possesses multiple

(o and partial 8) aromaticity that is responsible for the triangular Re; framework in the Re3F;F
(Daps 5A'l) cluster. We also examined their hexagonal pyramidal-type ResF;X' (Cs,, lA'l)
(X=Li, Na, K) and ResFyY? (G, lA'l) (Y =Be, Mg, Ca) complexes containing the ResF;
(Dap, IA'l) ligand to reveal that the Re;F; (D), lA'l) structural unit is perfectly preserved in
these Re;sF5X' (Cs,, 1A'l) and ResF;Y? (Csy, 1A'l) complexes also having the corresponding

d-orbital aromatic characters.
DOI: 10.26902/JSC20170703
Keywords: rhenium low-fluoride cluster, aromaticity, DFT calculations.

INTRODUCTION

A 8 bond localized between the two Re atoms was first discovered in Kz[ReZC18]-2H20. Cotton
and co-workers [ 1 | reported this milestone research result which represented a new mode of chemical
bonding in 1964. This work has also generated renewed interest in rhenium crystalline compounds.
Before long, they reported one after another that the crystal structure of ReX; (X = Cl, Br, I) was com-
posed of Re(u-X);Xs subunits [ 2—4 ]. Rinke ef al. [ 5—7 ] discovered that the ReX; (X =Cl, Br, )
compounds vaporized as Re(u-X);X¢ clusters in mass spectrometric experiments. In 2010, Sergeeva
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and Boldyrev [ 8 ] performed the AANDP analysis for Re;(u-X);X¢ and Re3(u—X)3X§_ (X=F, Cl, Br, 1)

clusters. Results of this analysis revealed that all neutral Re;(u-X);Xs (X =F, Cl, Br, I) species having
Re = Re double bonds were not aromatic. For the Re3(u—X)3Xé_ (X=F, Cl, Br, I) dianions the

AdNDP analysis revealed that the top sixteen full occupied valence orbitals in the Reg(u—X)3Xé_ (X=F,

Cl, Br, I) dianions contained six 2c—2¢ Re—X o bonds, three 3c—2¢ Re—X—Re & bonds, three
2c—2e d-AO-based Re—Re o bonds, three lone pairs (one on each Re atom), and one delocalized
3c—2e (HOMO) d-AO-based metal-metal © bond ([ 8] Fig. 9, a), which makes the dianion 7 aro-
maticity according to the (4n+2) Hiickel rule for m aromaticity, while NICS(0) and NICS(1) suggest
aromaticity in both Res;(p-X);X¢ and Re3(|,t-X)3xg_ (X=F, CL Br, I) clusters [ 9 ]. There are similar
results of the research of Re;Xo, Re3X§+ (X=Cl, Br) [8, 10, 11 ] and [(XtRe);(1,—Xs)]" (X = Cl, Br,
D[12].

Rhenium oxides are of importance for their wide industrial applications, especially as industrial
catalysts for olefin metatheses [ 13—15 ]. Structures, stabilities, and electronic properties of rhenium
oxides together with bare rhenium clusters have been systematically investigated by experimental and
theoretical methods. The number of rhenium oxides with aromatic/antiaromatic systems reported in
the literature has grown enormously. Specially, mono-rhenium oxide clusters have been studied in a
number of previous works, for example experimentally [ 16—20] and theoretically [ 17, 20, 21 ]:
Re(0,), Re(0,)3, Re(0,)3, Re(0,);, ReO3, ReO3(0,)", ReOX, and so on. Chen et al. [ 22 ] combined
anion photoelectron spectroscopy (PES) with density functional theory (DFT) calculations to study the
structures, bonding, and electronic properties in mono-rhenium oxide clusters: ReO, and ReOff

(n=3—4). Zhai et al. [ 23 ] reported a PES and DFT study on the electronic structure and conflicting
d-orbital aromaticity in trirhenium oxide cluster Re;O5. In addition, the structure, stabilities, and elec-

tronic properties of bare rhenium Re, (n < 8) clusters have been systematically investigated by DFT at
the PBEPBE level employing SDD basis sets [ 24 ]. Obviously, rhenium compounds contain mainly
rich-oxidation-state and low-oxidation-state transition metal compounds. We consider that & aromati-

city may exist in other multi-nuclear rhenium compounds. The Re3F§+/ 0/4= clusters are derived from a

transition metal low-fluoride conjecture cluster, and this drives the objective to be achieved at the DFT
level.

We assume the counting rules for d-AO-based ¢ and n aromaticity to be 4n+4 (aromaticity) and
(4n+6) (antiaromaticity) for a cyclic structure with an even number of transition metal atoms and
(4n+2) (aromaticity) and 4n (antiaromaticity) for a cyclic structure with an odd number of transition
metal atoms. The counting rule for d-AO-based & aromaticity is (4n+2)/4n for aromaticity/antiaroma-
ticity, respectively [ 25 ]. We call it the expanding (4n+2) Hiickel counting rules for multiple aromatic-
city in transition metal clusters.

COMPUTATIONAL METHODS

All calculations were performed using the Gaussian 03 program package [ 26 |. Equilibrium ge-

ometries and vibrational frequencies of the rhenium low-fluoride ResF3™*'*™ clusters and their hexa-

gonal pyramidal-type Re;F3X" (Cs,, '4}) (X = Li, Na, K) and ResF;Y*" (Cs,, '4]) (Y =Be, Mg, Ca)
compounds were fully optimized using DFT-B3LYP [27—29] levels of theory with the
6-311++G* basis set for F, Li, Na, K, Be, Mg, Ca and the LANL2DZ basis set for heavier Re metals
(Z =75). Vibrational frequencies were calculated to characterize stationary points as the minima
(number of imaginary frequencies Nimae = 0) or the transition states (Nima = 1) and the second-order
saddle points (Nimag = 2) by the B3ALYP methods with the corresponding basis set. Molecular orbitals
(MOs) for the most stable ResF27%'4™ clusters, ResFsX™ (Cs,, '4}) (X = Li, Na, K) and Re;F5Y*" (Cs,,

'4}) (Y = Be, Mg, Ca) complexes were calculated by the B3LYP method with the corresponding basis
set. All MO pictures were made using the GaussView 3.0 program [ 26 ]. The bonding nature and
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Re,F3* (D, 34,") Re,F, (Cy, %41 Re,F (D3, %4,

Fig. 1. Optimized structures for the ground states of the Re3F32+/ 4= ¢lusters and the minima of the

ResFiX' (G, '41) (X =Li, Na, K) and ResF3Y?" (Cy,, '4)) (Y = Be, Mg, Ca) complexes at the
B3LYP level of theory

atomic charge were analyzed by the natural bond orbital (NBO) [ 30, 31 ] using the B3LYP method
with the corresponding basis set.

RESULTS AND DISCUSSION

The optimized geometric structures for the ground states of Re3F§+/ /4= clusters and the minima

of Re;F3X" (Cs,, '41) (X =Li, Na, K) and Re;F3Y*" (C3,, '4]) (Y = Be, Mg, Ca) complexes are illus-

trated in Fig. 1. Table 1 lists the lowest vibrational frequencies (ymi,), Wiberg bond indices of Re—Re
(WBIge_re) and Re—F (WBIg. r) bonds, total WBI of metal centers M (WBIy), natural atomic
charges of metal centers M (Qwu), and the relative energies AE or total energies Et (kcal/mol) at the
B3LYP level of theory for Re3F§+/ 04~ of selected low-lying isomers, Re;F;X'(Cs,, 1Al) (X =Li, Na,

K) and ResF;Y? (Csy, 1Al) (Y = Be, Mg, Ca) clusters. The MOs pictures for the most stable Re3F§+
(Da, *A}), ResF3 (C,, *A"), and RegFg‘* (Dss, °A}) clusters are illustrated in Fig. 2. The MOs pictures
for the most stable ResF;Li" (Csy, 1A’l) and Re;F;Be*" (G, 1A’l) complexes are illustrated in Fig. 3 and
the top nine MOs for the Re;F; (Dj), 1A’l) cluster are given for comparison.

Re3F§+/ V4= clusters. Geometric structures. We initially performed an extensive search for the

Re3F32,+/ 074- global minimum for the singlet, triplet, quintet, and heptet states at the B3LYP level of

theories. For the neutral, dication, and quadrivalent anion clusters we considered all different geome-
tries and spin multiplicities. A selected set of optimized low-lying structures and electronic states for



JXYPHAJI CTPYKTYPHOWM XMMUUN. 2017. T. 58, Ne 7 1319

Table 1

Calculated lowest vibrational frequencies (Ymi), Wiberg bond index of the Re—Re (WBIg._g.)
and Re—F (WBIlge_r) bonds, total WBIs of metal centers M (WBly), natural atomic charges

of metal centers M (Qw1), and relative energies AE or total energies Et (kcal/mol) at the B3LYP level
2+/0/4—

of theory for Re;F3 of selected low-lying isomers, the Re;F3X" (Cy,, '4) (X = Li, Na, K)
and ResF3Y* (Cy,, '4,) (Y = Be, Mg, Ca) clusters
SpeCieS Ymin, Cm71 IReRes A IRe—F, A lre M, A WBIre re WBIge_r AE/Er, kcal/mol WBIwm | Owm, )
Re;F;*" 99 2.330 2.067 1.940 0.370 0.000
(D3h7 3‘4’1)
ResFs 118 2.333 2.104 1.890 0.323 189.508
(D, 'AY)
ResFs 156 |2.332~2.333(2.102~2.108 1.511~1.836]0.314~0.322 187.625
(C2va 3Bl)
Re;F; 120 |2.317~2.414(2.103~2.146 1.214~2.06810.282~0.328 0.000
(C,.°A)
Re;F; 84 12.415~2.511]2.073~2.167 1.065~1.281]0.280~0.336 116.089
(Cay» 'By)
Re;F;f 85 2.172 2.406 1.844 0.298 461.219
(D, 'A})
Re3F§7 72 2.163 2.378 1.929 0.331 495.105
(D, )
Re;F;*_ 67 [2.167~2.186|2.322~2.167 1.624 0.307 85.341
(Ca, °Bo)
Re3F§_ 128 2.156 2.426 1.464 0.293 0.000
(D3h7 SA’I)
Re;F;‘f 96 |2.123~2.251(2.467~2.625 1.269 0.286 136.797
(C, 4"
ResFsLi" 131 2.341 2.096 2.696 1.870 0.342 —341452.276 | 0.188(0.904
(C3va IAI)
Re;F;Na" 74 2.342 2.098 3.099 1.875 0.338 —438576.931 | 0.122]10.938
(Ca, '41)
Re;F;K" 55 2.339 2.099 3.514 1.879 0.335 —713209.862 | 0.064 [0.968
(Cs,» '4y)
Re3F3Be2Jr 131 2.358 2.079 2.267 1.804 0.373 —345681.634 | 1.090 [ 1.348
(C3va IAI)
Re3F3Mg2+ 41 2.360 2.085 2.741 1.844 0.365 —462021.024 | 0.692 [ 1.589
(Ca, '41)
Re;F;Ca® 62 2.348 2.087 3.062 1.854 0.358 —761708.365 | 0.477]|1.754
(Cs, '4y)

the Re3F§+/ 0/4- global minimum are summarized in Table 1. Table 1 presents their equilibrium geome-
tries, relative energies, the lowest vibrational frequencies and interatomic distances at the B3LYP level
of theory. Four geometric isomers of Re;F; with different symmetries and different spin states are the
minima on the B3LYP potential energy surfaces with all real vibrational frequencies. The theoretical
studies show that the global minimum for Re;F; has a completely arbitrary planar hexagonal structure.
The ground state of Re;F; is found to be quintet state >4’ with the C, symmetry. We further located one
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aRe,F3* (D3, 34,") b Re;F, (Cy, %4, cRe,Fi (Dyy, %4,
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HOMO (5a,")?
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HOMO-1 (6¢')?

HOMO (8a")! HOMO-1 (7a")!

HOMO-1 (2¢")* HOMO-2 (154')! HOMO-3 (14a')! HOMO-3 (5¢')?
QS , P ﬂ@k ‘ Tk ﬁ
HOMO-2 (4a,')? HOMO-4 (6a")> HOMO-5 (5a")? HOMO-4 (2¢")*
ii H TRe 35
HOMO-4 (2a,")? HOMO-6 (134')? HOMO-5 (4a,")?
E T T &n
HOMO-5 (1a,")? HOMO-9 (4a")? HOMO-7 (2a,")?

Fig. 2. Six top MOs in R63F32+ (Dsp, 3A1r), ten top MOs in ResF; (C, SA’), and eight top
MOs in Re;Fy~ (Dy, A1)

low-lying singlet state Dj, (lA’l) and one low-lying triplet state C, (°B;) for Re;F; by 0.302 eV and

0.299 eV above the ground state, respectively. The heptet state (C,,, 'B,) is found to be 0.185 eV above
the ground state. A detailed MO analysis at the rear reveals that the ResF; (C,, °4’) cluster possesses
multiple aromaticity that is responsible for the high spin multiplicity of the °4’ structure. As seen from
Table 1, the Re—Re bond length is 2.317 ~ 2.414 A for the ground state of the Re;F; (C, 5A’) cluster.
The Re—Re bond length is lower than the sum (2.56 /0\) of Re and Re covalent radii. The bond length
of the planar arbitrary hexagonal Re;F; (C,, °4") cluster provides the structural criteria of its aromati-
city. The bond lengths support the formation of a delocalized effect on the completely arbitrary trian-
gular Re; framework. It goes without saying that the Re—Re bond of the planar arbitrary triangular
Re; framework is a completely delocalized three-center metal-metal single bonding. WBI also pro-
vides some information about the existence of a ring current. The calculated WBI values of Re—Re
for the ground state of the Re;F; (Ci, 5A’) cluster are 1.214 ~ 2.068, which is between the standard
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e5F; (D3, 341" b Re;FLi* (Cy,, 14)) ¢ Re,F,Be?* (C;,,
D tdm A AN m A
HOMO (5¢")* HOMO (14¢)> HOMO-1 (13¢)> HOMO (14e)2 HOMO-1 (13e)?
“ﬂ* v ¥ W* u
HOMO-1 (2¢")* HOMO-2 (12¢)> HOMO-3 (11e)2 HOMO-2 (12¢)? HOMO-3 (11¢)?
@8 QB 5
HOMO-2 (4a,")? HOMO-4 (6a,)? HOMO-4 (6a,)?

Fig. 3. Five top MOs in ResFsLi" and ResF3Be”" (Cs,, '4;) (Three top MOs in ResFs (D, 'Ay)
are given for comparison)

values of a single bond (1.0) and a double bond (2.0). The WBI values support the formation of a de-
localized effect on the planar arbitrary triangular Re; framework and the aromatic nature of the ResF;
(C,,°A4") cluster.

We also performed an extensive search for the Re3F§+ dication global minimum with different
spin multiplicities and different symmetries at the B3LYP level of theory. Our theoretical results
clearly show that the global minimum of the Re3F§+ dication has a perfect Ds, (3A’1) planar regular

hexagonal structure. Therefore, the ground state of Re3F§+ is found to be triplet state * A} with the Dy,

symmetry. The Re—Re bond lengths are 2.330 A and the Re—F bond lengths are 2.067 A. The
Re—Re bond length is lower than the sum (2.560 A) of Re and Re covalent radii. The bond length
value provides the structural criteria of aromaticity in the Re3F§Jr (Dsp, 3A'1) dication. The calculated
WBI of Re—Re for the ground state of ResF3* is 1.940, which is between the standard values of a
single bond (1.0) and a double bond (2.0). WBI of Re—Re for the Re3F§Jr (D3, > A}) dication supports

the formation of a delocalized effect on the planar equilateral triangular Re; framework and therefore
the aromatic nature of the planar regular hexagonal structure for the Reg,Fg+ (D, *Ay) dication. The
population analysis using the SCF density shows that the occupied alpha orbital symmetry configura-
tion of the ResF3" (Ds, °4}) ground state is 1a'1¢'2¢'2a)1e"3d'1d)3€' 1d}2d} 4e'4d’2e"5¢'.

For the Re3F§_ cluster five geometric isomers were obtained, which had different spin states and
symmetries (Table 1). The ground state of RegFg‘_ is found to be quintet state >4} (Ds;) with the lowest
energy and the highest symmetry. This structure is based on a regular planar hexagon and the Re—Re
and Re—F bond lengths are 2.426 and 2.156 A. Similarly, the Re—Re bond length is lower than the
sum (2.56 A) of Re and Re covalent radii. It supports the formation of a delocalized effect on the equi-
lateral triangular Re; framework. An isosceles hexagonal C,, (3Bz) structure with a triplet state is found

to be only 0.136 eV above the ground state. We further located two low-lying Ds;, symmetries: Ds,
(3A’1) and Dj, (1A'1) for the Re3F§7 cluster, 0.789 and 0.735 eV above the ground state, respectively,

whereas the heptet state (C;, '4") is 0.218 eV above the ground state. Our theoretical results clearly
show that the Re3Fg_ cluster has a propensity to adopt the quintet state Dy, ("4}) ground state. The

high spin ground state for the Re3F§7 cluster is quite remarkable. The population analysis using the
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SCF density shows that the occupied alpha orbital symmetry configuration of the Re3F§7 (Dsp, 5A'l)
global minimum is 1a)le'2a)2e'le"3e'1ay1ay3a 2a54e'4a’2e"5e' 1af 6e'Sa). A detailed MO analysis
at the rear reveals that the occupied alpha orbitals of Re;F g‘_ (D, *A}) possess multiple (c and par-

tially &) aromaticity. Comparing the perfect Ds;, structure of Re3F§7 with that of the Re3F§+ dication,
we obtain that the Re—F bond length of Re3F§7 is larger (0.09 /0\) than that of the Re3F§+ dication.
This is due to the additional six electrons occupying HOMO (54}), HOMO-1 (6¢’), and HOMO-2

(1a]") of Re3F§_ (D3, *A}). The HOMO (54)) is a fully occupied & orbital with two & electrons, which
will lead to o aromaticity in Re3F§7 (Dsp,” A)).

MO analysis for the Re3F§+ (D3, 3A’1), ResF; (C, 5A’), and Re3Fg_ (D3, 5A’l) clusters. To fur-
ther understand the electronic structure and chemical bonding in ResF §+ (D3, 3A’1), ResF; (C;, °A4"),
and Re3F§_ (D, °A4Y) clusters, we carried out a detailed MO analysis for their ground states. Similar

to the Re3O%3_ ground state, the C; global minimum structure for the Re;F; (C, 5A’) ground state is
very different from the highly symmetric Ds;, structure of aromatic Ta30§4_ and Hf3F§3 " clusters. The

origin of the reduced symmetry in ResF; (C,, *4’) can be understood from an analysis of its valence
electronic structure. The Re atom possesses electron configuration 54°6s°. The top eleven occupied
valence orbitals in the ResF; (C,, °4’) ground state are Re-based s—d orbitals, as shown in Fig. 3, b.
Among the eleven MOs, three are responsible for the ¢ bonding of the triangular Re; framework. They
include completely bonding HOMO-10 (10a') and partially bonding/antibonding HOMO-8 (114a") and
HOMO-7 (124"). The antibonding nature of HOMO-8 (11a") and HOMO-7 (12a") significantly re-
duces the o bonding HOMO-10 (10a") contribution to the Re; framework, and thus they would almost
cancel each other. HOMO-9 (44") is a completely bonding © orbital, HOMO-5 (54") and HOMO-4
(6a") are two partially bonding/antibonding ©* orbitals, HOMO-1 (74") is a nonbonding ©n"*" orbital,
and HOMO (8a") is also a partially bonding/antibonding n* orbital in the Re;Fs (Cy, *4") cluster. These
five MOs of the ResF; (C, 5A') cluster constitute a set of bonding, antibonding, and nonbonding orbi-
tals composed of the same Re 5d,. and 5d.. hybrid functions. When all bonding, antibonding, and non-
bonding MOs composed of the same AOs (such as the Re 5d,. and 5d,. orbitals in this case) are occu-
pied, the net bonding effect is expected to be zero and this set MOs can be viewed as atomic lone pairs
[ 35]. If therein the antibonding or nonbonding MOs are half-filled, the net bonding effect of this set
of MOs will be approximately zero. The set of HOMO-9 (4a"), HOMO-7(54"), HOMO-4 (64a") and
HOMO-1 (7a"), and HOMO (84") do not contribute to the net bonding in the ResF; (C;, *4") cluster.
The most interesting MO is HOMO-6 (134') that is a completely bonding ¢ orbital. The 134" MO
comes mainly from the overlap of the 5d.2 orbital on each Re atom. This orbital is symmetric with re-
spect to the molecular plane and perpendicular to the molecular C; axis and has two nodal surfaces.
HOMO-2 (15a") and HOMO-3 (144a") are two partial bonding/antibonding &* orbitals. Thus, HOMO-4
(13a"), HOMO (15a"), and HOMO-3 (144") form a & bonding/antibonding pair. HOMO-4 (134') is
fully filled and HOMO-2 (154") and HOMO-3 (144') are half-filled, resulting in a partial & bonding
contribution to the Re;F; (C, 5A') cluster. The ResF; (Cy, 5A') cluster can be considered to possess par-
tial & aromatic characters, which is the origin of the C, (*4") global minimum structure. Our theoretical
results clearly show that the Re;F3 (C;, °4") cluster has a propensity to adopt a high spin state with low
symmetry. The global minimum for ResF; (C,, *4") is an open shell structure with a valence electronic
configuration
la*2a”3a"4a"*5a"%6a*Ta” 1a"2a"*8a"*9a"*3a"*10a"*4a"* 11a*12a"*13a"*5a"*6a"* 14a' 154" Ta"'8a"".
Our computational results also show that the global minimum Dj, (IA'I) for RegFgJr has been

proved to possess three types (o, , and d) of the d-bonding interaction (as shown in Fig. 3, a) with

"2

electron configuration la'? 1242 2¢'*1a'33¢™* 1" 1a"33a'? 2a"54¢ *4a'? 2¢"*5¢™*. Because of the simi-
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larity with ResF; in the structure, we explore the possibility of aromaticity in Re3F§+. The ground state
of the Re3F§+ (D3, 3A'1) dication is predicted to be an open shell with electron configuration
1a'?1e"2¢"2a'? 1¢"*3a'? 1a'33¢* 1a"32a"34¢'*4a'* 2¢"*5¢, which is formed by removing two electrons
from the HOMO of ResF3 (D3, 1A'l). As shown in Figs. 4, a and 3, a, the top eight MOs of Re;F3 (D5,
1A’l) were essentially maintained in the Re;F §+ (D3, 3A'l) dication because only slight distortions are
observed. The fully occupied HOMO-8 (3a}) of the (ResF3)*" (D3, *4}) dication is a ¢ bonding MO,
and the fully occupied HOMO-3 (4¢") of the Re3F§+ (Dsp, 3A’l) dication are two partially bonding/anti-

bonding doubly degenerate o* orbitals. They form a ¢ bonding/antibonding pair, due to that HOMO-3
(4¢') and HOMO-8 (34)) are composed of the same s-d hybrid functions. They would almost cancel

each other, thus resulting in negligible metal-metal ¢ bonding in the Re3F§Jr (D3, > A}) dication. Analo-
gously, the fully occupied HOMO-4 (245 ) and HOMO-1 (2¢") of Re3F§+ (D3, *A}) are m and ©* orbi-

tals, respectively, which form a © bonding/antibonding pair and do not contribute to the net chemical
bonding in the ResF3" (D, *4/) dication. The HOMO-2 (4a)) and HOMO (5¢') of ResF3* (Dsy, *4))
are o bonding and &* antibonding orbitals, respectively, which are formed by removing two electrons
from the 5¢’* HOMO of ResF5 (D3, IA'l ). These three orbitals form a & bonding/antibonding pair. The

antibonding 5S¢’ HOMO is half-filled, resulting in a partial & bonding contribution, which is responsi-
ble for the triangular Re; framework. The remaining one valence MO of the Re3F§+ (Dsp, 3A’l) dication

is HOMO-5 (1a”22 ), and the overlap of the 2p.-orbitals of three fluoride atoms generates a bonding 1a)
1-MO with two 7 electrons. The two delocalized 7 electrons indicate that the ResF3* (Dsy, *4}) dica-

tion can be considered as mr aromatic according to the (4n+2) Hiickel rule, which is responsible for the
triangular F; framework. In the present studies, the RegFgJr (Dsp, 3 AY}) dication is the first example of ©
aromaticity composed of the p., AOs of three nonmetal atoms in transition metal and nonmetal com-
pounds. The Re3F§+ (Dspy 3 A}) dication is an unusual case of combining 5d.2 orbital partial & aromati-
city of Re; with 2p, orbital © aromaticity of F5. Thus, the Re3F§Jr (D3, 3A’l) dication can be considered

to possess the multiple (nr and partial &) aromatic character.

As depicted in Fig. 3, ¢, the 34/, 4¢’, and 6¢' MOs of the ResF~ (Ds, *4}) ground state form a &
bonding/antibonding pair and should not significantly contribute to the net aromaticity. The 2a5, 2¢”,
and laf MOs form a set of © bonding/antibonding/nonbonding MOs composed of the same Re 5d.2,

5d,., and 5d,. hybrid functions, and should not contribute to the net aromaticity. The 44’ and 5¢’ MOs

are completely & bonding and partially 8* bonding/antibonding MOs. The bonding 44} MO is fully

filled and the bonding/antibonding 5¢’ MOs are half-filled, resulting in a partial & aromaticity contri-
bution to Re3F§_ (D3, 5A’l). The most interesting MO is HOMO (54/), which is a completely bonding

o, orbital composed of 5d,, >, AOs from each Re atom. The two delocalized electrons of the Re
atom indicate that the RC3F§_ (Dsp, 3 A}) cluster can be considered as o, aromaticity according to the

(4n+2) Hickel rule for ¢ aromaticity. Fig. 3, ¢ shows that the fully occupied HOMO (54)) indeed de-

scribes pure three-center two-electron (3c—2¢) Re—Re o, bonding interactions with a very small con-
tribution to the Re3F§_ (D3, 5A'l) cluster. In conclusion, the RegFg‘_ (D3, 5A’l) cluster can be consi-

dered to possess multiple (¢ and partial ) aromatic characters.
Re;F;X" (G, '4y) (X = Li, Na, K) and Re;F;Y*" (Cs,, '41) (Y = Be, Mg, Ca) complexes. Geo-
metric structures. Our studies on the ResF3X" (Cs,, '41) (X =Li, Na, K) and ResF;Y*" (Cy,, '4))
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(Y = Be, Mg, Ca) complexes indicate that all Re—Re bond lengths are equal in the same species. As
seen from Fig. 1, the Re—Re bond lengths are 2.341, 2.342, 2.339, and 2.358 A, 2.360, 2.348 A for
Re;FsLi", ResFsNa', ResFsK, and ResFsBe®, ResFsMg®', ResFiCaj, respectively. These Re—Re
bond lengths are lower than the sum (2.560 A) of covalent radius for the Re and Re atoms. The Re—Re
bond length of the regular triangular Re; framework in the Res;F; (Dj), 1A'l) ligand of the hexagonal
pyramidal Re;F;X' (Cs,, 1Al) (X =Li, Na, K) and Re;F, Y (Gsy, 1Al) (Y =Be, Mg, Ca) complexes
provides the structural criteria of aromaticity. Except for the trend of all Re—Re bond lengths in the
same structure to be equal, another trend can also be inferred from Fig. 2. The Re—Re bond lengths
increase in the following order: Re;F; (Ds, 3A'l) <ResF;Li" < ResFsNa' < Re;F3K' < ResFiBe? <
< Re3F3Mg2+ < Re3F3Ca§. Based on the equation of all Re—Re bond lengths in the same conforma-

tion, we could conclude that in all species the Re; building block has a delocalized Re—Re bond and
the strength of the metal-metal bond between Re and Re decreases in the above order. The above men-
tioned results can also be obtained from the analysis of WBIg, g, in Table 1.

MO analysis. The electron structure and bonding nature in the hexagonal pyramidal ResF;X"
(Csy, '4;) (X =Li, Na, K) and Re;sF3Y* (Cs,, '4;) (Y = Be, Mg, Ca) complexes can be also understood
by analyzing their MOs. As depicted in Fig. 3, the MO numbers, shapes, and distribution and the
bonding nature are completely the same in the hexagonal pyramidal ResFsLi" (Cs,, '4;) and ResF;Be*
(Cs,, '41) complexes as the ResF; (D, 1A’l) ligand because only slight distortions are observed. The
free ResFs (Dy, 'A}) cluster and its ResF3X' (Cs, '41) (X=Li, Na, K) and Re;F5Y*" (C3,, '4))
(Y = Be, Mg, Ca) complexes are valence isoelectronic species and found to have the same singlet spin
state. As shown in Fig. 3, a, fully occupied 3a), 2a5 and 44 in the free ResF5 (D3, '4}) cluster are ¢

bonding, © bonding, and & bonding orbitals, respectively. Fully occupied 4e’, 2¢”, and 5¢’ in the free
ResFs (D, 1A’l) cluster are doubly degenerate * antibonding, n* antibonding, and 6* antibonding

orbitals, respectively. The free Re;F5 (D5, 1A'1) cluster possesses delocalized ¢ bonding, n-bonding,
and 0 bonding orbitals. This cannot make the aromatic nature of the ResF; (Dj,, 1A'l) cluster because
4¢' o* antibonding, 2¢" m* antibonding, and 5S¢’ 5* antibonding orbitals exist in electron configuration
la'}1e*2a'?2e*1d'33e* 1" 1a"33ad'T 2a"54¢ *4a'} 2¢"*5¢™ of the free ResFs (Dyj, 'A') cluster. It must
affirm that the free Re;F; (D5, 1A'l) cluster possesses three types (o, 7, and 8) of the d-bonding inter-
action. As seen from Fig. 3, b and ¢, HOMO-4 (6a;) of ResFsLi" (Cs,, 4 1) (or Re3F3Bez+) 1S a com-
pletely delocalized & bonding MO that mainly originates from the HOMO-2 (44)) of free ResF; (D5,
'4}). The HOMO-7 (5a;) of ResFsLi" (C,, '4)) (or Re;sF3Be™) is a completely delocalized © bonding
MO that mainly originates from the HOMO-4 (2a3) of free ResF; (D3, 1A’l). The fully occupied

HOMO-8 (4a,) of ResFsLi" (Cs,, '4;) (or ResF3Be™) is a completely delocalized o bonding MO that
mainly originates from the HOMO-5 (3a) of free ResF5 (D), 1A’l). Three MOs existing in Re;F;Li"

(Csy, 1A1) or Re;F;Be?" (Csy, 1A1) are three types of the d bonding interaction, which is responsible for
a three-center metal-metal bond of the triangular Re; framework in Re;F5Li" (G, 1Al) or Re;F;Be*”
(Cs,, lAl). Similar results also exist in the Re;F;Na™ (Cs,, lAl), Re;FsK' (Cs,, lAl), Re3F3Mg2+ (Gs,,
lAl), and Re;F;Ca; (Cs,, 1Al) complexes. Our extensive DFT calculations reveal that the ground state
of the Res;F; (Dsp, 1A'1 )  cluster possesses valence  electronic configuration

la'?1e"2a"32¢"1d'33e" 1" 1a"53a'} 2a"54¢"*4a'F 2¢"*5¢"  and  the hexagonal pyramidal-type

Re;F5Li" and Re3F3Be2+ complexes are the (C;,, 1Al) structures with a valence electronic configuration
la?1e2e*2a%3%4e 1 a3 5¢°6¢*3a 1 a3 1*8e%4a’ 5a2 9¢*10e%6a 1171267 13¢* 14¢%. Obviously, the ResFs
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(D, 'A}) structural units were perfectly preserved in these ResF;X'™ (Cs,, '4)) (X =Li, Na, K and
Re;F;Y? (Cs,, '4)) (Y = Be, Mg, Ca) complexes.

As depicted in Fig. 3, b, the Li center in Re;FsLi" (Cs,, 1Al) is practically a naked atom. The cal-
culated atomic natural electron configuration of Re [Xe]6s™*’5d>**6p”6d*"* and Li [He]2s"""2p""" of
ResFsLi™ (Cs,, '4)) support the metal-metal bonding of the Re—Re and Li—Re ionic interactions.
Similar results also exist in the Re;FsNa'™ (Cs,, lAl), Re;F3K™ (G, lAl), Re3F3Mg2+ (Cs,, lAl), and
Re;FsCa; (Cs,, 1A1) complexes. Table 1 indicates that Re—Re and Re—F interactions are typical sin-
gle bonds throughout the whole hexagonal pyramidal complexes, and WBIg. ge = 1.804 — 1.430 and
WBIge §~0.335—0.373 were found. The X'—ResF; (X =Li, Na, K) (or Y**—Re;F; (Y = Be, Mg,
Ca)) ionic interactions are clearly demonstrated by the fact that the alkali metal atom and the alkali-
earth metal atom in these hexagonal pyramidal complexes possess high calculated natural atomic
charges with Qi =0.904(e|, On.=0.938le|, Ok =0.969le|, QOg.=1.348le|, Owm,=1.589¢[, and
QOca = 1.754]e|. The ionicity of these complexes increases from X =Li, Na to K and from Y = Be to
Mg Ca, in line with the corresponding total WBIs that decrease from WBI; = 0.188, WBIy, = 0.122 to
WBIk = 0.064 and from WBIg, = 1.090, WBIy, = 0.692 to WBI¢, = 0.477. The HOMO energy of the
system is effectively lowered from —7.59 eV in free Re;F; to —11.67 eV in ResFsLi', —12.14 eV in
Re;F3Na, —12.65 eV in Re;F;K', and —16.80 eV in Re;F;Caj, —17.88 eV in Re;F;Mg®", —18.96eV in
Re;F;Be” and the corresponding HOMO-LUMO energy gaps are greater than 7.51 eV in free ResFs,
which clearly provides evidence for the presence of a local ring-current effect on the Res triangles and
therefore the aromatic nature of the Re;F; (D3, 1A'l) ligand in these novel complexes.

CONCLUSIONS

We reported the theoretical studies on the rhenium low-fluoride ResF3 ™% clusters and its hexa-

gonal pyramidal-type Re;F3X" (Cs,, '4}) (X =Li, Na, K) and Re;F;Y*" (Cs,, '4)) (Y = Be, Mg, Ca)
complexes using DFT calculations. Comprehensive calculations are performed in search for the lowest
energy structures of the Re3F§+ dication, neutral ResF;, and Re3F‘3‘7 clusters. The ground state of

ResF37 is found to be triplet state ‘4] (lafle*2e'*2d'f1e"3a't1d'53¢" 1a"52a"34€'x
><44a’12 2¢"*5¢'”) with the Dy, symmetry; the ground state of ResF; is found to be quintet state A’

(1a'2d'*3a"4a'*5a"6a"*1a'*1a"2a"*8a'*9a"*3a"*10a"*4a"* 11a"*12' a;13a"*5a"*6a"* 14a' 154" 7a"" 8a"")
with the C, symmetry, and the ground state of Res;F3 is found to be quintet state °A|

(1a'71e™2a'72e*1e" 3¢ 1d'3 1a"33d'F 2a"54¢*4d'F 2¢"*5e* 1" 6¢*5a'%) with the Dy, symmetry, re-
spectively. A detailed MO analysis reveals that Re3F§Jr (Dsp, 3A'l) possesses multiple (n and partial d)

aromaticity responsible for a three-center bond of the triangular F; framework and the triangular Re;
framework. The ResF; (C,, A") cluster possesses partial S-aromaticity responsible for a three-center
metal-metal bond of the triangular Re; framework. The RegFg‘_ cluster possesses multiple (o and par-

tial o) aromaticity responsible for a three-center metal-metal bond of the triangular Re; framework.
The totally delocalized d orbital chemical bonding was discovered in the transition metal rich-
oxidation state and transition-metal low-oxidation state clusters in the past. The results obtained in the

present work provide other transition-metal low-fluoride R63F§+/ /4= Clusters containing multiple (o,

n, and &) aromaticity and its hexagonal pyramidal-type ResFsX™ (Cs,, '4;) (X =Li, Na, K) and
ResF3Y?" (Cs,, '4)) (Y =Be, Mg Ca) complexes also possess the corresponding three types of the d
bonding interaction. It is worth noting that the Re;F §+ (D3, 3A'l) dication is the first example of 7 or-

bital aromaticity composed of the 2p. AOs of three nonmetal F atoms in the transition metal com-
pound. These novel complexes may be targeted in future experiments to open a new area of coordina-
tion chemistry.
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