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Recently the first boronyl (oxoboryl) complex [(c-C6H11)3P]2Pt(BO)Br was synthesized. The boronyl ligand in this
complex is a member of the isoelectronic series BO-f COf NOþ. The cobalt carbonyl boronyls Co(BO)(CO)4 and
Co2(BO)2(CO)7, with cobalt in the formal d

8þ1 oxidation state, are thus isoelectronic with the familiar homoleptic iron
carbonyls Fe(CO)5 and Fe2(CO)9. Density functional theory predicts Co(BO)(CO)4 to have a trigonal bipyramidal
structure with the BO group in an axial position. The tricarbonyl Co(BO)(CO)3 is predicted to have a distorted square
planar structure, similar to those of other 16-electron complexes of d8 transition metals. Higher energy Co(BO)(CO)n
(n = 3, 2) structures may be derived by removal of one (for n = 3) or two (for n = 2) CO groups from a trigonal
bipyramidal Co(BO)(CO)4 structure. Structures with a CO group bridging 17-electron Co(CO)4 and Co(BO)2(CO)3
units and no Co-Co bond are found for Co2(BO)2(CO)8. However, Co2(BO)2(CO)8 is not viable because of the
predicted exothermic loss of CO to give Co2(BO)2(CO)7. The lowest lying Co2(BO)2(CO)7 structure is a triply bridged
(2BOþCO) structure closely related to the experimental Fe2(CO)9 structure. However, other relatively low energy
Co2(BO)2(CO)7 structures are found, either with a single CO bridge, similar to the experimental Os2(CO)8(μ-CO)
structure; or with 17-electron Co(CO)4 and Co(BO)2(CO)3 units joined by a single Co-Co bond with or without
semibridging carbonyl groups. Both triplet and singlet Co2(BO)2(CO)6 structures are found. The lowest lying triplet
Co2(BO)2(CO)6 structures have a Co(CO)3(BO)2 unit coordinated to a Co(CO)3 unit through the oxygen atoms of
the boronyl groups with a non-bonding ∼4.3 Å Co 3 3 3Co distance. The lowest lying singlet Co2(BO)2(CO)6 struc-
tures have either two three-electron donor bridging η2-μ-BO groups and no Co 3 3 3Co bond or one such three-electron
donor BO group and a formal Co-Co single bond.

1. Introduction

Simple diatomic ligands containing only first row elements
have played important roles in the development of transition
metal coordination chemistry. Thus, metal complexes of
the cyanide (CN),1-3 nitrosyl (NO),4,5 and carbonyl (CO)6

ligands were already known by the end of the 19th century,
and an extensive coordination chemistry of each of these
ligands has developed during the 20th century. In addition,
the first metal complex of the dinitrogen ligand, namely,

[Ru(NH3)5N2]
þ2, was discovered by Allen and Senoff in

1965,7 and the coordination chemistry of dinitrogen has
developed extensively since then.8,9

Development of the chemistry of simple diatomic ligands
containing boron has lagged until very recently. The fluoro-
borylene ligand (BF) is isoelectronic with the carbonyl ligand
(CO) and thus might be predicted to form extensive series of
fluoroborylene metal complexes similar to the metal carbo-
nyls. However, synthesis of BF metal complexes has been
hindered by instability of free BF.10 Thus at the present time
there are only two examples of BFcomplexes in the literature.
This includes an unconfirmed report in a 1968 conference
proceedings11 of the synthesis of the terminal fluoroborylene
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complex Fe(BF)(CO)4 isoelectronic with Fe(CO)5 from the
reaction of Fe(CO)5 with B2F4. Much more recently (2009)
the bridging fluoroborylene complex (η5-C5H5)2Ru2(CO)4-
(μ-BF) was synthesized by Vidovi�c and Aldridge via the
reaction of NaRu(CO)2(η

5-C5H5) with BF3 and structurally
characterized by X-ray diffraction.12 Despite the paucity of
transition metal BF complexes, numerous transition metal
complexes of other BR ligands have been synthesized.13-16

These include the terminal borylene complexes (η5-Me5C5)Bf
Fe(CO)4 (ref 17) and (Me3Si)2NBfM(CO)5 (M=Cr, W18)
that are simple substitution products of the homolepticmetal
carbonyls Fe(CO)5 and M(CO)6, respectively. In addition,
the analogous complexes (CO)nM-E(X)L2 (E=Ga, Al), as
Lewis base adducts of the transition metal, have been reported
experimentally.19

Another potentially important diatomic boron-containing
ligand is the boronyl ligand, BO. In this connection, the first
metal boronyl complex, (Cy3P)2Pt(BO)Br (Cy=cyclohexyl)
was synthesized only very recently by the reaction of (Cy3P)2Pt
with Me3SiOBBr2.

20 The coordinated BO ligand in (Cy3P)2-
Pt(BO)Br is of interest since its oxygen atom is shown to have
significant basic properties leading to adducts of the type
(Cy3P)2Pt(Br)(BOfBRf

3) (R
f=C6H3-3,5-(CF3)2).

21

The instability of free monomeric BO, unlike monomeric
CO andNO, has limited the possible synthetic approaches to
metal boronyls. The first report of BO was its spectroscopic
detection in 1924 by Robert Mulliken22 in a gaseous mixture
obtained from an electrical discharge in a BCl3/O2 mixture.
Solid BO was synthesized in 1955 by Wartik and Apple23 by
the dehydration of B2(OH)4, itself obtained by the hydrolysis
of B2Cl4 or B2(NMe2)4. However, solid BO is a polymer with
B-B bonds as well as B-O bonds and unreactive as a ligand
in transition metal chemistry. Thus the problem of the syn-
thesis of transition metal boronyl (BO) derivatives is similar
to problems encountered in the successful synthesis of transi-
tion metal thiocarbonyl (CS) and fluoroborylene (BF) com-
plexes, where the free ligand is unstable as a monomer and
only available as an unreactive polymer. For the synthesis of
the platinum complex (Cy3P)2Pt(BO)Br noted above,20 the
BO source isMe3SiOBBr2, which generates the BO group by
elimination of Me3SiBr. Boron oxychloride, OBCl, might be
another possible source of the BO ligand by reactions with
transition metal nucleophiles such as Co(CO)4

-. However,
OBCl is an unstable molecule found only in small concentra-
tions after applying an electrical discharge to a BCl3/O2

mixture.24 Recent advances in the synthesis of other types

of complexes with transition metal-boron bonds25-27 may
provide suitable starting materials for preparing boronyl
metal complexes by conversion of another type of boron
ligand to a boronyl group.
The possibility of transition metal complexes of the BO-

ligand isoelectronic with the CO ligand was first recognized
as part of a comprehensive theoretical study byBaerends and
co-workers28 of transition metal complexes comparing the
isolobal ligands BF, BNH2, BN(CH3)2, and BO-. Their
study was limited to analogues of the well-established mono-
nuclear metal carbonyls Cr(CO)6, Mn(CO)5

-, Fe(CO)5,
Co(CO)4

-, and Ni(CO)4, as well as the binuclear derivatives
Fe2(CO)9 and (η5-C5H5)2Mn2(CO)4(μ-CO) in which one of
the carbonyl groups is replaced by the isoelectronic BO-

ligand leading, in all cases, to monoanions or dianions. No
neutral BO derivatives were considered in their work. Their
general conclusion is that the BO ligand is an unusually
strong σdonor but a very poorπ-acceptor because of the very
high energy of its π* LUMO.
This paper presents the first theoretical study of an exten-

sive series of neutral transition metal boronyl derivatives.
Isoelectronic analogues of the homoleptic iron carbonyls
were chosen for this study since Fe(CO)5, Fe2(CO)9, and
Fe3(CO)12 have been known for more than 70 years as stable
compounds and have very rich chemistry. Furthermore, the
preferred structures for the unsaturated derivatives of the
types Fe2(CO)n (n=8, 7, 6)29 and Fe3(CO)n (n=11, 10, 9)30

have been identified using density functional theory. Since
the CoBO fragment is isoelectronic to FeCO, our attention
naturally turns to cobalt in the context of the BO ligand. This
paper reports studies on the cobalt carbonyl boronyls includ-
ing Co(BO)(CO)4, which is isoelectronic with both Fe(CO)5
and the likewise known31,32 Mn(NO)(CO)4, as well as Co2-
(BO)2(CO)7, which is isoelectronic with Fe2(CO)9. In addi-
tion the unsaturated derivatives Co(BO)(CO)n (n=3, 2, 1)
and Co2(BO)2(CO)6 have also been investigated. Further-
more, the existence of the stable (η5-C5H5)2Ru2(CO)4(μ-BF)
with a bridging μ-BF group and no Ru-Ru bond12 makes
Co2(BO)2(CO)8 of interest. Thus simple electron counting
and the 18-electron rule suggests the possibility of Co2(BO)2-
(CO)8 structures with one or two bridging μ-BO groups and
no Co-Co bond.

2. Theoretical Methods

Electron correlation effects were considered by employing
density functional theory (DFT), which has evolved as a
practical and effective computational tool, especially for
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organometallic compounds.33-41 Two DFT methods were
used in this study, namely, the B3LYP and BP86 methods.
The popular B3LYP method combines the three-parameter
Becke functional (B3)42 with the Lee-Yang-Parr generalized
gradient correlation functional (LYP).43 The BP86method
combinesBecke’s 1988 exchange functional (B)44withPerdew’s
1986 gradient corrected correlation functional (P86).45 The
BP86 method has been found to be somewhat more reliable
than B3LYP for the type of organometallic systems con-
sidered in this paper, especially for the prediction of
vibrational frequencies.46,47

For comparison with our previous research, the same
double-ζ plus polarization (DZP) basis sets were adopted in
the present study. Thus one set of pure spherical harmonic
d functions with orbital exponentsRd(B)=0.7,Rd(C)=0.75,
and Rd(O)= 0.85 for boron, carbon, and oxygen, respec-
tively, was added to the standard Huzinaga-Dunning con-
tractedDZ sets,48,49 designated (9s5p1d/4s2p1d). The loosely
contractedDZP basis set for cobalt is theWachters primitive
set50 augmented by two sets of p functions and one set of d
functions, contracted followingHood,Pitzer, andSchaefer,51

designated as (14s11p6d/10s8p3d).
The geometries of all structures were fully optimized using

the two DFT methods. Harmonic vibrational frequencies
were determined by evaluating analytically the second deri-
vatives of the energy with respect to the nuclear coordinates.
The corresponding infrared intensities were also evaluated
analytically. All computations were performed with the
Gaussian 03 program package.52 The fine grid (75, 302) was
the default for evaluating integrals numerically, and the tight
(10-8 hartree) designation is the default for the self-consistent
field energy convergence. All of the predicted triplet struc-
tures in the present study are found to have negligible spin
contamination, with the S(S þ 1) values close to the ideal
outcome of 2.0.

The results predicted by both B3LYP and BP86 methods
agree fairlywell.For the sakeofbrevity,only theBP86resultsare
discussed in the text, unless specificallynoted.However, both the
B3LYPand theBP86 results are shown in the figures and tables.
A given Coa(BO)a(CO)b structure is designated as abA-c

where a is the number of cobalt atoms (the same as the
number of BO groups), b is the number of CO groups, and
c orders the structures according to their relative energies. A
indicates whether the structure is a singlet (S) or triplet (T).
Thus the lowest energy structure of singlet Co2(BO)2(CO)8 is
designated 28S-1. The total energies (E, in hartree), relative
energies (ΔE, in kcal mol-1), and numbers of imaginary
vibrational frequencies (NImag) for all of the optimized struc-
tures are listed in the Supporting Information. The relative
energies (ΔE, in kcal mol-1) are also listed in Figures 1 to 7
(in parentheses, in the order of B3LYP and BP86).

3. Results

3.1. Mononuclear Derivatives. 3.1.1. Co(BO)(CO)4.
Both DFT methods predict three singlet structures for
Co(BO)(CO)4 (Figure 1). The global minimum 14S-1 is a
C3v symmetry singlet trigonal bipyramidal structure with
the linear BO group in an axial position. A C2v trigonal
bipyramidal Co(BO)(CO)4 structure 14S-2, with the BO
group in an equatorial position, lies energetically above
14S-1 by 4.3 kcal/mol. Structure 14S-2 is a transition state
with a small imaginary vibrational frequency at 27i cm-1.
Following the corresponding normal mode leads to 14S-1.
Assuming that the BO ligand is a formal one-electron donor
and theCO ligand is a formal two-electron donor, the cobalt
atoms in 14S-1 and 14S-2 have the favored 18-electron
configuration.
We also predict a C4v singlet Co(BO)(CO)4 structure

with a linear BO group in the apical position of a square
pyramid at 22.3 kcal/mol above the global minimum 14S-1
(Figure 1). However, this structure has a large imaginary
vibrational frequency at 204i cm-1. Following the corre-
sponding normal mode leads to 14S-2.

3.1.2. Co(BO)(CO)3. Four low-lying structures (two
singlets and two triplets) were found for Co(BO)(CO)3.
These structures are predicted to be genuine minima with
all real vibrational frequencies (Figure 2). The global mini-
mum 13S-1 of Co(BO)(CO)3 is a singlet square planar
structure of C2v symmetry (B3LYP) or a distorted square
planar structure of Cs symmetry (BP86) with the pair of
opposite CO ligands slightly tilted in the same direction. The
cobalt atom in Co(BO)(CO)3 has a 16-electron configura-
tion, assuming that the BO ligand is a formal one-electron
donor and the CO ligand is a formal two-electron donor.
Two triplet structures were found for Co(BO)(CO)3

(Figure 2). The Cs structure 13T-1 lies at 21.6 kcal/mol
above 13S-1. This structure may be derived from the

Figure 1. Three optimized structures for Co(BO)(CO)4 showing the relative energies in kcal/mol (B3LYP, BP86) in parentheses.
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Co(BO)(CO)4 structure 14S-1 (Figure 1) by removal of
an equatorial carbonyl group. The other triplet Co(BO)-
(CO)3 structure 13T-2 is also a Cs structure and lies 19.1
kcal/mol above 13S-1. This structure can be derived from
the Co(BO)(CO)4 structure 14S-2 (Figure 1) by removal
of an equatorial carbonyl group.
The other singlet structure 13S-2 of Co(BO)(CO)3

(Figure 2) has C3v symmetry and is predicted to lie 8.4
kcal/mol in energy above 13S-1. Structure 13S-2 can be
derived from theCo(BO)(CO)4 structure 14S-1 by remov-
ing a CO group from an axial position. In structure 13S-2
the three CO ligands are bent toward the BO ligand so all
four ligands reside in the same hemisphere.

3.1.3. Co(BO)(CO)2. Three triplet structures and three
singlet structureswere found forCo(BO)(CO)2 by eachDFT
method (Figure 3). Structures 12T-1, 12T-2, 12T-3, 12S-1,
and 12S-3 are predicted to be genuine minima with all real
vibrational frequencies. However, structure 12S-2 is pre-
dicted to have a small imaginary vibrational frequency. The
B3LYP method predicts the Cs triplet structure 12T-1 to be
the global minimum, at 9.8 kcal/mol below the singlet struc-
ture 12S-1.However, the BP86 method predicts 12S-1 to be
the globalminimum, at 10.9 kcal/mol below 12T-1. This sort
ofdifferencebetweenB3LYPandBP86 is typical for singlet-
triplet energy gaps. Structure 12T-1 for Co(BO)(CO)2 is an
unsymmetrical planar T-shaped structure, and 12S-1 for
Co(BO)(CO)2 is a distorted T-shaped structure.
The symmetrical planar T-shaped C2v triplet structure

12T-2 and the pyramidal Cs triplet 12T-3 structure for

Co(BO)(CO)2 are nearly degenerate in energywithin∼1.5
kcal/mol. The symmetrical planar T-shaped C2v singlet
Co(BO)(CO)2 structure 12S-2 lies 10.0 kcal/mol above
12T-1 (B3LYP) or 9.5 kcal/mol below 12T-1 (BP86). The
unsymmetrical planar T-shaped Cs singlet structure 12S-3
lies 14.1 kcal/mol above 12T-1 (B3LYP) or 5.1 kcal/mol
(BP86) below 12T-1. Structure 12S-2 is a transition state
with an imaginary frequency of 62i cm-1. Following the
corresponding normal mode leads to 12S-1.

3.1.4. Co(BO)(CO).One triplet structure and one singlet
structure are predicted for Co(BO)(CO) by either DFT
method (Figure 4). Both structures are predicted to be
genuine minima with all real vibrational frequencies.
The global minimum 11T-1 is a triplet linear struc-

ture with C¥v symmetry. The singlet Co(BO)(CO) struc-
ture 11S-1 is a V-shaped Cs structure lying 8.2 kcal/mol
above 11T-1. The predicted B 3 3 3C distance in 11S-1
of 2.250 Å is too long to correspond to a direct bond.

Figure 2. Four optimized structures for Co(BO)(CO)3 showing the relative energies in kcal/mol (B3LYP, BP86) in parentheses.

Figure 3. Six optimized Co(BO)(CO)2 structures showing the relative energies in kcal/mol (B3LYP, BP86) in parentheses.

Figure 4. Two optimized Co(BO)(CO) structures showing the relative
energies in kcal/mol (B3LYP, BP86) in parentheses.
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A singletC¥v linear Co(BO)(CO) structure similar to 11T-1
is predicted to lie 60.8 kcal/mol above 11T-1 in energy and
thus is not likely to be chemically relevant. Attempted
optimization of a triplet Cs V-shaped structure similar to
11S-1 collapsed to the linear triplet C¥v structure 11T-1.

3.2. Binuclear Derivatives. 3.2.1. Co2(BO)2(CO)8. The
cobalt atoms in a cobalt carbonyl boronyl derivative
of stoichiometry Co2(BO)2(CO)8 can have the favorable
18-electron configurationwithout a cobalt-cobalt bond. In
view of the fact that (η5-C5H5)2Ru2(CO)4(μ-BF) has been
synthesized with a bridging BF group but no ruthenium-
ruthenium bond,12 the cobalt carbonyl boronyls Co2(BO)2-
(CO)8were investigated even though their viability appeared
to be questionable in view of the prospect of dissociation
into 2 Co(BO)(CO)4. In this connection seven singlet struc-
tures are found for Co2(BO)2(CO)8 (Figure 5). Perhaps
the most interesting feature of these structures is that none
of them displays a bridging BO ligand. The four Co2(BO)2-
(CO)8 structures 28S-1, 28S-2, 28S-3, and 28S-4 have
similar geometries, consisting of a Co(BO)2(CO)3 unit and
a Co(CO)4 unit joined by a bridging CO group. These four
structures differ in the relative positions of the two BO
groups. The remaining three singlet Co2(BO)2(CO)8 struc-
tures, namely, 28S-5, 28S-6, and 28S-7, have similar geo-
metries consisting of two Co(BO)(CO)3 units joined by two
bridging CO groups. In all cases the Co 3 3 3Co distances are
too long to imply any direct cobalt-cobalt bonding.
The global minimum Co2(BO)2(CO)8 structure 28S-1

(Figure 5) with one bridgingCO group is predicted to be a
genuine minimum by both the B3LYP and BP86 methods.
The next low-lying Cs singlet Co2(BO)2(CO)8 structure
28S-2, alsowith one bridgingCOgroup, lies only 0.8 kcal/
mol above the global minimum 28S-1. Thus structures
28S-1 and 28S-2 appear to be essentially degenerate. The
geometries of 28S-1 and 28S-2 differ only by a rotation of

the terminal BO groups. The Co2(BO)2(CO)8 structures
28S-3 and 28S-4, both with Cs symmetry, also have one
bridging CO group, two terminal BO groups, and seven
terminal CO groups. Structure 28S-3 is a genuineminimum
by both the B3LYP andBP86methods, lying 5.2 kcal/mol
in energy above structure 28S-1. The Co2(BO)2(CO)8
structure 28S-4 is predicted to lie 9.0 kcal/mol in energy
above 28S-1. Structure 28S-4 is predicted to be a genuine
minimum by B3LYP but has a small imaginary vibra-
tional frequency of 10i cm-1 by BP86. This small imagin-
ary frequency increases slightly to 13i cm-1 when a finer
integration grid (120, 974) is used. The energy difference
between 28S-3 and 28S-4 is 3.8 kcal/mol, and the geome-
tries of these structures are very similar. The only differ-
ence between structures 28S-3 and 28S-4 is the location of
the B 3 3 3B axis relative to the CoCo(μ-CO) plane. Thus
theB 3 3 3Baxis is parallel to theCoCo(μ-CO) plane in 28S-3
but perpendicular to the CoCo(μ-CO) plane in 28S-4. The
Co 3 3 3Co distances of∼3.7 Å in the Co2(BO)2(CO)8 struc-
tures 28S-1 through 28S-4 are too long for any direct
cobalt-cobalt bonding. However, the cobalt atoms in
these four structures all have the favored 18-electron confi-
guration, even in the absence of any cobalt-cobalt bond.
Three Co2(BO)2(CO)8 structures are found with two

bridging carbonyl groups (Figure 5). All of these struc-
tures lie at significantly higher energies than the four
singly bridged Co2(BO)2(CO)8 structures discussed above.
Among the three doubly bridged singlet Co2(BO)2(CO)8
structures the two structures 28S-5 (C2h) and 28S-6 (C2v)
are a cis-trans isomer pair. The trans isomer 28S-5 lies
16.5 kcal/mol in energy above 28S-1 and has no imaginary
vibrational frequencies by either DFT method. The cor-
responding cis isomer 28S-6 lies 21.7 kcal/mol in energy
above 28S-1 and has no imaginary vibrational frequency
by B3LYP but a small imaginary vibrational frequency of

Figure 5. OptimizedCo2(BO)2(CO)8 structures, isoelectronicwith the unknownFe2(CO)10. The relative energies in kcal/mol (B3LYP,BP86) are shown in
parentheses.
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11i cm-1 by BP86. This small imaginary frequency be-
comes 9i cm-1 when the finer integration grid (120, 974) is
used. The third doubly bridged Co2(BO)2(CO)8 structure
28S-7 lies 23.5 kcal/mol above the singly bridged global
minimum 28S-1. The Co-Co bond distances in the three
Co2(BO)2(CO)8 structures 28S-5, 28S-6, and 28S-7 of
∼3.2 Å are too long to indicate any direct cobalt-cobalt
bonding.Nevertheless, each of the cobalt atoms in each of
these three structures has the favored 18-electron config-
uration. For comparison the Co-Co formal single bond
distance in Co2(CO)8 was found by X-ray crystallo-
graphy53-55 to be 2.530 Å.

3.2.2. Co2(BO)2(CO)7. Eleven singlet structures were
found for Co2(BO)2(CO)7 within 20 kcal/mol of the global
minimum, thereby indicating a very complicated poten-
tial energy surface (Figure 6). All of these Co2(BO)2(CO)7
structures are genuine minima by both DFT methods.
The global minimum Co2(BO)2(CO)7 structure 27S-1,

predicted by both methods, (Figure 6) is a fascinatingC2v

triply bridged singlet with two bridging BO groups, one
bridging CO group, and six terminal CO groups. This geo-
metry is related to the geometry of the known Fe2(CO)9,
determined by X-ray crystallography.56 The Co-Co
bond distance in 27S-1 is predicted to be 2.527 Å, con-
sistent with a single bond, giving each of the cobalt atoms
the favored 18-electron configuration. Furthermore, this
predicted Co-Co distance is very close to the experimental

Figure 6. Optimized Co2(BO)2(CO)7 structures showing the relative energies in kcal/mol (B3LYP, BP86) in parentheses.

(53) Sumner, G. G.; Klug, H. P.; Alexander, L. E. Acta Crystallogr. 1964,
17, 732.

(54) Leung, P. C.; Coppens, P. Acta Crystallogr. 1983, B39, 535.
(55) Braga, D.; Grepioni, F.; Sabatino, P.; Gavezzotti, A. J. Chem. Soc.,

Dalton Trans. 1992, 1185. (56) Cotton, F. A.; Troup, J. M. J. Chem. Soc., Dalton Trans. 1974, 800.
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Fe-Fe distance of 2.523 Å in Fe2(CO)9, determined by
X-ray crystallography.
Two relatively low energy unbridged Co2(BO)2(CO)7

structures were also found (Figure 6). Structure 27S-2 can
be constructed by linking a 17-electron Co(CO)4 unit to a
17-electronCo(BO)2(CO)3 unit with a cobalt-cobalt bond.
This structure lies 11.8 kcal/mol above 27S-1, without any
imaginary vibrational frequencies by either method. The
Co-Co bond distance in 27S-2 is 2.684 Å, corresponding
to the formal single bond needed to give both cobalt atoms
the favored 18-electron configurations. This unbridged
Co-Co single bond distance is ∼0.2 Å longer than the
triply bridged Co-Co single bond distance found in the
Co2(BO)2(CO)7 structure 27S-1, owing to the effect of
the three bridging groups.
The second unbridged Co2(BO)2(CO)7 structure 27S-3

lies 6.2 kcal/mol (B3LYP) in energy above the global
minimum 27S-1. Structure 27S-3 can be constructed by
joining an 18-electron Co(BO)(CO)4 unit to a 16-electron
Co(BO)(CO)3 unit through a very long (3.098 Å) CofCo
dative bond from the 18-electron unit to the 16-electron
unit. Structure 27S-3 could only be optimized using the
B3LYPmethod. Attempted optimization of 27S-3 by the
BP86 method leads instead to 27S-1. The Co(BO)(CO)4
unit in the Co2(BO)2(CO)7 structure 27S-3 is a square
pyramidal isomer of the predicted 18-electron stable
trigonal bipyramidal molecule 14S-1 (Figure 1) and
thus can be considered as a “ligand” to the 16-electron
Co(BO)(CO)3 unit.
The four singly bridged singlet Co2(BO)2(CO)7 struc-

tures 27S-4, 27S-6, 27S-8, and 27S-10 (Figure 6) have
similar geometries with a single bridging CO group, two
terminal BO groups, and six terminal CO groups. All four
structures are true minima with no imaginary vibrational
frequencies by either B3LYP or BP86. The energies of the
structures 27S-4, 27S-6, 27S-8, and 27S-10 are 10.7 kcal/mol,
13.7 kcal/mol, 13.8 kcal/mol, and 15.5 kcal/mol higher,
respectively, than that of the [Fe2(CO)9]-like global mini-
mum 27S-1. Structures 27S-6 and 27S-8 form a cis-trans
isomer pair with essentially the same energies (within
<1 kcal/mol). The Co-Co bond distances in the four
structures 27S-4, 27S-6, 27S-8, and 27S-10 fall in the
range 2.64 ( 0.03 Å, corresponding to the formal single
bond required to give both cobalt atoms in each structure
the favored 18-electron configuration. These singly bridged
structures of Co2(BO)2(CO)7 are related to the known
experimental structure of Os2(CO)9 with a single bridging
carbonyl group and eight terminal carbonyl groups.57,58

The doubly bridged singlet Co2(BO)2(CO)7 structures
27S-5, 27S-9, and 27S-11 have similar geometries with
two bridging CO groups, two terminal BO groups, and
five terminal CO groups (Figure 6). These three structures
differ only in the locations of the terminal BO groups. All
three structures are genuine minima, with no imaginary
vibrational frequencies by either DFT method. The Co2-
(BO)2(CO)7 structures 27S-5, 27S-9, and 27S-11 lie 7.4
kcal/mol, 12.7 kcal/mol, and 15.1 kcal/mol, respectively,
above the global minimum 27S-1. The Co-Co bond dis-
tances in the doubly bridged Co2(BO)2(CO)7 structures
27S-5, 27S-9, and 27S-11 fall in the range 2.53 ( 0.03 Å,

which is very similar to the triply bridged Co-Co single
bond distance of 2.53 Å in the Co2(BO)2(CO)7 structure
27S-1. This corresponds to the formal single bonds
required to give both cobalt atoms the favored 18-electron
configurations.
The B3LYP and BP86 methods give slightly different

structures for the final singlet Co2(BO)2(CO)7 structure,
namely, 27S-7 (Figure 6). Thus the 27S-7 structure pre-
dicted by the B3LYPmethod has two terminal BO groups
and seven terminal COgroups and lies 9.6 kcal/mol above
the global minimum 27S-1. However, the 27S-7 structure
by the BP86 method has one bridging CO group, one semi-
bridging CO group, one bridging BO group, one terminal
BO group, and five terminal CO groups and lies 11.1 kcal/
mol in energy above the globalminimum 27S-1. Structure
27S-7 has no imaginary frequencies by either method.
The Co-Co distance in 27S-7 is 2.567 Å, corresponding
to the formal single bond required to give both cobalt
atoms the favored 18-electron configuration. The shorter
Co-Co distance in the BP86 27S-7 structure of Co2-
(BO)2(CO)7 relative to the B3LYP 27S-7 structure of
Co2(BO)2(CO)7 by ∼0.17 Å may be related to the fact
that theBP86 structure has twobridging groups (BOþCO)
and one semibridging group (CO) whereas the B3LYP
structure has no bridging groups.

3.2.3. Co2(BO)2(CO)6. A total of 18 singlet structures
and 12 triplet structures within 43 kcal/mol of the global
minimum are predicted for Co2(BO)2(CO)6 indicating a
very complicated potential energy surface. Only the 14
structures of Co2(BO)2(CO)6 within 30 kcal/mol of the
globalminimum, namely, 9 singlet structures and 5 triplet
structures, are discussed in the paper (Figure 7). TheB3LYP
and the BP86 methods differ significantly in the relative
energy ordering of these structures. Thus, the B3LYP
method predicts all five triplet structures to lie below the
lowest lying singlet structure 26S-1. However, the BP86
method predicts the energies of four of the singlet Co2-
(BO)2(CO)6 structures to lie below that of the lowest lying
triplet structure 26T-1. The Co2(BO)2(CO)6 structures,
except for 26S-3 and 26S-9, have no imaginary vibrational
frequencies by BP86, implying that they are genuine mini-
ma. The designations for theCo2(BO)2(CO)6 structures in
Figure 7 are based on their relative energies, as deter-
mined by the B3LYP method.
The three triplet Co2(BO)2(CO)6 structures 26T-1, 26T-2,

and 26T-3 all have two Co(CO)3 units linked by two
bridging BO groups, bonded to one cobalt atom through
the boron atom and bonded to the other cobalt atom
through the oxygen atom (Figure 7). These structures can
be dissected into a bidentate Co(CO)3(BO)2 “ligand”
chelating to the cobalt atom of the other Co(CO)3 group
through the oxygen atoms of the two BO groups, thereby
forming a six-membered Co2B2O2 chelate ring. The
Co-Co bond distances in these three Co2(BO)2(CO)6
structures are ∼4.3 Å, which is far too long for a direct
Co-Co bond. Thus the cobalt atom in this bidentate
Co(CO)3(BO)2 “ligand” has a 17-electron configuration,
accounting for one of the two unpaired electrons of the
triplet. The other Co(CO)3 group in these three Co2-
(BO)2(CO)6 structures receives two electrons from each
of the BO oxygen atoms giving it a 19-electron config-
uration. The energy difference between 26T-1 and 26T-2
of only 0.4 kcal/mol suggests that these structures are

(57) Moss, J. R.; Graham, W. A. G. Chem. Commun. 1970, 835.
(58) Moss, J. R.; Graham,W.A.G. J. Chem. Soc., Dalton Trans. 1977, 95.
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essentially degenerate. The energy of 26T-3 is 9.6 kcal/mol
higher than that of 26T-1.
The Cs triplet Co2(BO)2(CO)6 structure 26T-4, the C2h

singlet structure 26S-1, and theC2h singlet structure 26S-3
all have two bridging BO groups and six terminal CO
groups (Figure 7). In 26T-4 the Co-Co bond distance is
2.672 Å corresponding to a formal single bond giving each
cobalt atom the 17-electron configuration for a binuclear
triplet. In the singlet structure 26S-1 the Co 3 3 3Co dis-
tance is 3.689 Å, which is much too long for a direct bond.
However, in 26S-1 the Co-O distances to the bridging
BO groups are unusually short at 2.172 Å implying direct
cobalt-oxygen bonds. The bridging BO groups, when

considered as neutral ligands, are thus formal three-electron
donors rather than the usual one-electron donors. This
gives each cobalt atom in the Co2(BO)2(CO)6 structure
26S-1 the favored 18-electron configuration.
The next lowest lyingCo2(BO)2(CO)6 structure 26S-2 is

a bridged Cs structure (B3LYP) or C1 structure (BP86),
lying 24.2 kcal/mol (B3LYP) above 26T-1 or 4.2 kcal/mol
(BP86) below 26T-1 with no imaginary vibrational fre-
quencies (Figure 7). Structure 26S-2 has two bridging BO
groups, one semibridging CO group, and five terminal CO
groups by B3LYP or two bridging BO groups, one bridging
CO group, and five terminal CO groups by BP86. This
Co2(BO)2(CO)6 structure (BP86) can be derived from the

Figure 7. Optimized Co2(BO)2(CO)6 structures showing the relative energies in kcal/mol (B3LYP, BP86) in parentheses.
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triply bridged Co2(BO)2(CO)7 structure 27S-1 by remov-
ing a terminal CO group. The Co-Co bond distance in
26S-2 is 2.464 Å.
The Co2(BO)2(CO)6 structure 26S-3 (Figure 7) lies 9.0

kcal/mol above the lowest lying singlet structure 26S-1
with no imaginary vibrational frequencies (B3LYP) or
one very small imaginary frequency of 27i cm-1 (BP86).
The Co-Co bond distance in 26S-3 is 2.655 Å.
The doubly bridged singlet Co2(BO)2(CO)6 structures

26S-4, 26S-5, and 26S-7, all have one bridging BO group,
one bridging CO group, one terminal BO group, and five
terminal CO groups (Figure 7). Structure 26S-4 lies
26.7 kcal/mol higher than that of 26T-1 (B3LYP) or 1.0
kcal/mol lower than that of 26T-1 (BP86) with no imaginary
vibrational frequencies. The energy difference between
26S-4 and 26S-5 of only 0.9 kcal/mol suggests that these
structures are essentially degenerate. The bridging BO
groups in these structures are three-electron donor ligands
with short enoughCo-Odistances to suggest direct inter-
actions. Thus in 26S-4 the predicted Co-O distances are
2.682 Å. In 26S-5 the predicted Co-Odistances are signi-
ficantly shorter at 2.338 Å. The Co-Co bond distances
are 2.609 Å in 26S-4 and 2.571 Å in 26S-5 consistent with
a formal single bond. This gives each of the cobalt atoms
in 26S-4 and 26S-5 the favored 18-electron configurations
after considering the fact that thebridgingBOgroupdonates
three electrons rather than the usual single electron.
The Co2(BO)2(CO)6 structure 26S-7 lies 0.6 kcal/mol

above 26T-1 with no imaginary vibrational frequencies
(Figure 7). The bridging BO group in 26S-7, like that in
the Co2(BO)2(CO)6 structures 26S-4 and 26S-5, is a formal
three-electron donor η2-μ-BO group as indicated by short
Co-O distances of 2.590 Å. The Co-Co distances in 26S-7
predicted by the B3LYP and BP86 methods are distinctly
different, namely, 2.937 Å by B3LYP but only 2.613 Å by
BP86. However, structure 26S-7 has a semibridging CO
group by B3LYP, which may account for the ∼0.3 Å
longer Co-Co distance by B3LYP than by BP86.
The Co2(BO)2(CO)6 structure 26S-8 lies only 2.9 kcal/mol

above 26S-7, suggesting that these two structures are
essentially degenerate. The Co-O distance to the bridg-
ing BO group in 26S-8 is too long for direct bonding,
implying that the bridging BO group in 26S-8 is only a
formal one-electron donor. TheCo-Co distance in 26S-8
is 2.498 Å.
The singly bridged C1 singlet Co2(BO)2(CO)6 structure

26S-6 andCs triplet structure 26T-5 both have one bridg-
ing BO group, one terminal BO group, and six terminal
CO groups. Structures 26S-6 and 26T-5 lie 1.9 and 10.3
kcal/mol, respectively, above 26T-1 without any imagi-
nary vibrational frequencies. The Co-O distance to the
bridging BO group of 2.438 Å in 26S-6 suggests a three-
electron donor bridging η2-μ-BO group. However, the
long Co-O distances to the bridging BO group in 26T-5
suggest the usual one-electron donor bridging BO group.
The predicted Co-Co distances are 2.664 Å in 26S-6 and
2.440 Å in 26T-5.
The singlet Co2(BO)2(CO)6 structure 26S-9 (Cs) has

two semibridging CO groups, two terminal BO groups on
the same cobalt atom, and four terminal CO groups and
lies 5.5 kcal/mol above 26T-1with no imaginary vibrational
frequencies (B3LYP) or a small imaginary vibrational
frequency of 28i cm-1 (BP86). The predicted Co-Co

distances in 26S-9 are 2.513 Å suggesting a formal single
bond. This Co2(BO)2(CO)6 structure can be generated by
joining a Co(BO)2(CO)3 fragment to a Co(CO)3 fragment
through a Co-Co single bond followed by two of the
originally terminal carbonyl groupsmoving to semibridg-
ing positions. This gives the cobalt atom in 26S-9 bearing
the two BO groups the favored 18-electron configuration
but the other cobalt atom only a 16-electron configuration.
However, the cobalt atom in 26S-9 assigned a 16-electron
configuration has essentially square planar coordination
counting only the three terminal carbonyl groups and
the Co-Co bond. Square planar metal complexes with a
16-electron configuration are ratherwell-known, as exempli-
fied by numerousRh(I), Ni(II), Pd(II), and Pt(II) complexes.

3.3. Dissociation Energies. Table 1 reports the disso-
ciation energies for removing one carbonyl group from
the globalminima of themononuclear Co(BO)(CO)m and
binuclear Co2(BO)2(CO)n structures according to the
following equations:

CoðBOÞðCOÞm f CoðBOÞðCOÞm- 1 þCO

ðm ¼ 4, 3, 2Þ

Co2ðBOÞ2ðCOÞn f CO2ðBOÞ2ðCOÞn- 1 þCO

ðn ¼ 8, 7Þ
The predicted dissociation energy for the loss of one CO
group from mononuclear Co(BO)(CO)4 is 41.4 kcal/mol.
This is similar to the experimental dissociation energy59 of
41 kcal/mol for the loss of one CO group from the iso-
electronic Fe(CO)5. The energy for the dissociation of
Co(BO)(CO)3 into Co(BO)(CO)2 þ CO is 58.0 kcal/mol.
For the binuclear derivatives the carbonyl dissociation
energy ofCo2(BO)2(CO)8 is predicted to be exothermic by
-12.5 kcal/mol indicating instability with respect to the
formation of Co2(BO)2(CO)7. Such instability is typical
for binuclear metal carbonyl derivatives without a formal
metal-metal bond. The further dissociation of a carbonyl
group from Co2(BO)2(CO)7 is 28.6 kcal/mol suggesting
that Co2(BO)2(CO)7, unlike Co2(BO)2(CO)8, is reasonably
stable toward carbonyl dissociation to give Co2(BO)2(CO)6.
Table 1 also reports the BOdissociation energies for the

mononuclear Co(BO)(CO)m and binuclear Co2(BO)2(CO)n
derivatives. All of the BO dissociation energies were found
to be much higher than CO dissociation energies with
even the lowest BO dissociation energy being greater than
65 kcal/mol. Therefore, BO dissociation is predicted not
to be a factor in the chemistry of cobalt carbonyl boronyls.
The dissociation energies of the binuclear Co2(BO)2-

(CO)n into mononuclear fragments by the following reac-
tions are also reported in Table 1:

Co2ðBOÞ2ðCOÞn f CoðBOÞðCOÞx þCoðBOÞðCOÞy
ðn ¼ xþ yÞ

The dissociation of Co2(BO)2(CO)8 into two equivalent
Co(BO)(CO)4 fragments is seen to be an exothermic
process by -31.7 kcal/mol. This is not surprising since

(59) Sunderlin, L. S.; Wang, D.; Squires, R. R. J. Am. Chem. Soc. 1993,
115, 12060.
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Co(BO)(CO)4 is predicted to be a stable 18-electron com-
plex (structure 14S-1 in Figure 1), which is isoelectronic
with the well-known Fe(CO)5. However, the energy re-
quired for dissociation of Co2(BO)2(CO)7 into Co(BO)-
(CO)4 þ Co(BO)(CO)3 is 22.1 kcal/mol. The dissociation
of Co2(BO)2(CO)6 into 2Co(BO)(CO)3 is seen to be endo-
thermic with a predicted energy of 35.0 kcal/mol.

3.4. Vibrational Frequencies. The predicted ν(CO) and
ν(BO) frequencies for the optimized structures of Co-
(BO)(CO)n (n=4, 3, 2, 1) andCo2(BO)2(CO)n (n=8, 7, 6)
are reported in the Supporting Information, Tables S72
through S75 using the BP86 method, which has been
shown to be more reliable for ν(CO) frequencies than the
B3LYP method.60,61 The predicted terminal ν(CO) fre-
quencies for the Co(BO)(CO)n and Co2(BO)2(CO)n deri-
vatives are seen to fall in the range 2101 to 1971 cm-1,
which is typical for terminal carbonyl groups. The ν(CO)
frequencies for the bridging carbonyl groups in the bi-
nuclear Co2(BO)2(CO)n (n= 8, 7) derivatives are pre-
dicted to fall in the range of 1956 to 1789 cm-1. The lower
bridging ν(CO) frequencies relative to terminal ν(CO)
frequencies are a typical feature ofmetal carbonyl spectra. It
relates to the lower CdO bond order in the carbonyl
group when bonded to two metal atoms rather than a
single metal atom.
Supporting Information, Table S72 also compares the

ν(CO) frequencies of the Co(BO)(CO)4 global minimum
14S-1 (Figure 1) with those of the corresponding valence
isoelectronic C3v isomers of Fe(CS)(CO)4 and Mn(NO)-
(CO)4 predicted by using the same BP86 method. In
accord with expectation, the predicted ν(CO) frequencies
for the C3v isomers of Co(BO)(CO)4, Fe(CS)(CO)4, and
Mn(NO)(CO)4 all follow the same pattern. Furthermore,
the ν(CO) frequencies decrease in the sequence Co(BO)-
(CO)4 . Fe(CS)(CO)4 > Mn(NO)(CO)4 indicating π-
acceptor strengths in the sequence BO<CS<NO. This
is in accord with the increased formal negative charges in
the order BO- f CS f NOþ on these diatomic ligands
functioning as actual electron pair donors, as well as the
decrease in the corresponding formal metal oxidation
states in the sequence Co(I)>Fe(0)>Mn(-I). A more
negative metal formal oxidation state and a formal

positive charge on the ligand are both likely to lead to
increased ligand π-acceptor strength. The relatively low
π-acceptor strength of the BO ligand is in accord with the
previous observations of Baerends and co-workers.28

The terminal ν(BO) frequencies in the Co(BO)(CO)n
andCo2(BO)2(CO)n are predicted to fall in the range 1878
to 1806 cm-1. The ν(BO) frequencies for the normal one-
electron donor bridgingBOgroups are significantly lower
in the range 1788 cm-1 to 1724 cm-1 (see tables in the
Supporting Information). The three-electron donor bridg-
ing η2-μ-BO groups in the Co2(BO)2(CO)6 structure
26S-1 are predicted to exhibit even lower ν(BO) frequen-
cies at 1671 and 1664 cm-1 in accord with lowering the
effective B-O bond order by π-electron donation from
the B-O bond to the metal atom. The lowest ν(BO)
frequencies in the range 1637 to 1597 cm-1 are predicted
for the BO groups of the Co(CO)3(BO)2 “ligands” chelat-
ing to the Co(CO)3 units in the low-lying triplet Co2-
(BO)2(CO)6 structures 26T-1, 26T-2, and 26T-3.

4. Discussion

4.1. Mononuclear Derivatives. The lowest energy Co-
(BO)(CO)4 structure is the expected trigonal bipyramidal
structure analogous to the isoelectronic Fe(CO)5. How-
ever, only the Co(BO)(CO)4 structure with the BO ligand
in the axial position of the CoC4B trigonal bipyramid,
namely, 14S-1 (Figure 1), appears to be a genuine mini-
mum. The isomeric Co(BO)(CO)4 structure 14S-2 with
the BO group in an equatorial position is also found at
only 5( 1 kcal/mol above 14S-1. However, this structure is
not a genuineminimumsince it has an imaginary vibrational
frequency. Following the normal mode of this imaginary
vibrational frequency converts the equatorially substituted
isomer 14S-2 to the axially substituted isomer 14S-1. This
contrasts with the isovalent iron carbonyl complexes
Fe(CS)(CO)4 and Fe(BF)(CO)4, for which the equatorially
and axially substituted trigonal bipyramidal isomers are
both genuine minima of similar energies. The square
pyramidal isomer of Co(BO)(CO)4 (14S-3 in Figure 1)
is also not a genuine minimum but has a large imaginary
vibrational frequency. These observations suggest that
Co(BO)(CO)4 is a typical fluxional five-coordinate sys-
tem capable of undergoing Berry pseudorotation.62,63

Table 1. Dissociation Energies (kcal/mol) for Co2(BO)2(CO)m (m = 2, 3, 4) and Co2(BO)2(CO)n (n = 7, 8) Based on the Lowest Energy Structuresa

B3LYP BP86

Co(BO)(CO)4 (14S-1) f Co(BO)(CO)3 (13S-1) þ CO 31.7 41.4
Co(BO)(CO)4 (14S-1) f Co(CO)4 þ BO 74.0 83.0
Co(BO)(CO)3 (13S-1) f Co(BO)(CO)2 (12T-1) þ CO 32.0 58.0
Co(BO)(CO)3 (13S-1) f Co(CO)3 þ BO 69.6 81.4
Co(BO)(CO)2 (12T-1) f Co(BO)(CO) (11T-1) þ CO 43.9 33.0
Co(BO)(CO)2 (12T-1) f Co(CO)2 þ BO 67.4 62.9
Co(BO)(CO) (11T-1) f Co(CO) þ BO 67.6 79.9
Co2(BO)2(CO)8 (28S-1) f Co2(BO)2(CO)7 (27S-1) þ CO -12.7 -12.5
Co2(BO)2(CO)8 (28S-1) f Co2(CO)8 þ 2BO 102.2 101.0
Co2(BO)2(CO)7 (27S-1) f Co2(BO)2(CO)6 (26S-1) þ CO 16.0 28.6
Co2(BO)2(CO)7 (27S-1) f Co2(CO)7 þ 2BO 137.6 148.4
Co2(BO)2(CO)6 (26S-1) f Co2(CO)6 þ 2BO 144.5 142.8
Co2(BO)2(CO)8 (28S-1) f 2Co(BO)(CO)4 (14S-1) -37.8 -31.7
Co2(BO)2(CO)7 (27S-1) f Co(BO)(CO)4(14S-1) þ Co(BO)(CO)3(13S-1) 6.7 22.1
Co2(BO)2(CO)6 (26S-1) f 2Co(BO)(CO)3 (13S-1) 22.4 35.0

aAll results reported here refer to the global minima of reactant and products.

(60) Jonas, V.; Thiel, W. J. Phys. Chem. 1995, 102, 8474.
(61) Silaghi-Dumitrescu, I.; Bitterwolf, T. E.; King, R. B. J. Am. Chem.

Soc. 2006, 128, 5342.
(62) Berry, R. S. J. Chem. Phys. 1960, 32, 933.
(63) Holmes, R. R. Acc. Chem. Res. 1972, 5, 296.
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The coordinately unsaturated Co(BO)(CO)3 is an ex-
ample of a four-coordinate complex of the d8 Co(I) since
the BO- ligand is formally amonoanion. Such complexes
are typically square planar with a 16-electron configura-
tion for the central metal atom. The lowest energy Co-
(BO)(CO)3 structure 13S-1 (Figure 2) is nearly square
planar, but with the two CO groups cis to the BO group
bent toward the BO group. The higher energy Co(BO)-
(CO)3 structures can be derived from the trigonal bipyr-
amidal Co(BO)(CO)4 structure 14S-1 (Figure 1) by
removal of an equatorial CO group (13T-1) or an axial
CO group (13S-2). The final Co(BO)(CO)3 structure 13T-2
is derived from a hypothetical equatorially substituted
Co(BO)(CO)4 structure by removal of an equatorial car-
bonyl group. Similarly, the structures for the more highly
unsaturated Co(BO)(CO)2 can be derived by removal
of either two CO ligands from a trigonal bipyramidal
Co(BO)(CO)4 structure or one CO ligand from an ap-
proximate square planar Co(BO)(CO)3 structure.

4.2. Binuclear Derivatives. The fundamental building
blocks for many of the structures of the binuclear species
Co2(BO)2(CO)n (n=8, 7) are the 17-electron Co(CO)4
and Co(BO)2(CO)3 units. The Co(CO)4 unit is familiar in
many cobalt carbonyl derivatives derived from Co2(CO)8
or obtained from reactions of the Co(CO)4

- anion. The
Co(BO)2(CO)3 unit is isoelectronic with the Mn(CO)5
unit prevalent in many manganese carbonyl derivatives
derived from Mn2(CO)10 or obtained from reactions
of the Mn(CO)5

- anion. Because of the stability of the
17-electron Co(CO)4 and Co(BO)2(CO)3 units, many of
the binuclear Co2(BO)2(CO)n (n=8, 7) structures have an
unsymmetrical distribution of BO groups, with two term-
inal BO groups on one cobalt atom and no terminal BO
groups on the other cobalt atom.
The 18-electron rule suggests that Co2(BO)2(CO)8

should have structures without any direct cobalt-cobalt
bonds. Such structures were included in this study be-
cause of the recent discovery of stable (η5-C5H5)2Ru2-
(CO)4(μ-BF) with a bridging μ-BF group and no Ru-Ru
bond.12 In this connection, the lowest energy Co2(BO)2-
(CO)8 structures (28S-1, 28S-2, 28S-3, and 28S-4 in
Figure 5) are constructed by linking a Co(CO)4 unit to a
Co(BO)2(CO)3 unit by a bridging CO group without a
cobalt-cobalt bond. Doubly carbonyl-bridged Co2(BO)2-
(CO)8 structures with∼3.2 Å Co 3 3 3Codistances too long
for direct bonding (28S-5, 28S-6, and 28S-7 in Figure 5)
are found at higher energies, namely, >15 kcal/mol
above the global minimum 28S-1. Such 3.2 Å Co 3 3 3Co
distances are ∼0.7 Å longer than the Co-Co single bond
distance of 2.530 Å found by X-ray crystallography53-55

in Co2(CO)8.
No Co2(BO)2(CO)8 structures are found with bridging

BO groups. Furthermore, the predicted exothermic CO
dissociation energy of∼-12 kcal/mol of Co2(BO)2(CO)8
(28S-1) to give Co2(BO)2(CO)7 (27S-1) indicates that
Co2(BO)2(CO)8 is not viable. The driving force for the
conversion of Co2(BO)2(CO)8 (28S-1) to Co2(BO)2(CO)7
(27S-1)þCO appears to be the energy gained by forming
a Co-Co bond.
The heptacarbonyl Co2(BO)2(CO)7 is strictly isoelec-

tronic with Fe2(CO)9, which is a stable compound with a
triply bridged Fe2(CO)6(μ-CO)3 structure determined by
X-ray crystallography.56 It is also isovalent with Os2(CO)9,

which has a different Os2(CO)8(μ-CO) structure with
only a single bridging carbonyl group.57,58 The global
minimum Co2(BO)2(CO)7 structure is the triply bridged
(2 μ-BO þ μ-CO) structure 27S-1 (Figure 6), which is
closely related to the experimental structure of Fe2(CO)6-
(μ-CO)3. In fact, the predicted Co-Co distance of 2.53 Å
in 27S-1 is very close to the experimental Fe-Fe distance
of 2.523 Å in Fe2(CO)6(μ-CO)3, determined by X-ray
crystallography.56 The triply carbonyl bridged Co2-
(BO)2(CO)4(μ-CO)3 structure 27S-10 is of significantly
higher energy (14( 2 kcal/mol) than the 2 μ-BO þ μ-CO
triply bridged structure 27S-1. The μ-BOþ 2 μ-CO triply
bridged structure 27S-7 lies in energy between the 2 μ-BO
þ μ-CO triply bridged global minimum 27S-1 and the
triply carbonyl bridged structure 27S-10 at 10 ( 1 kcal/
mol above 27S-1. These observations suggest that bridg-
ing BO groups are more favorable than bridging CO
groups.
Other relatively low energy Co2(BO)2(CO)7 structures

can be derived by joining a Co(CO)4 unit to a Co2(BO)2-
(CO)3 unit with a Co-Co bond, either with only terminal
CO and BO groups (27S-3 in Figure 6) or with two
semibridging CO groups from the Co(BO)2(CO)3 unit
to theCo(CO)4 unit (27S-2 in Figure 6). In addition singly
carbonyl bridged Co2(BO)2(CO)6(μ-CO) isomers, namely,
27S-4, 27S-6, and 27S-8, are found with structures ana-
logous to the experimentally determined Os2(CO)8-
(μ-CO) structure.57,58 For Fe2(CO)9 the singly bridged
isomer Fe2(CO)8(μ-CO) has been shown by DFT64 to be
very close in energy to the experimentally known triply
bridged isomer Fe2(CO)6(μ-CO)3. Note that among the
11 Co2(BO)2(CO)7 structures in Figure 6, the only struc-
tures with bridging BO groups are the structures 27S-1
and 27S-7, in which two or one bridging μ-BO groups,
respectively, form part of a triply bridging system.
Structures of the hexacarbonyl Co2(BO)2(CO)6 are coordi-

nately unsaturated and thus require a formalCodCodouble
bond to give each cobalt atom the favored 18-electron
configuration in a binuclear singlet structure. However,
the lowest lying Co2(BO)2(CO)6 structures are triplets. In
fact, using the B3LYP method, five triplet structures
(26T-1 through 26T-5 in Figure 7) are found to lie in
energy below the lowest lying singlet structure 26S-1. The
tendency for the B3LYP method to favor triplet struc-
tures relative to the BP86 method has been demonstrated
byReiher, Salomon, andHess.65,66 Using the BP86method,
four singlet structures (26S-1, 26S-2, 26S-4, and 26S-5 in
Figure 7) are found to lie below the lowest lying triplet
structure 26T-1.
The low-lying triplet Co2(BO)2(CO)6 structures exhibit

a novel structural feature not found in homoleptic metal
carbonyl derivatives, namely, a 17-electron Co(BO)2-
(CO)3 building block functioning as a bidentate ligand
toward a Co(CO)3 unit by bonding through the oxygen
atoms of the two BO groups. Such a structure is repre-
sented schematically in Figure 8. Structures 26T-1, 26T-2,
and 26T-3 are all of this type. In these structures the BO
groups can be considered to be formal three-electron

(64) Wang, H.; Xie, Y.; King, R. B.; Schaefer, H. F. J. Am. Chem. Soc.
2005, 127, 11646.

(65) Reiher, M.; Salomon, O.; Hess, B. A. Theor. Chem. Acc. 2001, 107,
48.

(66) Salomon, O.; Reiher, M.; Hess, B. A. J. Chem. Phys. 2002, 117, 4729.
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donors by donating one electron to one of the cobalt
atoms (the “left” cobalt atoms in Figure 7) through the
boron atom similar to a terminal BO group. The other
two electrons come from a dative BdOfCo bond from
the boronyl oxygen lone pair to the cobalt atom (the
“right” cobalt atoms in Figure 7). Related BdOfM
dative bonds were recently discovered in adducts of the
known boronyl complex (Cy3P)2Pt(BO)Br with fluori-
nated arylboranes.21 In complexing with borane Lewis
acids, the experimental B-O distance of 1.21 Å by X-ray
crystallography in (Cy3P)2Pt(Br)(BO) lengthens slightly
to 1.23 Å in (Cy3P)2Pt(Br)(BOfBArf3). Similarly the pre-
dicted terminal BO distances in the cobalt carbonyl
boronyl compounds discussed in this paper fall in the
range 1.21 to 1.22 Å (B3LYP) or 1.22 to 1.23 Å (BP86).
However, the BO distances in the bridging boronyl
groups in 26T-1, 26T-2, and 26T-3 are also somewhat
longer in the range 1.25 to 1.27 Å. The Co 3 3 3B distances
from these bridging boronyl groups to the second cobalt
atom in 26T-1, 26T-2, and 26T-3 fall in the range∼2.8 to
∼3.2 Å (Figure 7), which are too long for direct Co-B
bonds. Thus, the dative BOfCo bonds appear to involve
an oxygen lone pair rather than a pair of π-electrons from
aBOmultiple bond. In this way this type of three-electron
bridgingη2-μ-BOgroupdiffers from the four-electrondonor
η2-μ-COgroup found experimentally in structures such as
(Ph2PCH2PPh2)2Mn2(CO)4(η

2-μ-CO) (Figure 8).67,68 The
three 26T-1, 26T-2, and 26T-3 structures differ only in
the relative arrangements of the terminal CO groups in
the two Co(CO)3 units. The Co 3 3 3Co distances in these
structures are very long at∼4.3 Å, indicating no bonding
interaction. The lack of a cobalt-cobalt bond in the
Co(CO)3(μ-BO)2Co(CO)3 structures 26T-1, 26T-2, and
26T-3means that one cobalt atom in these structures has
a 17-electron configuration and the other cobalt atom a
19-electron configuration consistent with a binuclear triplet.
The lowest lying singlet Co2(BO)2(CO)6 structure 26S-1

also has two three-electron donor bridging η2-μ-BO groups
but of a type similar to the four-electron donor bridging

η2-μ-CO groups in metal carbonyl derivatives such as
(Ph2PCH2PPh2)2Mn2(CO)4(η

2-μ-CO).67,68 In 26S-1 the
Co-B-Ounits are linear, suggesting sp boron hybridiza-
tion and a formal BtO triple bond. The boron atoms of
these two η2-μ-BOgroups each donate one electron to one
of the cobalt atoms. An additional two electrons is
donated to the other cobalt atom from one of the π
orbitals of the formal BtO triple bond of the boronyl
group. Two three-electron donor bridging η2-μ-BO
groups of this type plus three terminal carbonyl groups
on each cobalt atom gives each cobalt atom in 26S-1 the
favored 18-electron configuration without a cobalt-cobalt
bond. This is consistent with the predicted Co 3 3 3Co
distance of ∼3.7 Å in 26S-1, which is much too long for
any direct cobalt-cobalt interaction. Two other low lying
singlet Co2(BO)2(CO)6 structures, namely, 26S-4 and
26S-5 (Figure 7), have only one three-electron donor
bridging η2-μ-BO group similar to either of the two bridg-
ing BO groups in 26S-1, in addition to a normal type of
two-electron donor bridging carbonyl group. However,
in 26S-4 and 26S-5, the Co-Co distances are predicted to
be 2.6 to 2.7 Å, consistent with a formal single bond. The
combination of one three-electron donor η2-μ-BO group,
one one-electron donor terminal BO group, all two-
electron donor CO groups, and a Co-Co single bond
gives both cobalt atoms in structures 26S-4 and 26S-5 the
favored 18-electron configuration.

5. Conclusions

Our theoretical studies predict Co(BO)(CO)4 to have a
trigonal bipyramidal structure with the BO group in an axial
position similar to the known structures of the isoelectronic
compounds Fe(CO)5 and Mn(NO)(CO)4. The tricarbonyl
Co(BO)(CO)3 is predicted to have a distorted square planar
structure, similar to those of other 16-electron complexes of
d8 transition metals. Higher energy Co(BO)(CO)n (n=3, 2)
structures may be derived by removal of one (for n=3) or
two (for n = 2) CO groups from a trigonal bipyramidal
Co(BO)(CO)4 structure.
The binuclear derivative Co2(BO)2(CO)7 is isoelectronic

with theknownFe2(CO)9.Thus the lowest lyingCo2(BO)2(CO)7
structure is a triply bridged (2BO þ CO) structure closely
related to the experimental Fe2(CO)9 structure. How-
ever, other relatively low energy Co2(BO)2(CO)7 structures
are found, either with a single CO bridge, similar to the
experimental Os2(CO)8(μ-CO) structure; or with 17-electron
Co(CO)4 and Co(BO)2(CO)3 units joined by a single Co-Co
bond with or without semibridging carbonyl groups. The
stability ofCo(CO)4 andCo(BO)2(CO)3 units is also reflected
in the lowest energy structures of Co2(BO)2(CO)8. Thus
structures with a CO group bridging 17-electron Co(CO)4
and Co(BO)2(CO)3 units and no Co-Co bond are found
for Co2(BO)2(CO)8. However, Co2(BO)2(CO)8 is not viable
because of the predicted exothermic loss of CO to give
Co2(BO)2(CO)7.
Both triplet and singlet Co2(BO)2(CO)6 structures are

found. The lowest lying triplet Co2(BO)2(CO)6 structures
have a Co(CO)3(BO)2 unit coordinated to a Co(CO)3 unit
through the oxygen atoms of the boronyl groups with a non-
bonding ∼4.3 Å Co 3 3 3Co distance. The basicity of the
oxygen atoms in boronyl ligands has been discovered experi-
mentally in fluorinated borane adducts of (Cy3P)2Pt(BO)Br.
The lowest lying singlet Co2(BO)2(CO)6 structures have

Figure 8. Comparison of η2-μ-BO groups and η2-μ-CO groups: (a) Two
Co2(BO)2(CO)6 structures with different types of three-electron donor
bridging η2-μ-BO groups; (b) The known (Ph2PCH2PPh2)2Mn2(CO)4-
(η2-μ-CO) structure with a four-electron donor bridging η2-μ-CO group.

(67) Colton, R.; Commons, C. J. Aust. J. Chem. 1975, 28, 1673.
(68) Commons, C. J.; Hoskins, B. F. Aust. J. Chem. 1975, 28, 1663.
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either two three-electron donor bridging η2-μ-BO groups and
no Co 3 3 3Co bond or one such three-electron donor BO
group and a formal Co-Co single bond.
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