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The equilibrium geometries, electronic properties, and aromaticity of tungsten low-fluoride
W3F;/_ clusters and their half-sandwich-type W;3F;X (X =Li, Na, K) and W5F;Y" (Y = Be,
Mg, Ca) complexes are investigated by density functional theory (DFT) methods. The calcula-
tions reveal three types of the d bonding interaction existing in the planar regular hexagonal
W;3F3 (D3, '4)) cation, W3F5 (D3, > A7) anion, and W3F5X (Cy, *4") (X = Li, Na, K), W3F;Y"

(C,, 3A”) (Y =Be, Mg, Ca) complexes. The & aromaticity is revealed in the W3F§ (D3, 1A'l)
cation, while the W3F; (D3, 3A’l’) anion possesses partial & aromaticity. They have two delo-

calized § electrons, satisfying the (4n+2) Hiickel electron counting rule.
DOI: 10.26902/JSC20170704
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INTRODUCTION

Aromaticity was introduced into chemistry by Kekule. This concept was originally accepted and
established in organic chemistry to describe the delocalized m bonding in planar, cyclic, and conju-
gated molecules possessing (4n+2) 7 electrons [ 1 ]. In recent years, it has been extended to the realm
of all-metal clusters, then later to main-group element and transition-metal clusters [ 2—16]. It was
shown that the prototypical all-metal aromatic cluster Ali_ was an example of a doubly aromatic sys-

tem with the simultaneous presence of o radial (o), o tangential (o), and ® aromaticites. In recent
years, much attention has been given to aromaticity and antiaromaticity of transition metal clusters and
complexes with the multiple charge [ 17—25 ]. The presence of d orbitals endows much more diverse
chemistry, structures, and chemical bonding to transition metal clusters and compounds which exhibit
physical and chemical properties. The delocalized multi-center bonding in the transition metal systems
also raises the interesting possibility for d orbital aromaticity, in particular, & aromaticity, which has
been actively pursued lately [ 26—33 ]. In 1964, Cotton and co-workers published a research report
[34 ] in which the presence of a new type of the chemical bond, which is a & bond between two Re
atoms of K,[Re,Clg]-2H,0, was shown. Until 2007, the first circularly delocalized three-center & bond
was observed for Ta;O5 (D3, 1A’l) in a joint photoelectron spectroscopy (PES) and ab initio studies of
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Zhai et al. [32]. The totally delocalized multi-center & bond renders 6 aromaticity for Ta;O; and
represents a new mode of chemical bonding, having a meaning of a milestone. Ta;O5 is the first &
aromatic molecule confirmed experimentally and theoretically. This report suggests that & aromaticity

exists in many multinuclear low-oxidation-state transition metal compounds. In the same year,
Averkiev and Boldyrev [33] theoretically predicted that the Hf; cluster in the (Di, '4))

(1a'122a'12 le'4la"%3a'12 ) state possessed triple (o, 7, and 3) aromaticity. At present, systems containing
transition metal clusters have been actively studied by experiments and theory in chemistry and bio-
chemistry. The number of all transition metal aromatic/antiaromatic clusters and compounds reported
in the literature has grown enormously: Cuz [35], X5 (X=Sc, Y, La) [36], X%f (X=2Zn, Cd, Hg)
[10], Hf5 [33], Tay [37], M50, and M3O§_ (M =W, Mo) [39], Ta;05 [32,39], Ta;0, (x = 1—28)
[39], Nb; and Nb;O, (n=1—8) [40], Re, (n < 8) [41 ], Re;X, and Re3X§_ (X=Cl, Br) [42,43],
RegXé_ (X =Cl, Br) [44 ], M305 and M305 (M = Cr, W) [45 ], M504 and M305” (M =W, Mo) [46],
Wg/ 2~ and W3O;/0 (x =0—2) [47]. Obviously, transition metal compounds contain mainly rich-
oxidation-state and low-oxidation-state transition metal compounds. We consider that & aromaticity
also may exist in other multi-nuclear transition metal clusters. The W;F ;r/ ~ clusters were derived from
low-fluoride transition metal clusters, and this drives the objective to be achieved at the DFT level.

COMPUTATIONAL METHODS

All calculations were performed using the Gaussian 03 program package [ 48 |. Equilibrium geo-
metries and vibrational frequencies of the W3F3/ " cluster, the half-sandwich-type W3F;X (X = Li, Na,
K) and W5F;Y" (Y = Be, Mg) complexes were fully optimized by the hybrid DFT-B3LYP method
[50, 51 1. For W3F§'~, W3FsX (X = Li, Na, K), and W3F;Y" (Y = Be, Mg, Ca) clusters, they were op-
timized at B3LYP 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 W metal (Z = 74). Vibrational frequencies were calculated by the
B3LYP methods to characterize the stationary points as minima (number of imaginary frequencies
Nimag = 0) or transition states (Nimag = 1) and the second-order saddle point (Nimag = 2). Molecular orbi-
tals (MOs) of the most stable W3F§r/ " cluster, the half-sandwich-type W;F;Li (C,, 3Al”) and W;F;Be”
(Cy, *A") complexes were calculated by the B3LYP method with the corresponding basis set. All MO
pictures were made using the Gaussview 3.7 program [ 48 ]. The bonding nature and atomic charge
were analyzed by the natural bond orbital (NBO) analysis [ 52 | using the B3LYP method with the cor-
responding basis set.

RESULTS AND DISCUSSION

The optimized geometric structures for the global minimum of W;F ;r/ ~ and selected low-lying

isomers are illustrated in Fig. 1. The relative energies (AE) and the number of imaginary frequencies
(Nimag), the lowest vibrational frequencies (Ymin), and W—W and W—F bond lengths (in A) for the
W3F§/ ~ isomers are given in Table 1. The optimized geometric structures for the global minimum of
the half-sandwich-type W3F;X (X = Li, Na, K), W3F;Y" (Y = Be, Mg, Ca) complexes are illustrated in
Fig. 2. Table 1 lists the number of imaginary frequencies (Nimsg), the lowest vibrational frequencies
(Ymin), the relative energies (AE), the Wiberg bond index (WBI) of W—W (WBIlyw_vw), W—F (WBIly_§),
and total WBI of metal centers M (WBIy), the natural atomic charges Oy of the metal atom, HOMO
energies (Enomo), HOMO-LUMO energy gaps (AE) at the B3LYP level for W5F;X (X =Li, Na, K)
and W;3F;Y" (Y = Be, Mg, Ca). The MOs pictures for the most stable W;F ; (D3, lA'l) cation, the

W;F5 (Ds, 3A'1) anion, and the half-sandwich-type W;F;Li (C, 3A”), W;F;Be" (C,, 3A") complexes are
illustrated in Fig. 3.
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Fig. 1. Optimized structures for the global minimum of W3F;" (Ds,, IA'I), W;3F;3™ (D3, 3A'l), and their

selected low-lying isomers. The relative energies AEy, (kcal/mol™) and interatomic distances (/&)
were calculated at the BALYP/LANL2DZ level of theory

W;F3 (D3, 'A}) and WiF5 (D3, *AY) clusters. Geometric structures. Firstly, we performed an

extensive search for the W;Fg/ ~ global minimum for the singlet, triplet, quintet, and heptet states at the

B3LYP level of theory with the corresponding basis set.
For the single charged W3F3' cluster, we considered all different geometries and spin multipli-

cities. A selected set of optimized low-lying structures and electronic states for W3F§r/’ are summa-
rized in Fig. 1, along with their equilibrium geometries and relative energies. For the W3F3 cation

seven geometric isomers were obtained, which had different symmetry, i.e. structures 1, 2, 3, 4, 5, 6,
and 7 (Fig. 1). Seven geometric isomers of W3F3 with different spins are minima on the B3LYP po-

tential energy surfaces with all real vibrational frequencies. The theoretical studies show that the W;F3
global minimum has a planar regular hexagonal structure 1 Dy, (IA'I) (Fig. 1). Therefore, the ground
state of W3F} is found to be a singlet state ' 4] with the D5, symmetry and a W—W bond length of
2.324 A. Our theoretical results clearly show that W;F3 has a propensity to adopt a singlet Dy, (' 4})
ground state, whereas two nearly isoenergetic states Cs, ('4,) and C; ('4") are found to compete for the
ground state of W;Fj; they are singlet states at the B3LYP level of theory with the corresponding ba-
sis set. A completely distorted pentagon structure C, (°4) with a quintet state for W3F; (Fig. 1, 4) is
found to be only 0.255 eV above the ground state. This C; (*4) structure has one terminal and one
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Table 1

Calculated number of imaginary frequencies (Nimag), lowest vibrational frequencies (Ymin) (em™),
Wiberg bond index (WBI) of W—W (WBly_w), W—F (WBIlyw_§), and total WBI
of metal centers M (WBly), natural atomic charges Qy (€) of the metal-atom bond,
HOMO energies (Exgomo) (€V), HOMO-LUMO energy gaps (AE) (eV) at the BSLYP/ LANL2DZ
level for W3FsX (Cy, *A") (X = Li, Na, K) and W3F;Y " (C,, *4") (Y = Be, Mg, Ca)

Species ]vimag Ymin WBlwa WBlwa WBIM QM EHOMO AE
WiFsLi (C,, *4)) 0 [207] 1.963 0.277 | 0.334 | 0.8128 | —0.22202 | 0.22122
W;F;Na (C,, *4)) 0 74| 1.968 0.273 | 0.346 | 0.8054 | —0.18672 | 0.18420
W3F3K (G, *4)) 0 55| 1.988 0.270 | 0.204 | 0.8913 | —0.20267 | 0.19728
W;F3Be" (C,, °4)) 0 |131] 1.685 0.316 | 1.295 | 1.1521 | —0.46008 | 0.30532
W3FMg' (C,,°4)) | 0 41| 1.832 0.307 | 0.956 | 1.2976 | —0.47347 | 0.30907
WF;sCa' (Cy, °4)) 0 62| 1.874 0.298 | 0.222 | 1.5293 | —0.41652 | 0.36592
W3F3 (D, °4)) 0 99 | 2.108 0.256 —0.02755 | 0.15903
WiF3 (D3, 4) 0 99 | 2.108 0.256 —0.02755 | 0.15903
WiF3 (D3, '4) 0 70 | 2.362 0.334 —-0.47189 | 0.29245

bridging fluorine atom. The terminal W(1)—F(6) distance is 1.874 A and is similar to that in mono-
fluorine. The bridging W(1)—F(2)—W(3) distances are little different (2.132 A vs. 2.084 /0\). The lo-
west heptet state (Cy, '4") is 0.757 eV above the ground state. As seen from Fig. 1, 1, the W—F bond
length is 2.138 A for the WsF; (Ds, '4Y) cluster. This W—F bond length is lower than the sum

(2.90 &) of covalent W and F radii. The bond length of the planar regular hexagonal W5F5 (D3, 1A’l)

cluster provides the structural criteria of its aromaticity. As seen from Fig. 1, 1, the W—W bond
length ly_w is 2.324 A for the ground state of W3F§ (Dsp, 1A'l) cluster. The bond length /y_w is lower

than the sum (2.60 A) of covalent W and F radii. The bond length of the triangular W3 framework in
the W5F; (Dsj, ') cluster provides the structural criteria of its aromaticity. The Wiberg bond index

(WBI) also provides some information about the existence of ring current. As seen from Table 1, the
calculated WBI of W—W for the regular hexagonal W3F§r (Dsp, 1A'l) cluster is 2.362, which is be-

tween the standard values for double (2.0) and triple (3.0) bonds. This WBI value supports the forma-
tion of a delocalized effect on the triangular W5 framework in the W3F} (D, 1A'l) cluster and there-

fore the aromatic nature of the W3F3 (D, 1A'l) cluster. It goes without saying that the W—W bond of
the triangular W3 framework in the W3F§r (Dsp, 1A'l) cluster is a completely delocalized three-center

two-electron (3¢c—2¢) metal-metal bond. The calculated atomic natural electron configuration of W
[Xe] 6s**5d**®6p" 264" 7p" ! of W;F3 (D3, 1A'l) supports the metal-metal bonding of the W—W

interaction.

Li
Na K Mg
. Be
F W F W F F W F F W F f W, F
W%W ﬁ%i
vpg VY W g W F WV @ W v g W

1. W,F;Li 2. W;F;Na 3. W;F;K 4. W;F;Be* 5. W;F;Mg*

Fig. 2. Optimized structures for the global minimum of the W3F;X (X = Li, Na, K) and W5F;Y" (Y = Be, Mg,
Ca) all-metal compounds
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Fig. 3. Seven top MOs in W;F3 (D3, 1A'l) and nine top MOs in W3F; (Ds, 3A'1), W;F;Li (C,, *4"), and
W;F;Be" (C,, 3A”) responsible for the planar triangular W3 framework

We also performed an extensive search for the W3F; global minimum for each spin state at the
B3LYP level of theory with the corresponding basis set. For the single charged WsF; cluster, four
geometric isomers were obtained, which had the identical spin state and different symmetry, i.e. struc-
tures 8 (D, 3A’1), 9 (Ci, 3A”), 10 (G, 332), and 11 (C, 3A), as shown in Fig. 1. Four geometric iso-
mers of W3F3 are minima on the B3LYP potential energy surfaces with all real vibrational frequen-
cies. The theoretical studies show that the W3F; global minimum has also a planar regular hexagonal
structure 8 (Fig. 1) D3, (3A'1). The energy stability order of the four isomers is 8 =9 > 10 > 11 at the
B3LYP level of theory. The ground state for the W3F5 anion is shown to be a triplet state (3A'1) with
the Dj;;, symmetry. As seen from Fig. 1, the W—F bond length is 2.195 A for the W;3F5 (Dsp, 3A'l)
anion, which is formed by two electrons from the W3F3 (Dj, 1A'l) cation. The two electrons occupied
two doubly degenerate HOMO (5¢’) bonding/antibonding orbitals. Comparing the perfect D5, structure
of W;F; with that of W;3F}, we see that the W—W bond length of W5F5 is slightly longer (0.030 A)
than that of W;F5. This is due to that the additional two electrons occupy the HOMO (5¢") of W5F3,
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which is an antibonding orbital. The W—F bond length is shorter than the sum (2.90 /0\) of covalent
radii of W and F atoms. The bond length of the planar regular hexagonal WsF; (D3, °4}) cluster pro-

vides also the structural criteria of its aromaticity. As seen from Table 1, the WBIy,_w indices of the
W;3F3 (D3, 3A'l) cluster is 2.108, which is between the standard values of double (2.0) and triple (3.0)

bonds. This WBI value supports the formation of a delocalized effect on the triangular W3 framework
in the W3F5 (Ds), 1A'l) cluster and therefore the aromatic nature of the WsF5 (D3, 3A'l) cluster.

MO and chemical bonding analysis. To help understand the electronic structure and bonding
nature in the W3F§/ ~ clusters, we carried out a detailed MO and chemical bonding analysis for the

WiF3 (D3, '4)) and WiF5 (Dsy, A4Y) ground states (Fig. 3).

Our calculations show that the ground state for W5F ;’ is a closed shell Dj, (IA’l) structure with a
valence electron configuration 1a'; 1e"*2a'72¢™*1e"1a'33e'*1a"33d'F 2a"34¢*4a'7 2¢"*. Out of the 38
valence electrons in the W3F3 (D, 1A’l) cluster, 24 belong to either pure fluorine lone pairs or those

polarized towards W responsible for the covalent contributions to the W—F bonding, as in Hf5F5 (Ds),
1A'1) [ 53 ]. The remaining 14 valence electrons are primarily W-based and involved in the direct metal-

metal bonding. They occupied the top seven MOs of the WsF3 (D, 1A’l) cluster (Fig. 3) and are re-

sponsible for the perfect triangular W5 framework. These seven MOs are primarily composed of the 5d
orbital and partially of W s—p—d hybrid orbitals. For the ground state of W3F3 (Dj;, 1A'1) cluster, the

fully occupied HOMO-1 (2¢"”) and HOMO-3 (2a;) form a © bonding/antibonding pair because 2e”
and 2a; MOs were composed of totally the same s—p—d hybrid function. They would cancel each
other and do not contribute to the net chemical bonding in the W5F; (D3, 1A’l) cluster, resulting in

negligible metal-metal © bonding. This phenomenon is also observed in the HOMO-4 (34}) and
HOMO-2 (4¢') pair which is, however, a o, bonding/antibonding pair. The remaining HOMO (44)) is

the most important and interesting MO, which is a completely bonding orbital mainly originating from

the in-phase overlap of the 54,2 atomic orbital on each W atom perpendicular to the molecular plane.
However, this MO perpendicular to the molecular C; axis has two nodal surfaces and is symmetric
with respect to the molecular plane, thus, it is a & orbital. The circular delocalization and the bonding
nature of the HOMO (44)) give rise to & aromaticity, according to the expanding (4n+2) Hiickel count-

ing rule. This 6-MO is responsible for the metal-metal bonding and the perfect triangular W; frame-
work. It is obvious that the HOMO (44)) is a three-center bond (3¢—2e). This low-fluoride transition-

metal cluster WsF3 in the 14) (a7 1e'*2d'f2¢/*1e"1a'53e'* 1a"33a'T 2a"54¢*4a'T 2¢"*) electron state

with the Ds, symmetry is another example of 6 aromaticity in the multinuclear low-fluoride transition
metal systems.
Our theoretical results clearly show that the W3F5 anion has a propensity to adopt a triplet ° 4/

state with the D3, symmetry (Table 1). It is predicted that W;F5 is an open-shell structure with a va-
lence electronic configuration 1a'71e'*2a't2¢'*1a'33¢/* 1" 1a"33a' 2a"34¢'*4a'F 2¢"*5¢”*. The mo-
lecular orbital distribution and the bonding nature in the W3F3 (D5, 3A'l) anion are totally the same as
in the W3F§r (Dsp, 1A'l) cation (Fig. 3). Twelve inner shell valence MOs in the W3F§r (D3, 1A’l) cation
were essentially maintained in the WsF5 (Dsy, 3A;) anion since only slight distortions and a change in
the orbital order are observed. In the nine top MOs of the W3F5 (D3, 3A’l) anion, fully occupied
HOMO-5 (34}) and HOMO-3 (4¢') form an ¢ bonding/antibondiong pair and HOMO-4 (2a;) and
HOMO-1 (2¢") form a © bonding/antibonding pair, which should not significantly contribute to the net
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aromaticity. The HOMO-2 (44) and HOMO (5¢’) form a & bonding/antibonding pair, but the anti-
bonding 5e’ orbital is half-filled, resulting in a partial & bonding contribution to the W3F5 (Dsy, 3A'l)
anion. Thus, the WsF5 (D), 3A’l) anion can be considered to possess only a partial & aromatic charac-

ter.
The above analysis reveals three types of the d bonding interaction existing in the planar regular

hexagonal W3F3 (Ds, '4}) cation and the WF5 (D3, 3 4") anion. HOMO-4 (3a)) of the W3F3 (D3,
'4}) cation and HOMO-5 (34" of the W3F3 (D3, *4) anion are the completely delocalized -bonding
orbital, and HOMO-3 (245) of the W3F3 (D3, 1A'l) cation and HOMO-4 (2a3) of the W3F5 (D), 3A'l)
anion are a completely delocalized © bonding orbital, and HOMO-1 (4a)) of the WsF3 (D3, 1A'l)
cation and HOMO-2 (4d') of the W5F; (D3, *4}) anion are a completely delocalized & bonding or-

bital. Because there are these delocalized bonding orbitals, the Wiberg bond indices (WBIs) of the
W;F3 (D3, 1AD cation and the W;F5 (Dj, 3 A[") anion are placed between the standard values of dou-

ble (2.0) and triple (3.0) bonds.

W;F:X (C,, *4") (X =Li, Na, K) and W3F;Y" (C;, *4") (Y = Be, Mg, Ca). Geometric struc-
ture. When one alkali metal cation X* (X" =Li", Na*, and K") or one alkaline-earth metal dication Y**
(Y* =Be”", Mg*", and Ca®") approaches a free WiF5 (Dsy, 3A'1) anion along the threefold molecular

axis, the half-sandwich type W5F;X (C;, 3A") (X =Li, Na, K) or WsF;Y" (C,, 3A") (Y =Be, Mg, Ca)
complexes are produced (Fig. 2). The bond length /w_w =2.368 ~ 2.368 A, and 2.366 ~ 2.366 A, and
2.366 ~2.366 A, Iy _§=2.174 ~2.176 A, and 2.183 ~2.185 A and 2.183 ~ 2.185 A, for Li, Na, and K,
respectively, and the bond length lyw_w =2.419 ~2.420 A, and 2.404 ~ 2.405 A, and 2.385 ~ 2.386 A
and ly_p=2.121 ~2.122 A, and 2.139 ~2.141 A and 2.145 ~ 2.149 A, for Be, Mg, and Ca, respec-
tively. Obviously, WsF5 (D, } A}) anion structural units were preserved in these half-sandwich type

complexes when compared to those in free D5, (W3F;)". This indicates that W—W and W—F interac-
tions are typical completely delocalized single bonds throughout the whole half-sandwich type com-
plex series, and WBIy_w = 1.6—1.9 and WBIy_f ~ 0.27—0.31 were found. WBIy_w (1.6—1.9) is
between the standard values of single (1.0) and double (2.0) bonds. It means that there is a ring current
effect on the triangular W3 framework in the W3F3 (D3, 1A'l) cluster. This WBI value supports the

aromatic nature of the WsF5 (D), 3A'1) cluster. The X+—W3F§ and Y2+—W3F§ ionic interactions are

clearly demonstrated by the fact that the alkali and alkaline-earth metal atoms in these complexes pos-
sess high calculated natural atomic charges Qp;=0.813le|, On,=0.805le|, Ox=0.891le|, and
QOge = 1.152Je|, Omg = 1.298e|, Qca = 1.529]e|. The ionicity of these complexes increases from Li to K,
Be to Ca, in line with the corresponding total Wiberg bond indices, which decrease from WBI; = 0.33
to WBIx =0.20, and WBIg, = 1.29 to WBI¢, =0.22. The HOMO energy in the system is effectively
lowered from —0.026 eV in free (W3F3) to —0.222 eV in (W;F;Li), and to —0.460 eV in (W;F;Be)’,
respectively, and the corresponding HOMO-LUMO energy gaps are greater than 0.159 eV in the free
W3F5 (D, 3A'1) anion. The W3F5 (Dsy, 3AD anion serves as a robust inorganic ligand in these com-

plexes.

MO and chemical bonding analysis. The structure and bonding in W;F;X (C,, 3A”) (X =Li, Na,
K) and W;F;Y" (C,, *4") (Y = Be, Mg, Ca) can also be understood by analyzing their MOs. As in the
W3F5 (D3, 3AD cluster, out of 40 valence electrons in W3F;Li (C,, 3A”), 24 belong to either pure fluo-

rine pairs or those polarized towards W (responsible for the covalent contributions to the W—F bond-
ing). The top nine MOs of the free W3F3 (D3, *4}) cluster were essentially maintained in the half-

sandwich type W3F;Li (C,, *4”) complex (Fig. 3) since only distortions and a change in the orbital or-
der are observed. The Li center in W;FsLi (C,, *4") is practically a naked cation. The calculated natural
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0142"%* supports the ionic bonding nature of the Li'—W;F 5 inter-

electron configuration of Li [He] 2s
action. The Li atom loses its 2s' electron almost completely, whereas its 2p orbital remains practically
empty (Fig. 3). Similar results exist in the W3F;Na and W;F;K clusters. An extensive calculation re-
sults shows that the ground state of W3F;Li is a Cj (3A") structure with a valence electronic configura-
tion 1a”1a"2a"*3a"4a"*2a"*3a"*5a"*4a"*5a"*6a"*1a"*8a*9a"*10a"*11a"*6a"*12a"*7a"*13d''8a"".  As
shown in Fig. 3, the 114’ and 6a” MOs of W;F;Li (C;, 3A”) are two antibonding ¢* MOs, which

mainly originate from the two degenerate 4’ MOs of free W5F5 (D3, 3 A}) and 8a’ MO of W;F;Li (C,,
34") is a completely delocalized ¢ bonding MO, which mainly originate from 3a} MO of free (W;F3)
(Dsp, 3AI1)- The fully occupied 8a' and 114a’, 6a" MOs of W;F;Li (C;, 3A') form a o bonding/anti-

bonding pair and do not contribute to the chemical bonding in W3F;Li (C,, *4"). The 74" and 124’
MOs of W5F;Li (Cy, *A") mainly originate from the bonding/antibonding doubly degenerate 2¢” MOs
of free W3F3 (D3, *4}), this two MOs of W3F;Li (C,, *4") are a bonding/antibonding pair n* MOs,

and 94’ MO of W;F;Li (C,, *4") mainly originate from 2a; of free W5F5 (D5, 3A’1), 94’ is a completely

delocalized © bonding MO. The 94’ and 7a", 124’ orbitals form a © bonding/antibonding pair, but the
antibonding 8a” (HOMO) orbital is half-filled, resulting in a partial © bonding contribution to W3F;Li
(Cy, *4"). Analogously, the 104’ and 124’, 13a' MOs form a § bonding/antibonding pair, the same half-
filled 134’ orbital results in partial 6 bonding in W3F;Li (C, 3A"). It is these delocalized partial & bond-
ing MOs that render the local ring-current effects to the W; triangles, and therefore, aromaticity of the
W,F; ligands in these half-sandwich type complexes. In W3F5Y" (C,, *4") (Y = Be, Mg, Ca) com-
plexes, alkaline-earth metal centers possess the natural atomic configurations of Be[He]
25%72p°34"%%' Mg[Ne] 3s°3p"%34%%" Ca[Ar] 45°°34°%', respectively. In these complexes, alka-
line-earth metal centers lose most of their ns” electrons, whereas their np or (n — 1)d orbitals gain only
a small portion back from the W;F5 ligands. The low occupations of the valence np or (n — 1)d atomic
orbitals indicate that covalent p—d or d—d interactions contribute slightly to the overall bonding of
the systems. The calculation results show that W3F;Be™ (C,, 3A”) and W;F;Li (C, 3A”) are an open-
shell C; (°4,") structure with same valence electronic configuration la'*la"*2a'*3a"*4a'*2a"x
x*3a"*5a"*4a"*5a"*64'*7a"*8a'*9a"*10a'*1 1a'26a”212a’27a”213a’% 8a"' since only slight distortions are
observed, because WsFsBe" (C;, 4") and W;F;Li (C,, *4") are valence isoelectronic species, therefore,
W;F;Be" (C,, *4") also possesses a partial 8-aromatic character (Fig. 3). Similarly, the delocalized o,

n, and & bonding orbitals in the half-sandwich type WFsLi (Cy, *4") and W5F;Be" (C,, *A”) complexes
have also led to an increase in their WBIy_w.

CONCLUSIONS

Extensive DFT calculations are performed in search for the lowest energy structures of multinu-
clear low-fluoride transition metal W3F§/’ clusters and their half-sandwich type W3F:X (Ci, 3A")
(X =Li, Na, K) and W5F;Y" (C,, *4") (Y =Be, Mg, Ca) complexes. The ground state of the W5F}
cation is a Dy, 'd} (1a'}1e2d'32¢* 1" 1a'33e1a"33a'F 2a"34¢"*4a'F 2¢") structure that possesses
three types of the d orbital chemical bonding and gives rise to 6 aromaticity and the ground state of the
W5F5 anion is a Dy, *4} (1d'f 1e2d't2e'*1a'33¢*1e"1a"33a'} 2a"34¢*4a' 2e"*5¢'?) structure which
also possesses three types of the d orbital chemical bonding and gives rise to partial & aromaticity. The
results obtained from the present work are another example for low-fluoride transition metal clusters
containing 6 aromaticity. The half-sandwich type W;F;X (C;, 3A") (X =Li, Na, K) and W;F;Y" (C,,

34") (Y = Be, Mg, Ca) complexes containing partial 3 aromatic ligands can be provided. These novel
complexes may be used in future experiments to open a new field of coordination chemistry.
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