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The fact that the stable mononuclear vanadium carbonyl V(CO)s fails to satisfy the 18-electron rule has led to an
investigation of the binuclear vanadium carbonyls V,(CO), (n = 10-12) using methods from density functional
theory. There are several important experimental studies of these homoleptic binuclear vanadium carbonyls. The
global minimum for V,(COQ);; is a singlet structure having two V(CO)s units linked by a long V-V single bond (3.48
A by B3LYP or 3.33 A by BP86) without any bridging CO groups. For V,(CO)y; the global minimum is a singlet
structure V,(CO)1o(17%-u-CO) with a four-electron sz-donor bridging CO group. For V,(CO)yo the global minimum is
an unsymmetrical singlet (OC),V=V(CO)s structure with three semibridging CO groups and a V-V distance of
2.54 A (B3LYP) or 2.51 A (BP86), suggesting a V=V triple bond. The theoretical v(CO) frequencies of this V-
(CO)yp isomer agree approximately with those assigned by Ishikawa et al. (J. Am. Chem. Soc. 1987, 109, 6644)
to a V,(CO)yo isomer produced in the photolysis of gas-phase V(CO)s. In contrast, the laboratory bridging »(CO)
frequency assigned to V,(CO):, by Ford et al. (Inorg. Chem. 1976, 15, 1666) seems more likely to arise from the
lowest-lying triplet isomer of V,(CO)y1.

1. Introduction Applying the 18-electron rule to V predicts a formula-V
(CO)y, for the stable binary vanadium carbonyl. Therefore,
it was most surprising that when the first neutral binary

* vanadium carbonyl was isolated in 1958,was found not

One of the key principles governing the structure and
bonding in metal carbonyls is the so-called 18-electron rule

which is a consequence of filling each of the nine orbitals to be the dimer V(CO).. Instead, the observed species was

of the transition-metal $g® manifold Wi.th elec.tron pairs SO the monomer V(CQ)with only a 17-electron configuration
that the metal atom has the electronic configuration of the for the V atom and thus a paramagnetic molecule with a

next noble gaékv:2 All of the stable binary metal_ carbonyls single unpaired electron. Initially, the dimen(CO), was
that had been isolated up to 1959 obeyed this 18'eleCtr°npostulated to be in equilibrium with the monomer V(GO)
rule. For the first-row transition metals, these include the on the basis of the temperature dependence of its paramag-
mononuclear metal carbonyls Cr(GOFe(CO3, and Ni-  atisms However, this anomalous magnetic behavior of
(CO) and the binuclear metal carbonyls M@0, Fe- V(CO)s was subsequently reinterpreted in terms of the
(CO), and Ce(CO). Al five of these binary metal carbonyls vibronic coupling model of Van VleckKotani and exchange

are key starting ma_lterials in synthgtic transition—metal magnetic interaction between two magnetic cerft@sspite
organometallic chemistry and are available commercially. the fact that V(CQ)has only a 17-electron V configuration,
E— p — prE—— i@ the significance of the 18-electron rule is indicated by the
*To whom correspondence shou € aadressed. -mall: qgsli H . H
bit.edu.cn (Q.-s.L.), rbking@chem.uga.edu (R.B.K.). fact that V(COy is pyrophoric and decomposgs only a little
" South China Normal University. above room temperature whereas the essentially isostructural

gSﬁii{ilggsgt”ysg}“éeegfr;aech”°'°9y- 18-electron Cr(CQ)is so chemically and thermally stable
(1) (a) Lukehart, C. MFundamental Transition Metal Organometaliic ~ that it can even be steam-distilled in air.

Chemistry Brooks-Cole/Wadsworth: Belmont, CA, 1985; Chapters

1 and 2. (b) Crabtree, R. Hlhe Organometallic Chemistry of the (3) Natta, G.; Ercoli, R.; Calderazzo, F.; Alberola, A.; Corradini, P.;
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(2) (a) Jonas, V.; Thiel, WJ. Chem. Phys1996 105 3636. (b) Jonas, (4) Keller, H. J.; Laubereau, P.; e, D.Z. Naturforsch1969 24B, 257.
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Subsequent to the refutation of the original claim of the

binuclear \4(CO);, in equilibrium with V(CO}, experimental

Liu et al.

DFT methods, which are acknowledged to be a practical
and effective computational tool for organometallic com-

evidence was obtained by two research groups for the poundsi® are employed here. Among DFT procedures, the
existence of binuclear binary vanadium carbonyls based onhybrid Hartree-Fock (HF)/DFT method known as B3LYP

the observation of bridging as well as terminal #RCO)
frequencies. Thus, Ozin et &found that cocondensation of
CO with V atoms in rare gas matrices at relatively high V
concentrations led to a species havi{@O) frequencies at
2050, 2014, and 1852 crh which they assigned to an isomer
of V,(CO),, with two bridging CO groups. Subsequently,
Ishikawa et al.found that excimer laser photolysis of V(GO)

is a combination of Becke’s three-parameter functibieaid
the Lee-Yang—Parr correlation functiondf Another DFT
method, which combines Becke’s 1988 exchange functidnal
with Perdew’s 1986 correlation functioddknown as the
BP86 method, has also proven effective and is used in this
research.

The geometries of all structures were fully optimized using

vapor at 308 nm in the absence of added CO gave a specieshe DZP B3LYP and DZP BP86 methods, and the vibrational

exhibitingv(CO) frequencies at 2025, 1965, and 1890 §m
which they assigned toXCO),o formed by the combination
of V(CO), and V(CO} fragments.

frequencies were determined by evaluating analytically the
second derivatives of the energy with respect to the nuclear
coordinates. The corresponding IR intensities were also

The research discussed in this paper uses density functionaévaluated analytically. All of the computations were carried
theory (DFT) methods to examine possible structures for the out with theGaussian0rogram?! exercising the fine-grid

homoleptic binuclear vanadium carbonylg®@O), (n = 10—
12) predicted by the 18-electron rule to have-V triple,

option (75 radial shells and 302 angular points) for evaluating
integrals numerically, while the tight (I1®hartree) designa-

double, and single bonds, respectively. However, the exist-tion is the default for the self-consistent-field convergence.
ence of the stable 17-electron V(GQ}Rs noted above, In the search for minima using all currently implemented
suggests that the 18-electron rule might no longer be a majorDFT methods, low-magnitude imaginary vibrational frequen-
factor in governing the structures of such binuclear vanadium cies are suspect because of significant limitations in the
carbonyl derivatives. For example, triplet structures fer V. numerical integration procedures used in the DFT computa-
(CO), (n = 10—12) could be generated by combining two tions. Jacobsen and Ziegler have concluded that all imaginary
17-electron mononuclear vanadium carbonyl fragments with vibrational frequencies with a magnitude of less than 100
a formal metat-metal bond order 1 less than that required cm* are considered relatively unimportant and are neglected
by the 18-electron rule. In addition, the ability to predict in the analysig? Martin et al. also discussed the similar

v(CO) frequencies by these DFT methods provides a basisintegration accuracy in their DFT calculatioffsTherefore,

to assess the reported experimental evidehioe binuclear

we do not follow such low imaginary vibrational frequencies,

vanadium carbonyls. The DFT methods used for transition- unless they appear to be meaningful, such as the internal
metal carbonyls including homoleptic binuclear carbonyls rotation modes.

have been tested in previous wofks!

2. Theoretical Methods

A total of 37 structures for }CO), (n = 10—12) were
found in this study. All 37 structures are depicted in the
Supporting Information along with their computed harmonic

The DZP basis set for C and O atoms begins with ViPrational frequencies. This paper discusses in detail only

Dunning’s standard doublg-contractiod? of Huzinaga’'s
primitive set$® plus a set of pure spherical harmonic d
polarization functions with orbital exponernig(C) = 0.75

the 25 structures among the 37 that are energetically
competitive with the global minima and have only insig-
nificant imaginary vibrational frequencies. In the present

anday(O) = 0.85, designated as 9s5p1d/4s2pld. The loosely €@se, the B3LYP and BP86 methods agree with each other
contracted DZP basis set for V is the Wachters primitive fairly well in predicting the structural characteristics of-V
set* augmented by two sets of p functions and a set of d (COh- Although both the B3LYP and BP86 results are

functions, contracted following Hood et &.designated as
14s11p6d/10s8p3d. Thus, for,(CO), there are 458

shown in the figures and tables, unless specifically noted,
only the BP86 results (geometries, energies, and vibrational

contracted Gaussian functions in the present flexible Dzp frequencies) are discussed in the text.

basis sets.

(6) Ford, T. A.; Huber, H.; Klotzbcher, W.; Moskovits, M.; Ozin, G. A.
Inorg. Chem.1976 15, 1666.
(7) Ishikawa, Y.; Hackett, P. A.; Rayner, D. M. Am. Chem. S0d.987,
109 6644.
(8) Schaefer, H. F.; King, R. BRPure Appl. Chem2001, 73, 1059.
(9) Xie, Y.; Jang, J. H.; King, R. B.; Schaefer, H.IRorg. Chem2003
42, 5219.
(10) Delley, B.; Wrinn, M.; Luthi, H. PJ. Chem. Phys1994 100, 5785.
(11) Ruis-Moraales, Y.; Schreckenbach, G.; Ziegled. Phys. Chenl996
100, 3359.
(12) Dunning, T. HJ. Chem. Physl97Q 53, 2823.
(13) Huzinaga, SJ. Chem. Physl965 42, 1293.
(14) Wachters, A. J. HJ. Chem. Phys197Q 52, 1033.
(15) Hood, D. M.; Pitzer, R. M.; Schaefer, H. F..Chem. Physl979 71,
705.
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3. Results

3.1. V5(CO)1.. A total of 10 structures were found for,V
(CO)2. However, only four of these structures (Figure 1 and

(16) Ziegler, T.Can. J. Chem1995 73, 743.

(17) Becke, A. D.J. Chem. Physl993 98, 5648.

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

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

(20) Perdew, J. PPhys. Re. B 1986 33, 8842. Perdew, J..FPhys. Re.
B 1986 34, 7046.

(21) Frisch, M. J.; et. alGaussian03 Revision C 02; Gaussian, Inc.:
Wallingford, CT, 2004. (See the Supporting Information for details.)

(22) Jacobsen, H.; Ziegler, 1. Am. Chem. S0d.996 118 4631.

(23) Martin, J. M. L.; Bauschlicher, C. W.; Ricca, Aomput. Phys.
Commun2001, 133 189.



Binuclear Vanadium Carbonyls

[ 1.155(B3LYP)
| 16%BP86)

12S-3 (D2n) 12S-4 (D2n)

Figure 1. Structures of WY(CO)2.

Table 1. Total EnergiesE in hartrees), Relative EnergieAE in kcal/mol), and \=V Distances (in A) for the Four Lowest-Energy Isomers of
V2(CO)2

125-1(D) 12S-2(Dag) 125-3(Dar) 12S-4(Dar)

B3LYP E —3248.37823 —3248.37482 —3248.36376 —3248.34208
AE 0.0 2.1 9.1 22.7
Nimg 0 0 2 (46, 21i) 1 (190)
V-V 3.483 3.999 3.751 3.282

BPS6 E —3248.76364 —3248.75340 —3248.75048 —3248.73581
AE 0.0 6.4 8.3 17.4
Nimg 0 2 (14, 14) 2 (34, 20) 1(138)
V-V 3.334 3.657 3.625 3.193

Table 2. IR-Active »(CO) Vibrational Frequencies (cr¥) Predicted for the Four Lowest-Energy Isomers a{GO);» (IR Intensities in Parentheses
Are in km/mol)

B3LYP BP86

12S-1(D5) 2083 (2140), 2067 (2942), 2063 (1681), 2008 (1630), 1986 (2455), 1982 (1706),
2049 (1450), 2047 (21), 2044 (1644), 1970 (366), 1962 (31), 1960 (997),
2029 (211), 2027 (33), 2026 (4) 1953 (740), 1948 (25), 1947 (18)

12S-2(Dag) 2079 (5870), 2062 (1200), 2054 (2250), 2011 (3500), 1978 (1260), 1970 (1620),
2018 (37) 1949 (370)

12S-3(Dar) 2081 (2700), 2073 (1870), 2065 (3660), 1999 (2220), 1995 (2360), 1987 (1685),
2029 (446), 2028 (1470) 1952 (740), 1950 (1070)

12S-4(Dar) 2093 (2700), 2064 (1390), 2058 (2600), 2014 (2260), 1980 (1050), 1974 (2160),
2052 (3700), 1879 (646) 1971 (3110), 1807 (435)

Table 1) were within 20 kcal/mol of the global minimum and BP86 methods (Table 3). ItsW distance is predicted
12S-1and are discussed in detail in this paper. All four of to be 3.334 A (BP86). This might be a standardgV¥single
these structures are singlets; the lowest-lying triplet structurebond, consistent with the favored 18-electron configuration
for V,(CO), was found to lie 52.5 kcal/mol (BP86) above for each V atom. However, there are no experimentally
the global minimuml2S-1. known examples of low-oxidation-state V complexes with
The global minimum found for %CO), (12S-1)is an V—V single bonds to provide a basis for estimating-V
unbridged structure (C@YV(CO)s of D, symmetry having single bond distances. In any case, the W distance in
all real harmonic vibrational frequencies by both the B3LYP 12S-1is very long, suggesting a weak interaction between

Inorganic Chemistry, Vol. 46, No. 5, 2007 1805



Table 3. Total EnergiesE in hartrees), Relative EnergieAE in
kcal/mol), and \~V Distances (in A) for the Two Lowest-Energy
Isomers of J(CO)1 (11S-1and11S-2in Figure 2)

11S-1(Cy) 11S-2(Cy)

B3LYP E —3135.03192 —3135.02242

AE 0.0 6.0

Nimg 0 2 (65, 29)

V-V 3.487 3.692
BP86 E —3135.40656 —3135.39247

AE 0.0 8.8

Nimg 0 3 (81,47, 17)

V-V 3.376 3.558

the two V(CO} units and facile dissociation into two V(Cg)
molecules. The WV-C distances are in the range of 1.941
1.999 A. For the eight inward CO groups, the-V—C
angles are 73%8and 85.8, while the V-C—0O angles are
171.7 and 177.4. However, for the four outward CO
groups, the relevant VC—O angles are 178°0In fact, most
terminal V—C—0O angles for other structures in the present
study are nearly linear, and thus we will not discuss them.
The next-lowest-energy structuf&2S-2 at 6.4 kcal/mol
(BP86) above the global minimuf2S-1is also an unbridged
(COXVV(CO)s structure ofDsy symmetry (Figure 1). The
BP86 method predicts a negligible doubly degenerate
imaginary vibrational frequency at l€mt. The V-V
distance in12S-2is 3.657 A, which is longer than that in
12S-1by 0.3 A, suggesting at most a very weakV single
bond. For the six inward CO groups, the-Z distances are
1.996 A and the corresponding W —C angles are at 63
For the six outward CO groups, the—\C distances are
1.988 A and the relevant WW—C angles are 126°7 The
V—C—0 angles for the six inward CO groups are 170.9
The third structure for Y(CO);, in terms of energy12S-
3) (D) is also an unbridged structure (GBY(CO)e (Figure
1) lying above12S-1by 8.3 kcal/mol (BP86). Structure
12S-3has two small-magnitude imaginary harmonic vibra-
tional frequencies at 32nd 20 cm™*. Following the normal

modes corresponding to these imaginary vibrational frequen-

cies leads td2S-1 The V-V distance in12S-3is 3.625 A,
which is even longer than that 42S-1by ~0.3 A, again
suggesting a weak interaction between the two VEO)
halves. For the eight inward CO groups, the @ distances
are 1.992 A, the V¥V —C angles are 81°1and the \C—0O
angles are 173°1For the four outward CO groups, the-\C
distances are 1.929 A and the correspondirgdistances
are 1.174 A.

The structure of W(CO);, that is next higher in energy is
12S-4 which is aD,;, dibridged structure (CQY(u-CO),V-
(CO)s (Figure 1) lying 17.4 kcal/mol (BP86) aboveS-1.
However, 12S-4 is a transition state with a significant
imaginary vibrational frequency at 138m*. By following
the appropriate normal mode, tHdy, structure eventually
collapses to the global minimud®?S-1 The V-V distance
in 12S-4is 3.193 A, shorter than that d2S-1by ~0.2 A
but still very long for even a single bond. The-\C distances
are 2.224 A for the two bridging CO groups. The-¢
distances for the eight equatorial groups are 1.986 A. The
corresponding ¥V —C angles are 98:6The V—C distances
are 1.965 A for the two axial CO groups.

1806 Inorganic Chemistry, Vol. 46, No. 5, 2007
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Table 2 lists the IR-active(CO) frequencies for the four
isomers of J(CO), discussed above and depicted in Figure
1. Isomersl2S-1 12S-2 and 12S-3exhibit only terminal
v(CO) frequencies in the range of 1942011 cm* (BP86)
in accordance with the presence of only terminal CO groups.
However, the IR spectrum dR2S-4exhibits not only similar
terminalv(CO) frequencies but also a single bridgin@O)
frequency at 1807 cnmt in accordance with the single
symmetrical bridging CO group in its structure.

The stable homoleptic vanadium carbonyl under normal
conditions is the 17-electron monomer V(G®@ather than
the dimer \4(CO).». In this connection, the dissociation of
the lowest-energy isomer of YCO);» (12S-1)into 2V(CO)
is calculated to be exothermic by 12.4 kcal/mol using the
B3LYP functional but endothermic by 5.7 kcal/mol using
the BP86 functional. Thus, the two functionals do not agree
on the energetics of this reaction although the energy
difference between ¥CO), and 2V(COy is obviously
rather small. In previous work from our laboratory on
binuclear cobalt carbonyf,similar disagreement between
calculations using the B3LYP and BP86 functionals was
found for the relative energies of the lowest-energy singlet
isomer of Cg(CO) with only terminal CO groups and the
singlet Co(CO)(u-CO), isomer with two bridging CO
groups. From a variety of earlier comparisons, we favor the
BP86 energy predictior?s.

3.2. V,(CO)11. A total of 10 structures were found for,V
(CO)1. Eight of these structures (Figures2) were within
30 kcal/mol of the global minimurhlS-1and are discussed
in detall in this paper.

The two lowest-lying structures forY)CO);; (11S-1and
11S-2 Figure 2 and Table 3) are characterized by a single
four-electron donor bridging CO group. The global minimum
11S-1is a singly bridged structure (C&)(u-CO)V(CO)
with C; symmetry (Figure 2), and all real harmonic vibra-
tional frequencies are predicted by both the B3LYP and BP86
methods. The WV distance is quite long, 3.376 A (BP86),
even for a single bond. The bridging CO group actsras
donor to the left-hand V atom through the=© bond,
thereby becoming a four-electron donor to the pair of V
atoms. Thus, a V¥V single bond is required for each V atom
to satisfy the favored 18-electron configuration. For the
bridging carbonyl, the shorter VC distance is 1.906 A,
while the longer \*C distance is 2.248 A. For the 10
terminal carbonyls, the ¥C distances are in the range of
1.933-2.019 A. The four-electron donor bridging CO group
in 11S-1is indicated by a very low(CO) frequency (Table
4) at 1728 cm?.

Structure11S-2 for V,(CO); is also a singly bridged
structure but withCs symmetry (Figure 2). This structure
lies energetically abov&lS-1by 8.8 kcal/mol (BP86), and
it has three small imaginary vibrational frequencied QG
cm™1). Following the normal modes of these imaginary
vibrational frequencies carries structrES-2to 11S-1 The
V-V distance in11S-2is 3.558 A, which is slightly longer

(24) Kenny, J.; King, R. B.; Schaefer, H. Fhorg. Chem.2001, 40, 900.
(25) Furche, F.; Perdew, J. P. Chem. Phys2006 124, 044103.
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i 1.158(B3LYP)

11S-1 (Cy)

Figure 2. Two lowest-energy isomers of XCO) 1.

L 18O(B3LY F)
L193(BPEG)

11S-5 (Cs)

Figure 3. Three additional singlet isomers ob{CO) 1.

than that inLl1S-], suggesting a very weak-W single bond.
In the single bridging CO group ih1S-2 the shorter V-C
distance is 1.928 A, while the longer\C distance is 2.284
A. For the 10 terminal CO groups, the"\C distances are
in the range of 1.9561.995 A. The four-electron donor
bridging CO group in11S-2is indicated by a very low
v(CO) frequency (Table 4) at 1742 ctn

The next higher energy singlet structure fop(@O);
(11S-3in Table 5) is a singly bridge@; structure (Figure
3) lying higher in energy above the global minimurbS-1
by 12.3 kcal/mol (BP86). Structuré1S-3 has a small
imaginary vibrational frequency at i8m1. Following the

is ~0.5 A shorter than that df1S-1.This illustrates the fact
that shorter metaimetal bond distances are not always
indicative of greater stability. The VC distances to the
bridging CO group in1S-3are 2.172 A, while those to the
10 terminal CO groups are 1.971.998 A. The V-C—0O
angles for the bridging CO group il S-3are~138. The
bridging CO group in1S-3is predicted to exhibit &(CO)
frequency (Table 4) of 1809 crh

The next \4(CO); singlet structure in terms of energy,
namely,11S-4 is a structure withC,, symmetry and two
highly unsymmetrical bridging CO groups (Figure 3). This
structure lies higher in energy thaiS-1by 13.9 kcal/mol

normal mode of this imaginary frequency leads to structure (BP86). Structurd 1S-4has two small imaginary vibrational

11S-1 The V-V bond distance irt1S-3is 2.897 A, which

frequencies at 47and 17 cm . Following the modes of

Inorganic Chemistry, Vol. 46, No. 5, 2007 1807
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Figure 4. Three lowest-lying triplet isomers of YCO)1.
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Table 4. IR-Active »(CO) Vibrational Frequencies (ct¥) Predicted for the Eight Lowest-Energy Isomers of ®);; (IR Intensities in Parentheses
Are in km/mol; Bridging CO Frequencies Are in Boldface Font)

B3LYP

BP86

11S-1(Cy)

11S-2(Cy

11S-3(Cy)

11S-4(Ca)

11S-5(Cy)

11T-1(Csor Cy)

11T-2(Cy)

117-3(Cy)

2149 (29), 2096 (2750), 2080 (134), 2071 (1000),
2068 (1850), 2059 (1220), 2053 (930), 2034 (560),
2031 (750), 2021 (135),773 (444)

2151 (26), 2100 (2765), 2090 (890), 2076 (301),
2070 (1250), 2054 (370), 2053 (3230), 2043 (352),
2037 (900) 1783 (340)

2079 (4700), 2072 (480), 2069 (278), 2063 (760),
2056 (2790), 2056 (1660), 2052 (133), 2025 (28),
2017 (3),1868 (339)

2152 (3), 2080 (3420), 2070 (1180), 2064 (2900),
2063 (7), 2062 (1650), 2053 (1630), 2038 (17),
1962 (450)

2144 (25), 2084 (2760), 2078 (710), 2064 (1440),
2059 (1090), 2043 (670), 2033 (1790), 2032 (620),
2024 (406), 2001 (483), 1996 (115)

2073 (202), 2068 (2560), 2063 (3170), 2061 (2020),
2056 (589), 2045 (2), 2033 (5), 2030 (4810),

1980 (1360), 1973 (617)

2070 (3550), 2063 (4350), 2062 (610), 2055 (1890),
2054 (271), 2047 (13), 2045 (250), 2025 (363),
1988 (63),1920 (278)

2151 (170), 2088 (1290), 2075 (2360), 2074 (905),
2069 (1530), 2060 (1420), 2031 (265), 2024 (321),
2022 (3), 2016 (390), 2008 (660)

2060 (44), 2016 (1680), 1990 (630), 1983 (1660),
1978 (605), 1974 (1140), 1971 (870), 1953 (367),
1949 (535), 1974 (861,728 (390)

2061 (49), 2017 (1880), 2003 (706), 1986 (290),
1984 (950), 1972 (411), 1972 (2650), 1955 (550),
1974 (470)1742 (322)

2004 (3150), 1981 (420), 1979 (300), 1977 (1100),
1974 (2410), 1972 (900), 1967 (106), 1946 (36),
1938 (41),1809 (238)

2064 (23), 2005 (2850), 1991 (8), 1986 (2030),
1984 (1070), 1974 (620), 1963 (1300), 1954 (415),
1882 (293)

2055 (72), 2002 (2300), 1999 (550), 1981 (1460),
1972 (480), 1961 (880), 1950 (443), 1943 (1260),
1930 (504), 1912 (19), 1906 (197)

1996 (3520), 1980 (488), 1979 (515), 1976 (2403),
1972 (138), 1966 (1458), 1965 (491), 1943 (53),
1936 (11),1848 (295)

1992 (3810), 1979 (840), 1977 (2400), 1972 (313),
1972 (237), 1970 (194), 1967 (1090), 1943 (61),
1934 (9),1833 (231)

2056 (24), 1989 (2400), 1982 (2270), 1978 (855),
1970 (1130), 1964 (780), 1958 (2), 1957 (545),
1948 (400), 1939 (68), 1933 (29)

these imaginary vibrational frequencies again leads to 11S-4is 1882 cni’. The highly unsymmetrical bridging CO

11S-1 The V-V bond distance is quite long, namely, 2.935
A. The bridging CO groups are highly unsymmetrical with
shorter \-C distances of 1.997 A and longerC distances
of 2.675 A. The \=C—0 angles for the bridging CO groups
in 11S-4deviate significantly from linearity (160°% The
v(CO) frequency predicted for the bridging CO groups in

1808 Inorganic Chemistry, Vol. 46, No. 5, 2007

groups in11S-4 exhibit v(CO) frequencies 7374 cnr?
higher than the symmetrical bridging CO groupslitS-3
This indicates that the order of the CO multiple bond in the
unsymmetrical bridging CO groups ir1 S-4is closer to that
for terminal CO groups than to that for the symmetrical
bridging CO groups irl1S-3
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Table 5. Total EnergiesE in hartrees), Energies Relative 14S-1
(AE in kcal/mol), and -V Distances (in A) for the Other Three
Singlet Isomers of YCO); at Accessible Energies (Figure 3)

11S-3(Cy) 11S-4(C,) 11S-5(Cy)
B3LYP E —3135.00688 —3135.00588  —3135.00044
AE 15.7 16.3 19.8
Nimg 1 (31) 2 (37, 16) 2 (49, 38)
V-V 2.970 3.062 3.098
BP86 E —3135.38706 —3135.38433  —3135.37997
AE 12.3 13.9 16.7
Nimg 1(18) 2 (47, 17) 2 (44, 39)
V-V 2.897 2.935 2.941

Table 6. Total Energies (E in hartrees), Energies Relativé18-1
(AE in kcal/mol), and V-V Distances (in A) for the Three Triplet
Isomers of \4(CO)1 within 30 kcal/mol of the Global Minimuni1S-1

11T-1(CiorCy  11T-2(Cp) 11T-3(Cy)
B3LYP E —3135.02178 —3135.01467 —3135.01186
AE 6.4 10.8 12.6
Nimg 0 1(339) 1 (64)
V-V 3.221 3.056 3.217
BP86 E -3135.38970 —3135.38839 —3135.37811
AE 10.6 11.4 17.9
Nimg 0 1(189) 1 (64)
V-V 3.000 2.932 3.060

The remaining singlet structure for,§€QO);; within 20
kcal/mol of the global minimunil1S-1is an unbridged_s
structure (COVV(CO)s (11S-5in Figure 3), lying higher
in energy thanl1S-1by 16.7 kcal/mol (BP86). Structure
11S-5has two small imaginary vibrational frequencies at
48 and 39 cmt. Following the modes of the imaginary
vibrational frequencies leads frobiS-5t0 11S-1 The V—V
bond distance in11S-5is 2.941 A. The C distances to
all 11 of the CO groups ii1S-5are in the range of 1.938
2.015 A. The \-C—0 angles for the central CO groups
deviate somewhat from linearity (167171°).

Five energetically low-lying triplet structures foL{CO);

have been found. Three of these structures lie within 30 kcal/

mol of the V,(CO)1 global minimum 11S-1 and are
discussed in this paper (Table 6 and Figure 4).

The triplet structure of lowest energy14T-1 with Cs or
C; symmetry (Figure 4). This structure lies 10.6 kcal/mol
(BP86) above the global minimutilS-1for V,(CO);. With
the B3LYP method, structur&lT-1 is a doubly bridged
structure (OGN (u-CO)XLV(CO), with Cs symmetry (Figure
4). However, with the BP86 method, the corresponding
structure is singly bridged witlC; symmetry. The WV
distance is 3.000 A, and the shorter-€ distance to the
bridging CO group is 2.030 A, while the longer one is
2.410 A. The V(left}-V(right)—C angle to the bridging CO
group is 53.2. The V—C—0 angle of this bridging CO group
deviates significantly from linearity (1529 The V-C
distances for the terminal carbonylsliiT-1fall in the range
of 1.971-2.008 A.

The V,(CO); triplet structure of next higher energy is the
C, symmetrically singly bridged structuel T-2 (Figure 4),
which is geometrically similar to the singlet structurgS-

3. The energy of structur@lT-2 is higher than that of the
lowest-lying V5(CO)y; triplet 11T-1 by 0.8 kcal/mol (BP86).
However, structurellT-2 is a transition state with a
significant imaginary vibrational frequency at i8&m*.
Following this vibrational mode leads il T-1. The V-V

distance inl1T-2is 2.932 A, which is slightly shorter than
that of11T-1. The V—C distances to the bridging CO group
in 11T-2are 2.184 A, whereas the-\C distances to the 10
terminal CO groups fall in the range of 1.972.002 A. The
V—C—0 angles for the bridging CO group arel38°.

The other energetically accessible triplet structure fer V
(CO) is the unbridged; structurel1T-3 (Figure 4), lying
energetically abov&1T-1by 7.3 kcal/mol (BP86). Structure
11T-3 has one small imaginary vibrational frequency
(~60i cm™1). Following the corresponding vibrational mode
leads to11T-1. The V-V bond distance irt1T-3is 3.060
A, which is longer than that in1T-2 by ~0.15 A and close
to that of 11T-1. The V—C distances to the five terminal
carbonyls attached to the “right” V atom (Figure 4) fall in
the range of 1.9942.022 A. However, the VC distances
to the six terminal carbonyls attached to the “left” V atom
are shorter, namely, 1.941.989 A.

3.3. V,(CO)q0. A total of 17 stationary points were found
for V,(CO),, namely, nine singlet structures and eight triplet
structures. Among these structures, seven of the singlet
structures and six of the triplet structures were within 30
kcal/mol of the global minimum; only those 13 structures
will be considered in this paper. These 13 structures can be
classified into the following three general types: (a) struc-
tures with a V-V distance of around 2.5 A, suggesting a
V=YV triple bond (these include only five singlet structures
within reasonable energies relative to the global minimum
10S-1 which is a structure of this type); (b) three in which
a V(CO) unit appears to function as a bidentate ligand
toward a V(CO) unit through two of its CO groups acting
as four-electront donors (these include both singlet and
triplet structures); (c) five other types of triplet,(CO)o
structures within 25 kcal/mol of the global minimum.

3.3.1. Structures with a V—V Distance Suggesting a
V=V Triple Bond. Five singlet structures of this type were
found (Tables 7 and 8 and Figure 5) including the global
minimum 10S-1 The predicted V-V distances of around
2.5 A for these Y(CO)y structures are inferred to imply
V=V triple bonds consistent with the 2V distance of
2.462 A determined by X-ray crystallographyin (°-
CsHs)2VL(CO)s, required for both V atoms to have the
favored 18-electron rare gas configuration. AV triple
bond in these WCO) structures also gives both V atoms
the favored 18-electron rare gas configuration.

The Cs structurel0S-1with six CO groups bonded to the
“left” V atom and four CO groups bonded to the “right” V
atom (Figure 5) is the global minimum for ;{CO)o.
However, three of the six CO groups bonded to the “left” V
atom are close enough to the right V atom to be considered
as semibridging CO groups. The-W distance is 2.510 A,
suggesting a ¥V triple bond as noted above. In the three
semibridging carbonyls, the shorterC distances are 1.994
and 1.997 A while the longer ¥C distances are 2.474 and
2.486 A. The bridging €0 distances are 1.179 A. For the
“left” terminal carbonyls, the V-C distances are 1.986 and

(26) Cotton, F. A.; Kruczynski, L.; Frenz, B. A. Organomet. Chenl978
160, 93.
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Table 7. Total EnergiesE in hartrees), Relative EnergieAE in kcal/mol), and \=-V Distances (in A) for the Five Isomers of{CO)o with V—V

Distances Suggestive ofZV/ Triple Bonds

10S-1(Cy) 10S-2(C,) 10S-3(Ca) 10S-4(Cz) 10S-5(D21)
B3LYP E —3021.68589 —3021.67484 —3021.67365 —3021.67018 —3021.66858
AE 0.0 6.9 7.7 10.9 10.9
Nimg 0 1(18) 1(17) 2 (63, 3) 3 (315, 53, 47)
V-V 2.539 2.493 2.522 2.586 2.476
BP86 E —3022.05992 —3022.04738 —3022.04510 —3022.04399 —3022.04014
AE 0.0 7.9 9.3 10.0 12.4
Nimg 0 1 (41) 1 (24) 2 (70, 16)) 3(331, 62, 48)
V-V 2.510 2.479 2.518 2.588 2.470

Table 8. IR-Active v(CO) Vibrational Frequencies (cnt) Predicted for the Five Isomers of;fCO) with V—V Distances Suggesting=#V Triple
Bonds (IR Intensities in Parentheses Are in km/mol; Bridging CO Frequencies Are Listed in Boldface Font)

B3LYP

BP86

10S-1(Cy)
2041 (1745), 2040 (1770), 1999 (241),
1976 (680), 1975 (623)

10S-2(Cy)
2050 (2520), 2049 (18), 2038 (222),
1968 (1030)1952 (100)

10S-3(Car)
1969 (1090)

10S-4(Cy,)
2061 (3020), 2050 (44), 2037 (4),
2027 (1730), 1984 (162), 1970 (820)

10S-5(Da)
1982 (1090)

1.988 A and the €0 distances are 1.167 A. For the “right”
terminal CO groups, the ¥C distances are 1.936 and
1.937 A and the €0 distances are 1.173 A. TheA\C—0O

2141 (140), 2088 (2430), 2078 (751), 2077 (730),

2089 (2910), 2077 (473), 2073 (77), 2068 (2410),

2091 (2770), 2073 (3010), 2065 (476), 2045 (2450),

2142 (76), 2083 (2740), 2072 (715), 2066 (206),

2076 (3320), 2071 (3020), 2061 (91), 2046 (2280),

2052 (202), 2006 (2010), 1993 (650), 1992 (630),
1954 (1520), 1954 (1540), 1922 (159),
1906 (374), 1906 (410)

2006 (2450), 1984 (218), 1983 (2165), 1982 (95),
1967 (2044), 1964 (4), 1959 (41),
1893 (716)1880 (92)

2007 (2470), 1988 (2510), 1983 (199),
1962 (1850)1891 (798)

2052 (174), 2003 (2110), 1988 (628), 1987 (2),
1978 (2127), 1956 (13), 1948 (378),
1944 (1370), 1899 (187), 1889 (589)

2001 (2410), 1986 (2514), 1977 (254),
1961 (1916), 1896 (750)

distances are 1.951, 1.997, and 2.001 A. TheDdistances
of the eight terminal carbonyls ih0S-3are in the range of
1.167-1.172 A. The bridging VC—O angles for both

angles for the three semibridging CO groups deviate structuresl0S-2and10S-3deviate significantly from linear-

significantly from linearity (163.3and 163.8). The V—V—C
angles of the three semibridging CO groups are 6ark
65.8. The other \-V—C angles are 118:0122.2, 126.0,
and 127.8.

The next two structures for YXCO)o in terms of energy,
namely,10S-2(C;) and10S-3(C,,), are both doubly bridged
(COuV(u-CORV(CO), structures (Figure 5), which are
geometrically proximate to each other with similar energies.
Structurel0S-2lies higher in energy than structui®s-1
by 7.9 kcal/mol (BP86), whereas structur@S-3lies above
10S-1by 9.3 kcal/mol (Table 7). However, each of them
has a small-magnitude imaginary vibrational frequency
(Table 7). Following the normal modes of the imaginary
vibrational frequencies for eithet0S-2 or 10S-3leads to
10S-1 The V-V distance for structurd0S-2is 2.479 A,
and that of structurd0S-3is 2.518 A in accordance with
V=V triple bonds. Compared with structure0S-1 the
V=V distances in structures0S-2and 10S-3are slightly
shorter.

For the bridging CO groups in structut®S-2 the shorter
V—C distances are 2.013 A whereas the longerQ/
distances are 2.333 A. The bridging-O distances i10S-2
are 1.182 A. For the bridging CO groups in structliés-3

ity (~160).

The C,, structurel0S-4is also a doubly bridged structure
(Figure 5), but the same V atom has the shortG/distances
to the two unsymmetrical bridging CO groups. The relative
energy of10S-4is higher than that of structur£0S-1by
10.0 kcal/mol, which is also higher than those of structures
10S-2and 10S-3(Table 7). Structurd0S-4has two small
insignificant imaginary vibrational frequencies100 cm™).
Structure10S-4 collapses to structur@0S-1by following
the normal modes corresponding to the larger imaginary
vibrational frequency.

The V-V distance in structuré0S-4is 2.588 A, which
is longer than that in structurd9S-1 10S-2 and10S-3but
still suggestive of the ¥V triple bond required to give both
V atoms the favored 18-electron configuration. The shorter
V—C distances to the unsymmetrical bridging CO groups are
1.995 A, whereas the longer-\C distances are 2.371 A.
The corresponding €0 distances are 1.181 A. The\C
distances to the terminal carbonyls fall in the range of 1-935
1.993 A. The bridging VC—0O angles show significant
deviation from linearity at 160°7

The D2y, structurel0S-5is a symmetrically doubly bridged

the shorter \-C distances are 1.987 A whereas the longer structure (Figure 5), which lies in energy above structure

V—C distances are 2.350 A. The bridging-O distances
are 1.183 A.
For the terminal CO groups in structut@S-2 the V—C

10S-1by 12.4 kcal/mol (BP86). It has a large imaginary
vibrational frequency at 33tm ! and two small imaginary
vibrational frequencies ak10G cm™t. By following the

distances of the eight terminal carbonyls are 1.953, 1.985,normal mode related to the largest imaginary vibrational

1.990, and 1.993 A. The-€0 distances of the eight terminal
carbonyls in10S-2fall in the range of 1.1671.170 A. For
the terminal CO groups in structurgé0S-3 the V—C

1810 Inorganic Chemistry, Vol. 46, No. 5, 2007

frequency, theD,, structure 10S-5 collapses to theCs
structure10S-1 The V—V distance in structurd0S-5is
predicted to be 2.470 A, which is close to that of structure
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LI66(B3LYP)
1.178{BPE6)

(1
3.3°
996 b, 21

10S-5 (D2n)

Figure 5. Five isomers of Y(CO),o with V=V distances suggesting-W triple bonds.

10S-2and again suggestive of &/ triple bond. The \*-C 3.3.2. Structures with a V(CO) Unit “Chelated” to a
distances to the bridging CO groups are quite long, namely, V(CO), Unit. Such structures include the singlet structures
2.148 A. The corresponding-€0 distances are 1.179 A. 10S-6and 10S-7and the triplet structurd0T-1 (Table 9
The eight terminal -C bond distances are 1.966 and 1.992 and Figure 6). The V(CQ)ligand chelates to the V(C®)
A. The corresponding €0 distances are 1.168 and 1.171 unit through two four-electron-donor bridging CO groups,
A. The V—C—V angles for the bridging CO groups are which are characterized by very low(CO) frequencies
~70°. (Table 10) in the range of 1674800 cm®. The V-V
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Table 9. Total EnergiesE in hartrees), Relative EnergieAE in
kcal/mol), and &V Distances (in A) for the Three Isomers 0b(ZO)10
with a V(CO) Unit Chelated to a V(CQ)Unit

10S-6(C») 10S-7(C2,) 10T-1(Cyy)

B3LYP E —3021.66230 —3021.66010 —3021.67344

AE 14.8 16.2 7.8

Nimg 0 1 0

V-V 3.391 3.389 4.297
BP86 E —3022.02463 —3022.01960 —3022.02184

AE 22.0 253 23.9

Nimg 0 2 0

V-V 3.296 3.341 4.338

distances in the singlet structurd9S-6 and 10S-7 are
~3.3 A, suggestive of the ¥V single bond needed to give
the V atoms the favored 18-electron configuration. However,
in the corresponding triplet0T-1, the V-V distance is a
nonbonding distance of4.3 A corresponding to a 17-
electron configuration for each V atom consistent with two
unpaired electrons.

The C; (COLVV(CO)g structurel0S-6(Figure 6) has all
real vibrational frequencies and thus is a genuine minimum.
Structure10S-7has two a (113 and 17 cm™Y) imaginary
vibrational frequencies (Table 9). By following the normal

Liu et al.

discussed above. Structut®T-2, with V—V distances of
3.025 A (BP86), is best formulated with a~¥ single bond
and one four-electrom-donor bridging CO group, thereby
giving each V atom the 17-electron configuration required
for a triplet structure. Using this model, the “left” V atom
bonded to five CO groups (including the bridging CO group)
has a formal negative charge whereas the “right” V atom
bonded to six CO groups has a formal positive charge. The
other triplet structure$30T-3, 10T-4, 10T-5, and10T-6 have
V—V distances suggesting=¥/ double bonds, which lead
again to 17-electron configurations for both V atoms assum-
ing that all of the CO groups are the normal two-electron
donors.

The V atoms in thé&; structurel0T-2 (Figure 7) are singly
bridged by a four-electron-donor CO group, which exhibits
an IR»(CO) frequency at 1756 cni (Table 12). Structure
10T-2is nearly degenerate with structur@T-1, being lower
by only 4.6 kcal/mol (Table 11). The-WV distance ofLOT-2
(3.025 A) is much shorter than that ®0T-1, indicative of
a weak V-V single bond. For the bridging CO group, the
shorter \-C distance is 1.923 A, while the longer-¥C
distance is 2.174 A. The B3LYP method predig&T-2 to

modes related to these imaginary vibrational frequencies, thebe a genuine minimum, whereas the BP86 method gives a

C,, structurel0S-7 collapses to the&, structure1l0S-6by
twisting a small angle around the-W axis. Structurel0S-6
lies energetically above structul®S-1by 22.0 kcal/mol,
while structurel0S-7lies higher than structur&0S-6by 3.3
kcal/mol (Table 1).

The V-V distances in structuredS-6and10S-7are quite

negligible imaginary vibrational frequencyi(@m1), which
can be regarded as a numerical noise.

The C,, structure10T-3 (Figure 7) is a doubly bridged
structure with an energy close to that of struct@fT-1,
lower by only 3.0 kcal/mol. The B3LYP method predicts
all real harmonic vibrational frequencies, but the BP86

long (~3.3 A) so that these two structures can be regardedmethod predicts two very small imaginary vibrational

as loose complexes of V(COand V(CO}, with the V---V
interaction occurring primarily through the middle two
m-donating CO groups rather than through multiple bonding
between the two V atoms. Thus, the V(GQinit can be
regarded as a bidentate chelating ligand toward the V{CO)
unit using two four-electronr-donor CO groups. For the
lower energy of the two structures, namel@S-6 the shorter
bridging V—C distances are 1.94 A and the longer bridging
V---C distances are 2.41 A, implying that the two fragments
have a weak connection. TheC distances for the terminal
CO groups are in the range of 1:92.02 A. The -C—0
angles for the bridging CO groups are about °216Bhe
geometrical parameters for structd@S-7are very close to
those for structurd 0S-6

The relatedC,, triplet structurelQT-1 for Vo(CO)p is a
genuine minimum with an energy higher than that of the
singlet global minimum (structurg0S-J) by 23.9 kcal/mol.
The V-V distance is very long (4.338 A). There are two

frequencies (34and 1 cm™1), which can be considered to
be insignificant. Structur&0T-3is geometrically similar to
structurel0T-1, but10T-3 has a much shorter-V distance,
namely, 2.903 A. For the bridging CO groups, the shorter
V—C distances are 1.973 A, while the longer € distances
are 2.472 A. The corresponding-© distances are 1.181 A,
and the \V-C—0O angles show significant deviation from
linearity at 169.8. For the terminal carbonyls, the-\C
distances are in the range of 1-97.99 A.

TheCy, structurel0T-4is also a doubly bridged structure
(Figure 7), but the two bridging CO groups come from
different V atoms. The energy a0T-4is also close to that
of structureslOT-1, 10T-2, and10T-3 and lower than that
of structurel0T-1by 1.9 kcal/mol. Structuré0T-4 has one
(117 cm™!) imaginary vibrational frequency (Table 11).
Following the corresponding normal mode leads froom-4
to 10T-2. The V-V distance of10T-4 is even shorter,
namely, 2.686 A. For the bridging CO groups, the shorter

a-donor CO groups connecting the two V atoms. The shorter V—C distances are 1.997 A, while the longer & distances

V—C distances are 1.896 A, while the longer C distances
are 2.992 A. The corresponding-© distances are 1.213 A,
and the \\-C—0O angles are bent by163 toward the center.
The terminal \\-C distances fall in the range of 1.97
2.02 A.

3.3.3. Five Remaining (CO)1, Structures within 25
kcal/mol of the Global Minimum. Five triplet structures
for V,(CO)o (Table 11 and Figure 7) were found within 25
kcal/mol of the global minimunl0S-1in addition to10T-1

1812 Inorganic Chemistry, Vol. 46, No. 5, 2007

are 2.396 A; the corresponding-© distances are 1.184 A.
The V—C—0 angles show significant deviation from linear-
ity at 162. The V—C distances for the terminal carbonyls
are in the range of 1.952.02 A, and the terminal €0
distances are about1.17 A.

TheCs structurel0T-5is a singly bridged structure (Figure
7). The shorter C distance is 1.967 A, while the longer
V—C distance is 2.443 A. However, two other CO groups
may also have weaker interactions with the opposite V atom,
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L155(B3LYT)
LT EPS6)

10T-1 (C2)

Figure 6. V3(CO)yp structures with a V(CQ)unit “chelated” to a V(CQO) unit.

Table 10. IR-Active »(CO) Vibrational Frequencies (cr) Computed for the Three Isomers 0f(ZO)o with a V(CO) Unit Chelated to a V(CQ)
Unit (IR Intensities in Parentheses Are in km/mol; Bridging CO Frequencies Are Listed in Boldface Font)

B3LYP

BP86

10S-6(C»)
2057 (2400), 2049 (1480), 2042 (594),
2019 (51),1845 (423) 1817 (800)

10S-7(Cz)
2067 (5), 2048 (3240), 2046 (500),
2010 (101)1857 (310) 1833 (815)

10T-1(Cay)
2072 (1010), 2050 (7), 2027 (1110),
2024 (1290)1758 (1730)1670 (780)

2143 (76), 2098 (2760), 2093 (710), 2064 (8),

2144 (56), 2100 (3080), 2097 (708), 2075 (600),

2151 (112), 2102 (2170), 2091 (1990), 2077 (973),

2051 (152), 2012 (1860), 1999 (640), 1981 (135),
1970 (2600), 1950 (551), 1946 (526),
1937 (138)1781 (378) 1759 (579)

2055 (162), 2014 (2180), 2010 (580), 1985 (105),
1986 (2390), 1982 (477), 1951 (476),
1923 (449)1800 (299) 1783 (640)

2050 (38), 1996 (3620), 1990 (805), 1974 (2770),
1973 (1250), 1963 (441), 1955 (107),
1936 (830)1699 (20) 1674 (508)

Table 11. Total EnergiesE in hartrees), Relative EnergieAE in kcal/mol), and \-V Distances (in A) for the Five Remaining Triplet Isomers of

V2(CO)p within 25 kcal/mol of the Global Minimum (Figure 7)

10T-2(Cy) 10T-3(Cz) 10T-4(Car) 10T-5(Cy) 10T-6(Car)

B3LYP E —3021.67246 —3021.66875 —3021.66072 —3021.65692 —3021.65457
AE 8.4 10.8 15.8 18.2 19.7
Nimg 0 0 2 (61, 2i) 1(33) 2 (87, 75)
V-V 3.321 2.979 2.771 2.785 2.781

BPS6 E —3022.02914 —3022.02667 —3022.02488 —3022.02193 —3022.02126
AE 19.3 20.9 22.0 23.8 24.3
Nimg 1 (6) 2 (34, 1) 1(117) 1(30) 1 (76)
V-V 3.025 2.903 2.686 2.705 2.784

with the longer V--C distances 2.703 A (Figure 7). Structure
10T-5lies below structurd0T-1by 0.1 kcal/mol. Structure
10T-5 has a small imaginary vibrational frequency ai 30
cm L. The V-V distance is short, namely, 2.705 A, and close
to that of the structurd0T-4. The V—C—0O angles to the
bridging CO groups show significant deviation from linearity
(<170.3).

The Cy, structure 10T-6 is essentially a nonbridging
structure (CQ)VV(CO)s (Figure 7). However, two CO
groups from each V atom interact weakly with the other V
atom, displaying four highly unsymmetrical semibridging CO
groups. The four shorterv/C distances to these CO groups
are 1.981 A, whereas the four longer-\C distances are
2.784 A. The =V distance is 2.784 A, which is very close

Inorganic Chemistry, Vol. 46, No. 5, 2007 1813
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169.0°
165.7°

1152
1171

10T-6 (C2n)

Figure 7. Other triplet structures of (CQO)p.

to the V=V distances in structurek0T-4and10T-5. Com-
pared with10T-1, the relative energy of structuf®T-6 is
0.4 kcal/mol. Structurd0T-6is a stationary point having a
small imaginary vibrational frequency with BP86 {6n ).

4. Discussion

4.1. V5(CO)12 Our calculations suggest that the only viable
structure for \J(CO),, is the unbridged structure2S-1(Fig-
ure 1) consisting of two V(CQ)units linked by a long V-V
single bond. All of the other energetically accessible struc-
tures found for \Y(CO),,, namely,12S-2 12S-3 and12S-4,
collapse tal2S-1when the normal modes corresponding to

1814 Inorganic Chemistry, Vol. 46, No. 5, 2007

their imaginary vibrational frequencies are followed. The rela-
tively long V—V bond linking the two V(COj units in12S-1

as well as the small energy difference (5.7 kcal/mol endo
thermic predicted by BP86) suggests easy dissociation into
two 17-electron mononuclear V(Cgfyagments. However,

the 17-electron V(CQ) although an isolable compound, is
much more reactive than the essentially isostructural 18-
electron Cr(CQ) Because none of the energetically acces-
sible V,(CO), isomers have bridging CO groups, the IR
bridgingv(CO) frequencies observed by Ozin efalt 10-

35 K in inert matrices and assigned by them tg(GO),»
must arise from some other dinuclear or polynuclear
vanadium carbonyl species. Structd2S-1is predicted to
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Table 12. IR-Active »(CO) Vibrational Frequencies (cr¥) Predicted for the Five Remaining Triplet Isomers a{®O);, within 25 kcal/mol of the
Global Minimum (IR Intensities in Parentheses Are in km/mol; Bridging CO Groups Are Listed in Boldface Font)

B3LYP BPS6
10T-2(Cy) 2149 (36), 2100 (2250), 2073 (471), 2072 (2320), 2054 (70), 1999 (2910), 1984 (600), 1974 (810),
2071 (48), 2049 (2070), 2042 (225), 1967 (1877), 1966 (510), 1960 (1200),
2021 (700), 2021 (398),741 (770) 1938 (37), 1937 (4)1756 (381)
10T-3(Cay) 2144 (1), 2076 (3872), 2067 (540), 2065 (135), 2053 (68), 1995 (3050), 1985 (570), 1978 (144),
2057 (3130), 2054 (1510), 2033 (870), 1972 (2470), 1956 (8), 1954 (1110),
2019 (44),1957 (18) 1939 (1060) 1936 (176)1891 (117) 1874 (725)
10T-4 (Can) 2076 (2870), 2069 (3300), 2054 (1010), 1987 (3210), 1984 (2430), 1967 (620),
2046 (2630)1949 (1180) 1962 (1570)1881 (834)
10T-5(Cy) 2064 (2160), 2050 (4), 2043 (800), 1993 (2990), 2143 (8), 2079 (3210), 2058 (46), 2048 (1320),
1983 (236), 1972 (238), 1965 (1300), 2035 (1800), 2011 (540), 1975 (1305),
1957 (735), 1919 (457),872 (447) 1953 (1130), 1943 (522), 1907 (176)
10T-6 (Can) 2077 (3080), 2074 (1810), 2046 (3680), 1990 (3210), 1982 (1520), 1962 (2200),
2012 (1332), 1978 (3070) 1938 (1050), 1928 (1010)

lie below the dissociation limit CO),; + CO by 10.9 kcal/ groups asm-donor ligands to “chelate” to the V(CQ)

mol (BP86). fragment to give the V atom in the latter fragment the same
4.2. V,(CO)11. The global minimum for Y(CO); was 18-electron configuration. Neith&0S-1nor 10S-6has any
found to be a WYCO)o(5?u-CO) structurel1S-1(Figure imaginary vibrational frequencies, and thus they are true

2) with a single four-electron donor bridging CO group and minima for Vo(CO)o. The other energetically accessible
a V-V distance suggesting a long single bond. Both metal singlet isomers for Y{CO),o, namely,10S-2 10S-3 10S-4
atoms thus have the favored 18-electron configuration. An 10S-5 and10S-7 collapse to eithef0S-1or 10S-6when
analogous Mg(CO)g(r7>-u-CO) structuré was found to be  following the normal modes corresponding to their imaginary
the global minimum for Mg{CO), which would be expected  vibrational frequencies; thusl0S-1 and 10S-6 can be

to be related to YCO),; but with one less CO group on considered the only viable structures for single{GO ).
each metal atom. All of the other energetically accessible A number of energetically accessible triplet structures are
singlet structures for YCO);, namely, 11S-2 11S-3 also found for \4(CO),o. Because such triplet structures are
11S-4 and11S-5(Figures 2 and 3), have small imaginary necessarily composed of linked 17-electron mononuclear
vibrational frequencies corresponding to normal modes vanadium carbonyl units, their-wW bond orders are 1 less
leading t011S-1 suggesting that1S-1is the only viable than those in the corresponding single{®0),, structures

singlet structure for YCO;. composed of linked 18-electron mononuclear vanadium
Some triplet structures for CO),1 have energies within ~ carbonyl units. This difference leads to longerV distances

11 kcal/mol of the singlet ¥ CO),; global minimum11S-1 for the triplet structures compared with related singlet

The lowest-lying triplet \4(CO);; structurell1T-1 can be structures.

formulated as a 17-electron V(CEQ)nit forming a V— V The lowest-lying triplet \(CO)o structurel0T-1 (Figure

dative bond to a V(CQ)unit so that the latter also has aV  6) is a true minimum closely related to the singlet structure
atom with a 17-electron configuration. The other energeti- 10S-6with a bidentate “chelating” V(CQ@)ligand coordi-
cally accessible triplet YCO),; structuresl1T-2and11T-3 nated to a V(CQ)unit through two four-electrom-donor
collapse tal1T-1 along the normal modes corresponding to CO groups. However, because a-V bond is not needed
their imaginary vibrational frequencies. Thus, structLt&-1 to give the metal atoms a 17-electron configuration, the
appears to be the only viable triplet structure fa{GO);;. V---V distance in10T-1is a clearly nonbonding separation
The relatively long V-V bond (=3.0 A) in 11T-1suggests  of ~4.3 A.
facile dissociation into mononuclear fragments, presumably  4.4. Comparison of Binuclear Vanadium Carbonyls
V(CO)s + V(CO)s, so that this isomer of CO); is not a and Binuclear Cyclopentadienylchromium Carbonyls.
promising synthetic objective. StructutéS-1lies below \4- None of the binuclear vanadium carbonyls discussed in this
(CO)p + CO by 12.2 kcal/mol (BP86). paper has been isolated, although some evidence for their
4.3. V,(CO)10. The collection of energetically accessible existence is found in the IR(CO) spectra of vanadium
structures for WYCO), is more complicated than those for carbonyl systems in low-temperature matriéésiowever,
the carbonyl-richer species{CO); and Vo(CO),. The most the cyclopentadienylchromium unif>-CpCr, is isolobal and
favorable structures for singlet,§CO),o appear to have an  isoelectronic with a V(CQ)unit, which can be considered
unsymmetrical distribution of CO groups that can be to be a building block for the binuclear vanadium carbonyls
considered as a V(C@nit linked to a V(CO) unit. This discussed in this paper. In this connection, the knapmn
can occur either with a #V triple bond and all CO groups  Cp,Cr,(CO) can be considered to be an analogue ef V
as two-electron donorgd(S-1in Figure 5) or with a \-V (CO)2 and the knowny®-Cp,Cr,(CO), as an analogue of
single bond and two of the CO groups as four-electron V,(CO)o However, the CrCr distances in binuclear
m-donor bridging CO groupslQS-6in Figure 6). In either cyclopentadienylchromium carbonyls are expected to be
case, both V atoms have the favored 18-electron configura-somewhat shorter than the-\W distances in the analogous
tions. In the latter case, the V(CQJfragment can be  binuclear vanadium carbonyls because the three CO ligands
considered as a bidentate ligand by using two of its six CO in a V(CO) unit are stronger electram acceptors than the
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single cyclopentadienyl ligand ins@-CpCr unit. Neverthe- 1965 cmt are close to the most intense terminal vibrations
less, itis instructive to compare our computed structures for of 2006 and 1954 cmi calculated forl0S-1using the BP86
binuclear vanadium carbonyls with the computed structures functional. We therefore suspect that these workers generated
for the corresponding binuclear cyclopentadienylchromium the isomerl0S-1of V,(CO)yoin their photolysis experiments.
carbonyls. Significant progress has occurred in matrix isolation spec-
The structure of #>-CsHs),Cr(CO)s is found by X-ray  troscopy since 1987, and we encourage new experiments on
crystallography’ to have exclusively terminal CO groups the vanadium carbonyl systems.
with a relatively long C+-Cr single bond distance of 3.281 A" The other spectroscopic evidence for binuclear vanadium
as compared with the ¥V single bond distance of 3.334 A carbonyls in low-temperature matrixes was obtained by Ozin
(BP86) predicted for the lowest-energy isomer (), and co-worker§,who claimed to have observed possible
namely,12S-1 Similarly, the structure obf-CsHs).Cr(COk o) frequencies for CO):, from reactions of V atoms
is found by X-ray crystallograpjto have a G=Cr distance with CO at 16-35 K in low-temperature inert matrixes.

3f_2\'/2(;|'.jt: 0.0ZfA, V(\;hr']Ch 'Sf e\:ﬁn §horter thagcgheZ.S A However, our results suggest that these bands cannot be from
istance found here for the isomers of €O}y, €.9., a Vo(CO)z isomer (as discussed above) because none of the

10S-1and 10S-2 postulated to have a=V triple bond. . L i
This difference may be a consequence of the stronger back-Stable VACO).: isomers have bridging CO groups. Neverthe

. . . less, the question remains as to which vanadium carbonyl
bonding and greater steric demands of three CO ligands ;| .’ . . . .

. s . derivative these workers really observed in their experiments.
relative to onep>-Cp ligand.

4.5. Comparison with Experimental Data.lt is instruc- Comparison_ of the bridging(CQ) frequency of 1852. crﬁ
tive to compare our calculatedCO) frequencies for various found by Ozin a_nd co-workefrsw_th our calculat(_ad bridging
binuclear vanadium carbonyls with those found experimen- V(CO) frequencies fqr various binuclear vanadium carbor)yls
tally for vanadium carbonyl systems at low temperatures in hints that the v_anad_lum _carbonyl that they observed might
inert matrices. In this connection, we and ot&rd have € the lowest-lying triplet isomer of¥(CO), namely,11T-1

observed that for first-row transition metals th¢co) ~ (Figure 4), for which we compute a bridging(CO)

frequencies predicted using the BP86 functional are likely frequency of 1848 cmt (BP86 in Table 4). However, we
to be closer to the experimental values than t{€O) observe thall1T-1is predicted to lie 10.6 kcal/mol (Table

frequencies calculated using the B3LYP functional. Of 6) above the lowest singlet state 0§(CO).. Therefore, the

course, this close agreement between BP86 and experimengnergy differenceAE between (CO), (12S-1) and Vo-

is somewhat fortuitous because the theoretical frequencies(COh1 (11T-1) + CO would be 10.6+ 10.9= 21.5 kcal/

are harmonic while the experimental results are fundamentalsMol. At the low temperatures (385 K in Ozin’s experi-
Ishikawa et af. have studied the photolysis of gas-phase ment), the free energy differences should be closé&fo

V(CO)s at excimer laser wavelengths using time-resolved Actually, when the theoretical entropies are considered, our

IR kinetic absorption spectroscopy. At long reaction times, theoretical free energy difference for this dissociation is

they find a set of IR/(CO) frequencies at 1890, 1965, and reduced to 21.2 kcal/mol (10 K) or 19.9 kcal/mol (35 K).

2025 cntl, which they assign to MCO), formed by a Note that Ozin and co-workérshave no experimental

combination of a V(CQ)fragment and V(CQ) Keeping in evidence for the number of CO groups in the binuclear

mind the limited resolution of their experiments, these three vanadium carbonyl derivative that they observed. Thus, their

bands could correspond to the most inten&0) vibrations binuclear vanadium carbonyl could be(ZO); rather than

in the most stable isomer computed fos(@0)0, namely, V5(COo.

10S-1(Table 8). In particular, their observed bridgimg ] )
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