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The first structural characterization of the highly unsaturated nonacarbonyldivanad{@®)is reported

using density functional theory (DFT) with the B3LYP and BP86 functionals. A complicated collection of
minima with rather closely spaced energies was found. However, none of these p{@@)Msomers was

found to have a sufficiently short vanadiamanadium distance for the%V quadruple bond required to

give both metal atoms the favored 18-electron configuration. Triplet structuresfeOy were found to be
competitive in energy with related singlet structures. Thus, the two lowest-energy isomes&Cail/are
triplets. The four lowest-energy isomers of(O), all have three very unsymmetrical bridging CO groups
(typically “short” and “long” M—CO distances differing by 0-40.5 A) rather than the symmetrical bridging

CO groups found experimentally in FEO) and predicted for MCO) (M = Cr and Mn) from earlier
studies. The ¥V distances in each of these four isomers suggest a m@tatal triple bond. Next higher in
energy for \4(CO) are three structures with single four-electron donor bridging CO groups identified by
their computed/(CO) frequencies and VYO distances. The ¥V distances in these three isomers suggest
metal-metal single bonds. This study oL O), supports the following general points: (1) Metahetal

bonds of an order higher than three are not favorable in metal carbonyl chemistry. (2) The 18-electron rule
for metal carbonyls begins to break down when the metal atom, i.e., vanadium in this case, has only five
valence electrons.

1. Introduction Oc g © % g .
Homoleptic metal carbonyls with }ICO) stoichiometry are C_\ L /_co OC\ |,C§0 | _c

of interest. Thus, F£CO) has been known for approximately / i \ C/“’T“_"i“\c

100 years;it is established by X-ray diffraction to have structure o Cc c o

| (Figure 1a, M= Fe) with three symmetrical bridging CO o ©

groups? The 18-electron rule predicts an ireiron single bond MZ(CO)S(y-CO)s Mny(CO)g(1n2-u-CO)

in Fe(CO), but the exact nature of this bond is not clear from M (I

electron density studies! Figure 1. Alternative structures for M(COY), derivatives. (a) Structure

The corresponding MCO) derivatives of manganese and 0f Ma(CO)(u-CO)s with six terminal CO groups and three bridging
chromium are required to have metahetal double and triple gﬁ %;Oufprzr‘:]‘”tgn&é t{‘c')"]l‘otrr‘e(tg)'g‘:;ﬁiﬁﬁ::ffg‘f&%i?”fs "(‘:"(t)'; ‘\’I{Iﬂﬁrs
bonds, respectively, for bOt.h trans'ltlon me“"'s j[o have the 18- eigrgl]t t?erminal CO groups and one four-electron dnon%r bridging CO
electron noble gas electronic configuration. Neither,(@©D)y group.
nor Crp(CO) has been isolated as stable molecules, but-Mn
(CO) has been detected spectroscopically in low-temperature metal-metal distance in this isomer of M({CO) is found to
matricess~’ However, the spectroscopic data for N@O) be suitably short, namely, 2.43 A (B3LYP) or 2.41 A (BPS86),
isolated in this matter do not correspond to a tribridged isomer to correspond to the MaMn double bond required for an 18-
| (Figure la, M= Mn) with an Mr=Mn double bond but electron configuration for both manganese atoms. The
instead to an alternative isom#r (Figure 1b) with a unique Mn=Mn double bond in this isomer of M(CO), is analogous
four-electron donor bridging CO group and an M¥n single to the G=0 double bond in triplet dioxygen. For £€0), the
bond similar to that found in stable chelating bidentate small lowest-energy isomer is predicted by DFT to have structure
bite biphosphine derivatives JRCHPRy],Mny(CO(17%-u- (Figure 1a, M= Cr) with a metat-metal distance (2.31 A by
C0)82 This Mny(CO), isomer Il is also found in density  B3LYP or 2.28 A by BP86) indicative of the &Cr triple bond
functional theory (DFT) studié%to be the lowest-energy isomer.  required for an 18-electron configuration for both metal atdms.
However, a triplet Mp(CO)y isomerl (Figure 1, M= Mn) with Moving from chromium one atom to the left of the periodic
three bridging CO groups similar to the known structure ofFe  table leads to vanadium. The corresponding®D), derivative
(CO) is found by DFTto be a stable structure (no imaginary (M = V) requires a metatmetal quadruple bond in structuire
vibrational frequencies) 16.0 kcal/mol (B3LYP) or 12.2 kcal/ (Figure 1a) for each metal to have the favored 18-electron rare
mol (BP86) above the global minimumh (M = Mn). The gas electronic configuration. Metaimetal quadruple bonding
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is unknown experimentally in homoleptic metal carbonyl
chemistry, although metaimetal quadruple bonding is well-
known to occur in carbon-free binuclear derivatives df d
transition metals such as Re(lll) in ®&dg?~ and Cr(ll) in Ck-
(OCOCH)4:2H,0.12 Furthermore, there are insufficient metal
orbitals for a \L(CQO) structure with three bridging CO groups
[i.e., Vo(CO)(u-CO)] and a vanadiumvanadium quadruple
bond. Thus, in structuré, six metal orbitals are required for
bonds to six CO groups (three terminal and three bridging),
leaving only three orbitals from the nine-orbitaPdpmanifold

for metak-metal bonding. This implies that the metahetal
bond order in a Y(CO)(u-CO); structure () can be no higher
than three. This paper describes alternatiyéCD)y structures
that we have found by density functional theory (DFT) methods.

2. Theoretical Methods

DFT methods, including to some degree electron correlation
effects, are acknowledged to be practical and effective for
organometallic compound8.Two density functional methods
are used in this paper. The first one is the hybrid Hartree
Fock (HF)/DFT method known as B3LYP, which is often
thought to be a reliable approximation. It is the combination of
Becke’s three-parameter functioffalith the Lee-Yang—Parr
correlation functional® Another DFT method is the BP86
method, which combines Becke’s 1988 exchange functténal
with Perdew’s 1986 correlation functiondl!® These methods
have been proven to be effectitespecially for molecules
containing transition metals. In our case, the B3LYP and BP86
methods agree with each other fairly well for predicting the
structural characteristics of YCO).

The DZP basis sets for C and O are constructed by
augmenting the HuzinagéDunning’s standard doublese#®2!
with a set of pure spherical harmonic d polarization functions
with orbital exponentsoy(C) = 0.75 and aq(O) = 0.85,

designated as (9s5pld/4s2pld). The loosely contracted DZP,

basis set for V is the Wachters’ primitive $eaugmented by
two sets of p functions and a set of d functions, contracted
following Hood, Pitzer, and Schaefer's Scheéfrend designated
(14s11p6d/10s8p3d). For {CO), there are 368 contracted
Gaussian functions with these DZP basis sets.

The geometries of all (CO), structures were fully optimized
using the DZP B3LYP and DZP BP86 methods. The vibrational
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respectively. Thus, the global minimum structure, which is a
triplet, is designated akT.

3. Results

3.1. Four Lowest-Energy Isomers of ¥(CO)q (1T, 2T, 3S,
and 4S; Figure 2 and Tables 1 and 2)The two lowest-energy
isomers for 4(CQO)y are both triplets. Th€s global minimum
structurelT has all real harmonic vibrational frequencies using
both the B3LYP and BP86 methods. This structure has six CO
groups connected to one vanadium atom and three CO groups
to the other (Figure 2). However, three of the six CO groups
bonded to the left vanadium atom are close enough to the right
vanadium atom to be considered as semibridging CO groups.
In these three semibridging carbonyls, the shorteWistances
are 1.996 A (B3LYP) or 2.002 A (BP86), while the longer'C
distances are 2.460 A (B3LYP) or 2.407 A (BP86). The®™
distances for the “left” terminal carbonyls are 2.007 A (B3LYP)
or 1.987 A (BP86), while those for the “right” terminal carbonyls
are similar, e.g., 2.003 A (B3LYP) or 1.966 A (BP86). The
vanadium-vanadium distance is 2.538 A (B3LYP) or 2.482 A
(BP86), close to the vanadiurvanadium distance of 2.462 A
found by X-ray crystallograpy for (°-CsHs),V2(CO), where
a V=V triple bond is required to give each vanadium atom the
18-electron configuration. All terminal €0 distances are in
the range of 1.1541.155 A (B3LYP) or 1.1681.172 A
(BP86), while the €O distances for the semibridging carbonyls
are slightly longer, i.e., 1.166 A (B3LYP) or 1.179 A (BP86).
The V—C—0 angles for the three semibridging CO groups show
significant deviation from linearity, and they are 166.5
(B3LYP) or 165.0 (BP86); the V-C—0O angles of all the
terminal carbonyls are nearly linear {78.5). For the three
semibridging carbonyls, the-wW—C angles are 64°JB3LYP)
or 63.9 (BP86).

The next higher-lying structure for XXCO), namely, 2T
which is 8.0 kcal/mol (B3LYP) or 2.8 kcal/mol (BP86) above
the global minimumlT, is also a triplet structure with three
semibridging CO groups. However, struct@€ has five CO
groups connected to one vanadium atom and four CO groups
to the other (Figure 2). Structutd is predicted to be a genuine
minimum by both the B3LYP and BP86 methods. With the
BP86 method, it hasl, symmetry, while with the B3LYP
method, it hasC; symmetry, very slightly distorted from @;
structure. If the structure is constraineddgsymmetry, B3LYP

frequencies were computed by evaluating analytically the secondpredicts almost the same energy but with a small imaginary
derivatives of the energy with respect to the nuclear coordinates.yiprational frequency (44cm2). The predicted vanadium
The corresponding infrared intensities are evaluated analytically yanadium distance of 2.448 A (B3LYP) or 2.418 A (BP86) in

as well. All of the computations were carried out with the
Gaussian 03 prograthin Beijing, exercising the default grid
(75 radial shells, 302 angular points) option for evaluating
integrals numerically. The tight (18 hartree) designation is
the default for the self-consistent field (SCF) convergence.

Both singlet and triplet structures for.{CO) were inves-
tigated. A total of 11 singlet and 14 triplet structures were found.
Only the 12 structures within 25 kcal/mol of the global minimum
structure are discussed in this paper (Figured 2and Tables

2T is slightly shorter than that of structudel. For the three
bridging carbonyls, the shorter~C distances are 1.977, 1.995,
and 2.088 A (B3LYP) or 1.979, 1.979, and 2.155 A (BP86),
while the longer ones are 2.280, 2.428, and 2.467 A (B3LYP)
or 2.155, 2.403, and 2.403 A (BP86). The-\¢ distances of
the terminal CO groups fall in the range of 1.985030 A
(B3LYP) or 1.958-2.005 A (BP86). The €0 distances fall

in the range of 1.1521.167 A (B3LYP) and 1.1671.181 A
(BP86). The \-C—0 angles for the three bridging carbonyls

1, 3, and 5). These 12 structures can be divided into the deviate significantly from linearity, i.e., 168.7C° (B3LYP)

following three categories: (1) the four lowest-energy structures,
all with three semibridging CO groups but with different

distributions of the terminal CO groups; (2) the next three
structures in terms of energy, all of which have one four-electron
donor CO group; and (3) the remaining five structures within

or 168-169 (BP86), but the ¥V-C—0O angles for the terminal
carbonyls ¢176°) are almost linear. For the three bridging
carbonyls, the VV—C angles are 59°7 65.3, and 66.8
(B3LYP) or 55.9, 65.4, and 65.4 (BP86).

These two triplet structured T and2T) can be considered

25 kcal/mol of the global minimum. The structures discussed to have a 17-electron configuration on each vanadium atom
in this paper are numbered in order of increasing energy with analogous to the 17-electron configuration in the simple
the singlet and triplet structures being designated as S and T,mononuclear V(CQ) radical, which has been isolated and
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1.167 (BILYF)
1183 (BPEE)

1.154 (B3LYP) 166.5*
1.168 (BPBG) 165.0*

1.169 {BALYP)
1185 (BPE6)

L171 (B3LYF)
1.185 (BPEG)

4S

Figure 2. Four lowest-lying structures for XCO) (1T, 2T, 3S, and4S). All of these structures have three semibridging CO groups.

TABLE 1: Total Energies (E, in hartrees), Relative Energies AE, in kilocalories per mole), and Vanadium—Vanadium
Distances (in angstroms) for the Four Lowest-Energy Isomers of }CO)q

Cs(1T) Ci0rC; (2T) Cs(3S) C, (4S)
B3LYP E —2908.32122 —2908.30843 —2908.30791 —2908.30316
AE 0.0 8.0 8.4 11.3
V-V 2.538 2.448 2.487 2.513
BP86 E —2908.67290 —2908.66849 —2908.67026 —2908.67056
AE 0.0 2.8 1.7 15
V-V 2.482 2.418 2.447 2.486

TABLE 2: Metal Carbonyl v(CO) Vibrational Frequencies Computed for the Four Lowest-Energy Isomers of (CO)q
(infrared intensities in parentheses in kilometers per mole)

B3LYP BP86

1T 2136 (78), 2089 (2340), 2070 (761), 2070 (762), 2025 (1160), 2046 (291), 1988 (633), 1988 (638), 1988 (2290), 1932 (976),

2025 (1150), 1996 (529), 1970 (1130), 1970 (1140) 1932 (974), 1915 (150), 1901 (7654), 1901 (767)
2T 2137 (19), 2078 (3040), 2061 (1490), 2052 (935), 2047 (1760), 2044 (7), 1990 (2820), 1971 (1190), 1965 (974),

2044 (500), 1974 (442), 1961 (687), 1958 (530) 1963 (562), 1958 (918), 1893 (273), 1890 (740), 1877 (391)
3S 2137 (224), 2077 (773), 2076 (952), 2075 (2500), 2047 (336), 1992 (723), 1990 (635), 1985 (2360),

2030 (1870), 2021 (864), 1987 (93), 1976 (643), 1956 (1250) 1936 (620), 1935 (1550), 1895 (362), 1894 (36), 1873 (864)
4S 2129 (57), 2082 (2400), 2070 (865), 2048 (53), 2037 (36), 1997 (2090), 1979 (720), 1957 (44),

2036 (1690), 2035 (1720), 1984 (325), 1962 (688), 1942 (652) 1950 (1410), 1950 (1410), 1902 (259), 1888 (498), 1874 (449)

characterized structuralff.In fact, the left vanadium atom in  triple bond consistent with the computed vanaditvanadium
structurelT is bonded to six CO groups as in V(CO)he distances in the range of 2:42.53 A (Table 1).

corresponding singlet structurd§ and4S (Figure 2) have also The lowest-lying of the singlet structures fop(CO) is 3S
been found as genuine minima with no imaginary vibrational which is 8.4 kcal/mol (B3LYP) or 1.7 kcal/mol (BP86) above
frequencies (Table 1 and Figure 2). In these singlet structures,the global minimum1T. Structure3S is closely related to
one vanadium atom may be considered to have an 18-electronstructurelT again with six CO groups on the left vanadium
configuration, whereas the other vanadium has a 16-electronatom and three terminal CO groups on the right vanadium atom.
configuration. All of these suggested metal electron configura- The right vanadium atom i8S can be considered to be the
tions for V,(CO) isomerslT, 2T, 3S and4Sassume a ¥V vanadium atom with the 16-electron configuration and has
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@ 1.153 (BILYF)

(168 (BP&G)

.157(BILYP)
1.172(BPS6)

o

7S
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Figure 3. Three structures for ¥CO) with four-electron donor bridging?«-CO groups %S, 6T, and7S).

distinctly different angles between the\CO bonds, reflecting
the empty orbital of the $pg° manifold implied by the
16-electron configuration. Similarly, the next lowest-lying
singlet V,(CO)y structure4S (Figure 2) is closely related to the
triplet structure2T since both structures have five CO groups
on one vanadium atom (the left vanadium atom in Figure 2)
and four CO groups on the other vanadium atom (the right
vanadium atom in Figure 2). In the case of structd& the
left vanadium atom with five CO groups can be considered to
be the vanadium with the 16-electron configuration since there
is an obvious “open space” in the structure to accommodate
the “empty” vanadium orbital in its $g° manifold.

All four of these isomers of ¥CO), (1T, 2T, 3S and4S)
have three semibridging CO groups with very different@

TABLE 3: Total Energies (E, in hartrees), Relative Energies
(AE, in kilocalories per mole), Vanadium—Vanadium
Distances (in angstroms), and Number of Imaginary
Vibrational Frequencies (Nimag) for the Three Isomers of
V,(CO)g with an 52-u-CO Group (5S, 6T, and 7S)

Cs (59 Cs(6T) Cs(7S)

B3LYP E —2908.30306 —2908.30164 —2908.30015

AE 11.4 12.9 13.2

V-V 3.083 2.949 3.206

Nimag O 0 1(24 cm?)
BP86 E —2908.66680 —2908.66158 —2908.66378

AE 3.8 7.1 5.7

V-V 2981 2.841 3.053

Nimag O 0 1(27cm™)

its carbon atom anda-bond to the right vanadium atom using

distances to the two vanadium atoms. The structures are depictedboth its carbon and oxygen atoms. A bridging CO group of a

in Figure 2 so that the ¥C distances of these semibridging
CO groups to the left vanadium atom are Z®.1 A and those

to the right vanadium atom are 2440.1 A. The asymmetry of
these semibridging CO groups is sufficient that their computed
v(CO) frequencies (Table 2) fall in the typical termingCO)
region around 2000 cn without any»(CO) frequencies below
1850 cn1? characteristic of symmetrical bridging CO groups.
In general, the computed infraredCO) spectra for these four
isomers of 4(CO) (1T, 2T, 3S and49) are very similar to
each other (Table 2). None of these fous(®O) structures
has any imaginary vibrational frequencies, indicating that they
are genuine minima at these levels of theory.

3.2. The Next Three Structures of \4(CO)g in Terms of
Energy (5S, 6T, and 7S; Figure 3 and Tables 3 and 4)he
next three structures of YCO) in terms of energy, namely,
5S 6T, and7S (Figure 3 and Table 2), all have four terminal

similar type is found in g-CHx(PPh)2]oMNna(CON(72-u-CO),
which is a stable isolable compouf8The involvement of the
oxygen atom of this bridging CO group in its bonding to the
right vanadium atom is indicated by the relatively short®
distances in the range of 2:2.2 A. The vanadiumvanadium
distances in these isomers are around 3.0 A, suggestive of a
weak vanadiumrvanadium single bond.

The energetically lowest-lying of these threg(@O), isomers
is theC; singlet isomebS (Figure 3), which lies 12.9 kcal/mol
(B3LYP) or 7.1 kcal/mol (BP86) above the global minimum
1T. The orientation of the single bridging CO group56 is
consistent with it acting as a donor of a total of four electrons
with an electron pair to the left vanadium atom through-a&/
o-bond and a second electron pair to the right vanadium atom
through an-interaction from the €O bond. Thus, the shorter
V—C distance to this bridging CO group is 1.839 A (B3LYP)

CO groups bonded to each vanadium atom. The ninth CO groupor 1.834 A (BP86), while the longer/C distance is 2.110 A

is a bridging CO group, which is oriented so that it forms a
normalo-bond to the left vanadium atom in Figure 3 using only

(B3LYP) or 2.092 A (BP86). The YO distance to this bridging
CO group is 2.128 A (B3LYP) or 2.165 A (BP86), consistent
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TABLE 4: Metal Carbonyl v(CO) Frequencies Computed for the Three Lowest-Energy Isomers of }CQO)g with Four-Electron

Donor Bridging 5?-u-CO Groups (5S, 6T, and 7S)

B3LYP

BP86

55 2129 (21), 2084 (2180), 2056 (1410), 2052 (486),

2047 (570), 2036 (2510), 2017 (149), 2013 (174959(381)
6T 2138(302), 2084 (735), 2081 (1090), 2069 (1900),

2061 (2700), 2028 (894), 1995 (924), 1921 (41i%)14(381)
7S 2126 (28), 2082 (1836), 2049 (2), 2047 (1880),

2040 (309), 2038 (3170), 2015 (213), 2011 (18%56(403

2037 (26), 1996 (2000), 1969 (478), 1960 (1000), 1958 (1200),
1953 (1580), 1935 (9), 1929 (61)627(239)

2043 (235), 1992 (1280), 1978 (288), 1975 (2480), 1971 (1800),
1950 (572), 1922 (528), 1835 (312)568(329)

2036 (29), 1996 (1660), 1963 (83), 1959 (1580), 1953 (2510),
1950 (141), 1931 (201), 1927 (108)536(279)

2Infrared intensities in parentheses are in kilometers per mols. The frequencies arising frgtt© groups are in bold type.

with a m-bond from the CO group to the vanadium atom.
Furthermore, the €0 distance in the bridging CO group is
1.226 A (B3LYP) or 1.236 A (BP86), which is much longer
than that in the terminal CO groups [1.158.159 A (B3LYP)

or 1.1711.175 A (BP86)], consistent with the lowering of the
C—0 bond order byr-donation to the right vanadium atom.
The four-electron donor bridging CO group in the(€0)
isomer5Sis computed to exhibit a very low(CO) frequency
(Table 4) of 1659 cm! (B3LYP) or 1627 cm! (BP86),
consistent with reduction of the formal<® bond order by
m-donation to the right vanadium atom. A similar la{CO)
frequency (1645 cmt) was found in the stable manganese
carbonyl complexg-CHx(PPh)2] :Mn(CO)(172-u-CO), which
has been characterized by X-ray diffractioh.

The V—C distances to the terminal CO groupsas fall in
the range of 1.9552.026 A (B3LYP) or 1.9282.008 A
(BP86), and the terminal €0 distances fall in the range of
1.153-1.159 A (B3LYP) or 1.1741.175 A (BP86). The
V—C—0 angle for the bridging CO iBSshows little deviation
from linearity at 178 (B3LYP) or 175 (BP86). The corre-
sponding \\-C—V angle for this bridging CO is 102B3LYP)
or 98 (BP86). For the eight terminal carbonyls, one of the
V—C—0 angles deviates significantly from linearity, namely,
172° (B3LYP) or 169 (BP86), consistent with weak interaction

whereas the longer ¥YC distance in6T is 2.133 A (B3LYP)

or 2.111 A (BP86). For the terminal CO groups&dt, the V—C
distances for the left (in Figure 3) vanadium atom are in the
range of 2.02%2.055 A (B3LYP) or 1.9772.034 A (BP86),
while the V—C distances for the right vanadium atom are
slightly shorter, in the range of 1.933.988 A (B3LYP) or
1.917-1.984 A (BP86). This suggests slightly strongeback-
bonding of the terminal CO groups to the right vanadium atom
than to the left vanadium atom, consistent with the fact that the
right vanadium atom has only three terminal CO groups but
the left vanadium atom has four terminal CO groups. The
V—C—0 angle for the four-electron donor CO group@ is
168 (B3LYP) or 167 (BP86) bent toward the right V atom,
consistent withr-electron donation to the right vanadium atom.
The V—C—0O angle for the two-electron donor bridging CO
group in6T is 166 (B3LYP) or 160 (BP86) away from the V
atom, indicatingr-electron donation only. The ¥C—0O angles

for the seven terminal carbonyls&T deviate only slightly from
linearity (>175).

The other \4(CO)y isomer with an apparent four-electron
donor CO group i/S (Figure 3). The geometry and relative
energy of7/Sare similar to those d8S. However, isomer7Sis
a transition state with a small imaginary vibrational frequency
(24i cm~1 with B3LYP or 27 cm™! with BP86). The mode of

with the second vanadium atom. However, the other seventhis imaginary vibrational frequency corresponds to internal

V—C—0 angles exhibit small deviations from linearity in the
range of 17#179.

The vanadiumvanadium distance i8S, namely, 3.083 A
(B3LYP) or 2.981 A (BP86), is much longer than that in the
four lowest-energy structured T, 2T, 3S and4S) discussed

rotation around the ¥V bond leading to structur&S The
V-V distance in7S[3.206 A (B3LYP) or 3.053 A (BP86)] is
longer than that of structugS by 0.12 A (B3LYP) or 0.07 A
(BP86). This suggests a weak vanaditvmanadium interaction,
possibly a \=V single bond, with a similar electronic structure

in the previous section. This suggests a relatively weak for 7Sand5S In this connection, the bond distances and bond

vanadium-vanadium interaction, possibly at most &V single
bond. A formal V-V single bond is required to give each

angles in7Sare similar to those i8S Thus, the shorter *C
distance to the bridging CO group #8is 1.834 A (B3LYP)

vanadium atom a 16-electron configuration since each vanadiumor 1.842 A (BP86), while the longerC distance is 2.148 A
atom receives 10 electrons from the total of five CO groups (B3LYP) or 2.120 A (BP86). The corresponding-O distance

bonded to the vanadium in question.

The next higher-energy structure predicted fo(GO) after
5S is the triplet structure6T (Figure 3) at 16.7 kcal/mol
(B3LYP) or 19.7 kcal/mol (BP86). The WV distance in6T is
2.949 A (B3LYP) or 2.841 A (BP86), which is0.14 A shorter
than that in the singlé&iSand suggestive of avV single bond.

This V,(CO) isomer6T has two distinctly different bridging

is 1.226 A (B3LYP) or 1.232 A (BP86). The \C—O angle
for the bridging carbonyl remains almost linear(77°). The
other eight V-C—0 angles also exhibit small deviations from
linearity (>175°).

3.3. The Remaining Five Structures of \y(CO)g within 25
kcal/mol of the Global Minimum 1T (Figure 4 and Tables
5 and 6).In addition to the seven }CO) isomers discussed

CO groups. One of these bridging CO groups is a two-electron in the previous sections, there are five other isomers sf V
donor similar to the three semibridging CO groups found in (CO)y within 25 kcal/mol of the global minimurdT (Figure 4

the four lowest-energy MCO)g structures {T, 2T, 3S, and4S
in Figure 2) discussed above. The computé@O) frequency
of 1921 cn! (B3LYP) or 1835 cm? (BP86) can be assigned

to this bridging CO group (Table 4). The second bridging CO

group in6T is a four-electron donor similar to the bridging CO
group in 5S (Figure 3 and Table 3). The(CO) frequency
assigned to this four-electron dongf-u-CO group in6T is
computed (Table 4) to be 1714 cin(B3LYP) or 1668 cm?
(BP86). The shorter ¥C distance for the four-electron donor
CO group in6T is 1.914 A (B3LYP) or 1.904 A (BPS86),

and Table 5).

The lowest-lying of these CO)y structures is the singlet
structure8S with two bridging carbonyl groups, i.e., (C&)-
(u-CORV(CO)s (Figure 4). This structure lies 13.5 kcal/mol
(B3LYP) or 5.6 kcal/mol (BP86) above the global minimum
1T and is a genuine minimum with all real harmonic vibrational

frequencies predicted by both DFT methods. The vanagium
vanadium distance in structur8S (Figure 4) is 2.479 A

(B3LYP) or 2.478 A (BP86), consistent with a&¥/ triple bond.
The shorter +-C distances to the bridging CO groups 88
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1.158 (B3LYP)
1.171 (BPEG)

L1SBILYE)
1167{BPS6)

1173 (BALYF)
1157 (BPS6)

1158 (B3LYF)
1.172 (BP86}

12T

Figure 4. Five remaining structures of XYCO) within 25 kcal/mol of the global minimum.T.

TABLE 5: Total Energies (E, in hartrees), Relative Energies AE, in kilocalories per mole), Vanadium—Vanadium Distances
(in angstroms), and Number of Imaginary Vibrational Frequencies (Nimag) for the Five Remaining Isomers of \4(CO)q within 25
kcal/mol of the Global Minimum 1T

G (89 Gs(9T) Gs (107 G (119 Gs (127

B3LYP E —2908.29972 —2908.29458 —2908.29276 —2908.29068 —2908.28539

AE 13.5 16.7 17.8 19.2 225

V-V 2.479 3.157 2.551 2.626 2.541

Nimag 0 1 (11) 1 (35) 0 1 (61)
BP86 E —2908.66390 —2908.64151 —2908.65507 —2908.66185 —2908.64575

AE 5.6 19.7 11.2 6.9 17.0

V-V 2.478 3.006 2.507 2.581 2.530

Nimag 0 0 1 (29) 0 l (56)

are 1.920 and 1.968 A (B3LYP) or 1.906 and 1.973 A (BP86), A (BP86). The VO distances irBS are 3.271 and 3.049 A
while the longer ones are 2.476 and 2.285 A (B3LYP) or 2.447 (B3LYP) or 3.238 and 3.047 A (BP86), indicating that these
and 2.265 A (BP86, Figure 4). The corresponding-G bridging CO groups are two-electron rather than four-electron
distances are 1.173 and 1.175 A (B3LYP) or 1.189 and 1.188 donors. This is consistent with the computé@0) frequencies
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TABLE 6: Metal Carbonyl v(CO) Frequencies Computed for the Five Remaining Lowest-Energy Isomers of YXCO)g within 25

kcal/mol of the Global Minimum 1T 2

B3LYP

BP86

8S 2145 (51), 2092 (1410), 2072 (3080), 2066 (793),

2045 (54), 2040 (727), 2034 (1660939(1080, 1923(223
9T 2135 (307), 2086 (1540), 2074 (973), 2067 (987),

2064 (2060), 2037 (308), 2005 (962), 1996 (43470(352)
10T 2140 (52), 2094 (1780), 2069 (198), 2061 (2820),

2041 (354), 2034 (1940), 2015 (225), 2010 (34)34(881)
11S 2133 (198), 2081 (871), 2078 (2974), 2046 (1460),

2040 (1740), 2032 (4111949(241), 1939(664), 1887(450)
12T 2136 (195), 2078 (1844), 2073 (1200), 2067 (2140),

2046 (1090), 2010 (1150), 1979 (371), 1963 (535)19(481)

2053 (67), 2001 (1510), 1985 (404), 1984 (2580), 1961 (50),

1957 (953), 1948 (735),865(950), 1849(24)
2038 (194), 1991 (2090), 1983 (288), 1975 (1720),

1974 (687), 1948 (300), 1927 (634), 1919 (251H36(314)
2048 (203), 1994 (1620), 1982 (537), 1967 (350),

1962 (2440), 1955 (1330), 1928 (170), 1928 (12545(546)
2039 (33), 1988 (2580), 1986 (784), 1962 (1180),

1953 (1200), 1947 (3601,875(188), 1868(454), 1814(360)
2041 (183), 1988 (2230), 1984 (871), 1971 (1320),

1956 (1010), 1937 (883), 1893 (280), 1884 (46541(389)

a|nfrared intensities in parentheses are in kilometers per mole. The frequencies assigned to the bridging CO groups are in bold type.

of 1939 and 1923 cmt (B3LYP) or 1865 and 1849 cm
(BP86) for these two bridging carbonyls (Table 6).

For the terminal CO groups i8S the V—C distances are
1.964-2.040 A (B3LYP) or 1.942-2.008 A (BP86) and the
C—O distances are 1.1511.160 A (B3LYP) or 1.166-1.175
A (BP86). The V-C—0 angles of the seven terminal carbonyls
in 8S deviate little from linearity, i.e., 176179 (B3LYP) or

long V—C bonds from the vanadium atoms to the semibridging
CO groups. This CO)y isomer (LOT) has a small imaginary
vibrational frequency, namely, 86m~1 (B3LYP) or 29 cm™?
(BP86). Following the vibrational mode of this imaginary
frequency leads to structu@r by shifting the short and long
V—C bonds of one of the semibridging CO groups. TheW
distance is 2.551 A (B3LYP) or 2.507 A (BP86), which is

175-178 (BP86). These small deviations occur because of the slightly longer than that of structu@T by ~0.1 A. The shorter

interaction among the terminal CO groups. The®@-0 angles
for the bridging CO groups i8S deviate significantly from
linearity, i.e., 169.0 and 169.4 (B3LYP) or 168.3 (B3LYP)
and 169.9 (BP86). The V-V —C angles for the two bridging
CO groups are 67°1and 60.8 (B3LYP) or 66.4 and 59.9
(BP86).

The next \4(CO)y structure is a triplet structur@T, which
lies 16.7 kcal/mol (B3LYP) or 19.7 kcal/mol (BP86) above the
global minimumlT. This structure is a monobridged structure
(CORV(u-CO)V(CO) with a four-electron donor bridging CO
group (Figure 4). The B3LYP functional gives a very small
(12i cm™1) imaginary vibrational frequency f&@T. The mode
of this imaginary vibrational frequency corresponds to internal
rotation around the ¥V bond. However, the BP86 method
finds structure9T to be a genuine minimum with all real
harmonic vibrational frequencies, but its energy is higher by
~12.6 kcal/mol relative to that of structu&Tl, which has a
similar four-electron donor bridging CO group.

The V-V distance in \4(CO) isomer 9T (3.157 A with
B3LYP or 3.006 A with BP86) is the longest such distance in
all of the triplet structures, suggesting a very weak metaétal
interaction. In structur®T, the shorter V-C distance to the
bridging CO group is 1.901 (B3LYP) or 1.915 A (BP86),
whereas the longer one is 2.219 (B3LYP) or 2.145 A (BP86).
The V-0 distance to the left vanadium atom in Figure 4 is
only 2.336 (B3LYP) or 2.386 A (B3LYP), consistent with a
four-electron donow?-u-CO bridging carbonyl group similar
to that in6T (Figure 3). The almost linear (179V—C—0 angle
for the bridging carbonyl i®T is also consistent with-electron
donation to the left vanadium atom. The computg€O)
frequency for this bridging CO group i@T is 1670 cn?!
(B3LYP) or 1636 cmi! (BP86), which is appreciably lower than
the value of 1714 cmt (B3LYP) or 1668 cm! (BP86),
respectively, computed for the closely rela&¥d(Table 6). The
V—C distances of the terminal carbonyls fall in the range of
1.980-2.052 A (B3LYP) or 1.943-2.011 A (BP86). The €O
distances fall in the range of 1.152.160 A (B3LYP) or
1.167-1.175 A (BP86).

The V,(CO)y isomer10T which is 17.8 kcal/mol (B3LYP)
or 11.2 kcal/mol (BP86) higher than the global minimdm
has a structure similar to that afT with three semibridging
CO groups but with a different distribution of the short and

V—C distances of the three semibridging CO group4.0T
are 1.997 and 2.002 A (B3LYP) or 1.984 and 1.994 A (BP86),
and the longer -C distances are 2.320 and 2.527 A (B3LYP)
or 2.285 and 2.475 A (BP86). The semibridging CO group in
10T with V—C bonds of 2.002 A (B3LYP) or 1.994 A (BP86)
and 2.320 A (B3LYP) or 2.285 A (BP86) is less “asymmetrical”
than the other semibridging CO groups found in the othgr V
(CO)y isomers and probably is the cause of the lowg&O)
frequency (Table 6) at 1784 crh (B3LYP) or 1745 cni?,
which is well into the bridgingv(CO) region. The W*C
distances of the terminal CO groupsifT fall in the range of
1.927-2.030 A (B3LYP) or 1.9172.003 A (BP86). The €O
distances fall in the range of 1.151.173 A (B3LYP) or
1.166-1.187 A (BP86). The VC—0O angles of the three
semibridging CO groups irlOT deviate significantly from
linearity, i.e., 161165 (B3LYP) or 162-164° (BP86). How-
ever, the VC—0 angles of the terminal CO groups deviate
little from linearity (>177°). For the three semibridging CO
groups, the VV—C angles are 59%8and 66.2 (B3LYP) or
59.7 and 65.68 (BP86).

The singlet \4(CO) isomer11S (Figure 4) which is 19.2
kcal/mol (B3LYP) or 6.9 kcal/mol (BP86) above the global
minimum is a genuine minimum predicted by both DFT
methods. The WV distance inl1S namely, 2.626 A (B3LYP)
or 2.581 A (BP86), suggests vanaditwanadium multiple
bonding. The shorter ¥C distances to the semibridging CO
groups are 1.991 and 1.914 A (B3LYP) or 2.005 and 1.897 A
(BP86), while the longer ones are 2.463 and 2.262 A (B3LYP)
or 2.397 and 2.243 A (BP86). These three semibridging CO
groups are probably responsible for the three lowest computed
v(CO) frequencies (Table 6) at 1949, 1939, and 1887cm
(B3LYP) or 1875, 1868, and 1814 crh(BP86). The corre-
sponding G-O distances are 1.172 and 1.178 A (B3LYP) or
1.185 and 1.194 A (BP86). The six\C distances to the
terminal CO groups are in the range of 1.9%4027 A (B3LYP)
or 1.929-1.995 A (BP86), and the €0 distances in the
terminal CO groups are 1.152.160 A (B3LYP) or 1.167%
1.176 A (BP86). The VC—O angles for the bridging CO
groups deviate significantly from linearity, namely, 160ahd
171.8 (B3LYP) or 158.2 and 174.4 (BP86). However, the
V—C—0 angles of the six terminal CO groups are nearly linear,
namely, 177.4179.£ (B3LYP) or 176.6-179.6 (BP86). The
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V—V—C angles for the three bridging CO groups are 6217d
57.2 (B3LYP) or 57.7 and 61.5 (BP86).

The V,(CO)y isomer12T, which is 22.5 kcal/mol (B3LYP)
or 17.0 kcal/mol (BP86) above the global minimum, is another
structure with three highly unsymmetrical semibridging CO
groups. This structure exhibits a small imaginary frequency,
namely, 61cm™t (B3LYP) or 56 cm~! (BP86). The \4(CO)
isomerl2T collapses to structurT by following the vibrational
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such 17-electron vanadium units in a binuclear complex with
one unpaired electron on each vanadium atom would necessarily
lead to such a triplet.

No V,(CO) isomer was found having three symmetrically
bridging CO groups analogous to structlir@Figure 1) found
experimentally (M= Fe}f or computationally (M= Mn° and
Cr1)) for the metals following vanadium in the periodic table.

In contrast, the four lowest-lying structures fos(€O) in terms

mode represented by this imaginary frequency, indicating the of their energies, namely, tripletsT and 2T and singlets3S

close relationships between these isomers. Thé&/\distance
in 12T of 2.541 A (B3LYP) or 2.530 A (BP86) is 0.10 A
(B3LYP) or 0.08 A (BP86) longer than that Rl but shorter
than that in10T. The shorter *C distances in the three
semibridging CO groups df2T are 1.975 and 1.993 A (B3LYP)

and4Ss all have three highly unsymmetrical semibridging CO
groups. These four structures differ from each other in terms
of the multiplicity (singlet vs triplet) and the distribution of their
terminal CO groups. The vanadiummanadium distances in all
four of these structured T, 2T, 3S and4S) fall in the range

or 1.962 and 1.970 A (BP86), and the longer ones are 2.3660f 2.44-2.54 A (B3LYP) or 2.42-2.49 A (BP86), consistent

and 2.832 A (B3LYP) or 2.287 and 2.664 A (BP86). For the
six terminal CO groups, the ¥C distances fall in the range of
1.967-2035 A (B3LYP) or 1.9452.001 A (BP86). The
V—C—0 angles for the bridging CO groups 2T deviate
significantly from linearity at 167.9and 172.0 (B3LYP) or
166.8 and 172.% (BP86). However, the ¥C—0O angles for
the terminal CO groups deviate only slightly from linearity
(>17%) by either the B3LYP or BP86 method.

4. Discussion

The metals to the immediate right of vanadium in the periodic
table, namely, Cr, Mn, and Fe, are known either experimentally
(M = Fe} or by DFT methods (M= Cr! and M9 to form
M2(CO), derivatives having three symmetrical or nearly sym-
metrical bridging CO groups and metahetal distances cor-
responding to the formal metaimetal bond order required to
give both metal atoms the favored 18-electron configuration (
in Figure 1). Thus, these &C0), Mny(CO), and Fg(CO)
structures have metametal bond distances corresponding to

with a V=V triple bond. With such a WV single bond, triplet
isomerslT and 2T have 17-electron configurations for each
vanadium atom whereas singlet isom8&and 4S have one
vanadium atom with an 18-electron configuration and the other
vanadium atom with a 16-electron configuration.

5. Summary

Attempts to optimize the structure of the highly unsaturated
V2(CO) led to a complicated collection of isomers having rather
closely spaced energies. However, none of these mafyQJ
isomers was found to have a sufficiently short vanadium
vanadium distance for the4V quadruple bond required to
give both metal atoms the favored 18-electron configuration.
Furthermore, triplet structures for,{yCO)y were found to be
competitive in energy with related singlet structures. Thus, the
two lowest-energy isomers of YCO) are triplets. The four
isomers of \L(CO), with the lowest energy all have three very
unsymmetrical bridging CO groups (typically short and long
M—CO distances differing by 0-40.5 A) rather than the

triple, double, and single bonds, respectively. A related structure Symmetrical bridging CO groups found experimentaiyFe,-

for V,(CO) would be required to have a vanaditivanadium
quadruple bond for each vanadium atom to yield the favored
18-electron noble gas configuration. None of the 12 computed
structures for Y(CO)y within 25 kcal/mol of the global
minimum 1T has a short vanadiurrvanadium distance indica-
tive of such a high metalmetal bond order.

Our inability to find any stable isomers (i.e., minima) for
Vo(CO) with vanadium-vanadium distances that are suf-
ficiently short for a quadruple bond means that one or both

(CO) and predicted for M(CO) (M = Cr and Mn) from earlier
DFT studies!®!! The V=V distances in these four isomers
suggest a metalmetal triple bond. Next higher in energy for
V,(CO) are three structures with single four-electron donor
bridging CO groups identified by single lowCO) frequencies
and V-0 bonding distances.

This study of W(CO)y supports the following general
points: (1) Metat-metal bonds with an order larger than three
are not usually favorable in metal carbonyl chemistry. (2) The

vanadium atoms must have less than the favored 18-electronl8-€lectron rule for metal carbonyls begins to break down when
configurations in these structures unless there are sufficientthe metal atom, i.e., vanadium in this case, has only five valence

numbers of four-electron donor bridgimg-x-CO groups. Such
special bridging CO groups can be identified by unusually low
v(CO) vibrational frequencies, typically in the range of 1600
1750 cnt! as well as VO distances within bonding range
(typically 2.1-2.2 A). Four-electron donoy2-u-CO groups were
identified in isomerssS, 6T, 7S, and9T using these criteria
However, all of these structures have-V distances in the
range of 2.953.21 A (B3LYP) or 2.843.05 A (BPS86),
suggesting V-V single bonds rather than the=¥/ triple bonds
required to give the vanadium atoms the favored 18-electron

rare gas configurations in these structures. For example, the

vanadium atoms in the two singlet{O)(172-u-CO) structures

(5Sand7S) can have only 16-electron metal configurations.
Another feature of the {CO) structures found in this work

is the occurrence of numerous triplet structures that are

energetically competitive with related singlet structures. This

is not surprising since mononuclear V(G@ a doublet with a

17-electron configuration for its vanadium atom. Combining two

electrons.
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