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Open-lantern-type dinuclear Cr(II) complex, [Cr(R'NC(R*»)NR?),], (R' = Et, R? = Me, and R* = ‘Bu), was
theoretically investigated with DFT, CASSCF, and MRMP2 methods. The DFT-optimized Cr—Cr distance
(1.757 A) is too short compared to the experimental value (1.960 A). The CASSCF method does not present
the minimum in the range of the Cr—Cr distance from 1.75 to 2.05 A. The MRMP2 method presents the
optimized Cr—Cr distance of 1.851 10\, which is a little shorter than the experimental value. These results
suggest that both nondynamical and dynamical correlations are considerably large in this complex. The Cr—Cr
bond order is evaluated to be 2.40 with the CASSCF method, which is much smaller than the formal bond
order of 4. In the Mo analogue, on the other hand, the DFT, CASSCF, and MRMP2 methods present almost
the same Mo—Mo distance (2.151 A). The Mo—Mo bond order is evaluated to be 3.41, which is somewhat
smaller than the formal value but much larger than the Cr—Cr bond order. These differences arise from the
much larger d—d overlap integral of the Mo—Mo pair than that of the Cr—Cr pair. Though nondynamical
correlation effect is very large in this dinuclear Cr(II) complex, the Cr—Cr distance of this complex was
experimentally discussed to be short, based on formal shortness ratio (FSR). We wish to propose here orbital
shortness ratio (OSR) based on the distance providing maximum overlap integral to discuss the M—M bond
distance. According to the OSR, we understand that the Cr—Cr distance of 1.960 A is long but the Mo—Mo
distance of 2.151 A is short. This understanding is consistent with much larger nondynamical correlation in
the dinuclear Cr(IT) complex than in the Mo(II) analogue. Interesting differences are also observed between
M—M and Si—Si multiple bonds. The differences are discussed in terms of o- and 7z-type overlap integrals

and the participation of Si 3s orbital in the o-bonding orbital.

1. Introduction

The metal—metal multiple bond is one of the interesting and
challenging research targets in inorganic, physical, and theoreti-
cal chemistries. For instance, the Re—Re quadruple bond was
very previously proposed by Cotton and his collaborators,'? but
correct understanding of its bonding nature has been recently
achieved by theoretical works with CASPT2 and MRMP2
methods.>* Another good example is dinuclear Cr compounds
including the Cr—Cr multiple bond. Cr dimer, Cr,, is of
considerable interest because it is believed to possess a hextuple
Cr—Cr bond in a formal sense, which is the largest bond order
at this moment.> Theoretical calculation of this compound is
challenging because of the presence of very large electron
correlation effects. Actually, a lot of theoretical work has been
carried out with sophisticated methods including CASPT2, MR-
ClI, and similar methods.® Also, RCrCrR (R = C4H3-2,6 (CsHs-
2,6-Pr'5),), which was recently synthesized by Power and his
collaborators,” has drawn a lot of interest because it possesses
a Cr—Cr quintuple bond and its trans-bent geometry is similar
to that of E;R, molecule bearing E—E triple bond (E = Si to
Pb; R = bulky aryl or silyl ligand). Theoretical studies of this
compound have been carried out with DFT®® and CASPT2
methods.'? Though the Cr—Cr bond order was calculated to be
4.64 with the DFT method, it was 3.52 by the CASSCF
calculation, indicating that the nondynamical correlation effects
are considerably large in this complex.” Recently, lantern-type
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SCHEME 1: (A) Lantern-type Complex and (B)
Open-Lantern-type Complex*
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“ The z-axis is along the M—M bond, and the x- and y-axes are along
M-—N bonds.

Cr(I) dinuclear complex was experimentally reported.'! Interest-
ingly, its Cr—Cr distance is very short.

Besides these dinuclear Cr(I) complexes, experimental and
theoretical studies on dinuclear Cr(II) complexes bearing Cr—Cr
quadruple bond have been reported previously.'>?”?® Though
most of them take lantern-type structure (Scheme 1A), open
lantern-type dinuclear Cr(II) complex was recently reported
(Scheme 1B).% This complex possesses a short Cr—Cr bond
(1.9601 A) like [Li(L)]4s[Cr,Mes] (Cr—Cr = 1.98 A, L = THF
or Et,0) and [(tetraazaannulene)Cr,] (Cr—Cr = 2.096 A).
Interestingly, this complex easily dissociates to two mononuclear
Cr(I) complexes in solution unlike [Li(L)]4[Cr,Meg] (L. = THF
or Et,0) in spite of its short Cr—Cr bond, even when Lewis
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Figure 1. DFT-optimized geometries of [Cr(R'NC(R?)NR?),], (R! =
R? = R® = H) (M1) and [Cr(R'NC(R)NR?),], (R! = Et, R? = Me,
and R? = '‘Bu) (R1) at R(Cr—Cr) = 1.85 A. M1 and R1 take C,, and
C, symmetries, respectively. In R1, the high-level region of the ONIOM
calculation is drawn with balls and sticks, and the low-level region is
drawn with wire frame. Length in angstroms and angle in degrees.

base is not added. Though there remain these interesting issues
to be investigated, theoretical study of the open-lantern-type
dinuclear Cr(I) complex has not been carried out yet, to our
best knowledge.

In this theoretical study, we investigated open-lantern-type
dinuclear Cr(II) complex, [Cr(R'NC(R?)NR?),], (R! = Et, R?
= Me, and R? = Bu) (R1), with DFT, CASSCF, and MRMP2
methods. Our purposes here are to clarify the Cr(II)—Cr(II)
bonding nature and to characterize the Cr(II)—Cr(II) quadruple
bond by making comparison with the Mo(II)—Mo(II) quadruple
bond, and to present clear comparison between the Cr(IT)—Cr(II)
quadruple and Si—Si multiple bonds.

2. Models and Computational Details

Because the real complex, [Cr(R'NC(R*»)NR?),], (R! = Et,
R? = Me, and R* = 'Bu) (R1), is very large, we employed a
small model (M1) in preliminary calculations. In M1, all alkyl
substituents were replaced with hydrogen atoms, as shown in
Figure 1.

Their geometries were optimized at various Cr—Cr distances
in singlet spin state, where the DFT method was employed with
B3LYP functional.? Potential energy surface (PES) was
calculated with the MRMP2 method,* where the CASSCF wave
function was taken as the reference. In the CASSCEF calculation,
eight electrons in the eight orbitals oy, 714, 724, O4, 0a*, 7Tl 4*,
724*, and O4* were taken as active space because these orbitals
exist around the HOMO and LUMO, as shown in Scheme 2.
This calculation is named CASSCF(8,8) hereafter. The d.>—
orbital was excluded from the active space because it exists at
much higher energy due to the strong antibonding interaction
with the lone pair orbitals of ligands; see Scheme 1 for the
coordinate. This active space is the same as those of CASPT2
and MRMP2 calculations of dinuclear Re complex, [Re,Clg]*~,
bearing a Re—Re quadruple bond.***!

The total energy of the real system, E.,, was evaluated by
the ONIOM method.”> The ONIOM-calculated energy is
represented as

Ereal = Ereal, low_Emodel, low + Emodel, high (1)

where Ereu, 1ow and Enodel, 10w are the energies of the real and
model systems calculated at low level of theory, respectively,
and Eoqel, nigh 18 that of the model system calculated at high level
of theory. These energy values were calculated separately and
assembled according to eq 1. We applied the DFT method to the
whole system and either the CASSCF or MRMP2 method to the

J. Phys. Chem. A, Vol. 113, No. 13, 2009 3203

SCHEME 2: Active Orbitals Employed in the
CASSCF(8,8) Calculation”
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“ Arrows represent Hartree—Fock configuration.

high-quality region throughout the present study. They are named
ONIOM(CASSCF:DFT) and ONIOM(MRMP2:DFT), respec-
tively, hereafter.

Core electrons (up to 2p) of Cr were replaced with
Stuttgart—Dresden—Born effective core potentials (ECPs), and
its valence electrons were represented with a (311111/22111/
411/1) basis set.>> This basis set is named SDD hereafter. For
C, N, and H, cc-pVDZ basis sets were employed. The s-, p-,
and d-type augmented functions were added to N because it is
anionic in the ligand. The SDD basis set was employed for Mo,
too.

To clarify the characteristic features of the Cr—Cr quadruple
bond, we compared it with the Si—Si triple bond of Si,H,
molecule (S1) and Si—Si double bond of Si,H4 molecule (S2).
The geometries of S1 and S2 were optimized in C,, symmetry
by the DFT method with B3LYP functional, where cc-pVTZ
basis sets were employed for Si and cc-pVDZ basis set for H.
The optimized geometries are shown in Figure S1. Also, we
carried out the CASSCF(6,6) calculation of S1 and the
CASSCF(4,4) calculation of S2 using the DFT-optimized
geometry. In the CASSCF(6,6) calculation of S1, six electrons
in the six orbitals o, l,, 72, 0p*, w1,*, and 72,* were taken
as an active space, as shown in Scheme 3. In the CASSCF(4,4)
calculation of S2, four electrons in the four orbitals oy, 7, 0,%,
and m,* were taken as an active space. We ascertained that the
shapes of Kohn—Sham orbitals of S1 are similar to those of real
compounds, 1,1,4,4-tetrakis[bis(trimethslsilyl)methyl]-1,4-diisopro-
pyl-2-tetrasilyne;** see Supporting Information Figure S2.

Gaussian 03*> and GAMESS?® program packages were used
for DFT, CASSCF, and MRMP2 calculations, respectively.
Molecular orbitals (MOs) were drawn with the Molekel pro-
gram.”’

3. Results and Discussion

3.1. Preliminary Examination of Model Compound
[Cr(RINC(R>)NRY,], (R' = R? = R®> = H) (M1). We
optimized the structure of M1 at various Cr—Cr distances under
C,, symmetry, as shown in Figure 1. Very small imaginary
frequency with B, symmetry does not disappear in the optimized
geometry,*® probably because the Cr—Cr distance is fixed. In
the DFT-optimized geometry, the Cr—Cr distance is 1.757 A,
as shown in Figure 2, which is much shorter than the
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SCHEME 3: Active Orbitals Employed in the
CASSCF(6,6) Calculation of HSi=SiH (S1) (A) and the
CASSCF(4,4) Calculation of H,Si=SiH, (S2) (B)*

e G 33
w— OB 2
o4 @R 20
i @ 88
e e S

(A) (8)

“ Arrows represent Hartree—Fock configuration.

O w— ‘ O
— gy 98

Orbital Energy

15
~+-DFT
10 | - CASSCF
= - MRMP2 /
Es-
¢, "
<
’5 p
-10 . :
175 185 195 2.05
R(Cr-Cr) (A)

Figure 2. PESs of [Cr(R'NC(R?>)NR?),], (R! = R* = R? = H) (M1)
calculated by the DFT, CASSCF, and MRMP2 methods. The energy
of R(Cr—Cr) = 1.95 A is taken to be standard (energy zero); Eppr =
—771.824 45 au, ECASSCF = —766.901 80 au, and EMRMPZ = —769.85197
au at this distance.

experimental value by 0.2 A. One can expect that geometry
optimization of M1 in nonet spin state yields longer Cr—Cr
distance. However, the minimum energy was not observed in
the range of R(Cr—Cr) = 1.85—3.6 A, and the nonet spin state
is more than 100 kcal/mol above the singlet spin state at
R(Cr—Cr) = 1.85 A; see Supporting Information Figure S4.

Also, we carried out the CASSCF(8,8) calculation of M1,
using the DFT-optimized geometry. The PES smoothly de-
creases as the Cr—Cr distance increases unlike the DFT-
calculated PES, as shown in Figure 2. However, the equilibrium
structure is not presented in the range of R(Cr—Cr) = 1.75—-2.15
A. Completely different PES between CASSCF and DFT
calculations suggests the presence of very large nondynamical
correlation effect.

In MRMP?2 calculations, the Cr—Cr distance is optimized to
be 1.855 A (Figure 2), which is moderately longer than that of
the DFT-optimized distance by 0.1 A but moderately shorter
than that of the experimental value by 0.1 A.2® These results
suggest that both nondynamical and dynamical correlations play
important roles to present correctly the Cr—Cr distance of M1.

The occupation number of each natural orbital was calculated
with the CASSCF(8,8) method, as shown in Table 1. The
difference in the occupation number between d4 and d4* orbitals
is 0.743, which is much smaller than 2. This is the main source
of the large nondynamical correlation. The bond order is defined
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TABLE 1: Occupation Numbers of the Natural Orbitals
and the Bond Order of [Cr(R'NC(R>)NR?),], (R! = R? = R?
= H) (M1), [Cr(R'NC(R*NR?),], (R! = Et, R> = CH3, and
R? = ‘Bu) (R1), and [Mo(R'NC(R*>NR?),], (R!' = R?>=R3 =
H) (Mol)*

M1 R1 Mol
RM-M) (A) 1.85 1.85 2.15
(o] 1.740 1.723 1.895
Tl 1.707 1.693 1.88
24 1.713 1.683 1.884
04 1.372 1.299 1.753
Og* 0.629 0.702 0.247
24* 0.294 0.318 0.117
lg* 0.287 0.308 0.12
og* 0.259 0.276 0.104
bond order
(o] 0.741 0.724 0.896
Ty 1.420 1.375 1.764
Oq 0.372 0.299 0.753
total 2.532 2.397 3.412

“The CASSCF(8,8) method was employed.
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Figure 3. PESs of [Cr(R'NC(R*»)NR?),], (R' = Et, R? = Me, and R?
= 'Bu) (R1) calculated by the DFT, ONIOM(CASSCF:DFT), and
ONIOM(MRMP2:DFT) methods. The energy of R(Cr—Cr) = 1.95 A
is taken to be standard (energy zero); Epgr = —1872.52005 au,

Eoniomcasscrprry = —1867.606 36 au, and EoxiomMRrMP2DET) =
—1870.552 63 au at this distance.

as one-half of the difference between the sum of occupation
numbers in the bonding orbitals and that of the antibonding
orbitals. In M1, the bond order is evaluated to be 2.53 at
R(Cr—Cr) = 1.850 A. This value is much smaller than the
formal bond order (4.0) of the quadruple bond. This very small
bond order arises from the occupations of antibonding orbitals,
og*¥, mlg*, m24*, and O4* orbitals, which will be discussed below
in more detail.

3.2. Geometry and Bonding Nature of Real Complex,
[Cr(RINC(R®)NR?),], (R! = Et, R? = Me, and R*® = 'Bu)
(R1). The geometry of R1 was optimized by the DFT method
at various Cr—Cr distances. The optimized geometry at each
Cr—Cr distance takes C, symmetry in which no imaginary
frequency is observed. The DFT-calculated PES decreases as
the Cr—Cr distance becomes shorter, but the equilibrium
structure is not found in the range R(Cr—Cr) > 1.75 A, as shown
in Figure 3. In contrast to the DFT-calculated PES, the
ONIOM(CASSCF:DFT)-calculated PES decreases as the Cr—Cr
distance becomes longer. The equilibrium structure is not found,
too, in the range of R(Cr—Cr) < 2.05 A. On the other hand, the
ONIOM(MRMP2:DFT)-calculated PES exhibits the minimum
at R(Cr—Cr) = 1.851 A. These features of the PESs are
essentially the same as those of M1.

The Cr—Cr bond order is evaluated to be 2.40 with the
CASSCEF(8,8) method at R(Cr—Cr) = 1.850 A. This value is
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TABLE 2: Important Electron Configurations and Their
Coefficients for [Cr(RINC(R>)NR?)], (R! = Et, R? = Me,
and R = ‘Bu) (R1) and [Mo(R'NC(R?>)NR?),], (R! = R? =
R} = H) (Mol)*

R1 Mol

configuration

coefficients coefficients configuration

0.63275  0lnlm28204
—0.394 94 (7427[1427[2(]26(]*2
—0.15446 olm1204047

0.11381 oml 204704
—0.196 69 UdznldznZdlédléflad”
—0.153 84  olmly' 2420404 14"
—0.13033  02m14' 71220404 724"
—0.124 91 UdlnlenZdzédléd*‘nZd”

0.121 02 Ud17'[1427'[2426(][(5‘1*'.7[14*1
—0.104 68 02m14'724' 042724 0!
—0.101 86 071" m24 08724 1"

0.867 16 0l 2m2L204
—0.259 24 (742/'[1421'172426(]*2
—0.117 54 0lm1 203714
—0.10346 olnlim2ilmly?
—0.112 21 odzn2d26d2ﬂ2d*2
—0.13737  olml2n24'04' 04 14"
—0.133 60 04'712124204' 04" 0g"!
0.107 62 0271 4'm2204' 04" 247!

“ The CASSCF(8,8) method was employed.

moderately smaller than that of M1, as shown in Table 1. It is
noted that the 7ty and 04 bond orders are considerably smaller
in R1 than in M1 by 0.045 and 0.073, respectively, though the
04 bond order is slightly smaller in R1 than in M1 by 0.017.
The smaller 774 and d4 bond orders arise from the fact that M1
takes C,, symmetry but R1 takes C, symmetry. The d, and d,
atomic orbitals of one Cr atom overlap worse with those of the
other Cr atom in the C, symmetry than in the C,, symmetry,
because the d,; and ds atomic orbitals of one Cr atom twist with
respect to those of the other Cr atom in the C, symmetry. Thus,
their bonding interactions become weaker in R1. However, the
04 bond order is not different very much between M1 and R1
because the d, atomic orbital of one Cr atom overlaps well with
that of the other Cr atom in both C, and C,, symmetries; note
that the twist distortion little changes the direction of d, atomic
orbital.

The CASSCEF(8,8) wave function of the high-quality region
of R1, Wgy, casess). 1s represented as follows

Wricassg) = 0.633P,,;, — 0.395B, 5., —
0'197(Dﬂ22l§2"ﬂ26(§*d* - 0.154¢ﬂ224,0»2 -

01549 1550 p1971+ T ** (D)

l*

where 0, 0%, etc. represent Oy, O4%, etc. (see Scheme 2),
respectively, here. The main configuration is 04%m14%724%047,
which is the same as the Hartree—Fock configuration. However,
its expansion coefficient is only 0.633, and its weight is 40.1%.
The second leading configuration is 0g%1,2724%04>, the weight
of which is very large, being over one-third of that of the main
configuration. This configuration corresponds to excitation of
two electrons from ds to ds*, as expected. The expansion
coefficient of the third leading configuration, 62m1%m24'0"
04"'04", is unexpectedly large, 0.197, too. Also, it is noted that
not 7rg* orbital but og* orbital participates in the third and fourth
excited configurations (see Table 2). This is against our
expectation that the 04 — 7r4* excited configuration is energeti-
cally lower than the 64 — o4* excited configuration because
the o4* is in general at higher energy than the sg*. This
unexpected result will be discussed below in detail. The other
configurations with large expansion coefficients are listed in
Table 2. Apparently, the wave function of R1 consists of many
electron configurations including various kinds of excitations.
This result clearly indicates that the nondynamical electron
correlation is very large.
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Mol

Figure 4. DFT-optimized geometry of [MO(ROINC(RZ)NR3)2]2 [R!'=
R? = R?® = H) (Mol) at R®Mo—Mo) = 2.15 A. Length in angstroms
and angle in degrees.

1.95 210 225 240
R(Mo-Mo) (A)
Figure 5. PESs of [Mo(R!NC(R*)NR?),], (R! = R?> = R* = H) (M2)
calculated by the DFT, CASSCF, and MRMP2 methods. The energy
of R(Mo—Mo) = 2.10A is taken to be standard (energy zero); Eppr =
—734.398 94 au, ECASSCF = —729.469 70 au, and EMRMPZ = —732.53151
au at this distance.

We wish to mention here the possibility that the third and
fourth leading configurations involve one-electron excitation due
to mixing of metal ds, d;, and d, orbitals because of the low
symmetry (C,) of R1 and that it is not the case anymore for the
open-lantern complexes.?!® To check this possibility, we carried
out CASSCEF(8,8) calculation of closed-lantern-type dinuclear
Cr(Il) complex taking D,, symmetry (Scheme 1A). This
calculation indicates that similar one-electron excited configu-
ration is involved in the third leading term in the CASSCF(8,8)
wave function. Thus, one-electron excited configuration is not
a result of low symmetry of open-lantern-type structure: see
Supporting Information pages S-18—S-21 for details.

3.3. Geometry and Electronic Structure of the Molybde-
num Analogue, [Mo(RINC(R*NR?),], (R! = R? = R3 = H)
(Mo1l). Though the Mo analogue of R1 has not been
synthesized yet, we investigated the Mo analogue of M1,
[Mo(R'NC(R*)NR?),], (R' = R*> = R* = H) (Mol), to shed
clear light on characteristic features of the dinuclear Cr(II)
complex by making comparison between M1 and Mol. We
optimized the geometry of Mol with the DFT(B3LYP) method
under C,, symmetry, as shown in Figure 4. No imaginary
frequency was observed at each optimized geometry. The DFT-
calculated energy minimum is found at R(Mo—Mo) = 2.106
A, as shown in Figure 5. CASSCF(8,8) and MRMP2 calcula-
tions present the energy minimum at R(Mo—Mo) = 2.101 and
2151 A, respectively. It is noted that all these methods present
almost the same equilibrium Mo—Mo distance. This result is
completely different from that of the dinuclear Cr(II) complex,
indicating that very large difference in electronic structure exists
between dinuclear Cr(II) and Mo(II) complexes.

The occupation numbers of important natural orbitals calcu-
lated by the CASSCF(8,8) method are shown in Table 1.
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Apparently, the occupation numbers of bonding orbitals are
considerably larger than those of antibonding orbitals. The bond
order at R(Mo—Mo) = 2.150 A is evaluated to be 3.41, which
is much larger than that of M1; see Table 1. The g4 bond order
is close to 1.0. The 74 and d4 bond orders are 1.764 and 0.572,
respectively, which are much larger than those of M1. From
these results, it should be concluded that all the oy, 714, and Og4-
bonding interactions are much stronger in Mol than in M1.

The CASSCF(S,S) wave function of M()l, WMDL CAS(8.8)> is
represented as follows

Whor,casss) = 0-867P
0.137D 501255

— 02590, ,., —
— 0.1 33(Dﬂ1252~n1(35*ﬂ2* -
0.118D, 5, . pe + ==+ (3)

l*

The main configuration is o%m142m24*> 4% Though this is the
same as that of M1, its expansion coefficient is much larger
than that of MI1. The second leading configuration is
04271 24204, Though this configuration is the same as that
of M1, its expansion coefficient is much smaller than that of
M1. The other configurations with large expansion coefficients
are listed in Table 2. Apparently, the numbers of electron
configurations are less in Mol than in M1. All these results
clearly show that the nondynamical correlation is much smaller
in Mol than in M1, as expected above.

3.4. The Reason Why Nondynamical Correlation Is Much
Larger in the Dinuclear Cr(II) Complex than in the Di-
nuclear Mo(II) Complex. In many cases, the Cr—Cr distance
was discussed on the basis of the Cotton’s formal shortness ratio
(FSR).'?® The FSR for an A—B bond is defined by eq 4

RA*B
FSR,s = m 4

where Ra—p is the A—B bond length in a molecule and R, and
Rp are the atomic radii of A and B, respectively. Many dinuclear
Cr complexes have been reported to exhibit FSR value either
similar to or smaller than that of dinitrogen molecule (FSRy-x
= (0.783);'? for instance, FSR¢,_¢; for R1 is 0.780 at R(Cr—Cr)
= 1.850 A and 0.826 at R(Cr—Cr) = 1.96 A which is the
experimental value. These results suggest that the Cr—Cr bond
of R1 is similar to the very strong N—N triple bond. Actually,
the M—M bond shorter than 2.0 A is found in many dinuclear
Cr and several dinuclear V complexes'?*3*% but not at all in
the other transition metal complexes.'?® Based on these facts,
the Cr—Cr distance of 1.96 A was discussed to be “short”.!?
However, the nondynamical correlation is very large in the
dinuclear Cr(II) complex. This is against our expectation that
the nondynamical correlation tends to be small when the bond
distance is short. This unexpected result suggests that the FSR
is not useful to discuss the Cr—Cr distance of this complex.
Actually, it is likely that the FSR calculated with the atomic
radius of neutral Cr(0) leads to an unusually small FSR value
because the atomic radius of Cr(0) is determined by the 4s
orbital but the valence orbital of Cr(Il) is 3d; note that the Cr(0)
4s orbital is much larger than the Cr(Il) 3d orbital.

Because the bond distance depends on the orbital expansion,
the bond distance must be discussed on the basis of orbital
overlap. Here, we evaluated the mean radii, (4[] of the radial
distribution function of valence orbital and the distance, Rgyax,
providing the maximum overlap integral. It is likely that the
bond distance directly depends on the 2 x [Hand R,y values.
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TABLE 3: [ and Rgm,” Values of Valence Orbitals of Si,
Cr, and Mo

Si 3p° Cr 3d° Mo 4d¢
GOA) 1.4719 0.7333 0.9785
2 x BI(A) 2.9438 1.4666 1.9571
RSmax (A)
o—0 24529 1.5200 2.5144
-7 - 1.1473 1.4697

@Mean value of radial distribution function. ®The distance
between two atoms which provides the maximum overlap integral.
¢ Calculated with ANO basis proposed by Roos et al.** ¢ Calculated
with Huzinaga’s basis.*

TABLE 4: d—d and p—p Overlap Integrals® of Cr—Cr,
Mo—Mo, and Si—Si Pairs

M = Cr. M = Mo” M = Si‘_
(R=185A) (R=215A) (R=210A4A)
dy—d, (or po—po) 0.0764 0.1061 0.3143
d,—d, (or pz—p=x) 0.1295 0.2036 0.3282
dy—ds 0.0672 0.0692 -

“Calculated with ANO basis proposed by Roos et al.?
b Calculated with Huzinaga’s basis.*?

In Cr atom, 2 x [hy[J R3S, and R$%: values are calculated to
be 1.466, 1.520, and 1.147 A, respectively,*? as shown in Table
3 and Figure S11. The Cr—Cr distance (1.960 A) of this open-
lantern-type dinuclear complex®® is much longer than these
values. On the other hand, the Mo—Mo distance (2.15 10%) of
Mol is moderately longer than 2 x [yCland Rdd: values but
much shorter than R{%, value, as shown in Table 3. These results
indicate that the Cr—Cr quadruple bond of 1.960 A is “long”
but the Mo—Mo quadruple bond of 2.151 A is either “medium”
or “short”. This understanding is consistent with the fact that
the nondynamical correlation is very large in the dinuclear Cr(II)
complex but moderate in the Mo analogue.

From the above results, it should be concluded that the 2 x
[and R values of valence d orbital must be employed to
discuss whether the M—M bond is short or long. We wish to
propose orbital shortness ratio (OSR) to discuss the M—M bond
distance, as follows

RM*M
RO’

Smax

OSR =

&)

where R, is employed because the o-bonding interaction is
always more important than the ;7-bonding interaction and also
the sr-bonding interaction is not always involved in dinuclear
complexes. The OSR value is 1.217 for this open-lantern-type
dinuclear Cr(II) complex and 0.854 for the Mo(Il) analogue,
indicating that the Cr—Cr distance should be understood to be
long but the Mo—Mo distance is to be short. This OSR value
also shows that the N—N distance of dinitrogen molecule is
short; OSRy_n = 0.752. Note that this OSR value is similar to
the FSR value in dinitrogen molecule.

The long separation between two Cr atoms leads to small
overlap integral. Actually, the overlap integral for the Cr—Cr
pair is much smaller than that for the Mo—Mo pair: the overlap
integral is calculated to be 0.0764, 0.130, and 0.0672 for d,—d,,
d,—d,, and ds—d, pairs, respectively, at R = 1.85 A in the Cr
complex and 0.106, 0.204, and 0.0692 at R = 2.15 A in the
Mo complex, as shown in Table 4.

It should be noted that the Cr—Cr distance providing the
maximum overlap integral of the d, orbital is very short (1.52
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SCHEME 4: Electron Accumulation Regions in d,—d,
Bonding Orbital (743) and d,—d, Bonding Orbital (a,)

N e

A) but the Mo—Mo distance is long (2.51 A). The overlap
integral of d, orbital is 0.0810 for the Cr—Cr pair at R = 1.52
A and 0.117 for the Mo—Mo pair at R = 2.51 A. These results
clearly show that the d orbital of Cr is intrinsically much smaller
than that of Mo, as was discussed previouly.® It is very difficult
for the Cr—Cr pair to approach each other at the Cr—Cr distance
of 1.52 A; note that this distance is similar to the C—C single
bond. Therefore, the Cr—Cr bond must stay at much longer
distance than the R value, leading to the much smaller
overlap integral in the Cr—Cr pair than in the Mo—Mo pair.
As a result, the nondynamical correlation is much larger in the
dinuclear Cr(II) complex than in the dinuclear Mo(II) complex.

3.5. Comparison between d,—d, and d,—d, Molecular
Orbitals. It should be noted that the d,—d, overlap integral is
much smaller than the d,—d, overlap integral in both Cr—Cr
and Mo—Mo pairs, as presented in Table 4. This is against our
expectation that the overlap integral of the o-type orbital is much
larger than that of the z-type orbital. This unexpected result
has not been reported yet, to our knowledge. However, this is
not surprising because the d,—d, overlap presents two overlap
regions, as shown in Scheme 4. Despite the much larger overlap
integral of the d,—d, pair, the occupation numbers of the 714
and 7124 natural orbitals are moderately smaller than that of the
0y orbital in both Cr and Mo dinuclear complexes, as shown in
Table 1. It is worth investigating the reason why the occupation
number of the o4 orbital is moderately larger than those of the
714 and 7124 orbitals in spite of the much smaller d,—d, overlap
than the d,—d,, overlap in R1 and M1.*!

The d,, atomic orbital expands perpendicular to the Cr—Cr
axis, as shown in Scheme 4. Because the C—N bonds of the
ligand exist near the d,—d, overlap region, the exchange
repulsion is induced between the 771, and 712, orbitals and doubly
occupied orbitals of the C—N bonds, to push up the 714 and
724 orbital energies, which further leads to decrease of the
occupation numbers of these orbitals. On the other hand, the oy
orbital expands along the Cr—Cr axis and little suffers from
such exchange repulsion (Scheme 4). Thus, the occupation
number of the g4 orbital becomes larger, but those of the w1y
and 724 orbitals become smaller than those expected from
overlap integral.

Another reason is that the ;r14 and 7124 orbitals induce larger
electrostatic repulsion with the negatively charged N atoms than
does the oy orbital. This is because the 14 and 724 orbitals are
closer to the N atoms than the o4 orbital. As a result, the w14
and 724 orbital energies become higher and their occupation
numbers become smaller than those expected from the overlap
integral. This Coulombic repulsion also leads to the participation
of the o4* orbital in the third and fourth leading terms of the
CASSCF wave function. Because the m14* and 7m24* orbitals
are also more destabilized by the Coulombic repulsion with the
negatively charged N atom than the o4* orbital, electron
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TABLE 5: Occupation Numbers of the Natural Orbitals
and the Bond Orders of S1 (Si;H,) and S2 (Si,Hy)

S14 S2°

T, 1.981 1.980
wl,e 1.880 1.867
2, 1.794 -
2,5 0.202 -

Tl *e 0.124 0.133
op* 0.020 0.021
bond order

Op 0.981 0.980
T, 1.674 0.867
total 2.655 1.847

“The CASSCF(6,6) method was employed. ” The CASSCF(4,4)
method was employed. ¢ Out-of plane 77 orbital. ¢ In-plane 7 orbital.

occupations of the mly* and 724* orbitals lead to larger
destabilization energy but that of the o4* orbital leads to smaller
destabilization energy than those expected from overlap integral.
This is one of the reasons why not the 7714* orbital but the o4*
orbital participates in the third and fourth excited configurations
of R1; see eq 1 and above discussion.

Also, the nuclear—electron Coulombic attraction participates
in the larger occupation number of the oy orbital than expected
from overlap integral, as follows: electron accumulation mainly
occurs around the region A in the 714 and 7124 orbitals and the
region B in the o4 orbital; see Scheme 4 for regions A and B.
Because the region B is closer to the Cr atoms than the region
A, the electron density in the region B yields larger nuclear—
electron stabilization energy than that in the region A. Thus,
the occupation number of the gy orbital becomes larger, and
those of the 714 and 72, orbitals become smaller than expected
from the overlap integral.

All these are plausible factors for the smaller occupation
numbers of the 714 and 72, orbitals and the larger one of the
o4 orbital than expected from the overlap integral.

3.6. Comparison between M—M and Si—Si Multiple
Bonds. Comparison of the multiple bonds between transition
metal and nontransition metal compounds is expected to present
clear insight into their bonding natures. We investigated here
Si,H,, (S1), and SiHy, (S2). The o, and 7, bond orders of S1
were evaluated with the CASSCF method to be 0.981 and 1.674
(0.837 per one m, orbital, on average), respectively, and those
of S2 were evaluated to be 0.980 and 0.857, as shown in Table
5. It is noted that the occupation number of the o, orbital is
considerably larger than that of the 7, orbital. This feature is
different from that of the Cr—Cr and Mo—Mo multiple bonds.

In Si atom, 2 x (5,0 R¥s,, and Rz, values were calculated
to be 2.944, 2.318, and 2.453 A, respectively, as shown in Table
3 and Figure S10. In the usual Si—Si double and triple bonds,
the Si—Si distance is 2.0 —2.3 A,* which is much shorter than
2 x [, R¥e,, and R¥z, values. As a result, the OSR is small;
the OSR value is 0.938 and 0.815 for the Si—Si double and
triple bonds, respectively. Thus, the usual Si—Si double and
triple bonds are defined to be short, which leads to large overlap
integral between two Si atoms. Actually, the overlap integrals
of the p,—p, and p,—p, orbital pairs in the Si—Si multiple bond
are much larger than those of d,—d, and d,—d, orbital pairs in
the M—M multiple bond, as shown in Table 4. Thus, the
nondynamical correlation is small in S1 and S2, as clearly shown
by the considerably larger bond order.

It is noted here that the p,—p, overlap integral is moderately
smaller than the p,—p, one, unexpectedly. However, the ¢, bond
order is much larger than the 77, bond order in both S1 and S2,
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unlike those of M1 and R1. In these molecules, no group is
present to destabilize the i, orbital energy, like the C—N bonds
and negatively charged N atoms in M1 and R1. Here, different
factors are responsible for the larger occupation number of the
o, orbital than expected from the overlap integral. One plausible
factor is nuclear—electron attraction like M1 and R1. Another
factor is the bonding participation of Si 3s orbital in the o,
orbital, which lowers the energy level of the o, orbital through
the bonding mixing, as shown in Scheme 3. On the other hand,
the Si 3s orbital does not participate at all in the out-of-plane
7, bonding orbital. In the in-plane s, orbital, the Si 3s orbitals
participate in an antibonding manner, as shown in Scheme 3,
which pushes up the in-plane 77, orbital energy. In M1 and R1,
the 4s orbital of Cr contributes little to the o4 orbital because
the Cr 4s orbital is at much higher energy than the Cr 3d orbital
in Cr(Il). Moreover, the difference between the p,—p, overlap
integral and the p,—p, one in the Si—Si pair is much smaller
than that between the d,—d, overlap integral and the d,—d,
one in the Cr—Cr pair, as shown in Table 4. Therefore, despite
the absence of the C—N bonds and the negatively charged N
atom, the participation of Si 3s orbital and the nuclear—electron
attraction are enough to overcome the consequence of the
smaller p,—p, overlap integral, leading to the larger occupation
number of the o, orbital than that of the 7, orbital.

In conclusion, the interesting differences between M—M and
Si—Si multiple bonds are summarized as follows: (1) The
nondynamical correlation is much smaller in the Si—Si multiple
bond than in the Cr(II)—Cr(II) multiple bond. (2) The o-bonding
interaction contributes much more to the Si—Si multiple bond
than that to the M—M multiple bond.

4. Conclusion

We investigated open-lantern-type dinuclear Cr(II) complex,
[Cr(R'NC(R?>)NR?),], (R! = Et, R*> = Me, and R?® = ‘Bu), with
DFT, CASSCF, and MRMP2 methods. The DFT-calculated
potential energy decreases as the Cr—Cr distance becomes
shorter, and the equilibrium structure is not found in the range
R(Cr—Cr) > 1.75 A. In contrast to the DFT-calculated result,
the CASSCEF(8,8)-calculated potential energy decreases as the
Cr—Cr distance becomes longer but does not present the
minimum in the range R(Cr—Cr) < 2.05 A. The MRMP2
calculation exhibits the minimum at R(Cr—Cr) = 1.851 A, as
shown in Figures 2 and 3. These results suggest that both
nondynamical and dynamical correlations are considerably large
in this complex. On the other hand, the nondynamical correlation
is small in the Mo analogue; actually, the DFT, CASSCF, and
MRMP2 methods present almost the same equilibrium Mo—Mo
distance. The reason why the nondynamical correlation in the
dinuclear Mo complex is smaller than in the dinuclear Cr
complex is explained in terms of the overlap integral: actually
the overlap integral of valence d orbitals in the Cr—Cr pair is
much smaller than that of Mo—Mo pair. We wonder why the
nondynamical correlation is very large although the Cr—Cr bond
was experimentally discussed to be short in many dinuclear Cr
complexes. To find answer to this issue, we wish to propose
OSR (orbital shortness ratio) here to discuss the M—M multiple
bond distance. The OSR value is 1.217 for real Cr complex R1
and 0.854 for Mol. Thus, we must understand that the Cr—Cr
distance of 1.96 A is long in R1 but the Mo—Mo distance of
2.151 A is short in Mol. These understandings are consistent
with the fact that the nondynamical correlation is much larger
in the dinuclear Cr(II) complex than in the Mo(Il) analogue.

The bond order of the real complex R1 is evaluated to be
2.40, which is much smaller than the formal bond order of 4.
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That of the Mo analogue is evaluated to be 3.41, which is much
larger than that of R1. These results agree with the fact that the
nondynamical correlation is larger in the dinuclear Cr complex
than in the Mo analogue.

Our calculations reveal that the overlap integral of valence
d, orbital is much larger than that of d,, orbital in both Cr and
Mo dinuclear complexes, and that of p, orbital is moderately
larger than that of p, orbital in Si,H, and Si,H,. However, the
occupation number of the g4 orbital is moderately larger than
those of the 74 orbitals in both the dinuclear Cr and Mo complex,
and that of the ¢, orbital is much larger than that of the 7,
orbital in both Si—Si double and triple bonds, contrary to the
expectation from overlap integrals. In the Si—Si multiple bond,
the Si 3s orbital contributes to the o}, orbital, leading to the lower
orbital energy and the larger occupation number of the o, orbital
than expected from overlap integral. In the M—M multiple bond,
the moderately larger occupation number of the g4 orbital arises
from the smaller exchange repulsion between the o4 and the
bridging ligand, the smaller Coulombic repulsion between the
04 and the negatively charged N atoms of ligands, and the larger
nuclear—electron attraction between the electron density of the
04 and the M atoms than those of the 7z4. Important differences
between Cr—Cr and Si—Si multiple bonds are summarized as
follows: (1) The nondynamical correlation is much larger in
the Cr—Cr multiple bond than in the Si—Si multiple bond. (2)
The o-bonding interaction is much more important than the
m-bonding interaction in the Si—Si multiple bond, while the
o-bonding interaction is moderately more important than
the -bonding interaction in the Cr—Cr multiple bond.
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