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Using density functional theory, we have theoretically studied various kinds of complexes of cyclopentadienyl
and dicyclopentadienyl ligands with zinc and cadmium atoms of oxidation staté/Ne first find that a
sandwich complex Cp*Zn—Zn—Cp* that was recently identified by Resta et &c{ence2004 305, 1136)
has a large overall binding energy{3.19 eV), where Cp* denotes the pentamethyl cyclopentadienyl group.
In addition, Cp-Zn—2Zn—Cp is found to have a binding energy even larger by 0.93 eV, where Cp is a

cyclopentadienyl ligand without methyl groups attached. Electronic structure analysis shows accumulation of

electron density between Zn atoms, confirming the existence efZinbond that is as strong as typical

transition metal-halide bonds. In addition, our calculation suggests the possible existence of similar complexes

Cp*—Zn—Cd—Cp* and Cp-Zn—Cd—Cp with a Zn-Cd bond not known thus far. Furthermore, study on the
dimetallic complexes of dicyclopentadienyl ligands also predicts results which hold potential application to
organometallic chemistry and organic synthesis: (a) Complexes involving a stiff ligand Dp can presumably
exist in the form of dimerized sandwich complexest3M;—2M,—Dp (M1, M, = Zn, Cd) with two metat
metal bonds. Their overall binding energies amount-th84 to —3.48 eV depending upon the kinds of
metallic atoms, the strongest binding corresponding to dizinc complex. (b) Complexes involving more flexible
ligand Ep can also form similar sandwich complexes-Em,—2M,—Ep, but with much larger overall binding
energies £€—4.97 to—7.09 eV). In addition, they can also exist in the form of nonsandwich complexes
M1—Ep—M; involving only one ligand. Unlike most of dimetallic complexes of other transition metals, syn
conformations are found to be exceptionally stable due to the formation-eMdbonds. Careful electronic
structure analysis gives deep insight into the nature of observed phenomena.

1. Introduction SCHEME 1: A General Drawing for a Ligand with Two

Cyclopentadienyl Rings Connected by a Group of Atoms
Very recently, X-ray structure determination has shown that x"(a), Neutral s-Indacenyl (Dp) (b), Ep (c), and

zinc can exhibit the oxidation state &fL with Zn—2Zn bond in aslndacenyl Groups (d)
the sandwich complex of decamethydizincocérne.view of

the catalytic activity of transition metal compleXess well as
possible application of metallocene-containing dendrimers and
polymers to nonlinear opticsliquid crystals? and sensors;t

can be potentially useful in wide range of areas from organic
synthesis to molecular devices. Therefore, that finding will
certainly stimulate synthesis and characterization of various

kinds of organozinc complexes involving Zh as final products
as well as reaction intermediates. However, there is still no report

for the direct evidence for the accumulation of electron density

between two Zn atoms as a result of bonding interaction between
atomic orbitals from the two atoms, requiring theoretical study

on its electronic structure. Meanwhile, a question naturally arises
if ZnT—Cd" with a Zn—Cd bond can also exist, noting that

complexes involving C#* with Cd—Cd bond are also knowh.

It is also possible that extended Cp sandwich systems with more

than one Cp ring can have more than one-Zn, Cd-Cd, or of linking groups in the ligands, there can be big diversity in
Zn—Cd bond in which Cp rings are connected by aromatic or their organometallic chemistry. For this, we note that indaceny!
alkyl chains (Scheme 1a), noting that stable forms of the Zn ligands (Scheme 1b) usually form dimetallic complek@shile
complex mostly involve aromatic cyclopentadienyl anion(§p  double silyl-bridging (X= SiR, in Scheme 1a) of two Cp rings
with an excess electron transferred from Zn atoms. Since theirwas known to form metallocene polymérdn dimetallic
chemical properties will be sensitively dependent upon the kind complexes which do not form sandwich structures, conformation
(syn or anti) of two metallic atoms with respect to the ligands
*E-mail: hsk@jj.ac.kr as well as their binding strength will also depend on the kinds
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TABLE 1: Binding Energies in eV for the Processes P1, D1, and E1 Defined in the Table, Where Cp, Dp, and Ep Represent
Neutral Cyclopentadienyl Group, Dicyclopentadineyl Group in Scheme 1b, and Dicyclopentadineyl Group in Scheme 1c,
Respectively

M1 =12Zn
M1 =Cd
process M=2Zn M, = Cd M,=Cd
P1 (P1%) Cp(D)Y+ M1 — Cp—My(D) —0.53 (-0.10) —0.30 (-0.02)
D1 Dp(S)+ M1+ M2 — M;—Dp—Mx(S) —0.24 —0.08 —0.12
El Ep(T)+ M1 + Mz — M;—Ep—Mx(S) —2.86 —2.37 —1.93

a|n parentheses are also shown the binding energies for the process P1* involving Cp* instead of Cp. S, D, and T in parentheses denote that the
spin multiplicity of the lowest energy structure for the corresponding compound is singlet, doublet, and triplet, respectively.

TABLE 2: Binding Energies (E;) of the Processes P2,

of ligands. In respect to general preference of anti conforma- Cp—M, + Cp—Ms — Cp—M;—M,—Cp, as Well as Those

tion,”8 it is also of interest to investigate which conformations
the extended ZnCp systems adopt in relation to their applica-

tion to the selective synthesis of organometallic complexes in

a controlled way. This work is motivated by all the questions

addressed above, and we intend to find answers to at least some

of them based on theoretical analysis.

2. Theoretical Methods

Our total energy calculations are performed using the Vienna

ab initio simulation program (VASPf:1!Electron-ion interac-

tion is described by the projector augmented wave (PAW)

method!? which is basically a frozen-core all-electron calcula-

tion. Exchange-correlation effect was treated within the general-

ized gradient approximation due to Perdew, Burke, and Ern
zerhof (PBE)!3 The solution of the KohsaSham (KS) equation

of the Overall Process 2P1+ P2, Where P1 Is Defined in

was obtained using a Davison blocked iteration scheme followed

by the residual vector minimization meth&dAll the valence

electrons of chemical elements were explicitly considered in

Table 12
(M1,M>) (Zn, Zn) (Cd, Cd) (Zn, Cd)
En(P2) —3.06 —2.34 —2.69
(—2.99) (-1.88) (-2.41)
Ex(2P1+ P2) —4.12 —2.94 —3.52
(—3.19) -1.92) (-2.53)
[(M1—M_)P 2.29 2.60 2.46
(2.28) (2.60) (2.45)
O(M1—M)° 0.87 0.86 0.86
(0.89) (0.86) (0.87)
[(M-Cp)? 1.98 2.21 1.98,2.23
(1.89) (2.19) (1.91, 2.22)
I(M—C®)e 2.31 2.51 2.28,2.53
i (2.28) (2.53) (2.27, 2.54)
qm)f 0.84 0.82 0.84,0.84
(0.86) (0.83) (0.85, 0.84)

a Also shown are geometrical parameters of the productsNCp-

M2,—Cp, their Wiberg bond indices (WBI), and partial charggsn
specified atoms of the complexes obtained from the natural bond order

the KS equation. For zinc and cadmium, 10 3d and 4d electrons(Ngo) analysis. Other parameters are explained in the footnotes. When
were also explicitly treated as valence electrons. We adopt atwo numbers appear in a line, they correspond to quantities involving
supercell geometry for whick-space sampling was done with Mi: and M, in order. In parentheses are also shown corresponding
I-point. For this, we use large supercells which guarantee guantities for the process P2* involving Cp* instead of €Bond

interatomic distances between neighboring cells greater than 8.7
A. Therefore, the size of the supercell depends on the size of

ength of the bond M—M,. °WBI for the bond M—M.. ¢ Distance
rom a metallic atom to the center of the adjacent Cp rfrigteratomic
distance between a metallic atom and a carbon atom in the adjacent

the molecular system, the smallest one spanning (11, 11, andcy ring. Note that there are five equivaleritsiBO charge on metallic
16 A) along three dimensions. Most of our results rely on the atoms. When two numbers appear, each of them corresponds to different

spin-polarized calculation. The cutoff energy is set higd @0

M; and M.

eV) enough to guarantee accurate results. The conjugate gradient, ;g step (P2) is concerned with dimer formation, i.e., the

method is employed to optimize the geometry until the

Hellmann-Feynman force exerted on an atom is less than 0.03

eV/ A. Since our calculation relies on the plane wave basis

and not on the localized orbital basis, it should be noted that
errors arising from the incompleteness of the basis set are
systematically reduced as the cutoff energy is increased. For

this, we note that our recent work on a benzehie-benzene

sandwich complex showed that our PBE calculation using the

process CpM; + Cp—M; — Cp—M;—M,—Cp. Similar
reactions involving other metallic atoms to be discussed latter
* will be also labeled this way. Our spin-polarized calculation
shows that the complexes €M;—M,—Cp are in the singlet
states for all metals considered in this work. Table 2 shows
that P2 is much more favorable than the process P1. The binding
energy En(P2) = —3.06 eV] of the former process, which
measures the strength of Z@n binding, shows that it is larger

same cutoff energy and the same convergence criterion wasy,,, typical bond energies between transition metals and

comparable to those for transition metalalide bonds> For
comparison, we have also carried out structure optimization
using PBEPBE exchange-correlational functional implemented
in GAUSSIANO3 progrartf with a mixed basis set, i.e., a
6-31G(d) basis set for C and H and LanL2DZ set for Zn. (This
a cyclopentadienyl group without a methyl group attached. We basis set is used in all our GAUSSIAN calculations throughout
this work.) We find that the binding energy-(-3.22 eV) for
Zn—Cp* latter in this section, where Cp* is a cyclopentadienyl the process P2 is in good agreement with our result. When we
ring functionalized with five methyl groups. Henceforth, the consider the overall process 2@p2Zn — Cp—2Zn—Cp, an
even larger binding energ§f(2P1+ P2)= —4.12 eV in Table
Cs(CHg)s groups, respectively. We describe the formation of 2] from our calculation seems to be sufficient to expect the
Cp complex in two steps. The first step (P1) represents the existence of the product unless it is chemically unstable. The
optimized structure of Cp2Zn—Cp is similar to the X-ray
structure of Cp*2Zn—Cp* other than the replacement of

accurate within 0.1 eV when it was compared with the more
sophisticated calculation G3(MP).

3. Results
We first consider the system €&Zn—2Zn—Cp, where Cp is

will also consider Resa et al's sandwich compl&p*—Zn—

labels Cp and Cp* are exclusively used to denotglLand

formation of the complex CpM; from its neural components,
i.e., the process CpM; — Cp—M;. (See also Table 1.) The
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SCHEME 2: Simplified Energy Level Diagram of the
Complex Cp—Zn—Zn—Cp?
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Figure 1. Electron density distributions in HOMO-4 for the complexes
Cp—2Zn—2Zn—Cp (a) and Cp-Zn—Cd—Cp (b). For simplicity, hydrogen
atoms are not shown. Metaimetal bond is directed along axis.
methyl groups to hydrogen atorhsThere is a Zr-Zn bond

which is oriented perpendicular to the planes of Cp with its
bond length €2.29 A) close to the experimental valueZ.31

A). The Zn—Cp distance £1.98 A) is also in reasonable
agreement with the X-ray data=2.04 A). Analysis of the,m-

point GAUSSIAN calculation with the optimized geometry
obtained from our VASP calculation.) This also shows tjfat
hapticity of Zn—Cp coordination is mostly related to the
electrostatic interaction between Zand Cp anion. Table 2

projected electronic local density of states (LDOS) at each atom also shows some other useful parameters.

and electron density maps for states around HOMO level shows Next, we consider the complex €£d—Cd—Cp. Its opti-

that all the states derived from 3d-states of zinc atoms are locatednized structure is very similar to that of its zinc analogue. As
below HOMO-4, indicating relative inertness of d-electrons shown in Table 2, binding strengtlE(P2) = —2.34 eV] of
during the formation of this complex. Scheme 2 shows the the Cd-Cd bond, although weaker than the -Zin bond
energy level diagram. HOMO-4 is characterized by—Zm described above, is comparable to those between other transition
o-bond between two $phybrid orbitals, where is a small metals. In view of its still large binding energi{(2P1+ P2)
quantity. (See Figure 1a). This observation gives a very clear = —2.94 eV in Table 2] for the overall process, it will be also
support for the existence of a direct Z@n bond in this interesting to see if the Cd-containing dimer can be also
complex. The Wiberg bond ind&&(WBI) (=0.87) given in identified experimentally. Although not explicitly described here,
Table 2 also indicates that there is a single bond between them.ts electronic structure is similar to that of its Zn analogue.
HOMO-3 and HOMO-1 represent bonding and antibonding Weaker binding in the Cd-complex compared to its Zn analogue
interactions between two (HOMO-)orbitals of two Cp ions. seems to be partly related to the fact that 5s(Cd) state lies lower
(Henceforth, ligand orbitals are denoted by ligand levels in than the 4s(Zn) state by approximately 0.32 eV. If we consider
parentheses to distinguish them from those of a complex.) A transfer of two electrons from one of these states to HOMO of

small difference in the energy=0.23 eV) between them
indicates weakness of the- interaction, as indicated by the
large distance=6.17 A) between twp Cp rings. Similarly,
HOMO-2 and HOMO correspond to interactions of two
(HOMO)s of Cp ion. [In Scheme 2, (HOMO-1) and (HOMO)
of the Cp ring are not shown to be filled, since we are

the complex upon the formation of €i€d—Cd—Cp, we would
expect that the gain in energy is less than that of its Zn
correspondent by 0.64 eV, simply assuming that the energy
levels of HOMOs are the same for both Zn- and Cd-containing
complexes. In addition, CeCd (=2.60 A) and Ce-Cp (=2.21

A) distances are longer than those for their Zn correspondents

considering the process of forming the sandwich complex from in Table 2. We also note that the former is consistent with that

neutral Cp rings and not from Cpon. However, we should
note that there are total of six electrons coming from two Cp
rings which occupy three Cpderived levels (possibly HOMO-

(=2.576 A) found in the X-ray structure of GEAICI 4),.6
Now, we consider a hetero complex-€gn—Cd—Cp. From
Table 2, we first note that CeéZn binding [En(P2) = —2.69

3~HOMO-1) of the complex shown in the scheme.] In addition, eV]is stronger than the CeCd bond but weaker than the Zn
HOMO-3 and HOMO-2 as well as HOMO-1 and HOMO are Zn bond. A similar argument holds for its overall binding energy
degenerate, which is originated from the degeneracy of (HOMO- [En(2P1+ P2)= —3.52 eV]. It will be also interesting to see
1) and (HOMO) of Cp ion. LUMO is derived from the if this complex can be identified experimentally. When opti-
antibonding interaction between two 4s(Zn) states. Upon the mized, we find a structure similar to those of homocomplexes.
formation of Cp-Zn—2Zn—Cp from their individual components, ~ Zn—Cd distance £2.46 A in Table 2) lies between Z¥n
therefore, two of four 4s(Zn) electrons take part in the formation (=2.29 A) and Ce-Cd (=2.60 A) distances. Table 2 also shows
of a Zn—Zn o-bond. The other two are transferred to HOMO that Zn-Cp (=1.98 A) and Cd&-Cp (2.23 A) distances are
of the complex to form Cp anions, thus leaving the 4s(Zn)-  similar to those in homocomplexes. Analysis of the electronic
derived LUMO state unoccupied. [If we imagine the situation structure also gives us a clearer picture on the binding in the
where both of two 4s(Zn)-derived states are filled, we would Cd-complexed dimer. States derived from d-states of both of
not expect any significant charge transfer, leaving the Zn atom Zn and Cd are again located below HOMO-4 of the complex.
in the oxidation state of zero.] In short, Zn atoms are in the The energy level diagram is shown in Scheme 3. HOMO-4 is
oxidation states of-1. In fact, Table 2 shows that our analysis a bonding interaction between®gn) and sp (Cd) orbitals.

of natural bond orbital$ (NBO) using GAUSSIANO3 program
is consistent with this analysis, resulting in charges +0.84

on Zn atoms. (This analysis was done by performing a single-

As in the case of homocomplexes, Figure 1b clearly shows large
electron density between the two metal atoms in HOMO-4,
strongly suggesting the existence of aAbd bond. As far as
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SCHEME 3: Simplified Energy Level Diagram of the Zn—2Zn—Cp. For this, we note that HOMO-4 of the Cp*
Complex Cp—Zn—Cd—Cp? complex also represents the 4s(Zdks(Zn) bonding, and its
5px(le) energy level would not be largely different from that of its Cp
Sp (Zn) analogue, CpZn—2Zn—Cp. This is because its electron density
y( is concentrated on the region between two Zn atoms which are

'{= 4px(Cd) approximately 3.39 A apart from methyl groups. On the other

hand, energy level of HOMO of the complex, which is an
(HOMO) LUMO : 4py(Cd) antibonding interaction betweenorbitals of the Cp* anions,
(HOMO-1) ,’_‘\ i should be more affected by the presence of 10 methyl groups
= _ f. 1\1 ' in Cp* rings. This is because the groups effectively constitute
N ;’ ' a box which confines the orbitals in smaller space, destabiliz-
,4 | ' f\\ ing them. Since two electrons are involved in the transfer to
4s(Zn) A TR 85(Cd this HOMO, we can expect that the overall binding energy of
\ ﬁ‘ ﬂ" ’ s(Cd) the Cp* complex would be roughly 1.04 eV smaller than that
’ . . . .
\ ’ of its Cp analogue, accounting for the observed difference in
\ i energy €0.93 eV). Very weak binding for the process PE;{
\\ P (P1*)= —0.10 eV in Table 1] can be similarly explained. Table
—'—'—" 2 shows that geometrical parameters, NBO charges, and bond
orders of various components of the complex are similar to those
HOMO-4 in its Cp analogue. Considering that the Cp* complex do exist
2 Also see the caption for Scheme 2. and its Cp analogue is energetically even more stable, we can

easily expect that the Cp complex would be able to be identified

the author's knowledge is concerned, there has been nog,,qrimentally, unless it is easily subject to other kinds of

experimental report o_f the bond. The figure do_es not show any chemical reactions.
appreciable polarization of the electron density toward either N ider th lex involvirgind | diani
of the two metallic atoms, which is consistent with the fact that PZW WE consider the complex involvirgnaacenyl dianion
there is no difference in the NBO charges((84) of the two _(Dp ), wo flve-membere_d cyclopentadienly anion rngs fused
metallic atoms in Table 2. HOMO-3 and HOMO-2, which are into a central benzene ring. [See Scheme 1b for its neutral
degenerate to each other, represent (HOMO-1) of a @y correspondent.] For simplicity, we consider 'Fhe Dp ring without
that is in symmetry-allowed interactions withand g orbitals ~ Methyl groups attached. Again, we consider two steps for
of the Zn atom, respectively. For this, we note that XY plane is possible formation of the complex B{2Zn—2Zn—Dp. The first
parallel to the planes of the Cgings. (See Figure 1a for the  SteP (D1) is the formation of the complex B@Zn, while the
definition of the coordinate system.) In contrast to the case of S€cond one (D2) represents its dimer formation through possible
homodimetallic complexes, electron density is concentrated on c'€ation of two stable ZnZn bonds. In process D1, we find
only Zn atom and a Cpring nearby, being negligible around that the syn co_nformatlon (S)_ln v_vhlc_h two Zn atoms are located
both the Cd atom and the other Cging [=Cp~(Cd)]. Similarly, on the same S|dg of the Dp ring is sllghtly more stable (by 0..17
HOMO-1 and HOMO are characterized by (HOMO-1) of the €V) than the anti conformation (S) with them on the opposite
Cp(Cd) in similar interactions with pand g orbitals of the sides. S_pm multiplicities in parentheses_lnd!cate that our VASP
Cd atom, respectively. Again, electron density is negligible calculatlo_n s_hows that both of them arein singlet ground states.
around the Zn atom and C(Zn). Similar to the case of the [N the optimized structured; symmetry in Table 3) of the syn
homocomplexes, LUMO represents the antibonding interaction COmplex shown in Figure 2, we find a weak Z#n bond with
between 4s(Zn) and 5s(Cd) orbitals, again confirming the chargethe bond length=£2.51 A) about 10% longer than that2.29
transfer to HOMO of the complex. A) in the complex Cp-Zn—Zn—Cp discussed above. For
We next consider the system GpZn—2Zn—Cp*. Comparison comparison, we note that this preference, although small, is
of its binding energy with that of its Cp-correspondent will give different from our previous calculation on the naphthatene
us information on the role of methyl groups in energetics of 2Li complex* (S) which showed that it preferred the anti
the system. Table 1 shows that there is practically no binding conformation (S) by 0.15 eV. Considering that there is also a
in the process P1* Cp* M; — Cp*—M;. [We denote large charge transfer from the Li atoms to the naphthalene ring
processes similar to P1 and P2 involving Cp* (instead of Cp) in that case, at a glance, adoption of anti conformation is
by P1* and P2*] Although the binding strengti{2.99 eV) expected to be more favorable due to the reduction of
of the Zn-Zn bond is almost the same as in the complex €lectrostatic repulsion between positively charged Li ions. Our
involving Cp, the overall binding energ¥f(2P1* + P2*) = contradictory observation suggests that energy gain resulting
—3.19 eV in Table 2] of the complex is 0.93 eV smaller. The from the formation of the weak ZfZn bond in Dp-2Zn does
reason for this can be also understood from the electronic more than compensating for the energy loss due to the
structure analysis. We find that HOMO-4OMO of the electrostatic repulsion between partially charged Zn atoms in
complex can be depicted by a scheme similar to that shown in the syn conformation. In fact, our separate electronic structure
Scheme 22 In a simple model, therefore, we can expect that analysis shows that about 50% of the electron density of
two 4s(Zn) electrons are transferred to HOMO of the complex HOMO-3 of this complex representsoabond between 4s(Zn)
upon the its formation from their individual components. This states, while the other 50% represents atate of the Dp?
also implies that the observed overall binding energy, which is ring. Wiberg bond index=0.48 in Table 3) for the ZnZn
smaller than that for its Cp analogue by 0.93 eV, is due to the bond is consistent with this observation. Complete filling up to
destabilization of HOMO of the Cp* complex. In fact, we find (HOMO) of Dp~2 also implies appreciable charge transfer from
that the all the levels HOMO-3HOMO are shifted toward Zn atoms to the Dp ring, which is also consistent with the NBO
higher energy by the same amount. Specifically, the HOMO- charge £0.63 in Table 3) of Zn atoms. Most of ZAC®
4—HOMO gap of the dimer is 0.52 eV larger than that of-€p  distances in Table 3 are longer than thos®.81 A in Table
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TABLE 3: Binding Energies (Ep) for the Processes D1 and E1 Defined in Table2l

Zn—Dp—2Zn Cd-Dp—Cd Zn—Dp—Cd Zn—Ep—Zn Cd-Ep—Cd Zn—Ep—Cd
(M1, M2) (2Zn, Zn) (Cd, Cd) (Zn, Cd) (Zn, zn) (Cd, Cd) (Zn, Cd)
point group C C s Co Ca s
process D1 D1 D1 E1l El El
conformation syn syn syn syn syn syn
multiplicity singlet singlet singlet singlet singlet singlet
En(eV)° —0.24 —-0.12 —0.08 —2.86 —1.93 —2.37
I(M1—Mp)° 251 3.50 3.32 2.33 2.68 251
O(M;—Mp)d 0.48 0.05 0.05 0.73 0.57 0.66
I(M—CP)e 2.80 4.12 4.11, 4.06 2.14 2.36 2.12,2.38
2.23 3.82 3.90, 3.88 2.34 2.64 2.36,2.61
241 3.72 3.73,3.75 2.60 2.99 2.67,2.89
2.83 3.95 3.73,3.75 2.60 2.99 2.67,2.89
3.12 4.19 3.90, 3.88 2.34 2.64 2.36,2.61
q(m)f 0.63 0.01 —0.01,-0.01 0.78 0.67 0.75,0.71
[(C5—Cit15)9 1.46 141 1.41,1.41 1.45 1.45 1.45,1.45
1.46 1.42 1.43,1.43 141 1.40 141,141
1.45 1.45 1.45,1.45 1.43 1.44 1.43,1.43
1.44 1.42 1.43,1.43 141 1.40 141,141
1.38 1.41 1.41,1,41 1.45 1.45 1.45,1.45

a Also shown are geometrical parameters of the products, their Wiberg bond indices (WBI), and partial ghamggsecified atoms of the
complexes obtained from the natural bond order (NBO) analysis. Other parameters are explained in the footnotes. When two numbers appear, they
correspond to quantities involving Mind M in order.® Binding energy of the corresponding procesBond length between two metallic atoms.
dWBI for the bond between two metallic atonfdnteratomic distances between a metallic atom and a carbon atom in the adjacent five-membered
ring. See Figure 2a for the convention of labelihtyBO charge on metallic atom&Bond lengths between (), (C;,Cs), (Cs,Cs), (Cs,Cs), and
(Cs, Cy). Also see footnote above.

complex Cp-Zn—2Zn—Cp. Although overall binding energ¥f-
(2D1+ D2) = —3.48 eV] is smaller, it still suggests the possible
existence of the dimer Dp2Zn—2Zn—Dp. In short, we can
expect that complexes of Dp and Zn could mostly exist in the
form of the dimer rather than as monomerst3zn. Figure 3
shows its optimized structur€f,). We note that Zr-Zn bond

is not perpendicular to the ring planés fact, our constrained
optimization in which the perpendicularity is compelled shows
that such a conformation is less stable by 0.20 eV. Upon
reoptimization after removal of the constraint, we again get the
Can structure. This indirectly shows that our structure optimiza-
tion can indeed bring the system of concern to the correct
structure. Table 4 also shows various geometrical parameters,
WBI, and NBO charges of its componeiidmportantly, there
are two Zn-Zn bonds with bond lengths=2.32 A in Table 4)
close to that £2.29 A) in the complex Cp2Zn—Cp. A
simplified energy level diagram is shown in Scheme 4 for better
understanding. First of all, HOMO-6 largely represents-Zn
Zn single bonds through the overlap of 4s(Zn) orbitals, also
confirming the existence of two ZrZn bonds. (Also see Figure
4.) Six states from HOMO-5 to HOMO of the complex are
basically interactions between bondingstates of two Dp?
rings. Again, filling of all the dianion-derived states up to

] ] ] (HOMO) indeed signifies dianion formation through transfer
2) in Cp~Zn—Zn—Cp, where @ denotes an atom in a five-  of four electrons from four Zn atoms. LUMO is characterized
membered cyclopentadinenyl ring. See Figure 2a for the way by bonding interactions of,fZn1)—p(Zn2) and p(Zn3)—px-
they are labeled. [Superscript 5 is sometimes used to emphasizegzm), where the lobes offZn) are oriented normal to the Zn
that the atom belongs to a five-membered ring.] Two five- 7n ponds3

membered rings are bent to form an arc. [See Figure 2b.] Itis eyt e consider two steps for possible formation of the

worth noting that a similar bending was observed for the doubly complex Dp-2Cd—2Cd—Dp. Optimized structure of Dp2Cd
silyl-bridged ligand in the X-ray structure of chromoceR®s. i similar to that of Dp-2Zn. However, its binding is weaker,
Noting that C; —C5+, bond distances of a neutral Dp ring are g this is manifested in all the parameters in Tabfé \Ble
1.41,1.43,1.45,1.43, and 1.41 A for*eC,,° C2>~Cs,° Ca°~ list only a few of them here. The GdCd distance<£3.50 A in
Cs° Cp—Cs and G>—Cs' bonds, we find that the first two  Tapje 3) is 36% larger than that in €£d—Cd—Cp. WBI
bonds are elongated and the last one is shortened. In fact, thgngicates that there is practically no €&d bond. In addition,
complicated hapticity which deviates from idegl is related  there is little charge transfer from Cd atoms to the Dp rings, as
to the formation of weak covalent bonds between Zn afd'C evidenced by a very small NBO charge@.01 in Table 3) on
Table 4 shows that dimer formatioB{(D2) = —3.00 eV] is Cd atoms. Table 4 shows that the binding energies of the
as much favorable as the corresponding process, P2, for thedimerization processes D2 and the overall process 200112

Figure 2. Optimized structure of ZrnDp—Zn viewed along two axes.
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TABLE 4: Binding Energies (Ep) for the Processes (D2) of Dimer Formation

(Zn, Cd)
(M1, Mp) (Zn, Zn) (Cd, Cd) isomet isomer2 isomer3
point group Con Con Cs G C
En(D2) —3.00 —1.60 —2.27 —-2.27 —2.46
Ey(2D1+ D2) —3.48 —-1.84 —2.63 —2.43 —2.62
I(M1—My) 2.32 2.68 2.50 2.50 2.34,2.67
I((M—C®) 2.34 2.72 241,272 2.31,2.73 2.38,2.69
2.06 2.26 2.05, 2.25 2.08, 2.26 2.05, 2.26
2.52 2.80 2.56,2.78 2.51,2.80 2.55,2.80
2.89 3.34 3.00, 3.33 2.85,3.33 2.97,3.31
2.78 3.29 2.90, 3.28 2.72,3.28 2.87,3.24
I(C®—Cit+15) 1.46 1.47 1.46, 1.47 1.46,1.47 1.46, 1.47
1.46 1.47 1.47,1.47 1.46, 1.47 1.47,1.47
1.45 1.45 1.45,1.45 1.45,1.45 1.45,1.45
1.44 1.44 1.44,1.44 1.44,1.44 1.44,1.44
1.39 1.38 1.39,1.38 1.40,1.38 1.39,1.38
q(Cd) —0.38 —0.33 —0.35,-0.33 —0.40,-0.32 —0.37,-0.34
—0.65 —0.63 —0.66,—0.64 —0.62,—0.65 —0.66,—0.63
—0.13 —-0.11 —-0.12,-0.11 —0.14,—-0.10 —0.13,-0.11
—0.11 —0.10 —0.11,-0.10 —0.12,-0.10 -0.11,-0.10
—0.33 —0.29 —0.31,-0.29 —0.34,-0.30 —0.32,-0.30
q(M) 0.77 0.69 0.73,0.75 0.74,0.75 0.78, 0.69
O(M;—My) 0.72 0.58 0.65 0.67 0.72,0.58

aFor (M1, M2) = (Zn, Zn) and (Cd, Cd), they correspond to the processes2\ + 2M,—Dp — Dp—2M;—2M,—Dp. For (M, M) = (Zn,
Cd), three isomers are described. Isorhetenotes the product of the processp—Zn + Cd—Dp—Cd — Dp—2Zn—2Cd-Dp. On one hand,
isomers2 and3 are obtained from the processeszdp—Cd + Zn—Dp—Cd — Dp—2Zn—2Cd-Dp. The former forms two ZrnCd bonds, while
the latter forms one ZaZn and one CetCd bond. Also shown are binding energies of the overall processest2D2, where D1 is defined in
Table 1. Furthermore, geometrical and some other parameters of the products are also shown. Wiberg bond indices (WBI) and parjaincharges
specified atoms of the complexes were obtained from the natural bond order (NBO) analysis from the GAUSSIANO3 calculations. When two
numbers appear, they correspond to quantities involvingaMl M in their orders. Also see footnotes of Table 3 for more details.

SCHEME 4: Simplified Energy Level Diagram of the
Complex Dp—2Zn—2Zn—Dp?

4px(le) 41—5 37 4p‘(Zn) LUMO

(HOMO_lN -Je ‘H-n Sy (HOMO)

HOMO-1) ' . ) __\\ (HOMO-1)
£ —H— -
4s(Zn) %\\ ’ js(Zn)

—H—<¥ “/Z>—H—

HOMO-2) '\ —H— 7 (HOMO-2)
RN '
HOMO-6 ,I

a Also see the caption for Scheme 2.

Dp—Cd, corresponding to the process D1 in Table 1. Tables 1
and 3 show that the binding of the complex is also wegk [
(D1) = —0.08 eV], as is also manifested in other parameters in
Table 3. As shown in Figure 5, its optimized structure exhibits
Figure 3. Optimized structure of Dp2Zn—2Zn—Dp viewed aI_ongZ symmetry Cs in Table 3) different from that for homocom-
(a) andY (b) axes. The latter one was slightly rotated alohagxis for plexes. Again, we consider the dimerization process which
better understanding. produces the complex Bi2Zn—2Cd-Dp, for which there are
are about half of those of the corresponding process involving three possible isomers of nearly the same binding energy as
47Zn atoms, suggesting that the stability of- B®Cd—2Cd—Dp indicated in Table 4. Isomer 1 is defined by the process D2,
is less pronounced. This is manifested in the smaller NBO Dp—2Zn+ Dp—2Cd— Dp—2Zn—2Cd-Dp, forming two Znr-
charge €0.69) of Cd atoms and smaller WB£(0.58) of Cd- Cd bonds. Its optimized structure is similar to that for-bp
Cd bonds. Its optimized structure is similar to that for-bp  2Zn—2Zn—Dp shown in Figure 3, if we substitute Zn2 and Zn4
2Zn—2Zn—Dp shown in Figure 3. with Cd atoms. Table 4 shows various parameters. Binding
Complex formation of Dp with both of Zn and Cd would be energy data show that the complex formation is more favorable
also interesting. For this, we first consider the formation of-Zn  than that of the homocomplexes involving Cd atoms only, but
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Figure 4. Electron density distribution in HOMO-6 for the complex
Dp—2Zn—2Zn—Dp corresponding to Figure 3b. For simplicity, hy-
drogen atoms are not shown.

Figure 6. Optimized structure of isome8 of Dp—2Zn—2Cd-Dp
viewed along the direction which is the same as in Figure 3b.

less favorable than the correspondent involving Zn atoms only.
Other parameters in the table show no peculiarity in view of
those of homocomplexes. Isome&tsand 3 are formed in the
process ZaDp—Cd + Zn—Dp—Cd — Dp—2Zn—2Cd-Dp.
They are distinguished from each other by the way metal
metal bonds are formed. In isom2ra pair of Zr-Cd bonds
are formed, while a ZnaZn bond as well as a GaCd bond

is formed in isomer3. The optimized structure of isomer

is again similar to that for Dp2Zn—2Zn—Dp, if we sub-

Kang

Figure 7. Optimized structure of ZnrEp—Zn viewed along two
directions defined in the coordinate system.

that the neutral Ep is in the triplet ground state that is more
stable than the singlet state by approximately 0.42 eV. This is
different from the case of Dp and implies that two cyclopen-
tadinenyl rings do not make appreciable interaction with each
other through Chigroups. When we consider the process E1,
Ep(T)+ 2Zn(S)— Ep—22n(S), Table 1 shows that its binding
energy is—2.86 eV. Its product@,, symmetry as shown in
Table 3) adopts syn conformation with respect to two Zn atoms.
The anti conformation (T) with triplet ground state is found to
be much less stable (by 2.21 eV). Observed large binding energy
is in striking contrast to thatgy(D1) = —0.24 eV in Tables 1
and 3] of Dp-2Zn. This is also in contrast with the general
preference of anti conformation reported for Dfi.has been
known that the anti preference is even stronger in the transition
metal complexes involving an isomer of Dp shown in Scheme
1d.” Noting that the syn complex of Dp with rhodium is formed
only under the specific condition which prevents the formation
of the anti conformatiod,the physically stable syn complex
Ep—2Zn, unless it is easily subject to other chemical reactions,
may hold potential application to organometallic chemistry.
Then, the natural question is where the large binding energy of
the monomer Ep2Zn originated from. Figure 7 suggests that
it is primarily due to the formation of a stable Z&Zn bond. In

the case of Dp complexes with Zn, we recall that the-Zn
bond was found to be energetically favorable only in the dimer
Dp—2Zn—2Zn—Dp, not in the monomer Dp2Zn. Table 3
indeed shows that the zZZn distance £2.33 A) in the
optimized structure of Ep2Zn is very close to those=2.29

stitute Zn2 and Zn3 by Cd atoms. Its parameters in Table 4 areand 2.32 A) in those dimers, GZn—Zn—Cp and Dp-2Zn—

similar to those for the isomet. Isomer3, whose optimized
structure is shown in Figure 6, also shows no peculiarity in
its parameters. In all the three isomers;&Zd bonds are non-
polar2s

Scheme 1c shows another neutral dicyclopentadienly deriva-

tive Ep in which two five-membered rings are bridged by two
CH, groups. For simplicity, we also consider the case when
there is no functional group attached to the rings. We first find

2Zn—Dp. In addition, bond order<0.73) between Zn atoms
shown in Table 3 also supports the single bond formation
between the two Zn atoms. Table 3 also shows that@h
distances are comparable to those in-2Zm2—Zn2—-Dp in
Table 4, also implying that the Zring interaction can be
described by distortegl® hapticity?® The G5 atom, an atom in

the five-membered ring which is the closest to the Ep ring,
accommodates around itself much of the excess electron density
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Figure 8. Electron density distribution in HOMO-4 of the complex
Zn—Ep—Zn viewed along the same direction as in Figure 7b. For
simplicity, hydrogen atoms are not shown.

(q = —0.57) transferred from the Zn atom nearby. Figure 7b
shows that the six-membered ring is folded along the central
CH, groups, which should facilitate complexation witf?
hapticity. The folding is more pronounced than the case of its
Dp analogue shown in Figure 2b. Deformation is concentrated
on the central six-membered ring, not on the two cyclopenta-
dienyl rings. Again, electronic structure analysis gives us a
clearer picture. As shown in Figure 8, HOMO-4 corresponds
to a Zn—Zn o bond originated from the interaction of 4s(Zn)
states. HOMO-3HOMO are mostly Ep? ring states, in which
distorteds® hapticity of Zn—(five membered ring) interaction
is manifested’ A large portion of LUMO represents antibond-
ing interaction between 4s(Zn) states, again indicating transfer
of two electrons from Zn atoms to ring states in consistency
with the NBO analysis. (See Table 3.) If we imagine the
situation where aI_I th_e_ 4s(Zn)-derived states are filled, we would Figure 9. Optimized structure of Ep2Zn—2Zn—Ep viewed alon@
not expect any significant charge transfer. (a) andY (b) axes. The latter one was slightly rotated alohaxis for
Table 5 shows various parameters related to the dimerizationpetter understanding.
process (E2), Ep2Zn + Ep—2Zn — Ep—2Zn—2Zn—Ep.
Figure 9 shows the optimized structurey, symmetry as which is similar to that shown in Figure 3. From the fact that
shown in Table 5) of the dimer, which is different from that the binding energyHy(E2) = —1.66 eV in Table 5] of the
for its Dp analogue. Th®,, symmetry was again confirmed individual Zn—Zn bond is about half of thag,(D2) = —3.00
by another optimization starting from an initial structu€@{) eV in Table 4] in its Dp analogue, we find that the ZBp

TABLE 5: Binding Energies (Ep) for the Processes (E2) of Dimer FormatioA

(Zn, Cd)
(M1, Mp) (Zn, Zn) (Cd, Cd) isomet isomer2 isomer3
point group Don Don Cs Con Ca
Ex(E2) —1.66 —-1.11 —1.36 —1.45 —1.45
En(2E1+ E2) —7.09 —-4.97 —6.16 —6.19 —6.19
I(M1—My) 2.29 2.60 2.43 2.44 2.30, 2.60
I(M—C?) 2.24 241 2.25,2.50 2.27,2.43 2.27,2.40
2.26 2.50 2.25,2.48 2.28,2.55 2.28,2.50
2.34 2.66 2.31,2.55 2.33,2.68 2.33,2.67
2.34 2.66 2.31,2.55 2.33,2.68 2.33,2.67
2.26 2.50 2.25,2.48 2.28,2.55 2.28,2.50
I(C5 —C5i41) 143 1.43 1.43,1.43 1.43,1.43 1.43,1.43
1.43 1.43 1.43,1.43 1.43,1.43 1.43,1.43
143 1.43 1.43,1.43 1.44,1.43 1.43,1.43
1.43 1.43 1.43,1.43 1.43,1.43 1.43,1.42
143 1.43 1.43,1.43 1.43,1.43 1.43,1.43
q(C) —0.44 —0.45 —0.44,-0.42 —0.43,-0.45 —0.43,-0.45
-0.43 —0.44 —0.43,-0.38 —0.44,-0.43 —0.40,—-0.43
—0.18 —0.16 —0.19,-0.15 —0.23,-0.16 —0.15,-0.19
—-0.18 —0.16 —0.19,-0.19 —0.23,-0.16 —0.15,-0.19
—0.43 —0.44 —0.44,—-0.46 —0.44,—-0.43 —0.40,—0.43
q(M) 0.85 0.81 0.83,0.83 0.85, 0.82 0.85, 0.83
O(M1—My) 0.88 0.84 0.85 0.86 0.88,0.83

aFor (My, M2) = (Zn, Zn) and (Cd, Cd), they correspond to the process-2Bp + 2M,—Ep — Ep—2M:—M,—Ep. For (M, M) = (Zn, Cd),
three isomers are described. Each isomer is defined in a way similar to that in Table 4. Also shown are binding energies for the overall processes
2E1+ E2, where E1 is defined in Table 1. Furthermore, geometrical and some other parameters of the products are also shown. Wiberg bond
indices (WBI) and partial charges on specified atoms of the complexes were obtained from the natural bond order (NBO) analysis from the
GAUSSIANO3 calculations. When two numbers appear, they correspond to quantities involvengdNi4 in their orders. Also see footnotes of
Table 3 for more details.
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SCHEME 5: Simplified Energy Level Diagram of the Finally, we consider the heterodimetallic complex-zEp—
Complex Ep—2Zn—2Zn—Ep? Cd and its dimers. Table 3 shows that the binding energy of
Zn the process E1, Z#r Ep(TH Cd— Zn—Ep—Cd(S), is between
px(le) px( ) those of the similar processes involving 2Zn and 2Cd atoms,
—_— L — - from which all other features in the table can be explained. Note
= that the optimized structure adopts a syn conformation similar
" LUMO ‘\ to that of Ep-2Zn, if we replace one of Zn atoms to a Cd atom.
+ Table 5 also shows various parameters related to the dimeriza-
+ Y~ . (HOMO i i i i
(HOMO) -3 v~ { } tion process. Again, there are three isomers, each of them being
— L l' MY .7_ defined in a way similar to that for Bp2Zn—2Cd—Dp. Their
\ /. AT binding energie€y(E2) are also between those of the corre-

’ ; ; : .
v R sponding processes involving 4Zn and 4Cd atoms. We again

N\
{HOMO- [ fn..-——-—f-‘—~.:’\‘ (HOMO-1) find that Zn-Cd bonds are nonpolar.
'\
- . -X (H -2 i
(HOMO-2) T 'y s (HOMO-2) 4. Conclusion

v 4
H_‘ \ \ Ly m——f’— Using the density functional theory within the generalized

4s(Z n) \ \\ \—'-'—/ ’f ! 4s(Zn) gradient approximation, we havg shovyn variety.of rgsults on
: “HOMOA4 ; / the complexes of cyclopentadienyl ligands with zinc and
v N ¢ 1 cadmium, starting from a landmark discovery in the chemistry
\ / of zinc! First of all, we find that the ZaZn bond E, = ~3
\ HOMO-6 / eV] is stronger than bonds between transition metals, being as
aHOMO-5 of the complex is not shown. Also see the caption for Strong as transition metahalide bonds. Second, the sandwich
Scheme 2 complex Cp-2Zn—Cp is shown to be physically even more

stable than the complex Cp2Zn—Cp* identified by Resa et
complex can exist as both monomers and dimers. (On the otheral. by 0.93 eV, which seems to correlate with release of the
hand, the Zr-Dp complex can only exist as dimers.) The table large space around orbitals upon removal of methyl groups.
shows that Zr-Zn distance £2.29 A) is the same as that in  Detailed analysis of electronic structures of-2¥n—Cp and
the Cp-Zn—Zn—Cp. G° is the closest to a Zn atom. Excess Cp*—2Zn—Cp* show that HOMO-4 represents the Z@n
electron density is also shown to be concentrated on three carborg-bond, thus explicitly confirming the existence of the covalent
atoms around it, as indicated by the NBO charges on fife C bond. Although less stable, similar complexes—Gf;—M>—
atoms. Charges<0.85) on Zn atoms as well as ZZn bond Cp (Mg, Mz = Zn, Cd) with Cd-Cd or Zn—Cd bonds are also
order &0.88) are almost the same as those in-Zp—2Zn— shown to be possible. This suggests the possible existence of
Cp. G-Ci;1 distances are the same as thosd.43 A) in an the Zn—-Cd covalent bond not identified thus far, requiring
isolated dianion Ep2. Scheme 5 shows the energy level diagram experimental investigation. In addition, study of dimetallic
of the dimer. We first note that dianion states are filled up to complexes of a dicyclopentadienyl ligand Dp shows that dimeric
(HOMO), again confirming the transfer of approximately four sandwich complexes of B2M;—~2M,—Dp are possible where
electrons from four Zn atoms to form two dianions. To describe there exist two metatimetal bonds. Similar complexes of
the electronic structure in more detail, HOMO-4 and HOMO another ligand Ep are also possible with much larger binding
represent the interactions of two (HOMO)s of two dianions, energy. Furthermore, the flexibility of this ligand poses the
HOMO-3 and HOMO-1, those of (HOMO-2), and HOMO-6 possible existence of stable monomeric complexes-Ep—
and HOMO-2, those of (HOMO-1). LUMO is simply a bonding Mz involving only one ligand in syn conformation of two metals,

interaction between{Zn) orbitals. which can be ascribed to the formation of a metaletal bond
Here, we consider similar complexes involving Cd instead facilitated by the folding of the ligand. We believe that our
of Zn. When we consider the process E1, Epf2Cd(S)— findings and prediction have extended our understanding on the

Ep—2Cd(S), of forming Ep-2Cd complex, we also find that ~ chemistry of metatxr interaction and metalmetal bonding
the syn complex (S) is more stable than the anti complex (T) involving Zn and Cd atoms, stimulating further experimental
in triplet ground state. Its preference=@.57 eV) is less work.

pronounced than in the case of its Zn analogue. For the syn Physical stability of various complexes was rigorously
product, Table 3 shows that the binding enefgyfE1) = —1.93 analyzed in terms of highly sophisticated theoretical tools, i.e.,

eV] is also much larger than thagj(D1) = —0.12 eV] for the [,m-projected electronic local density of states and electron
process forming Dp2Cd, also strongly suggesting its possible density map for each of states around HOMO level, which
existence through the formation of a €€d bond. In fact, Cet clearly shows that the oxidation state of Znd as well as

Cd distance €£2.68 A in Table 3) is the same as that in the indicating electrostatic interaction between metal and ligands
dimer Dp—Cd—Cd—Dp. NBO charges on the Cd atoms and originated from the charge transfer between them. ldgal
the WBI for the Cd-Cd bond is somewhat smaller than those hapticity is originated from that interaction. When there is
in its Zn analogue. Again, CdC;® distances suggest distorted deviation from it, it is also manifested in the electronic
n° hapticity. Other features in the table as well as the electronic structures. In the sandwich complexes of the dicyclopentadienyl
structure are similar to those in ERZn. When we turn to the  ligands, orientation of metalmetal bonds with respect to the
process E2 of dimer formation, E2Cd(S)+ Ep—2Cd(S)— ligands is shown to be dependent upon the kind of the
Ep—2Cd-2Cd-Ep, all the data in Table 5 are related to the connecting groups in the ligand, as can be easily confirmed by
fact that the Ce-Cd bonds En(E2) = —1.11 eV in Table 5] is the comparison of Figures 3a and 9a. This would certainly affect
weaker than that the ZrzZn bonds Ey(E2) = —1.66 eV in Table the reactivity of the complexes and mechanism of chemical
5]. It needs to be still verified experimentally if the E&p reactions involving them. ZaCd bond is found to be almost
complex can exist as dimers. nonpoloar, and this seems to partly reflect the symmetry of the
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ligands at the two ends of ZCd bond. Hence, it would be
also interesting to investigate the effect of asymmetric ligands
on the polarity of the bond. In addition, study on the polar
Zn—M and Cd-M bonds with earlier transition metals M would
be also interesting.
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charge €0.77) of Zn atoms are slightly smaller than those in-Zp—
Zn—Cp shown in Table 2.

(23) LUMO+1 is characterized by the antibonding interaction of 4s-
(Zn) states, again confirming the transfer of eight electrons from the states.

(24) Distances between Cd and carbon atoms in the five-membered rings
(=Cd—C) are at least 48% longer than those in-@pd—Cd—Cp shown
in Table 2. In addition, there is practically no changé(@® —Ci1°) from
those of neutral Dp ring upon addition of two Cd atoms.

(25) One minor thing we might pay attention to is the difference in the
NBO charges on two kinds of metallic atoms for the isomer 3. Its electronic
structure is found to be almost the same as that for the isomer 1.

(26) Table 3 also shows that-C; 1 distances are close to thosel(.43
A) in an isolated dianion Ep.

(27) In HOMO-3 and HOMO, there is weak contribution frorr Aond
[= 0(C:5—2Zn )] between @ and a Zn atom nearby, in HOMO-2, from
0(C°—2Zn), 6(Cs°>—2Zn), 6(C4°—Zn), ando(Cs>—2Zn), suggesting distorted
7° hapticity.



