9710 J. Phys. Chem. 2006,110,9710-9717

Theoretical Study of Rhenium Dinuclear Complexes: Re-Re Bonding Nature and
Electronic Structure

Ken Saito,” Yoshihide Nakao! Hirofumi Sato,’ and Shigeyoshi Sakaki**

Department of Molecular Engineering, Graduate School of Engineering, Kyotoelsify, Nishikyo-ku,
Kyoto 615-8510, Japan, and Fukui Institute for Fundamental Chemistry, Nishihiraki-chou, Takano, Sakyo-ku,
Kyoto 606-8103, Japan

Receied: December 29, 2005; In Final Form: March 24, 2006

Four dinuclear rhenium complexes, i4s]?~ (1), [Rex(u-Cl)sClg]?~ (2a), [Rex(u-Cl)sClg]~ (2b), and [Re(u-
CI).Clg]>™ (3), were theoretically investigated by the CASSCF, MRMP2, SA-CASSCF, and MCQDPT methods.
Interesting differences in electronic structure and-Re bonding nature among these complexes are clearly
reported here, as follows: Ih the ground state is thi&\4 state. The approximate stabilization energies by
theo, , andd bonding interactions are evaluated to be 4.36, 2.89, and 0.52 eV, respectively, by the MRMP2
method. In2a, the ground state is thi&"" state. The approximate stabilization energy by two degenérate
bonding interactions is estimated to be 0.36 eV by the MCQDPT method d@oading interaction oRa

is much weaker than that af which is discussed in terms of the RRe distance and the Re oxidation state.

In 2b, the ground state is th#\,' state, of which multiconfigurational nature is extremely large unlike that
of the?E"" ground state oRadespite similarities betweetaand2b. In 3, theo, 7, andd bonding interactions

are not effectively formed between two Re centers. As a result!Ape®B.,, °Ay, and 'By, states are in
almost the same energy within 0.03 eV. This result is consistent with the paramagne8sxparimentally
reported.

1. Introduction CHART 1: Structures of Rhenium Dinuclear Complexes

[RexClg]?~ (d*—d*) (1; see Chart 1) is one of the most Examined Here
interesting dinuclear transition metal complexes, because this
complex possesses a unique-ARe quadruple bond in a formal () €y
sense, as reported by Cotton and his collaboradtdnsthis f
complex, the @2 orbital of each Re center interacts with ClI
ligands and the other four d orbitals patrticipate in the-Re
bonding and antibonding molecular orbitals, as follows: Two
dz orbitals interact with each other to fora{aig) ando*(azy) .
molecular orbitals, as shown in Chart 2. Theahd ¢, orbitals [RexCL (1) [Rez(p-CIHClel™ (20) ResteCCLT- )
of one Re center interact with those of the other Re center to [Rex(£+-Cl1Cl]™ (2b)
form z(ey) andz*(eg) molecular orbitals. The,gorbital of one
Re center interacts with that of the other Re center to férm
(bog) ando*(b1y) molecular orbitals. The quadruple RBe bond
arises from thes?7*92 electron configuratiod. The eclipsed
structure withDg, symmetry of this complex is one of the
evidences of the presence of théonding interaction; if this
bonding interaction was absent, the eclipsed structure becamé®
less stable than the staggered one because of the larger stati
repulsion between Cl ligandsSimilar complexes such as
[Mo,Clg]*~, [TcoClg]?~, and [TeClg]3~ have been reported so
far2=4 Their metal-metal bonding nature is discussed in the
same way.

Several rhenium dinuclear complexes taking different struc-
tures from that ofl have been reported so far. Some of them
are [Re(u-Cl)sClg]?~ (d®—d*) (2a) and [Re(u-Cl)sClg] ~ (d®*—
d® (2b), which take a face-sharing bioctahedral structure with
D3, symmetry~7 as shown in Chart 1. In these complexes, five
d orbitals of each Re center split intg-end bg-like orbitals.

The former orbitals are unoccupied in a formal sense because
they are at much higher energy than the latter orbitals by the
antibonding interaction with Cl ligands. The latter orbitals form
a(a'), o(€), 6*(e"), ando*(az”") molecular orbitals between
two Re centers, as shown in Chart 3. This means that these
omplexes contain a ReRe multiple bond in a formal sense.
imilar complexes such as Elic-Cl)3Clg] ~, [Cra(u-Cl)3Cle] 3™,
Mo,(u-Cl)3Clg]®~, and [Wax(u-Cl)sClg]®~ have been reported,
too8711 Another example is [R€u-Cl),Clg]?~ (d*—d®) (3),
which takes an edge-sharing bioctahedral structure Dh
symmetry, as shown in Chart'4dLike 2aand2b, five d orbitals
of each Re center split intq-eand by-like orbitals. The former
orbitals are unoccupied like those #a and 2b. The latter
orbitals forma(ag), 7(bay), d(b1g), 0*(au), 7*(bsg), ando*(b1y)
molecular orbitals between two Re centers, as shown in Chart
4. [Tiz(u-CI)2Clg]?~, [Mo2(u-Cl),Clg]>~, and [Re(u-Cl).Clg] also
take a similar edge-sharing bioctahedral structd#e?

Many theoretical studies dfhave been carried out to clarify
« Corresponding author, E-mail: sakaki@moleng kyoto-u.acjp its interesting electronic structure and its -Ree bonding
tKyoto University. ' ' B nature!>18 However, the'Aig — Az, (0 — 0*) excitation
* Fukui Institute for Fundamental Chemistry. energy was not correctly calculated previously; for instance,
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CHART 2: Re—Re Bonding and Antibonding Orbitals

of [ReZC|g]2_ (1)
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CHART 3: Re—Re Bonding and Antibonding Orbitals
of [Rex(u-Cl)sClg)>~ (2a) and [Rex(u-Cl)sClg]— (2b)

W X

CHART 4: Re—Re Bonding and Antibonding Orbitals
of [Rex(u-Cl)2Clg]>™ (3)

the self-consistent-field & scattered-wave (SCFexSW)
method presented a much smaller excitation energy (0.8% eV)
than the experimental value (1.82 e¥)On the other hand, the
general valence bond method with the configuration interaction orbitals. In the SA-CASSCF calculation ddand the CASSCF
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(GVB-CI) and the complete active space self-consistent-field
(CASSCF) method presented large excitation energies1%3.20
and 3.384 e\}/ respectively. Recently, its excitation energy was
correctly evaluated to be 1.97 eV by the second-order perturba-
tion theory based on the CASSCEF reference state (CASPT2).
This result suggests that incorporation of dynamical electron
correlation based on the multireference wave function is
indispensable to investigate this complex.

Various kinds of face- and edge-sharing dinuclear metal
complexes including?a, 2b, and 3 were also theoretically
investigated with the broken-symmetry density functional theory
(BS-DFT) by Stranger and his collaboraté?$n which metal-
metal bonding nature was discussed. However, the relative
energies of several important electronic states have not been
studied yet, although they deeply relate to the metadtal
bonding nature. It is worthwhile to evaluate the relative energies
of the ground and several low-energy excited states of these
dinuclear rhenium complexes and to shed clear light on the Re
Re bonding nature.

In this work, we theoretically investigated 2a, 2b, and3
with the multireference second-order Mghd?lesset perturba-
tion theory (MRMP2j! and the multiconfigurational quasi-
degenerate second-order perturbation theory (MCQBPOr
purposes here are to show clearly what is the ground state, to
evaluate relative energies of several important low-energy
excited states and to clarify electronic structures ane-Re
bonding nature of these complexes. The DFT(B3LY4,
coupled cluster singles and doubles with perturbative triples
(CCSD(T)), BS-DFT(B3LYP), and BS-CCSD(T) methods were
also applied td and2b to examine reliabilities of these methods
for theoretical investigation of these dinuclear rhenium com-
plexes.

2. Computational Details

Geometries of these complexes were taken from X-ray
analyses (see Table S1 in Supporting Informatigh? Only
in 1 was geometry optimization performed with the CASSCF
and MRMP2 methods, where the RRe and ReCl;; bond
distances and the R&Re—Cl;; bond angle were optimized under
D4n» symmetry. Potential energy curve (PECYlofias evaluated
with the MRMP2 method, where the only RRe bond distance
was changed but the R€l;; bond distance and ReRe—Clyy
bond angle were fixed to the corresponding experimental values,
respectively.

We employed two basis set systems (basis | and 1l) in this
study. In basis I, core electrons of Re were replaced with the
small relativistic effective core potentials (ECPs) reported by
Hay and Wad¥® and valence electrons were represented by a
(541/541/111/1) basis s&t.2” The cc-pVDZ basis set was used
for CI.28 In basis II, valence electrons of Re were represented
by a (4311/4311/111/1) basis 2et?” whereas the same ECPs
as those of basis | were used to replace core electrons. For Cl,
the aug-cc-pVDZ basis sétwas used.

The CASSCF and MRMP2 methods were applied.t@b,
and 3 to investigate their nondegenerate electronic states, and
the state-averaged CASSCF (SA-CASSCF) and MCQDPT
methods were applied t@a to investigate its degenerate
electronic states. In the CASSCF calculationlpbneo, two
mr, and one molecular orbitals and their antibonding counter-
parts were taken as the active space (see Chart 2), in which
eight electrons were involved. Molecular orbitals that consist
mainly of the g—y2 orbital were excluded from the active space
because they are at much different energies from the active
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TABLE 1: Optimized Re —Re and Re-Cl; Bond Distances
(in A) and Re—Re—Cly Bond Angle (in deg) of [ReClg]2~
(1)

method r(Re—Re) r(Re—Cli;) a(Re—Re—Cly)

CASSCF  2.259 2.382 104.7 this work (basis I)
2.260 2.381 104.6 this work (basis I1)

MRMP2  2.236 2.342 103.8 this work (basis I)
2.250 2.341 103.1 this work (basis I1)

CASPT2 2.259 2.304 103.44 ref 18

exptl. 2.24 2.29 103.7 ref 1

calculation of2b, oneo and twod molecular orbitals and their

Saito et al.

natural orbital populations, suggesting the reliability of these
basis set systems; see Tables 1 and 2 and Supporting Information
Table S2.

The natural orbital populations of thg sz, andd bonding
orbitals are much larger than those of their antibonding
counterparts, respectively, in th&4 ground state, as shown
in Table 2. This result suggests that allz, andé bonding
interactions contribute to the R&e bond. From these natural
orbital populations, the ReRe bond ordé¥ is evaluated to be
3.18 in the'A,4 ground state, which is much smaller than 4.0.
This value is almost the same as the previous value (3.20)

antibonding counterparts were taken as the active space (Chargvaluated by the CASPT2 methéitin the °A,y excited state,
3)29 Seven and six electrons were involved in the active spaceson the other hand, the population of therbital is almost the

of 2a and 2b, respectively. In the CASSCF calculation &f
oneao, onexr, and oned molecular orbitals and their antibonding

same as that of thé* orbital, whereas the populations of the
o, o*, 1, andz* orbitals in the3A,, state are almost the same

counterparts were taken as the active space (Chart 4), in whichas those in théA,4 state, respectively. This means that the

six electrons were involved. Molecular orbitals that consist
mainly of the g-like d orbitals were excluded from the active
space of2a, 2b, and 3 because they are at much different
energies from the active orbitals. The MRMP2 and MCQDPT
calculations were carried out with the reference wave function
from the CASSCF and SA-CASSCEF calculations, respectively.
In these calculations, the 1s, 2s, and 2p orbitals of CI ligand
were kept to be frozen.

bonding interaction disappears upon going tohg, state from
thelA,q state, and that the energy difference between these two
states corresponds to the approximate stabilization energy by
thed bonding interactiod®3¢This energy difference is estimated

to be 0.52 eV by the MRMP2 method. In th&,, state3” the
population of theo orbital is larger than that of the* orbital

and the populations of the and¢d orbitals are almost the same
as those of ther* and 6* orbitals, respectively, as shown in

The CASSCF and SA-CASSCF calculations were performed Table 2. This means that only ondonding interaction remains

with the GAMESS program package.The MRMP2 and
MCQDPT calculations were carried out with the MR2D
prograni! implemented in the GAMESS package. The DFT-
(B3LYP), CCSD, CCSD(T), BS-DFT(B3LYP), BS-CCSD, and
BS-CCSD(T) calculations were performed with the Gaussian
03 (revision C.02) program packageMolecular orbitals were
drawn by the MOLEKEL (version 4.3) prograf.

3. Results and Discussions

3.1. [ReClg]>~ (1) with a Re—Re Direct Bond. The
geometry ofl in the A4 ground state was optimized with the
CASSCF and MRMP2 methods, as shown in Table 1. At the
CASSCEF level of theory with both basis | and basis Il, the
optimized Re-Re distance and ReRe—Cl; angle are in good

but thesr andd bonding interactions disappear in the, state.
Thus, the energy difference between thg, and3A,, states is

the approximate stabilization energy by the two components of
degenerater bonding interactions. This energy difference is
evaluated to be 5.77 eV by the MRMP2 metl#dh the °A4
stated’ the populations of the, o*, &, 7*, 6, ando* orbitals

are 1.00, which means that all RRe bonding interactions
disappear. The energy difference between g, and °A14
states corresponds to the approximate stabilization energy by
the o bonding interaction. This energy difference is evaluated
to be 4.36 eV by the MRMP2 methdf.These results are
summarized, as follows: The s, andd bonding interactions
yield the approximate stabilization energies 4.36, 2:89.77/

2), and 0.52 eV, respectively; note that twdoonds exist. The

0 bonding interaction is much weaker than thebonding

agreement with the experimental values, whereas the optimizedinteraction and ther bonding interaction is much weaker than

Re—Cly distance is somewhat longer than the experimental

the o bonding interaction, as expected. Although this result is

MRMP2 level of theory; the ReRe distance and the R&Re—

relative strengths of the, xz, andd bonding interactions of.

Cly angle are almost the same as their experimental values and TheA;q— 1Ay, (0 — 6*) excitation energy is evaluated to
the Re-Cly, distance considerably approaches its experimental be 3.14 and 1.95 eV by the CASSCF and MRMP2 method,
value. Thus, the MRMP2 method reproduces well the geometry respectively. It is noted that although the CASSCF-calculated

of 1 like the CASPT2 methoéf

value is much larger than the experimental value (1.82%V)

Relative energies and natural orbital populations of several like the previous CASSCF-evaluated vahiethe MRMP2-
important electronic states were evaluated by the CASSCF/basiscalculated value agrees well with the experimental value like

Il and MRMP2/basis Il methods with the experimental geom-
etry, as shown in Table 2. In th#A4 ground state, the
population of the) orbital (1.52) is much smaller than the usual
value (2.0) of a doubly occupied orbital and that of éferbital

the CASPT2-calculated valdé. This result indicates that
incorporation of dynamical electron correlation based on the
multireference wave function is indispensable, as repdfted.

The PECs of the!Aig 3Az, “Az, and °Ajq States were

(0.48) is much larger than the usual value (0.0) of an unoccupied calculated by the MRMP2/basis || method, as shown in Figure

orbital. These results suggest that theonding interaction is

1; almost the same PECs were presented by the MRMP2/basis

very weak. Therefore, the multireference theoretical method | method, too (see Figure S1 in Supporting Informati&h).

should be applied to this complex. Actually, the weights of the
main configuration §%7*0?) and the second leading one

The Re-Re distance at the energy minimum relates to the
strength of the ReRe bonding interaction. The energy mini-

(6%7%0*2) are evaluated to be 67 and 18%, respectively, by the mum of the3A,, state is at a slightly longer ReRe distance
CASSCF method. Almost the same results were presented with(2.3 A) than that of théA 4 state (2.2 A). Also, the shapes of

the MRMP2-optimized geometry (see Table S2 in Supporting
Information). Also, it is noted that both basis | and Il present

the PECs of these two states resemble each other. These results
arise from the fact that the wea& bonding interaction

almost the same optimized geometries, relative energies anddisappears upon going to tRa,, state from thé/A4 state. In
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TABLE 2: Relative Energies (in eV) and Natural Orbital Populations? of Several Important States of [ReClg]2~ (1),
[Rex(u-Cl)3Clg)?~ (2a), [Rex(u-Cl)sCle]~ (2b), and [Rex(u-Cl),Clg]>~ (3)

relative energy natural orbital population
complex state CASSCF MRMP2 exptl o o* 4 T o o*
1 Ay 0.00 0.00 1.92 0.08 3.74 0.26 1.52 0.48
A2 0.45 0.52 1.92 0.08 3.75 0.25 1.01 0.99
Aoy 5.97 6.29 1.90 0.10 2.02 1.98 1.00 1.00
%A1g 9.68 10.65 1.00 1.00 2.00 2.00 1.00 1.00
Az 3.14 1.95 1.8% 1.92 0.08 3.70 0.30 1.04 0.96
relative energy natural orbital population
complex state SA-CAS MCQDPT exptl o o* T * o o*
2a 2E" 0.00 0.00 1.87 0.13 3.47 1.53
E 0.34 0.36 1.87 0.13 2.93 2.07
relative energy natural orbital population
complex state CASSCF MRMP2 exptl o o* T * o o*
2b AL 0.00 0.00 1.62 0.38 2.18 1.82
3A" 0.08 0.07 1.62 0.38 212 1.88
A/ 0.26 0.21 1.62 0.38 2.01 1.99
A 1.09 1.94 1.00 1.00 2.00 2.00
3 Aq 0.02 0.03 1.00 1.00 0.99 1.01 0.97 1.03
3By 0.02 0.02 1.00 1.00 0.99 1.01 0.97 1.03
SAg 0.01 0.02 1.00 1.00 0.99 1.01 0.98 1.02
= 0.00 0.00 1.00 1.00 1.00 1.00 1.00 1.00

aBasis Il was used? Natural orbital populations df, 2b, and3 were evaluated by the CASSCF method and thoszaafiere evaluated by the
SA-CASSCF method.

48 T Re—Re distance is longer than 3.6 A. This result indicates

' that theo andsr bonding interactions still remain in this region.
They disappear at(Re—Re) = 4.6 and 6.0 A, respectively.
These results are useful to discuss what type of interaction
contributes to the metalmetal bond in dinuclear metal com-
plexes.

Energy differences between thHé.g4 and %A, states and
between théA,4 and'A,, states were also investigated by the
DFT(B3LYP), CCSD, CCSD(T), BS-DFT(B3LYP), BS-CCSD,
and BS-CCSD(T) methods, as shown in Table 3. ¥g state
is calculated to be more stable than theg state by the DFT-
(B3LYP) and CCSD methods. This result is completely different
from the relative stability calculated by the MRMP2 metf$8d.
On the other hand, the CCSD(T) and all BS methods present
the correct stability order of these three states. These results
indicate that the BS-DFT(B3LYP), BS-CCSD, and BS-CCSD-

20025 3035 40 4550 5560 (T) methods are useful to discuss bonding nature and the
r(Re-Re)/ A electronic state of the ground state in this complex, as reported
Figure 1. Potential energy curves of théig, Ay, "Az, and®Ayg previously2°
states of [RECle]*” (1). Basis Il was used. 3.2. Face-Sharing Complexes, [Ré&:-Cl)sClg]?~ (2a) and
[Rex(u-Cl)sClg)~ (2b). In 2a, the ?E" and “E' states were
contrast, the energy minimum of tH@,, state is at a much  investigated by the SA-CASSCF and MCQDPT methods
longer Re-Re distance (2.8 A) than that of tRa,, state (2.3 because both states are degenerate 2Ehestate is the ground
A). Also, it is noted that the PEC of th&A,, state is very state and théE' excited state is calculated to be 0.36 eV above
shallow, unlike those of theA;4 and3A,, states. These results  the 2E" state by the MCQDPT/basis Il method, as shown in
are interpreted in terms that the strongebonding interaction Table 2; almost the same results are calculated with basis | (see
disappears upon going to th&,, state from théA,q state. The Supporting Information Table S3). In tRE" state, the natural
PEC of the?Ay4 state is completely repulsive because alHRe  orbital populations of thé andd* orbitals are 3.47 and 1.53,
Re bonding interactions are absent in this state. respectively. These values are much different from formal values

Natural orbital populations of the, =, 6, 6*, x*, and o* (4.0 and 1.0 for thé ando* orbitals, respectively) in the pure
orbitals evaluated by the CASSCF/basis Il method are presenteds2040** configuration. This result suggests that the electronic
as a function of the ReRe distance in Figure 2e&. In the structure of 2a cannot be described well by ongd%*!

A4 state, the population of thé orbital becomes almost the  configuration. Actually, the weights of this configuration and
same as that of thé* orbital at r(Re—Re)= 3.6 A, as shown the second leading on@%)26*3) are evaluated to be 72 and
in Figure 2a; in other words, thé bonding interaction dis- 12%, respectively, by the SA-CASSCF method. Consistent with
appears at this distance. On the other hand, the populationsthese results, the RéRe bond order is only 1.84, which is much
of the o and 7 bonding orbitals are still larger than those of smaller than the formal value (2.5) in the putdd®o*!
their antibonding counterparts, respectively, even when the configuration.

(Energy / a.u.) + 3830

-5.6 t } t } t } t t
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the lAlg state

2.0

Population

4.0 4.5 5.0 5.5 6.0
r(Re-Re)/ A

(a) the lAlg state

the >A,, state —*-c

2.0

Population

0.0 = : : : : : : :

2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0
r(Re-Re)/ A
(b) the *A,, state
-
20 4+ the 7A2u state +:

Population

0.0 —4 : : : : : : :

20 25 30 35 40 45 50 55 60
r(Re-Re)/ A
(c) the Ay, state

Figure 2. Natural orbital populations of the, x, J, 6*, &*, and o*
orbitals in the'Ayq A, and Ay, states of [ReClg]>~ (1). Basis Il
was used.

In the “E' excited state, the populations of tldeand o*
orbitals are 2.93 and 2.07, respectively; note thand 6*

Saito et al.

weaker than that of. Its reason is easily understood in terms
of the Re-Re distance and the Re oxidation state2&) the
Re—Re distance is much longer than thatlobecause of the
face-sharing bioctahedral geometry. Al®a consists of Re-
(Il and Re(IV) centers, and consists of two Re(lll) centers.
Because the d orbital of Re(IV) expands less than that of Re-
(I, the ds—ds overlap of2ais smaller than that id. Because

of these two factors, thé bonding interaction is weaker @2a
than inl.

Relative energies and natural orbital populations of the other
face-sharing rhenium comple®lf) were investigated by the
CASSCF/basis Il and MRMP2/basis Il methods, as shown in
Table 2; basis | presents almost the same results as basis |l
(see Supporting Information Table S3). The,' state is the
ground state and th#\," and®A;' excited states are evaluated
to be at slightly higher energies than the ground state with the
MRMP2 method by 0.07 and 0.21 eV, respectively (see Table
2). The’A;" excited state is at much higher energy than the
5A, state by 1.73 eV.

In the *A;' ground state, the populations of tideand 6*
orbitals are 2.18 and 1.82, respectively (see Table 2), which
clearly shows that th& bonding interaction is very weak
because both populations are close to each other. This means
that a multireference method such as MRMP2 or CASPT2
should be employed to investiga2é like 1 and2a. Actually,
the weight of the main configuratiom{54) is evaluated to be
very small (18%) by the CASSCF method; the weights of the
other configurations are smaller than 14% (see Table S4 in
Supporting Information). Consistent with the very small weight
of the 620* configuration, the ReRe bond order is only 0.80.

In the®A ' excited state, the populations of thandd* orbitals

are 2.01 and 1.99, respectively. This means thatthending
interaction is negligibly small in this state. The energy difference
between théA, and®A;' states is evaluated to be 0.21 eV by
the MRMP2 method, which corresponds to the approximate
stabilization energy by the two components of degenedate
bonding interactions.

The strength of the bonding interaction ir2b is also worthy
of investigation. The populations of tkeand o* orbitals are
1.62 and 0.38, respectively, in both thi,’ and®A;’ states, as
shown in Table 2. These values suggest thatdhgonding
interaction is not strong very much unlike thoselo&nd 2a.
In the 5A;' state, the weights of the2020*2 and §26*20*2
configurations are evaluated to be 73 and 11%, respectively,
by the CASSCF method. In th&," state, the population of
theo orbital is the same as that of th# orbital, which indicate
that even ther bonding interaction disappears in this state. Thus,
the energy difference between th&;,' and “A," states (1.73
eV) corresponds to the approximate stabilization energy by the
o bonding interaction, which is much smaller than that (4.36
eV) of 1. Theo bond order in théA,' state of2b (0.62) is also
considerably smaller than those in th&;4 state ofl (0.92)
and the?E" state of2a (0.87). This weako bond of 2b is
interpreted, as follows: One factor is the long-Ree distance;
because the ReRe distance o2b (2.704 A) is much longer

orbitals are doubly degenerate (see Chart 3). Because thehan that ofl (2.24 A), the ¢—d, overlap between two Re
difference between these two populations (0.86) is much smallercenters is much smaller 2b than in1. The other factor is the

than that in the?E" state (1.94) by about 1, thé bonding
interaction in the’E’ state is much weaker than that in tHg’
state. The populations of theando* orbitals are little different

oxidation state of the Re center. Inthe populations of the
ando* orbitals are 1.83 and 0.17, respectively, when the-Re
Re distance is taken to be the same as the experimental distance

between these two states. Thus, the energy difference (0.36 eV)2.704 A) of2b, as shown in Figure 2a. Thus, thédond order
between these two states corresponds to the approximateof 1 with this Re-Re distance is 0.83, which is considerably

stabilization energy by the two components of degenedate
bonding interactions. Thes& bonding interactions are much

larger than that o2b (0.62), even though the RdRe distance
is the same. This result clearly shows that not only the Re
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TABLE 3: Comparisons of DFT(B3LYP), CCSD, CCSD(T), BS-DFT(B3LYP), BS-CCSD, and BS-CCSD(T) Methods in
Calculating Relative Energies of the?Aq, Az, and *A,, States of [ReClg]>~ (1) and Those of theA;" and A" States of
[Rex(u-Cl)sClg] ~ (2b)

complex state B3LYP CCsD CCSD(T) BS-B3LYP BS-CCSD BS-CCSD(T) exptl
basis |
1 Ag 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3A,y, —-0.30 -0.51 0.10 0.18 0.32 0.20
A2 0.70 0.80 0.69 1.18 1.61 0.62 1182
2b AL 0.00 0.00 0.00 0.00 0.00 0.00
5A -1.83 —2.48 —2.25 0.14 -0.84 —0.66
basis Il
1 Aq 0.00 0.00 0.00 0.00 0.00
SAou —0.27 —0.49 0.15 0.19
A2 0.73 0.83 0.72 1.18 1.82
2b AL 0.00 0.00 0.00 0.00
5A —-1.79 —2.49 —2.25 0.15

distance but also the other factor are responsible for the weaker 3.3. Edge-Sharing Complex, [Rgu-Cl).Clg]?>~ (3). Relative
o bond of2b than that ofL. Such a factor is the oxidation state energies and natural orbital populations of g, 3By, A,
of the Re center. As discussed aboYepnsists of two Re(lll) and "By, states were calculated by the CASSCF/basis Il and
atoms, bub consists of two Re(IV) atoms. The less-expanding MRMP2/basis || methods, as shown in Table 2; almost the same

d orbital of Re(IV) than that of Re(lll) leads to smalley-¢t, results are calculated with basis | (see Supporting Information
overlap of2b than that ofL. These two factors are responsible Table S3). In all these states, the populations ofd¢he, and
to the weakew bonding interaction o2b than that ofl. 0 bonding orbitals are almost the same as those of their

It is of considerable interest to make a comparison between antibonding counterparts, respectively. This means thatthe
2a and 2b, because the electronic structure is much different 7> @do bonding interactions do not contribute to the-He
despite the similar geometry and similar d electron number; both Pond in these four states. The weights of several important
complexes take the face-sharing structure andas fewer d electron configurations are evaluated to be very small by the

electrons thar®a by only one. In2a, the main configuration is CASSCF method; 6% for both the®7?6? and o?z?0*?
025%*L. It is expected that one d electron is lost from e configurations in théA, state, 7% for both the?z?6%o** and

orbital upon going t&®b from 2aand the Re-Re bond of2b is 0%610**7*2 configurations in théB,, state, and 16% for both
stronger than that afa However, natural orbital population of ~ tN€0*7*0%0* ix** andzto1o* kx* o2 configurations in théAg

theo orbital extremely decreases and that ofdherbital rather state. As aresult, these four states are in almos_t the same energy
increases in2b, as shown in Table 2, against the above (within 0.03 eV). In other words, the low spin state is not

expectation. These population changes suggest that one E‘b_:_lﬁegebry ;h?tszecb?]r;?I?gnltn\:\ﬁiﬁcmoneinlIkr?;nz?]tgr(rj rt
electron is lost not from thé* orbital but from thed orbital. - he esulls are consiste & expenme epo

Thus, the electronic structure @b cannot be understood in that3 is not diamagnetic but paramagnéﬁc. . .
terms of a usual orbital picture. Also, it is noted that the-Re The absence Of. the RRe bondEg Interaction arises from
Re bond distance becomes longethan in2a, as shownin (e 10ng Re-Re distance (3.691 A) due to the edge-sharing

Table S1 (Supporting Information). One plausible reason of the 980Metry. The oxidation state of Re(IV) center is also respon-

longer Re-Re distance ir2b is that one electron loss occurs in fs”ﬁle f‘?réhe absetrk\lcedof ;Qe| Rfélge t:\c;nding ir(;tellracticm, atsh t
the o orbital upon going t@b from 2a. This induces weakening ollows: Because the d orbital of Re(IV) expands less than tha

of the 6 bonding interaction. It is worthwhile to discuss the ?g Ret(rl]ll), th_f&a,':n, "ﬂ.‘”dta bondtlﬁg |ntera|c:_|ons Ifﬁtlgers \t/)\{;ea}k_er
reason that one electron loss occurs not indherbital but in alrarlﬂ)st ?ﬁg Isar.neO;smt?]z?tngft’hé grgﬁgluir? tlﬁgs?e four ;t:e\taesl,sof
theo orbital in 2a. It is likely that the electron repulsion of the

d-shell is larger in2b than in2a because the d orbital of the 5 &S Shown in Table 2, whereas the population ofdiubital
Re(IV)—Re(IV) core is more compact than that of the Re(Hl) 930) is considerably larger thaf‘ that of mbo;‘?'tal n the
Re(IV) core. Also, Coulomb repulsion in the d-shell is larger 2Alg state ofl at the same ReRe distance (3'691 )_(see F|_gure
in the 026 configuration than in the?d30** configuration. If a). These results clearly show that t#n@ondlnglnteractg)n
the energy separation between tbe and 6* orbitals is disappears irg but st remains |n1.atr(Re—Re)_— 3.691 A.
sufficiently large, oned* electron loss occurs in the2do* Three d electrons are Ioc_:ahzed in th_ree d orbitals of each Re
configuration to afford thes25* configuration upon going to center because tf;e sze |nter7act|on is absent. As a result,
2b from 2a. In these complexes, however, the-6* energy the fpurstgteslAg, Bl.“’ Ag.’ and'By,, emerge from the elec:ron
separation is small. Thus, onk electron loss occurs in the configurations in which six electrons occupy tex, 9, 6%,

020%0*1 configuration to afford the?030*! configuration, so ", and_o* orbitals in Dan symmetry. The other states are at
as to decrease Coulomb repulsion in the d-shell ' much higher energy than these four states by over 1.0 eV (see

Table S5 in Supporting Information) because those states consist
The DFT(B3LYP), CCSD, CCSD(T), BS-DFT(B3LYP), BS- mainly of the high-energy excited configurations.

CCSD, and BS-CCSD(T) methods were also appliedtoas
shown in Table 3. TheA,' state is evaluated to be more stable
than the!A ' state by the methods other than BS-DFT(B3LYP).
These results are different from the results by the MRMP2  Four dinuclear rhenium complexek, 2a, 2b, and 3, were
calculations®® On the other hand, the DFT(B3LYP) method theoretically investigated by the CASSCF, MRMP2, SA-
presents a similar result by the MRMP2 calculation, which CASSCF, and MCQDPT methods. In th&;4 ground state of
indicates that the DFT(B3LYP) method is useful to present 1, the weights of the?7*0? ando?7*0*2 configurations are 67
correctly the ground state @b. and 18%, respectively, where weights evaluated by either the

4., Conclusions
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CASSCF/basis Il or the SA-CASSCF/basis Il method are
presented hereafter. The energy difference betweehth@nd
3A,, states, which corresponds to the approximate stabilization
energy by thed bonding interaction, is evaluated to be 0.52 eV
by the MRMP2/basis Il method. Th&#,, state is much less
stable than théA,, state by 5.77 eV. This is because the bonding
interactions of the twar orbitals disappear upon going to the
A, state from théA,, state. ThéA g4 state is further less stable
than the’A,, state by 4.36 eV because thidonding interaction
disappears upon going to tP;4 state from théA,, state. Thus,
the o, &, and 6 bonding interactions yield the approximate
stabilization energies of 4.36, 2.89-%.77/2), and 0.52 eV,
respectively. In thelA,q state, thed bonding interaction
completely disappears a{Re—Re) = 3.6 A, whereas ther
ando bonding interactions completely disappear@e—Re)

= 4.6 and 6.0 A, respectively.

In the 2E"" ground state oRa, the weights of ther25%0*!
ando?0%0*? configurations are 72 and 12%, respectively. The
natural orbital populations clearly show that thebonding
interaction in the’E’ state is much weaker than that in tHg’

Saito et al.

theoretical calculations were performed with SGI workstations
of Institute for Molecular Science (Okazaki, Japan), and some
of them were carried out with PC cluster computers of our
laboratory.

Supporting Information Available: The experimental
geometries ofl, 2a, 2b, and3 used for calculations (Table S1).
Relative energies and natural orbital population$ célculated
with the MRMP2/basis | and MRMP2/basis Il optimized
geometries (Table S2). Relative energies and natural orbital
populations ofl, 2a, 2b, and 3 calculated by basis | with
experimental geometries (Table S3). Weights of electron
configurations of the ground states hf2a, 2b, and3 (Table
S4). Relative energies and natural orbital populations of various
electronic states @ (Table S5). Natural orbital populations of
2a, 2b, and3 by the CAS-CI method using much larger active
space (Table S6). Comparisons of basis | and Il in the
calculations of the PE curves (Table S7 and Figure S1). Several
important Re-Re and ReCl—Re orbitals of 2a and 2b
(Scheme S1) an8 (Scheme S2). This material is available free

state. As a result, the former state is evaluated to be 0.36 eVof charge via the Internet at http:/pubs.acs.org.

less stable than the latter one. These results indicate that the
bonding interaction is weaker Rathan inl. In the!A,' ground
state of2b, the weight of thes20* configuration is evaluated to
be 18%. The energy difference between¥hg and®A;' states

is evaluated to be 0.21 eV by the MRMP2/basis Il method,
which corresponds to the approximate stabilization energy by
the two components of degeneratéonding interactions. The

o bonding interaction is also weak in this complex, as follows:
In the A ' state, the weights of the2620*2 and 020*2¢*?2
configurations are 73 and 11%, respectively. The energy
difference between th#d;' and’A;" states is evaluated to be
1.73 eV by the MRMP2/basis Il method, which corresponds to
the approximate stabilization energy by thé&onding interac-
tion. This approximate stabilization energy is much smaller than
that of 1. The bonding nature and the electronic structurgtof
are much different from the expectation based on a usual orbital
picture that one d electron is lost from téeorbital upon going

to 2b from 2a and thed bonding interaction becomes stronger
in 2b. However, our theoretical calculation presents completely
different results from the above expectation; the natural orbital
population of the orbital decreases by 1.29 and that of &fe
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