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Abstract: The binuclear cyclopentadienylcobalt carbonyls Cp,Co,(CO), (n = 3, 2, 1; Cp = 5°-CsHs) are
studied by density functional theory using the B3LYP and BP86 functionals. The experimentally known
monobridged isomer Cp,Co,(CO)(u-CO) and the tribridged isomer Cp,Co,(u-CO); of Cp.Co,(CO); with
formal Co—Co single bonds are found to be similar in energy, with the precise relative energies of the two
isomers depending on the functional chosen. For Cp,Co0,(CO),, the experimentally known coaxial isomer
Cp2Co2(1-CO), with two bridging CO groups and a formal Co=Co double bond (2.360 A by B3LYP or
2.346 A by BP86) is found to lie 38.2 (B3LYP) or 34.9 kcal/mol (BP86) below a perpendicular isomer
-Cp2C02(CO),. Similarly, for Cp.Co,(CO), the coaxial isomer Cp,Co,(u-CO) with one bridging CO group
and a formal Co=Co triple bond (2.021 A by B3LYP or 2.050 A by BP86) is found to lie 9.36 (B3LYP) or
9.62 kcal/mol (BP86) below the corresponding perpendicular isomer [-Cp,Co,(CO). This coaxial isomer
Cp2Co,(u-CO) is a possible intermediate in the known pyrolysis of the trimer (17%-CsHs)sCos(u-CO)s to give
the tetranuclear complex (17°-CsHs)4C04(us-CO),. These optimized Cp,C0,(CO), (n = 3, 2, 1) structures
can be compared with the corresponding Fe,(CO)s+, Structures since the CpCo and Fe(CO); groups are
isolobal. In general, the metal—metal bonds are 0.09—0.22 A shorter for the Cp,Co,(CO), (n = 3, 2, 1)
complexes than for the corresponding Fe;(CO)s+, complexes. For Fe,(CO)q, the experimentally well-known
Fe,(CO)e(u-CO)z isomer is shown to be very close in energy to the unknown Fe,(CO)s(u-CO) isomer, with
the precise relative energies depending on the basis set used.

1. Introduction reactive species in transition-metal organometallic chemistry,
¢ and their chemistry could lead to the design of new and useful
different types formulated with metametal multiple bonds? catalytic sy_stems. Th? study O_f dir_neric cyclqpenta(_zlienyl_metal
have been prepared and characterized by X-ray diffraction, carbonyls is als_o of interest in view _of their relat|o_nsh|p to
including CpV2(CO),34 CpMA(CO) (M = Cr, Mo)56 and carponyl-free dimetallocenes, including the experimentally
CpMna(u-CO)” with meta-metal triple bonds as well as ~ "€@lized® (7°-MesCs)2Zn; as well as the related compoundg$-(
CpFex(u-CO)E and CpMa(u-CO), (M = Co, RhY with metal- Me5C5)2l\{I12 (M = Cu, Ni), which have been studied by DFT
metal double bonds. This suggests that there is a reasonabléneth_OdS' . ) .

chance that theoretical methods can guide future quests for This paper repo_rts our initial results _|n this area, namely,
isolable unsaturated cyclopentadienylmetal carbonyl complexes,@ Study of the binuclear cyclogentadlenylcobalt carbonyls
whose structures can be determined by unambiguous methodsCP2C0(COk (n=3, 2, 1; Cp= an#>-bonded cyclopentadienyl
notably X-ray diffraction. The unsaturation in such cyclo- ©°F Substituted cyclopentadienyl groug-CsHs and°-MesCs

pentadienylmetal carbonyls makes them potentially useful are the most commonly encountered S_UCh group_s). In such
compounds, a CpCo group can be considered as isoelectronic

A variety of unsaturated cyclopentadienylmetal carbonyls o

ISichuan University. and isolobal with an Fe(C®@yroup, so it is relevant to compare
University of Georgia. ; ; ; ;
(1) Cotton, F. A.; Walton, R. AMultiple Bonds between Metal Atoms the resu',ts r.eported ,m this paper with previous work on
Clarendon Press: Oxford, 1993. homoleptic binuclear iron carbonyt3 Thus, CpCo,y(CO); ~
(3) Cotion, F- A~ Krucryneki L Freng. B, AL Organomet, Chemtozg  F4COkr CRCOACO) ~ F&(COJ, and CpCo,CO ~ FeyCOY
160, 93. YRSt = I ' for the three cases investigated in this paper. Since previously

(4) Huffman, J. C.; Lewis, L. N.; Caulton, K. Gnorg. Chem198Q 19, 2755.

3 .
(5) Potenza, J.; Giordano, P.; Mastropaolo, D.; Efratylndrg. Chem1974 rEported computational work on F£CO) from our group

13, 2540.
(6) Huang, J. S.; Dahl, L. K. Organomet. Chen1983 243 57. (10) Resa, L.; Carmona, E.; Gutierrez-Puebla, E.; Mong&alence2004 305
(7) Herrmann, W. A.; Serrano, R.; WeichmannJ JOrganomet. Chen1983 1136.

246, C57. (11) Xie, Y.; Schaefer, H. F., llI; King, R. BJ. Am. Chem. SoQ005 127,
(8) Blaha, J. P.; Bursten, B. E.; Dewan, J. C.; Frankel, R. B.; Randolph, C. L,; 2818.

Wilson, B. A.; Wrighton, M. S.J. Am. Chem. Sod.985 107, 4561. (12) Xie, Y.; Schaefer, H. F.; King, R. B.. Am. Chem. So@00Q 122 8746.
(9) Bailey, W. I., Jr.; Collins, D. M.; Cotton, F. A.; Baldwin, J. @.Organomet. (13) Jang, J. H.; Lee, J. G,; Lee, H.; Xie, Y.; Schaefer, H. F.JIIPhys. Chem.

Chem.1979 165, 373. A 1998 102 5298.
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considered only the experimentally known isomes(E©)s(u-
CO); with three bridging CO groups, we have also examined
alternative Fg(CO)g structures that have not yet been realized
experimentally.

Some experimental information on binuclear cyclopenta-
dienylcobalt carbonyls is available. Thus, photolysis gt (
CsHs)Co(CO) in solution generates the unsaturated monocar- %
bonyl species#f>-CsHs)Co(CO), which has been identified by
infrared spectroscopy in liquid krypton at 1734At room
temperature;°-CsHs)Co(CO) can either react with excess
CsHs)Co(CO) to give (7°-CsHs)2Cox(CO)s or dimerize to give
(7°-CsHs).Co(CO), therefore providing synthetic routes to two
of the three CpC0(CO), species pursued in this paper.
The dimer {°-CsHs),Co(CO), is stable as a solid, but in
solution, it is slowly converted to the insoluble trim@pP-{CsHs)s-
C03(CO)%.15 The bond order and a simple valence bond descrip-
tion of the metat-metal interaction forf>-CsHs),Co(CO), have
been established by the Fenske Hall MO metHothe closely
related dimeric radical aniomif¢-CsHs),Co,(CO),]~ was char-

la (C2)

Figure 1. Optimized geometries for GE0o(CO); (bond distances are in
A).

acterized structurally by Bergman and co-workérghe mono-
carbonyl 5-CsHs),C0(CO) is not known experimentally.
However, pyrolysis of >-CsHs)3Cos(u-CO); leads to a tetra-
nuclear comple® (175-CsHs)4sCos(us-CO), through a reaction
sequence that may involve dimerization of&CsHs),Coy(CO)
intermediate?

Previous researéhsuggests two distinctly different structure ' ) : )
the coaxial structure found BP86 method, which marries Becke’s 1988 exchange functional (B)

types for dimetallocenes, namely,

experimentally for °>-MesCs)2Zn, and an alternative structure

in which the metat-metal bond axis is perpendicular to tg
axes of the Cp rings (designated Byin formulas). These two

Electron correlation effects were included by employing density
functional theory (DFT) methods, which have been widely proclaimed
as a practical and effective computational tool, especially for organo-
metallic compounds. Two DFT methods were used in this study. The
first functional is the hybrid B3LYP method, which incorporates
Becke's three-parameter exchange functional (B3) with the Lee, Yang,
and Parr (LYP) correlation function&l?> The second approach is the

with Perdew’s 1986 correlation functiorf@l?” Both restricted and
unrestricted DFT methods were used to explore the stability of the
ground state with the same results.

The geometries of all structures are fully optimized with both the

types of structures, in principle, can exist in dimetallocenes with pzp B3LYP and DZP BP86 methods. At the same levels, the
added carbonyl ligands. In the present paper, both types ofvibrational frequencies are determined by evaluating analytically the

structures are examined theoretically fonCp, complexes with

second derivatives of the energy with respect to the nuclear coordinates.

added CO ligands. The series of the lowest energy isomers of The corresponding infrared intensities are evaluated analytically, as well.

CpCoy(CO), (n=1, 2, 3) are explored, including both coaxial

and perpendicular isomers.

2. Theoretical Methods

Basis sets have been chosen to provide continuity with a body of
existing research on organometallic compounds. Fortunately, DFT
methods are far less sensitive to basis set than methods such as coupl

cluster theory. In this work, the doubteplus polarization (DZP) basis

sets used for carbon and oxygen add one set of pure spherical harmon

d functions with orbital exponentsy(C) = 0.75 andag(O) = 0.85 to

the Huzinaga-Dunning standard contracted DZ sets and are designated

(9s5p/4s2p¥>2tFor H, a set of p polarization functionge(H) = 0.75,

is added to the HuzinagéDunning DZ set. For Co, in our loosely
contracted DZP basis set, the Wachters’ primitive set is used but is

All of the computations were carried out with the Gaussian 94 program
in which the fine grid (75 302) is the default for evaluating integrals
numerically, and the tight (18 hartree) designation is the default for
the energy convergence with the Gaussian 94 program paékage.

In the search for minima, low magnitude imaginary vibrational
frequencies are suspicious because the numerical integration procedures

etésed in existing DFT methods have significant limitations. Thus, when

one predicts an imaginary vibrational frequency of magnitude less than

iclO(] cm1, the conclusion should be that there is a minimum of energy

identical to or close to that of the stationary point in questfon.
Accordingly, we do not, in general, follow the imaginary eigenvector
in search of another minimum in such cases.

The optimized geometries from these computations are depicted in

Figures 1-3 and Figure 5, with all bond distances given in angstroms.

augmented by two sets of p functions and one set of d functions, 3. Results and Discussion

contracted following Hood et al., and designated (14s11p6d/10s853d).

For CpCo,y(CO), CpC0(CO),, and CpCoy(CO), there are 388, 358,
and 328 contracted Gaussian functions, respectively.

(14) Bengali, A. A.; Bergman, R. G.; Moore, C. B. Am. Chem. Sod.995
117, 3879.

(15) Lee, W.-S.; Brintzinger, H. HJ. Organomet. Chen1.977, 127, 87.

(16) Schugart, K. A.; Fenske, R. B. Am. Chem. S0d.986 108 5094.

(17) Schore, N. E.; llenda, C. S.; Bergman, R.JGAmM. Chem. S0d.976 98,
256.

(18) Gambarotta, S.; Floriani, C.; Chiesi-Viulla, A.; Guastini JCOrganomet.
Chem.1985 296, C6.

(19) Vollhardt, K. P. C.; Bercaw, J. E.; Bergmann, R.JGOrganomet. Chem.
1975 97, 283.

(20) Dunning, T. HJ. Chem. Phys197Q 53, 2823

(21) Huzinaga, SJ. Chem. Phys1965 42, 1293.

(22) Wachters, A. J. HJ. Chem. Phys197Q 52, 1033.

(23) Hood, D. M.; Pitzer, R. M.; Schaefer, H. ¥.Chem. Physl979 71, 705.

3.1. CpCoy(CO)s. There are two possible coaxial structures
for CpCox(CO); (Figure 1 and Table 1), namely, the mono-
bridged structure GEo(CO)(«-CO) (la) and the tribridged

(24) Becke, A. DJ. Chem. Phys1993 98, 5648.

) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.

(26) Becke, A. D.Phys. Re. A 1988 38, 3098.

(27) Perdew, J. PPhys. Re. B 1986 33, 8822.

(28) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson, B.
G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G. A;
Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski, V.
G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon, M.; Gonzalez, C.; Pople, J. Baussian 94revision B.3; Gaussian,
Inc.: Pittsburgh, PA, 1995.
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lla (Czh)
Figure 2. Optimized geometries for GEo,(CO), (bond distances are in A).

lla (Cz,)
Figure 3. Optimized geometries for GE0(CO) (bond distances are in

b (Cy)

A).
Q\ Q ° gzco
_ DA
U —aio
° ©}
Cp2Co2(u-CO) Cp4Co4(u3-CO)2

Figure 4. Dimerization of CpCoy(u-CO) to CpCoy(uz-CO),.

structure CpCaoy(u-CO); (Ib). The tribridged structurdb
collapses to the monobridged structdee using the B3LYP
method. However, the BP86 method predicts both the mono-
bridged and tribridged structures as stable minima with the
tribridged structure lying slightly lower in energy (1.8 kcal/
mol). The Ce-Co bond distance for the monobridged structure
la is 2.524 (B3LYP) or 2.506 A (BP86), which is significantly
longer than that in the tribridged structube(2.352 A by BP86).
For the monobridged structuta, the two Cp rings are tilted
more than those in the tribridged structiive In both structures,
the Cp ring is not strictly planar. Fda, the average angle for
the hydrogen atoms out of the Cp plane is about 1.4 (B3LYP)
or 0.8 (BP86), whereas folb, it is 1.6° (BP86). No stable
CpCox(CO); structure was found with the CGaCo bond
perpendicular to the axis of the Cp rings.

3.2. CpCo0yx(CO),. There are two types of stationary points
for CpCoy(CO), both withCy, symmetry (Figure 2 and Table
2). Structurella is a coaxial structure, GEox(«-CO),, with

11648 J. AM. CHEM. SOC. = VOL. 127, NO. 33, 2005

lb (Cyp)

two bridging CO ligands. The unbridged coaxial structure (not
shown) is not a stationary point with either B3LYP or BP86
but falls tolla upon optimization. The other stationary point
for Cp,Coy(CO), is a structurd -CpCox(CO), (11b ) with two
terminal CO ligands and with the €&o bond perpendicular
to the axes of the Cp rings. The dibridged coaxial structiare
lies lower in energy than the perpendicular structilyeby 38.2
(B3LYP) or 34.9 kcal/mol (BP86).

The 18-electron ruf@ requires the metalmetal bond in
CpCoy(COY), (lla) to be a formal Ce=Co double bond. In this
connection, the metalmetal bond distance in structulla for
CpCoy(u-CO), with a formal Ce=Co double bond is found to
be 2.360 (B3LYP) or 2.346 A (BP86). This distance is shorter
than the metatmetal bond distance in structuiee for Cp,Co,-
(COX(u-CO) (2.524 A by B3LYP or 2.506 A by BP86), where
the 18-electron rule requires only a formal-©080 single bond.
However, the situation is somewhat complicated owing to the
systematic shortening of the metahetal bond length for a
given formal metatmetal bond order as the number of bridging
CO groups is increased. Thus, the similarity in the computed
metat-metal bond distances in isomka for Cp,Coy(u-CO),
and isometb for Cp,Coy(u-CO)s (2.352 A by BP86) may relate
to a balancing of the shortening of the metaietal bond by
the extra bridging CO it with the higher formal metaimetal
bond order inla (Co=Co) than inlb (Co—Co). Furthermore,
the Ca=Co distance in the coaxial structuta for Cp,Cox(u-
CO), is shorter than that in the perpendicular structure
0-Cp:C0x(CO), (IIb) (2.396 and 2.427 A) by 0.036 (B3LYP)
or 0.081 A (BP86). The CeC distances to the bridging CO
groups inlla are 1.851 (B3LYP) and 1.860 A (BP86), which
are longer than those to the terminal CO groupihinby 0.067
(B3LYP) or 0.096 A (BP86).

Experimental structural data are availaBlen (75-MesCs),-
Coy(u-CO),, where the Ce=Co bond distance of 2.327 A found
by X-ray crystallography is very close to the values of 2.360 A
by B3LYP and 2.346 A by BP86 computed here for the=Cp
distance in the closely relateg*CsHs)>Co(1-CO).

3.3. CpCo0y(CO). For CpCo,y(CO) (Figure 3 and Table 3),
we predict two types of stationary points. One is the axial

(29) Cotton, F. A.; Wilkinson, G.; Murillo, C. A.; Bochmann, Midvanced
Inorganic Chemistry6th ed.; John Wiley: New York, 1999.

(30) Bailey, W. 1., Jr.; Collins, D. M.; Cotton, F. A.; Baldwin, J. €.Organomet.
Chem.1979 165, 373.
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IVa (Dgp)
Figure 5.
Table 1. Bond Distances (in A), Total Energies (E, in hartree),

and Relative Energies (AE, in kcal/mol) for the Isomers of
szCOz(CO)e,

Vb (Cy)
Optimized geometries for BCO) (bond distances are in A).

Table 3. Bond Distances (in A), Total Energies (E, in hartree),
and Relative Energies (AE, in kcal/mol) for the Isomers of
Cp2C0,(CO)

Cp2C0,(CO),(u-CO) Cp2Coy(u-CO)s Cp,Co,(u-CO) 0-Cp,Co,(CO)
(Ia) (C,) (Ib) (C) (Ila) (Ca) (llib) (Cy)
B3LYP BP86 B3LYP BP86 B3LYP BP86 B3LYP BP86
Co—Co 2.524 2.506 2.352 Co—Co 2.021 2.050 2.283 2.298
Co—C 1.890 1.890 1.910 Co—C 1.916 1.904 1.766 1.751
(bridge) 1.893 c-0 1.173 1.192 1.164 1.182
1.902 energy —3266.07260 —3266.55780 —3266.05768 —3266.54247
c-0 1.185 1.199 collapses1.195 AE 0 0 9.36 9.62
tola imaginary no no 59 97i
(bridge) 1.195 frequency
1.196

Co—C 1.741 1.726
(nonbridge) Table 4. Dissociation Energies (kcal/mol) for the Successive
c-0 1.163 1.181 Removal of Carbonyl Groups from Cp,Co2(CO)3 and Cox(CO)g &
(nonbridge)
energy  —3492.86261 —3493.36137 —3493.36424 BSLYP  BPSS
AE 0 1.80 0 CpCox(CO)s (Ib) — CpC0x(COY, (lla) + CO 23.3 25.4
imaginary  no no no CpCox(CO) (lla) — CpCox(CO) (lla) + CO 60.0 70.0
frequencies C0y(CO)%— Coy(CO),+ CO 18.2 35.6

Coy(CO); — Coy(CO) + CO 18.8 22.9

Coy(CO)% — Coy(CO) + CO 52.9 53.0

Table 2. Bond Distances (in A), Total Energies (E, in hartree),
and Relative Energies (AE, in kcal/mol) for the Isomers of
CngOz(CO)z

Cp.Coy(u-CO), [-Cp,C0,(CO);
(lla) (Czr) (Ilb) (Czn)
B3LYP BP86 B3LYP BP86
Co—-Co  2.360 2.346 2.396 2.427
Co-C 1.852 1.860 1.784 1.764
c-O0 1.189 1.204 1.163 1.181
energy —3379.49682 —3379.99660 —3379.43592 —3379.94105
AE 0 0 38.22 34.86
imaginary 11i 15 no 5
frequency

dimetallocene structure @po(«-CO) (lla’) with a bridging
CO ligand. This dimetallocene bends with, symmetry, owing

to the CO bridge. The other structureCp,Co,(CO) (llIb ) has
the metat-metal bond axis perpendicular to the origiglaxes

of the Cp rings with a terminal CO ligand bonded to one of the
metal atoms. In structuriélb , each cobalt atom is bonded to a
portion of each Cp ring, in contrast to structdba , in which
each metal atom is bound to only one of the Cp rings. The
energy of optimized coaxial structuhiéa is lower than that of
perpendicular structurlb by 9.4 (B3LYP) or 9.6 kcal/mol
(BP86). Note that thiflla /lllb energy separation is much less
than the difference for the corresponding monocarbohgls

lb .

The metal-metal bond in the axial structure &po,(u-CO)
(Ila') is a formal Ce=Cao triple bond if both cobalt atoms follow

aAll results reported here refer to the lowest-energy structures of
Cp2C0x(CO). b Dissociation energies of GECO) are taken from Kenny,
J. P; King, R. B.; Schaefer, H. forg. Chem 2001, 40, 900.

the 18-electron rule. In this connection, the=80o distance of
2.021 (B3LYP) or 2.050 A (BP86) is significantly shorter than
that of either CpCo,(CO), isomer requiring a GeCo double
bond or CpCao,(CO); isomer requiring a CeCo single bond
to satisfy the 18-electron rule. Furthermore, the B3LYP and
BP86 results show that the metahetal distance in structure
[lIb is longer than that in structuida by 0.262 (B3LYP) or
0.248 A (BP86). The CoC distance to the bridging CO group
in structurdlla is longer than the CeC distance to the terminal
CO group in structuréllb by 0.150 (B3LYP) and 0.153 A
(BP86).

The harmonic vibrational frequency analyses show that the
axial structurellla is a genuine minimum. However, the
perpendicular structurglb has a small imaginary vibrational
frequency of 58 (B3LYP) or 97 cmL. Since this vibrational
frequency is less than 100m™1, the minimum is likely to be
identical or close to that of structuigb .

The monocarbonyl Goy(CO), unlike the dicarbonyl
CpCox(u-CO), and the tricarbonyl G o(CO)(u-CO), is not
known experimentally either as an isolable substance or in a
low-temperature matrix. However, gpo,(CO) might well
be an intermediate in the report€dpyrolysis of the tri-
nuclear complex #°-CsHs)3Cos(u-CO) to the tetranuclear
complex8 (5-CsHs)4Coy(us-CO),, which could proceed by the

J. AM. CHEM. SOC. = VOL. 127, NO. 33, 2005 11649
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Table 5. Bond Distances (in A), Total Energies (E, in hartree), and Relative Energies (AE, in kcal/mol) for the Isomers of Fe,(CO)g

Fe(CO)s(u-CO)s Fe;(CO)g(u-CO) Fe,(CO)g(u-CO)
(Dsp) (IVa) (G2)) (IVb) (G) (IVe)
B3LYP BP86 B3LYP BP86 B3LYP BP86
Fe—Fe 2.525 2.519 2.754 2.726 2.727
Fe—C (terminal) 1.829 1.819 1.828 1.812 1.826 collapses to the
1.828 1.812 1.792 Dan structurelVa
1.790 1.779 1.832
1.835 1.825 1.834
2.004 1.998 2.002
Fe—C (bridge) 2.008 2.007 2.004 1.998 2.002
C—O (terminal) 1.152 1.166 1.152 1.168 1.154
1.152 1.168 1.155
1.156 1.170 1.152
1.155 1.168 1.155
C—O (bridge) 1.176 1.186 1.179 1.191 1.179
0 C—Fe—C (terminal) 96.4 95.9 87.5 87.0 89.7
0 Fe—C—O0 (bridge) 1775 176.9 136.6 137.0 137.1
energy —3547.78742 —3548.31362 —3547.78977 —3548.30486 —3547.79076
AE 2.10 0 0.62 5.50 0
imaginary no no 18 (&) 21i (&) no
frequency
following sequence of reactions: alternative structure for RECO) with a single bridging CO

group, namely, F£CO)(u-CO), analogous to the knowh

Cp;Coy(CO);, — Cp,Co,(CO) + CpCo(CO)  (1a) structure for OCO),, for comparison with the know
Cp2Cox(CO)(u-CO) structure predicted above. In this connec-
2 Cp,Coy(CO) — Cp,Co,(CO), (1b) tion, the B3LYP functional predicts three distinct singlet

h q 1b and Fi ) invol he dimerizati structures for F€CO), namely, two monobridged structures
e second step (eq 1b and Figure 4) involves the dimerization and one tribridged structure (Figure 5 and Table 5). The lowest

of Cp,Coy(CO) and would be analogous to the dimerization of energy of these three structures is actually the unknown

an alkyne to a tetrahedrane. A stable;Cg(u-CO) derivative monobrid ;
. i i 7 ) ged structure HEO)(«-CO) (Vc) with C; symmetry
might be isolable by pyrolysis of a @pos(CO); derivative with rather than the knowBs, tribridged isomer FECO)(u-CO).

bulky substituents on the Cp ring to inhibit the dimerization of The more symmetricat,, monobridged structur®/b is slightly
C.:DZCOZ(CO) to QpCoz;(CO)g obsewgd with the;>-CsHs deriva- higher in energy by 0.62 kcal/mol and has a very small
tive. A mech.an.lsm f(_)r th? pyroly5|s of gE0 FO CQ‘(CC_))” imaginary vibrational frequency (18 Following the corre-
through a similar dimerization of a QE&O) intermediate, sponding vibration mode leads to structive
possibly with a CeEC_o triple bond similar to that suggested The BP86 functional leads to different results fonf@O)
for C_:p2(f3c|>(z_(CQ) (lla )_;gltafys paper, has been suggested on the than the B3LYP functional since it predicts only two structures
basis o . |net|_c _studl . . L for Fe(CO)y, namely,lVa andIVb . A variety of subtle evidence
3'4'. D'S.SOC'aﬂon EnerglgsTabIe 4 report.s the.dl.ssouanon (see, for example, ref 13) suggests that the BP86 method is
energies in terms of the single carbonyl dissociation step somewhat more reliable than the B3LYP method for transition-
Cp,Co.(CO). — Cp,.Co(CO). . 4+ CO 2 metal-containing systems. The monobridgedstructurelVc
PLL0,(CO), PLO(CO)- ) found using the B3LYP functional converts into the conventional
The predicted dissociation energy of one CO group from tr|br|o'lged structurelVa upon  optimization .Wlth '.[he BP86
CpCoy(CO)s is 23.3 keal/mol with B3LYP and 25.4 kcal/mol ~ functional. The monobridged structuiéb is higher in energy
with BP86. In sharp contrast, the @p,(CO), dissociation than the tribridged structu®’a by 5.5 kcal/mol with the BP86
process to CJC0,(CO) + CO requires 60.0 kcal/mol with functional. Furthermore, stru_cltum’b has a small |mzigl;|nary
B3LYP and 70.0 kcal/mol with BP86. Thus, €p0,(CO), vibrational frequency (i8cm™* by B3LYP or 21 cm* by
appears to be very stable with respect to extrusion of a carbony|BP86). Following the corresponding imaginary vibration mode
ligand. Comparison of G£0,(CO) and Ca(CO)s suggests that leads tokthe st:lgcgjrﬁ]/a.dA sm(]illar .rehsult V\r/]as repdorted by
the single carbonyl dissociation energies for,@D); and ~ Hunstock, Mealli, Calhorda, and Reinhdfiwho used a DFT

Coy(COY), are close to that of GEo(CO), and that of C&(CO) functional closely related to BP86 in the Amsterdam Density
approaches that of GBoy(CO). Functional (ADF) program package to compute the mono-
3.5. F&(CO)s. The well-known Fg(CO) was included ina ~ PridgedCs, isomer Fe(CO)(u-CO) (Vb) to be 3.3 keal/mol

previous DFT studyf on the molecular structures of the three aPove theDsy global minimum FgCO)(u-CO) (IVa).
known neutral homoleptic iron carbonyls. However, only the ~1he Fe-Fe bond distance (2.525 and 2.519 A) in the
experimentally known structure KEO)(u-CO), confirmed tribridged structuréVa is shorter than that in the monobridged

by X-ray crystallography334was considered for BECO). We structure Vb (2.754 and 2.726 A for B3LYP and BP86,
therefore investigated as part of the current research an'€SPectively)by0.229 (B3LYP)or 0.207 A (BP86). The-Re
distance to the bridging CO groups is 2.008 (B3LYP) or 2.007

(31) Ungvay, F.; Markqg L. Inorg. Chim. Actal97Q 4, 324.

(32) Ungvay, F.; Markg L. J. Organomet. Chen1974 71, 283. (35) Moss, J. R.; Graham, W. A. @. Chem. SocChem. Commurl97Q 835.
(33) Powell, H. M.; Ewens, R. V. GJ. Chem. Socl1939 286. (36) Hunstock, E.; Mealli, C.; Calhorda, M. J.; Reinholdinbrg. Chem1999
(34) Cotton, F. A.; Troup, J. MJ. Chem. Soc., Daltoh974 800. 38, 5053.
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Table 6. Metal Carbonyl »(CO) Frequencies Predicted for the
Cp2C0,(CO), (n =1, 2, 3) Isomers (infrared intensities in
parentheses are in km/mol; infrared-active frequencies are given in
bold type)

B3LYP
1893 (a, 583)

2052 (a, 2)
2036 (b, 1415)

BP86
1821 (a, 477)

1964 (a, 4)
1951 (b, 1090)

exp.?
1812 (3700)

CpCox(CO) la (Cy)

1965 (6500)

Ib (Cy) 1828 (a, 684)
1883 (a, 0)
1829 (b, 701)
CpCo(CO) lla (Can) 1900 (3,0) 1826 (g, 0)
1853 (h, 1189) 1793 (b, 930) 1792 (8400)
b (Ca) 2042(a,0) 1951 (g 0)

2025 (hy, 2582) 1939 (b, 1965)
lla (Cz,) 1971 (a, 786) 1870 (a 581)
b (Cy 2031 (4 1212) 1941 (5923)

CpCy(CO)

a Experimental data taken from Anderson, F. R.; Wrighton, Mn8rg.
Chem 1986 25, 112.

A (BP86) inlva, which is only very slightly longer than that
in IVb by 0.004 (B3LYP) or 0.009 A (BP86).
3.6. Vibrational Frequencies. The harmonic vibrational

Table 7. Comparison of the Analogous Dicyclopentadienyldicobalt
Carbonyls Cp,Co0,(CO), (n = 3, 2, 1) with the Diiron Carbonyls
Fex(CO)s+n (BP86 functional: AE in kcal/mol, M—M in A)

diiron carbonyl? AE  Fe-Fe Cp,Co; carbonyl AE  Co—Co
Fe(CO)(u-CO); 0.0 2519 CpCox(u-CO) 0.0 2.352
Fex(CO)(u-CO) 55 2.726 CgLo(CO)(u-CO) 1.8 2.506
Fe(CO)(u-CO), 0.0 2.447 CpCoy(u-CO), 0.0 2.346
FexCO)(u-CO) 0. 2.137 CpCoy(u-CO) 0.0 2.050

a Structures for the F£CO)s and Fg(CO); isomers are taken from Xie,
Y.; Schaefer, H. F.; King, R. Bl. Am. Chem. Sac200Q 122, 8746. This
structure is not a genuine minimum, as indicated by a large imaginary
frequency at 487

to the corresponding G@o, derivative increases the electron
density on the metal atoms (and thus the number of electrons
available for metatmetal bonding).

The lowest-energy isomer computed for,&0); in our
previous work? does not have a structure analogous to
CpCoy(u-CO) (llla), with a single symmetrical bridging CO
group, but instead has a structure with two semibridging CO
groups similar to the structure for @p,(CO)s determined by
X-ray diffraction3“In this earlier study? the Fe(CO)s(u-CO)

frequencies and their infrared intensities for all of the structures analogue to CgLo,(u-CO) (llla) was computed not to be a

have been evaluated by the B3LYP and BP86 methods.

Complete reports of the vibrational frequencies and infrared

genuine minimum but instead a saddle point with a large
imaginary vibrational frequency (482m™1). This latter struc-

intensities are given in the Supporting Information. These results ture was used for comparison in Table 7 with our currently
have been used to determine if a structure is a genuine minimum.computed structuréla for Cp,Co(u-CO).

The predicted/(CO) frequencies for the GEo(CO), (n =
1, 2, 3) isomers are of particular interest since any future
experimental work to detect such species is likely to rely on
the relatively strongv(CO) frequencies for initial product
characterization. The(CO) stretching frequencies are listed in
Table 6 for all CpCox(CO), (n =1, 2, 3). In general, the(CO)
frequencies predicted by the BP86 method are B0 cnt?
lower than those computed by the B3LYP method. 7{20)
infrared frequencies computed by the BP86 functional are in
very close agreement with the experimehta(CO) infrared
frequencies in methylcyclohexane foy>{CsHs),C0o(CO)(u-
CO) and {>-CsHs),Co(u-CO), (Table 6).

In transition-metal carbonyl chemistry, théCO) frequencies
of typical symmetrical two-electron donor bridging CO groups
are well-known to occur 156200 cnt! below the v(CO)
frequencies of terminal CO groups in a given type of metal
carbonyl derivative. In this connection, the two bridging CO
groups in CpCox(u-CO), (lla) are seen to exhibit a low
infrared-activer(CO) frequency of 1853 (B3LYP) or 1793 crh
(BP86). For CpCoy(u-CO) (Ib), the infrared-activey(CO)
frequency for the bridging CO groups is higher, namely, 1893
(B3LYP) or 1821 cm* (BP86).

3.7. Comparison of Analogous Fe(CQ)and CpCo Deriva-
tives. The isolobal/isoelectronic analogy between Fe(£&hd

4. Summary

For CpCaoy(CO); and Feg(CO), the monobridged isomers
CpCoy(CO)(u-CO) and FgCO)(u-CO), respectively, are
predicted by DFT methods to have energies (within 6 kcal/mol)
very similar to those of the corresponding tribridged isomers
CpCoy(u-CO); and Fe(CO)(u-CO)s, consistent with the fact
that the monobridged isomer &po,(CO)(u-CO) and the
tribridged isomer F£CO)(u-CO); are the species found
experimentally. For the unsaturated speciesGog(CO), and
CpC0oy(CO), with formal Ce=Co double and C=Co triple
bonds, respectively, the coaxial isomers are more stable than
the perpendicular isomers. The BP86 computations g(C®)
frequencies forf>-CsHs),Co(CO)(4-CO) and °-CsHs)>Co,-
(u-CO), within 15 cnm? of the experimental fundamentals. The
monocarbonyl 15-CsHs),Co(u-CO) predicted in this work is
not yet known. However, the formation of¥CsHs)4Cou(us-
CO), from the pyrolysis of CgCo3(CO); observed experimen-
tally may involve dimerization of an-CsHs)Coy(u-CO)
intermediate.
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CpCo units suggests a comparison of the structures and energie&:sc No. 2003851025)

of CpCo(CO), and Fg(CO)+n derivatives with the same
number of bridging CO groups. In all cases, the metaétal
bonds were found to be shorter by 0:68.22 A for the CpCo,
derivatives relative to those of the corresponding(E®)

Supporting Information Available: Complete tables of
harmonic vibrational frequencies for &@poy(CO), (n = 3, 2,
1) (Tables S%S6) and three F£CO) isomers (Tables S8

derivatives (Table 7), with the shortening increasing as the $10); Co-Co bond distances (in A), total energieg, (in
number of carbonyl groups increases. This can be rationalizedhartree), relative energie\E, in kcal/mol), and number of

by the fact that replacing three CO ligands with a more weakly
back-bonding;>-CsHs ring in going from an F€CO); derivative

(37) Anderson, F. R.; Wrighton, M. $norg. Chem 1986 25, 112.

imaginary vibrational frequencies (Nimg) for &po,(CO), (n
=3, 2, 1) (Table S7).
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