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The electronic structure and geometry of W(Q‘;GJ) = 1-6) have been studied at the B3LYP aatdl initio

levels. We find that the ground state of W(CQ$ linear with a sextet spin state, that a linear sextet and a
bent quartet are nearly degenerate for W@@)ﬁd that doublet states are unambiguously the ground states

of W(CO)§ to W(CO); Successive (CQ);W™—CO binding energies have been computed to be larger
than any of those previously determined for other transition metals. We compare our results with available
experimental data. Electron transfers are very important @i@nation from the CO'’s to the metal is found

to be more favorable when involving 5d rather than 6p leading to a preference for the bent rather than linear
structures for W(CQD (n = 2—4); (ii) & back-donation plays a crucial role in shaping these molecules.
These effects provide the driving force for the spin changes as the number of ligands increases. Spin lowering
is associated with an increasing number of doubly rather than singly occupiechésdl orbitals, which
enhances the back-donation ability while reducing the repulsion betweantal electrons and CO lone

pairs. On the basis of our results, we propose an interpretation of the observed differences in gas phase
reactivity of W(CO)f with small hydrocarbons as a functionmf The rationale for this interpretation is that

the initially formed (CO)W*—(hydrocarbon) complex should either have a ground or a low-lying excited
state bearing at least two unpaired electrons on the metal to be able to further activate the hydrocarbon
efficiently.

I. Introduction the successive W(CC,))fragments, when neutral W(C@J)s

Transition metal carbonyl complexes are reference molecules.SUbJeaed to the impact of accelerated electfohtowever there

in more than one area of inorganic chemistry. Binding in such is an important scatter of binding energies in the literature, and
highly symmetrical molecules has been a valuable testing groundaccurate values are clearly desirable.

for the donation/back-donation model of metégjand interac- In recent years a large body of o!ata} has begyn tp acc.um.ulate
tion. This has resulted in a synergistic development of for the successive metatarbonyl binding energies in cationic
theoretical models and spectroscopic studies up to a rather_complexeg. The mr?tm techniques used are thresh_old CI.D Inan
sophisticated level, including part of the vibrational progres- 10" beam instrumeritthreshold photoelr(]actr(_afplhotcl)loT C%';i;
sions! Interest in W(CQy is also due in part to the fact that it cidence (TPEPICOY, and quantum chemical calculatiotis.
is a very common material in solution phase organometallic

Nearly all of these studies have dealt with first-row transition
chemistry? where displacement of CO by several types of met_als, so that detailed results on the entire row are now
ligands is readily accomplishéd.In the last decade, the available for mononuclear carbonyl complexes. Data for
corresponding cation W(C@) has become a reference molecule

second- and third-row metal carbonyls remain quite scarce, so
in mass spectrometry (MS). Many MS studies involve activa- that there is a strong need to extend these studies to heavier
tion steps aimed at dissociating ions (in order, e.g., to derive

elements.

structural information from the nature of the fragments formed), ~ lon—molecule reactions of W(CQ)(n = 0—4) with small
and a crucial aspect of these methods is the amount of energyhydrocarbons have recently been carried'éand it was found
actually deposited in the parent species. In cases such as metdfat the reactivity strongly depends upon the number of carbonyl
carbonyls, where all fragmentation processes (or nearly so) areligands on thg metal. For instance methane activation leading
simple bond cleavages, knowledge of the successive,(@Uj— to_ the fgrmgmon of metatmethylene complexes through, H
CO binding energies enables one to derive distributions of €limination is observed fon = 0—2 but not forn = 3 or 4.
internal energies on the basis of the relative intensities of Another important variation, especially prominent in the reac-
W(CO) fragments (0< n = 6). This has lead to a wealth of t|ons_vv_|th aIkenes_, is the participation of CO detac_hment_ to the
information about several activation processes such as low- and'®@ctivity. Thus, in the reactions with propene, elimination of
high-energy collision-induced dissociation (CID)lectron- Hz+ CO s exclusively observed with WCOthe same channel
induced dissociation (ElI)neutralization-reionization (NRMS}, is dominant with W(COJj but is accompanied by minor
and charge exchange processekhese analyses rely on binding  amounts of losses of 2+and of CO,W(CQJ leads essentially
energies which have been obtained as appearance potentials fd@ loss of B, with a minor competitive loss of CO, and the
latter (which is a simple ligand displacement reaction) is the
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low-lying excited electronic states. Since*Was a sextet [ll. Discussion of the B3LYP Results
ground stat® and W(COX has a doublet ground state, there .
must be two spin changes along the way. An important feature X€Sults. B3LYP results for the low-lying states of

Co e i~ : W(CO): (n = 1-6) are listed in Table 1. Binding energies of
to determine in the W(CQ)serles is the position of these spin . :

i i W(CO); were calculated with respect to the lowest B3LYP

changes. The observed reactivity may also be influenced by n 4 d with resp .
the geometry of the various ions and the relative energy of W(CO),-, + CO dissociation limit. All the listed structures
excited states of the same or other spin multiplicity. This has have been characterized as being minima, and the figure labels
constituted an additional motivation to undertake a thorough in Table 1 refer to the corresponding molecular frame orientation

theoretical study of W(CQ)(n = 1—6), which is the purpose given in Figure 1. Assuming this molecular orientation, we
of the present paper. give in Table 1 the main geometrical parameters and the W

Details of the methods used are given in section Il. A detailed electronic configuration for each complex structure. As ex-

description of the different electronic states of each comolex in pected, the spin multiplicity of the ground state decreases as
>Crpt ° dl onic sta . . PIEXIN the number of CO ligands increases, and our B3LYP results
their B3LYP optimized geometries is given in section Ill. In

- — 3
section 1V, we compare our B3LYP and ab initio results, and suggest that W(CO) W(CO),, and W(COI (n= 3. 6) have
. - . . . asextet, quartet, and doublet ground state respectively. W(CQO)
a comparison of our results to literature data is given in section h i . W CQ) bent shao@lf) in it
V. Finally, we attempt to relate computational results to as a linear geometry. W(COhas a bent shapelg) in its

4 i in i 6
experimental observations in section VI. B, .BSLYP ground _state but a "”e"?“ geometga) in its °X
excited state. As discussed in section IV, these two states are

predicted to be very close at the post-HF level. W@?@as a

Il. Theoretical Methods trigonal pyramid geometny3¢) in its 2A’ ground state but rather
prefers planar3a or 3b) geometries in its excited sextet and
Low-energy structures of the successive W(EQh = quartet states. W(CQ)has a butterfly shapet€) in its 2A;

1-6) complexes in different spin states (sextet, quartet, and ground state and square pyramidal ofadr 4b) in its quartet
doublet) have been characterized using the density functionalexcited states. W(CQ)has a square pyramid geometBc)
approach. Structures were fully characterized (geometries andin its 2B ground state, but both square pyrantit)(and trigonal
harmonic frequencies) using a hybrid density functional denoted bipyramid 6a) structures have been characterized on the quartet
as B3LYP*which is a modified version of a hybrid functional  potential energy surfaces. W(CDhas a slightly distorted
originally proposed by Beck®. Even though this hybrid density  structure 6) in its 2B, ground state.

functional has been shown to perform well for various transition  oyerview of the Bonding in W(CO)n*. In order to help

metal containing systeni$,results for a selected set of com- ¢jarify the following discussion on the geometrical and electronic
plexes were compared to those obtained using ab initio post-gstyctures of each complex, we would like first to give a brief
HF methods, where all valence plus the metal outer cofe 5s gytline to aid in understanding the electronic configuration in
and 5§ electrons were correlated. Post-HF caICl_JIations Were the lowest-lying states of each case and especially the spin
based on second-order MoltePlesset perturbation (MP2)  changes from sextet to quartet to doublet as the number of CO
formalism and also, for the smaller complexes, the coupled- jncreases. The ground state of \I¢ a sextefD (6s'5d), with
cluster formalism with the singles and doubles substitutions g first excited statéS (5¢F) only 9.5 kcal/mol higher in energy,
(CCSD}" and a perturbational estimate of the connected triples pyt with very high-lying quartet and doublet statésTherefore,
(CCSD(T))*® It should be noted that while the spin contami-  sq hybridization, which amounts §®/6S mixing on the metal,

nation is rather small 63“ the B3LYP level (the error on &1 s easily realized, while the two successive spin changes, when
is Ie_s_s than 15x 1073 for all the states conS|dered)_, it is going from W to W(CO)QT, must be induced by the increasing
significant at the UMP2 level (the largest error on s 3 ligand field.

x 1072 for the _sextet and.doublet and>6 1072 for a quartet). As can be seen in Table 1, tRECWC angles of the ground

A small basis set (basis 1) was used to expand the Kohn  state of each complex are all roughly equal to eithet 80
Sham orbitals, and two larger bases (2 and 3) were also usedig, and therefore, the electronic configuration on the metal
for the post-HF calculations. In all calculations, the 60 inner- ¢ation can be simply understood by considering that the CO
core electrons of W were described by a relativistic effective ligands bind to W along three perpendicular axes. One can
core potential? In basis 1, W (5s, 5p, and valence electrons) therefore distinguish, as in the well-known octahedral coordina-
was described by an optimized [4s4p3d] contraction of a tjon case, two subsets of d orbitals on"Wassuming that the
(7s6p5d) Gaussian basis ¥eand the C and O atoms were  metal-ligand bonds are along they, andz axes, there are (i)
represented by the polarized full doulileset of Dunning and  two d orbitals (gk-,2,d2) pointing toward the ligands @iwhich
Hay2! In order to describe electron correlation at the post-HF gre symmetry adapted for the ligand-to-metalectron transfer
levels, basis set extensions were made by adding (1) one set ofnd (ji) the three others 4g 0y, dy;) with two nodes along the
f polarization functionsg; = 0.225) to W (basis 2) and (2) two  metal-ligands planes (g which are symmetry adapted for the
f polarization functionsg; = 0.225, 0.700) to W and extending  metal-to-ligandx electron transfer (back-donation). Thus, as
the CO basis set to cc-pVPZ(basis 3). Cartesian representa- the number of ligands increases, the sextet spin coupling on
tion of the d and f spaces has been used for all the calculations.the metal is less and less favorable since it leads to electron
Finally, we tested the effect of adding diffuse sp functions on repulsions between singly occupiegl atbitals ands CO lone
C and O in some cases (see section V). pairs. These three-electron repulsions can be reduced by an sd

The Gaussian 92/DFT and Gaussian 94 packdgese been hybridization of the singly occupied,drbital (Scheme 1) but
used throughout. Harmonic frequencies have been determinedhis is only efficient in the smaller complexes (as we will see
at the B3LYP level. When mentioned in the text, population in the sextet states of W(C®)and W(CO}). For larger
analyses refer to results obtained with the Weinhold formalism complexes, it is more favorable to promote the metal to a high-
(natural population analys)included in the Gaussian pack- energy electronic configuration by successively transferring the
ages. two d, electrons into dorbitals, which strengthens the- WCO
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TABLE 1: B3LYP Binding Energies (in kcal/mol) and Main Geometrical Parameters (Bond Lengths in A, Angles in deg) for a
Selected Set of W(CQ) States

figure W+ electronic d d
system shape symmetry labeP configuratio®? state DCwe: w-C G-0Od D¢°
CcO ) 1.14
W(CO)" linear Cev (0,22)X7w,x2y2)%(0 X2—Y?,XY)? DY 2.04 1.14 538
(0,22)X(7r,x2y2)%(0,X2—y? xy)* R 1.94 1.15 34.3
(0,2) Yt xzy2)* DY 1.89 1.16 34
w(coy, linear Donh 2a (0,2)X(7r, X2y 2 (0, X2—Y? XY)? 5z 2.17 1.14 38.6
(0,22)X(7r,x2y2)%(0,X2—y? xy)* R 2.09 1.14 23.8
(77,x2y2)4(0 X2—y?,xy)* A 2.05 1.15 3.9
bent Ca 2b (b1, x2Y (@ xy)X(a1,22—y) a,y)* “B: 107.1 2.00 1.15 24.7
(b1, xD%(ae,xy) (a0, 22— Y) (&, YD) ‘A 77.0 1.98 1.15 27.0
(b1,x2) Y (ae.xy) (a1, 22—y ¥ a,y)* “B2 87.7 1.97 1.15 458
(bux2)X(ae,Xy)X(a,22—Yy?)* 27, 89.8 195 116 171
(b1,%2)Y(ae,xy)4(a1,2—Y?)? B, 99.2 1.95 1.15 26.8
(bu.x2)X(2e,Xy) @, 2—Yy?)? A, 80.3 1.94 115 290
W(Cog planar Dan 3a (a’l,zz)l(e' XY X2—y2)2(e' xzy2)? SAY 2.12 1.14 21.3
Ca 3b (b2,y2)2(b1,x2) (20, xy) (ay,y?)* ‘B, 91.2 (1) 1.98 1.15 419
(2 211 114
Ca 3b (b2,y2)Y(b1,x2)%(20,XY)? B, 93.0 (1) 1.95 1.16 15.2
(2) 210 114
Ca 3b (b2,y2)%(b1,x2)%(2g,xy)* A, 90.4 (1) 1.92 1.16 21.8
(2 211 114
Ca 3b (b2,y2)%(b1,x2) Y (2g,XY)? B; 918 (1) 1.98 1.15 26.6
(2) 206 115
trigonal Cs 3¢ (@)2@)xa@) A" (1,1) 907 (1) 1.98 115 487
pyramid 1,2) 83.0 (2) 195 1.15
Cs 3c @)x@)i@")? A’ (1,1) 839 (1) 1.96 115 496
(1,2) 963 (2) 197 115
W(CO);  square planar Dan 4a (21022 (g, X2y 2% (Drg,XY) (301)* By 2.14 1.15 14.6
Dan 4a (19.22) (g, X2y 2% (b1g,XY)? “Aqg 212 1.14 34.1
Dan 4a (eg,XzYy2)*(b1g,xy)* 2Byg 2.10 1.15 8.9
Dan 4b (b1g,Xy)?(b2g,X2)Y(b3g,y2)? 2Bog 1) 2.06 1.15 19.9
(2) 212 114
butterfly Ca 4 (bayD' (@22 X @xy)? B, (1,1) 1772 (1) =212 114 393
(2,2) 970 (2) 197 115
Ca 4 (bny2A(@,22)X@exy): A,  (1,1) 1763 (1) 212 114 412
(2,2) 833 (2) 196 1.15
Ca 4 (bny2A(a,22) aXy)? A, (1,1) 1750 (1) 207 115 429
(2,2) 847 (2) 199 115
W(CO), trigonal Ca 5a (b2,y2)2(b1,x2)*(ae,xy) (a1,22)* ‘B, (1,2) 87.3 (1) 2.06 1.15 19.5
bipyramid (1,3) 1299 (2) 211 114
(3) 211 114
square Cu 5b (exzy2*(bzxy)*(as,2)* ‘Ar (1,20 1053 (1) 213 114 200
pyramid 2) 2.09 1.15
Cay 5b  (exzy2*(baxy)t B, (1,2) 908 (1) 1.96 115 380
(2 212 114
Co 5c (b2,y2)?(b1,x2) (20, xy)? B, 1,2) 916 (1) 1.99 1.15 422
(1,3) 929 (2) 208 115
(3) 212 114
W(CO);  pseudo Dan 6 (eg,X2y2)*(b2g,Xy)* 2Byg 1) 2.08 1.15 420
octahedral 2 212 1.14

aFigure labels refer to the ones given in Figure This is a simplified description corresponding to the maih(uf) electronic configuration
and therefore neglecting hybridization on the metal and delocalization on the ligdnd4CO angles are not given since they are always very
close to 180. ¢ When there are different classes of symmetry equivalent CO’s (see FiguiejLyefers to thedCGWGC; angles. i) refers to the
WG and GO; bond lengths® The values for the ground states are given in boldface.

bonds since it (i) reduces tlerepulsion and favors the ligand-  and define precisely, in particular, to what extent the 6p orbitals
to-metalo donation and (ii) increases the potential metal-to- participate to the bonding in polarizing the metaland
ligand 7 electron transfers from doubly instead of singly orbitals. For W(COJ and larger complexes, we will present
occupied d orbitals into the antibonding’ carbonyl orbitals.  the results based on the fact that doublet states are the most

The participation of the valence p orbitals of the metal iS gtapje and show that the state ordering for a given spin coupling
questionable in cationic organometallic systems. Indeed, inthe ., the metal is governed by the extent of metal-to-ligand
case of W for example, atomic states with a nonzero 6p donation

occupation are known to be high in enef§yThus, in a first ) )
approximation, we can consider that only the 6s and the two W™. The experimental energy difference between Jhe
5d, orbitals are available to get the donation from the GO  Weighted average energies of iz (6s' 5¢) W* ground state
lone pairs, while occupying the 5avill contribute to the metal-  and the first excited statés (5&) is 9.5 kcal/moF* A good
to-ligand donation. With the discussion of W(CO@and description of this energy splitting is a prerequirement for the
W(CO);, we will refine this simplified view of the bonding  study of W(CO) complexes where 6s5d hybridization,
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y x
f\a
W(CO)3 linear (D,p) W(CO)3 bent (Cay)
2a 2b

W(COM (D3p) W(CO); T-shape (Cov) W(COY trigonal-pyramid (C9  W(CO){ Square-Planar (Dgp) W(CO)} Square-Planar (D7) W(CO)} Butterfly (Cpy)
3a 3b 3¢ 4a 4b 4c
z z
Y B4

W(CO) trigonal-bipyramid (Cpy) W(CO)3 square-pyramid (Cqy) W(CO)§ square-pyramid (Coy) ~ W(CO) pseudo-octahedral (Dgn)
6
5a 5b 5¢
Figure 1. Structure shape and corresponding symmetry point group of the different isomers of each:W(ImD)ex optimized at the B3LYP
level. Labels i) specify the different classes of symmetry equivalent CO’s. Bond lengths and angles are given in Table 1.

SCHEME 1: Valence ¢ Molecular Orbitals of W(CO) * B3LYP binding energies in cases involving significant changes
in metal s/d hybridization, such as W(COand quartet W
- (Coy,.
W(CO)*. The linear geometry of each spin state has been
65 - 5d,2 optimized for W(COY, and we found that the ground state is
a®s. Minimizing o repulsion leads to singly occupying both
— OO d- (dxand g4, and both ¢ orbitals (dy and dz—2), correspond-
6s+5d2  ncg ing to a®T state (see Table 1). In thespace, hybridization

which corresponds to the mixing of the two above mentioned between the 6s and Garbitals helps reducing electron density
states on W, plays an important role in the bonding. Using along thez axis (see Scheme 1). This sd hybridization seems
our smallest basis set (basis 1), the B3LYP value of the W to be very efficient (the singly occupied on W' is 50% 6s
(.D—5S) energy splitting is 12.1 kcal/mol, in reasonable and 50% 5¢) to reduce ther electron repulsion, and it results
agreement with the experimental value. This is also the casein a fairly large binding energy of 53.8 kcal/mol at the B3LYP
of the UHF level, with a splitting of 12.7 kcal/mol. While the level. Other sextet states are higher in energy since both the s
inclusion of electron correlation, which is expected to be slightly and dz orbitals are singly occupied. In such a casezzs/d
larger in a 58than in a 6%d* electronic configuration, should  hybridization is no longer operative, leading to higlelectron
lower the splitting relative to UHF, we obtain UMP2/1 and repulsion with the ligand. Th&b state derives from th& by
CCSD(T)/1 values of 21.3 and 21.2 kcal/mol, respectively. (If a promotion of the W ¢ electron into the glset. The shortening

the outer core 5s and 5p electrons are not correlatedthe of the W—C (1.94 versus 2.04 A) and lengthening of the@

6S energy splitting is 11.2 kcal/mol at the MP2/2 level. While (1.15 versus 1.14 A) bonds indicate, as expected, an increase
this could potentially lead to a better description of the sd of electron transfers. Indeed, according to the population
hybridization, we found that, on the contrary, it leads to a slight analysis of théX and“® states, there is an electron transfer of
reduction of the bond dissociation energies (BDE's) (aboit about 0.15 and 0.30 electron from a singly and doubly occupied
kcal/mol for each BDE. Since this approach seems to be flawed, d, orbital, respectively. Nevertheless, the reinforcement of the
the outer-core electron correlation was maintained.) The W—CO bond is not sufficient to overcome the large promotion
addition of a set of f functions on the metal has nearly no effect energy to a quartet state onf\and the B3LYP binding energy
(basis 2), while the addition of the second set of f functions of the *® state relative to the sextet ground state dissociation
(basis 3) lowers these values to 16.2 and 16.3 kcal/mol, limit is only 34.2 kcal/mol. Thisz?® electronic configuration
respectively. In conclusion, one should keep in mind that the must give rise to the most stable states among the quartet
s/d hybridization is probably better described at the B3LYP than manifold since it maximizes occupancy, and therefore metal-

at theab initio level, which will lead to smalleab initio than to-ligand back-donation. Th&\ state derives from th&D by
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SCHEME 2: Back-Donating & Molecular Orbitals of SCHEME 3: Donation from the Antisymmetric Linear
wW(CO)* Combination of aco in W(CO)3: Difference between the
Linear and Bent Structures
= H Ce® —®o°
Y e

d-py hybridization
a promotion of one W d;s electron into the gset, and it thereby ,/&q

results in a further shortening of the ¥C (1.89 versus 1.94
A) and lengthening of the €0 (1.16 versus 1.15 A) bonds. gCHEME 4: Electronic Configurations of the Back-
This state is predicted to be slightly bound by 3.4 kcal/mol at donating # Molecular Orbitals in the Quartet and

the B3LYP level. Doublet States of Bent W(CO}
W(CO); As for W(CO)', all possible spin states have

been considered: sextet, quartet, and doublet. Lirgarand % % #— % 4?— % %
bent @b) isomers have been characterized on the quartet and
doublet potential energy surfaces, and the bent structure is the
absolute minimum in both cases. On the contrary, no bent
extremum was found on the sextet surface. The W{CO)
ground state is delicate to assign because two different spin by %— % %- % 47 %
multiplicities compete and, at our best level of theory, the
conclusion is that lined= and bentB, are probably very close
in energy (see section 1IV). The existence of the bent ground
state for M(COj is rare. In a systematic study of all first and
second-row transition metal dicarbonyl complexes, Barnes et a % 41_ % % % _?7
al. found that all are linear except Mn(COYLb
18, 4A, 48, 24, 2B, 24,

The W(CO} 6% state can be deduced from tRe ground
state of W(COJ by adding the second ligand on the opposite
side of the metal. In W(CO) there are two types of
hybridization on the metal. (i) The sd hybridization, which
reduces thes metalk-ligand repulsion by removing electron
density from the bonding axis, therefore also benefits the secon
ligand. For an essentially puke donor such as $D, it may
lead to a larger binding energy for the second than for the first
ligand. (ii) There might also be, in the case mfacceptor
ligands, a polarization of the,trbitals toward the first ligand
through d/p, mixing (Scheme 2). In W(C@then orbitals
are symmetrical, so that this polarization is lost, and this will
have the tendency to reduce the binding energy of the secon
ligand like in linear W(CQOJ. In the case of W(CQ), the
second effect is stronger than the first and it results in a smaller
binding energy for the second than for the first ligand. The
binding energy of théX state of W(CO)L is 38.6 kcal/mol at
the B3LYP level, 15.2 kcal/mol smaller than that of tf®
ground state of W(CO) This loss of binding energy is
probably exaggerated at the B3LYP level, which is known to
overestimate the first binding energy to an a#rand we indeed
found that it is only 8 kcal/mol at our beab initio level (see
section IV). This, of course, also has geometrical effects, and
one can see in Table 1 that¥C and C-O distances increase
and ecrease, respecly. when gong fom WISG)  Sopeme 4. Assuring SCWE ange f 3. tre & - 7t

- ) p is maximum in the in-plane B0, and about the same

Linear quartet and doublet states were also considered. Asjj the out-of-plane aand k ones. Thus théB, ground state
for the sextet, their electronic structures are derived straight- corresponds to the double occupancy of theMO, which
forwardly from those of the quartet and doublet states of maximizes metal-to-ligand donation, and i and?*A states
W(CO)". Because of the high promotion energy to lower spin gre of the same energy. The difference&@WC equilibrium
states of W, the ordering remains sextetquartet< doublet.  angle for these three states (see Table 1) can also be understood
However, the back-donating ability of the doubly occupied sjng the MO pictures of Scheme 4. Ligand-to-metal donation
orbital(s) is now directed toward two ligands simultaneously fom the out-of-phase combination of the CO lone pairs is
instead of only one in W(CO) leading to much smaller energy  maximum for aOCWC right angle (Scheme 4) while the
differences between various spin states in W@:O)mpared d. — 7%, overlap in the out-of-planeib(a) MO increases
to W(CO)*. In comparing the linear W(CO)and W(CO} when the equilibrium angle is smaller (larger) tharf,98nd
geometrical parameters for the quartet and doublet states, arthis leads to 77.0and 107.0 equilibrium angles for théA,
evolution of the bond lengths can be found which is very similar and 4B; states where these orbitals are doubly occupied
to the one discussed above for the sextet states. respectively. On the contrary, sincg€ 7&, overlap in the in-

On the quartet PES, three bent minima have been found toplane a MO is maximum for a right angle, thé8, OCWC
be lower in energy than the lowest linear structure corresponding equilibrium angle is found to be 89.7

to the*d state. This structural preference is likely to be due to
o effects. In both linear and bent conformations the in-phase
gcombination of the CO lone pairs donates into & bd hybrid.
However, as can be seen in Scheme 3, the out-of-phase
combination of the CO lone pairs is symmetry adapted to
interact only with a W 6p in the linear geometry, while in the
bent one, it interacts with the empty goaccceptor 5d orbital
and also the 6p. Population analysis of tf& state shows
that the electron transfer into tlheacceptor 5¢ orbital is large
d(0.6 electron), which also allows a better metal-to-ligand
electron transfer. Such a preference for the donation into a metal
d instead ba p orbital is also at the origin of the distortion in
a & MLg such as WH2> In the case of the sextet state where
no empty d orbital is available, a scan on the potential energy
surface showed that there is no bent extremum.
At the B3LYP level, we found that théB; and“A; states
are almost degenerate and lie about 20 kcal/mol abovéBthe
ground state (see Table 1). This energy ordering demonstrates
the importance of maximizing the occupation of theotbitals
that have the largest overlap with a maximunvig, orbitals.
In the bent geometry, three, drbitals are symmetry adapted
to interact with linear combinations off, as depicted in
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SCHEME 5: Electronic Configurations of the Back-
Donating & Molecular Orbitals in the Doublet States of
Trigonal Pyramidal W(CO)

a" (Cy

a' (C)

a' (Cy

o %

The energy ordering 24, ’B; < 2A;) and OCWC
equilibrium angles (803 99.2, and 89.8) of the three bent

~
~
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SCHEME 6: Donation from a Linear Combination of
oco into an Empty W*(5d) Orbital in Planar W(CO);r

SCHEME 7: Electronic Configurations of the Back-
Donating & Molecular Orbitals in the Quartet and

Doublet States of Planar W(COY}

L O

Lo

doublet states can also be understood on the basis of the MO
pictures of Scheme 4. In the lowest two states, a deviation from
the OCWC right angle allows an increase of the overlap in one
of the doubly occupied linear combination of, @énd &,
Finally, since the d — n%, overlap in the out-of-plane;t{ay)
MO increases when the equilibrium angle is smaller (larger)
than 90, it is not surprising that thelCWC equilibrium angle
of the 2A; was found to be close to a right angle (89.8
W(CO);. W(CO); has a?A’ ground state, and the corre-
sponding minimum energy structure has a trigonal pyramidal Symmetry adapted linear combinations of CO lone pairs can
shape 3c). The binding energy of this state, calculated with only donate into a W 6p orbital, while in the trigonal pyramid
respect to the bent W(c(z‘))4|32 + CO dissociation limit, is arrangement, the three symmetry adapted linear combinations
49.6 kcal/mol (see Table 1). At the same level of theory, the of CO lone pairs can donate into the empty 6s and 5d orbitals,
binding energy of the lowest quartet stat8) is also quite which are good acceptor orbitals, and some of them can also
large (41.9 kcal/mol). This spin state ordering has been be mixed with 6p orbitals. This also explains why, on the
confirmed usingab initio approaches, and our best estimate for contrary, the T-shaped arrangement of the ligands is more
this state energy splitting is at least 7 kcal/mol (see section 1V). favorable when the Welectrons are quartet spin coupled: while
This spin change is not surprising if one considers the evolution four W* valence electrons can be distributed in the thrge d
of the relative energies of the three spin states from W(CO) orbitals, the remaining fifth can be put in an sd hybrid pointing
to W(CO);. From the B3LYP results on W(C®) one can away from the ligand (|._e., along theams,_ see Figure 1) When_
extract the binding energy of CO to W(COIn a sextet, quartet, ~ the complex geometry is T-shaped, while it would have to lie
and doublet spin state as 38.6, 65.3, and 79.4 kcal/mol,ina hlgh-energy orbital (with strong 6p character) with a trigonal
respectively. The relative energies of these three spin states inPyramid structure.
W(CO), are+7.2 €2), 0.0 ¢B,), and+16.8 @A) kcal/mol, In an idealizedCs, trigonal pyramid, the three Wd,; orbitals
respectively. Assuming that the binding energy in each spin have aand e symmetry, and since thehes the largest overlap
state is roughly the same in W(CDand W(COJ, one would ~ With the 7%, orbitals, the expected W(CQ)ground state
have expected to have the doublet and quartet states close irlerives from the & W+ valence electronic configuration.
energy for W(COJ, with a sextet state about 30 kcal/mol The resulting doubly degenera€ state splits into two states,
higher in energy. This is close to our B3LYP results where and it leads to théA’" ground state, with théA" state only 0.9
the lowest sextet and quartet states are respectively 28.3 andcal/mol higher in energy. The Jahiieller distortion is indeed

4B, 1A, 4By 2Ay 2By 244

7.7 kcal/mol higher in energy than the doublet ground state.
As discussed in the beginning of this sectiolG§WC angles
in all W(CO)!" ground states are close to°96r 18, and this

is largely due to the maximization of back-donating interactions.

In doublet states such as the ground state of W{GC@®kre are
two doubly occupied metal d orbitals which efficiently donate
electrons torg, orbitals. In order to maximize this type of
interaction with all three CO'’s, two idealized structur€s,
T-shaped 3b) andCs, trigonal pyramid 8c), can be envisioned
for W(CO); We give in Schemes-57 the shape of the W

d, orbitals which are symmetry adapted to interact with the
gy in each of them. Two doublet state®\( and?A"") with

Cs structure resulting from a slight deformation from the
idealizedCs, trigonal pyramid are much more strongly bound
than the three doublet states witiCa T-shaped structuré®,
2A,, 2By). In the T-shaped structure, one out of the three

small since, in order to maximize metal-to-liganddonation,
OCWC angles are very close to 90

The relative energies of the three doublet T-shaped minima
also derive from the relative strengths of metal-to-ligand
donation. From the shape of the threg atbitals given in
Scheme 7, one can see that the &, and h d, orbitals are
symmetry adapted to donate into a linear combination of three,
two, and onert, respectively. As expected, tH8; state,
derived from the Be5b; electronic configuration, is the lowest
one since it maximizes the ¥Wwto CO  donation.

We considered one T-shaped quartet structure with the
electronic configuration that is expected to maximize the metal-
to-ligand 7 donation (with two electrons in the,dof b,
symmetry), and the resultinf3, state was found to be bound
by 41.9 kcal/mol at the B3LYP level. We also computed a
guartet state with a trigonal pyramid shape, but the extremum
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SCHEME 8: Donation from Two Linear Combinations

of aco in W(CO):{: Difference between the Square Planar Square Planar W(CO),
and Butterfly Structures d“;

? S
O
% \\‘\. )
S d-p,, hybridization \

SCHEME 9: Back-Bonding & Molecular Orbitals of ‘ — by
Butterfly W(CO) ;

SCHEME 10: Back-Bonding & Molecular Orbitals of

— — g

o

SCHEME 11: Back-Bonding & Molecular Orbitals of
Square Pyramidal W(CO),

found on the PES*A") is high in energy (binding energy of
28.6 kcal/mol), and it is a transition state on the quartet PES.

W(CO)I. Square planar4@ and 4b) and butterfly 4c)
structures have been considered for W(EO)The doublet
ground state has a butterfly shape, while the lowest quartet
structure has a square planar geometry. As found in the cases 8
of W(CO); and W(COY, the structural preference for the -
doublet spin state is likely to be due to the fact that, when the
complex has a square planar skeleton, two linear combinations
of the o CO lone pairs can only donate into a"/ép orbital,
while there is only on such nonefficieatdonation scheme when
the complex has a butterfly skeleton (see Scheme 8). On the W(CO)s. Two low-energy structures have been found on
contrary, a square planar geometry is more favorable for quartetthe doublet potential energy surfaces. The ground state is the
states since it is possible to minimize #heepulsion by having ~ ?B1, and it is bound by 42.2 kcal/mol. In contrast with the
a Wt valence electron along the vacant axis, while the four smaller complexes where the quartet/doublet energy difference
remaining are accommodated in theahes, leading to a quartet  is small (see Table 1), the lowest quartet energy structiévg (
manifold. lies 22.2 kcal/mol above théB; ground state.

For the butterfly structure, we characterized the three doublet Depending upon the occupation of the metal d orbitals, square
states derived from the three possible electronic configurationspyramid and trigonal bipyramid are known to be competitive
generated by distributing the five doublet-coupled Walence  structures for pentacoordinated compleXesihe two doublet
electrons into the three,trbitals depicted in Scheme 9. The structures have a square pyramid geometry WithGOsyia—
three resulting states are very close in energy (see Table 1), bulW—CGOsasaangle close to 90(see Table 1). This is already
still the state ordering correlates with the amounts pftal documented for other low-spir? transition metal complexées.
7t donation: the?A; ground state corresponds to doubly We give in Scheme 11 the shape of the thre@ubitals for a
occupying the two gorbitals with the largest overlap with the  square pyramid geometry. Theyarbital can donate into the
T four basal CO’s, while the other two only donate into the axial

The three ¢ orbitals able to donate electrons into the and two trans basal ligands. As expected, we found?Bie

o

symmetry-adaptedz, combinations in the idealizedDa,

ground state to be derived from thg(d,d )° configuration,

square planar geometry are given in Scheme 10. It is morebut there is an excite@B; state only 4.2 kcal/mol higher in

favorable to maximize the occupancy of thg,lwhich back-
donates into four CO’s, rather than that of the twaoosbitals,
which only back-donate into two CO’s. This leads t6Bag

state with aD,, minimum which has two short and two long

W—C bonds (2.06 and 2.12 A) due to the difference it W
CO donation along the two metaligand axes. We also
optimized aD4, doublet state where the twg erbitals are both

energy with aCs, minimum derived from the fg(dxzdyz)4
electronic configuration.

We also investigated the quartet potential energy surfaces,
and the two lowest states are simply derived from the two above
doublet states by promoting one electron from a doubly occupied
5d into an a orbital (see Table 1). We found that thed®
and“A; states are almost degenerate (see Table 1) at about 20

doubly occupied and the fis singly occupied, and as expected, kcal/mol above the ground state. The singly occupieatiital

the correspondingB.q state is higher (by 11 kcal/mol) than

the D2 ?Byg State.
Finally, we should mention that we also optimized/ag

has a strong antibonding character, which explains why these
two states are high in energy.
W(CO)g'. The structure of W(CQ)in its singlet ground

state with the most favorable metal-to-ligand donation scheme, state is an octahedron, with the classig#bgsplitting of the d
and we found it to be relatively strongly bound (by 34.1 kcal/  plock. Removing an electron from one of the occupigg t
mol) at the B3LYP level. Thus the doublet/quartet energy orbitals leads to a JahrTeller distortion to &4, geometry in

splitting is still relatively small in W(CO}) (8.8 kcal/mol) and
comparable to the one in W(C§D17.7 kcal/moal).

which two bonds, corresponding to back-donation from one
singly and one doubly occupied; dnetal orbitals, are longer
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are given at the B3LYP/1 level, and at the MP2/1 in italics.
The binding energies computed at varicals initio post-HF
levels are presented in Table 2, where they are compared to the
B3LYP results discussed in the previous section. The energetic
ordering of the minima of the different PES are found to be in
good agreement betweeab initio and DFT, except for
W(CO);r for which the former predicts the line&E ground
state and the berftB, state to be nearly degenerate, while
B3LYP predicts theéB; to be the ground state. Except for this
case, there is no ambiguity on the spin multiplicity of the ground
state: W(COY is a sextet, while W(CQ) to W(CO), are
doublets.

In order to obtain accuratab initio D. values for the
successive metalcarbonyl binding energies, several calibration
calculations were carried out using a variety of basis sets and
two levels of treatment of electron correlation, MP2 and CCSD-
(T). The CCSD(T) level with a large basis set is expected to
be reliable, but it is intractable for W(C@) and larger
complexes. Ab initio calibration calculations for W(C@)and
W(CO);r show the following trends (see Table 2): (i) at either
the MP2 or CCSD(T) level, the use of a moderately sized basis
set appeatrs to lead to an underestimation of the binding energies
(see the results obtained with basis 1 versus bases 2 and 3 in
Table 2). Since a large basis set superposition error (BSSE) is
expected employing such a restricted one-particle basis set in
conjunction with these levels of correlation treatment, these
results show the necessity to extend the one-particle basis. (ii)
As expected, the correlation error is larger for a bond formation
involving a spin change, leading to larger increases of BDE for
the doublet than for the quartet state, itself larger than for the
sextet state. The same trend is observed for larger complexes
when comparing MP2 1//1 to MP2 2//2 level. (iii) It appears
that the use of an f set on W (basis 2) is necessary for a good
. description of the bonding interaction. Since the BDE increase
2T LIS Uagng 205 113 from basis 1 to basis 2 is fairly large, we investigated the effect

of geometry reoptimization with basis 2 on several complexes
in several spin states. It turned out to be negligible in all cases.
(iv) For the linear states of W(C®)and W(COY, there is
good agreement between the MP2 and CCSD(T) results with a
given basis. Since the latter can only be performed for the
smaller cases, MP2 is the method of choice for studying larger
complexes, since a compromise between accuracy and tractabil-
ity is unavoidable. Therefore the MP2 2//1 level was used.

Compared to B3LYP results, it is clear that MP2 2//1 BDE's
are significantly larger for W(C@)to W(CO); (see Table 2).

As can be seen in Figure 2, this is consistent with@/bonds
being shorter and €0 bonds being longer at the MP2 than at
the B3LYP level. Since all of these cases correspond to doublet
W(COX (ZBZg,D ™) spin states, we expected that there was a common source of
disagreement. As discussed below, experimental data in the
Figure 2. Comparison of the main geometrical parameters of a selected |iterature show much better agreement with the B3LYP than
set of W(CO} complexes optimized at the B3LYP/1 and MP2/1 (in  wjth the MP2 results, so that additional calibration calculations
italics) levels. JWCO, all very close to 180 are not given in this 4 the MP2 level were performed. In particular, further basis
figure. set extensions have been investigated. We expect that this could
arise from the lack of diffuse functions on C and O in our bases.

204 114 194 115

@ 195 §1.1%

W(CO)* ()

W(COH (°x)

W(COY; A W(CO) By

W(COY (*By,Cav) W(CO) (®By,Cov)

211 1.15

Ejhoinblth?)c%tl?ei[agou%hgsvr\glécl:lhmt;Otgitﬁggkc-)??hneaggs%ocr)triglrt]arﬁai;es In order to check this possibility, MP2 calculations were
ubly pied. in 9 X . mperformed (using MP2/basis 1 geometries) on the lifEatates
this structure a quasi octahedral one. Excited states arise fro

+
promotion of an electron from thegytto the g set (expressed in S\fl (C\‘{\/O()c;:r(\)/\zith ?r?g a\lj\é(céc?ivérnzdb;sr;s E:gtet; ZnSBCZC Zt\f;‘:[l_ez 8:1 c
On symmetry) and are therefore expected to be of rather high el §
egeréy. ) P 9 and 0 (basis 3). The BDE of tH& state of W(COYJ is 48.2

kcal mol%, a reduction of only 0.1 kcal mot compared to the
result with basis 3. It should be noted that significant spin
contamination occurs, so that the projected MP2 (PMP2) BDE
Optimized geometries for a selected set of structures andis 49.4 kcal motl. For the®S state of linear W(CQ), this
electronic states of W(CQ)are shown in Figure 2. Values basis set improvement does not change the computed BDE of

IV. Comparison of B3LYP and ab Initio Results
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TABLE 2: Comparison of B3LYP and ab Initio Binding Energies (in kcal/mol) for a Selected Set of W(CQ) States

Dea,b
MP2 B3LYP
system structure (symmetry)  state  1//1 (diff) 212 (diffy 343 141 2/2 313 1/1 (difff B3LYP® ab initio?
W(CO)" linear C.) D) 41.0 47.7 47.7 48.3 4838 41.6 474 469 538 54.9 51 46
(45.2) (48.2) (51.9)
linear C..,) ‘D 8.7 17.4 175 192 196 119 19.3 198 34.3
(13.2)
linear C..,) 2A -21.3 -113 -112 -82 -—-7.7 —-172 -9.2 34
(—13.7)
W(CO);r linear Own) D) 374 42.9 429 39.0 397 348 39.8 38.6 394 36 39
(42.4) (39.0) (36.7)
linear Ocn) ‘@ 10.0 18.9 18.9 8.3 155 23.8
(17.2)
bent Cz) ‘B, 29.7 38.0 38.0 38.9 33.8 458 46.9 43 38
(36.5) (39.2) (44.0)
W(CO)s trigonal planar Da) Y 22.6 25.8 21.3
T-shapedC,,) ‘B, 35.6 44.6 41.9
trigonal pyramid C)  2A' 414 515 57.2 49.6 51 59
W(CO); square planarn) ‘A 393 44.0 44.0 34.1
butterfly (Cz.) A, 436 504 42.9 45 52
W(CO), square pyramidQz,) B; 48.4 53.9 42.2 43 55
square pyramidG,) B, 44.0 49.0 38.0
W(Co)gr pseudo octahedraDg,) 2Bag 50.3 55.8 42.0 420 43 55
(54.0)

an//m stands for energy calculation with basisbased on the geometry optimized using basi§ De values in parentheses correspond to results
obtained in the corresponding n//m basis set augmented with diffuse sp functions orf C@rsesponding to the best B3LYP calculationixf
corrected with B3LYP/1 computed zero-point energie8orresponding to the beab initio calculation ofDe corrected with B3LYP/1 computed
zero-point energies.

39.0 kcal mot®. There is no significant difference with the (42.0 kcal/mol) and only slightly increases the sum of the six
PMP2 value of 38.8 kcal mot in this case. Further improve-  binding energies of 281.3 instead of 276.5 kcal/mol as evaluated
ment of the one particle basis was achieved by adding a atthe B3LYP/1 level. The same procedure also leads to a slight
supplementary p functior;(= 0.06) in the 5d region of W, increase of the binding energy for WCO in its T state and
in order to help polarize the occupied5arbitals toward the (CO)W*F—CO in both its*B, and T states 41.1, +0.8, and
ligand(s). Again no significant change was obtained for either +1.1 kcal/mol). Nevertheless, as can be seen in Table 2, further
the 8T state of W(COJ (48.5 and 49.5 kcal mot at the UMP2 expansion of the basis set more than compensates this increasing
and PMP2 levels, respectively), th&E state of linear effect and decreases the three above mentioned binding energies
W(CO); (38.7 and 38.7 kcal mot), or the*B, state of bent by —3.0,—2.7, and—2.9 kcal/mol, respectively. We concluded
W((;o);r (38.9 and 40.4 kcal mob). that the B3LYP/1 results are slightly overestimated but that the
Since the worst overestimations of BDE’s at the MP2 level error is probably much smaller than that due to the neglect of
may be on the larger complexes, calculations were performedspin—orbit effects.
on W(Cog by enlarging the CO basis to aug-cc-pVTZ. In
order to make the computation tractable, this improvement wasV. Comparison to Literature Data
done only for two CO ligands in trans relative positions. This .
energy can be compared to that of W(GOh basis 2 plus Comparison with Literature Values for W(CO) ¢ and
twice the energy of CO in basis 3, yielding the sum of BDE's W(CO)e. Comparison of the BDE's obtained in the present
in W(CO) and W(COJ. The resulting value of 110.3 kcal ~Work with literature results, most of which were derived as
mol-1 is in good agreement with the MP2 2//1 value of 109.7 appearance potentials in electron impact spectra, is displayed
kcal molL. Therefore, the only case where basis 2 appears to In Table 3. It can be seen that a fair agreement exists between
be clearly insufficient is for the evaluation of the binding energy all values for W(CO) and W(COJ, that there is more
of W(CO);' as expected since it is associated with a Spin dispersion for W(C@, and that rather SpeCtaCUIar differences
change, leading to an large associated change in correlationexist for W(COY, W(CO), and W(COJ. In the latter case
energy. At this point, we have no explanation to offer for the most literature values, ranging from 62 to 86 kcal/mol, are

difference in computed BDE’s between B3LYP and MP2 for unreasonably high. This is likely to be due to significant kinetic
W(CO)' (n = 3-6). shifts, since the loss of six ligands is a relatively improbable

One-particle basis set extension effects have also beenProcess to occur at the threshold. The same reason could explain
investigated for the B3LYP approach (see Table 2). Indeed, Why our B3LYP value for the (CO)W-CO BDE is again much
Baerends and co-workéfsrecently pointed out that using a lower than all measured appearance potentials of W{CO)
restricted basis set can lead to a substantial overestimation ofexcept that of Michels et & There is in fact very good
the metat-ligand binding energy. Using the B3LYP/1 opti- agreement between the latter set of experimental BDE's and
mized geometries, we evaluated the effects on binding energiesour B3LYP results except for those for W(CO)
of (i) adding a set of f polarization functions on"B3LYP If the maximum value of 27.7 kcal mo! from the photo-

2//1 results) and (ii) a further addition of sp diffuse functions dissociation study by Lloyd and Schidgs corrected for the
on CO. As can be seen in Table 2, addition of f polarization average vibrational energy of W(COat 298 K of 7.5 kcal
functions does not change the (G@)"™—CO binding energy mol~1, a maximum value of 35.2 kcal mdl is obtained for
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TABLE 3: Bond Dissociation Energies of Tungsten Carbonyl Cations (in kcal/mol)

this work, this work,
bond BIVP FPCQ@ WK¢e Jg! MSe LS ab initio B3LYP

(CORW*t—CO 32.1 34.8 28.6 17.8 39.0 <35.2 55 43
(COpW*t—CO 47.7 42.7 66.9 65.5 44.3 55 43
(CORW*t—CO 40.8 41.0 50.7 42.0 42.4 52 45
(CORW*t—CO 48.4 57.0 62.3 51.0 51.4 59 51
(CO)Wf—-CO 66.9 56.0 60.0 56.0 47.7 39 43
W*—-CO 69.2 48.4 62.3 86.2 61.6 46 51
sum 305.1 279.9 330.8 318.5 286.4 306 276

aReference 8a& Reference 8¢ Reference 8cd Reference 8c Reference 8€.Reference 1a.

(COBW*—CO, in acceptable agreement with the most recent case of W(CQ)J, (i) to the neglect of spirorbit effects and
appearance potential and our B3LYP value. also (ii) to the fact that B3LYP probably does not describe
The sum of the six successive BDE's in W(CgLOt)an be accurately the differential electronic correlation between two
directly obtained by another route. The heat of formation of different spin states of the system (i.e., W(G@nd W +
gaseous W(CQ)at 298 K8 is —212.0+ 1.2 kcal mot?. On 6(CO)).
the basis of the experimental vibrational frequencies of W§CO) Comparison with Other Metal—Carbonyl Complexes.
its heat of formation &0 K can be calculated at212.9+ 1.2 Comparison of the successive binding energies in WE{C0)
kcal mol™%. The first ionization potential of gaseous W(GO)  those previously determined for the carbonyl complexes'gtev
has been determin&das 8.242+ 0.006 eV or 190.1+ 0.1 Crt 9.10aFgr 9a10bc.11q\j+ 9 Cu+ 9 and Ag™ % shows that the
kcal mol-%. This leads to a heat of formation of W(CDat 0 tungsten values are much higher than those of any of the other
K of —22.8+ 1.3 kcal mofL. Using the 0 K heat of formation ~ metals. Indeed, all values determined here at the B3LYP level
of W* and CO of 387 and-27.2 kcal mot*,? the enthalpy of  |ie in the 1.8-2.4 eV range (see Table 1), while the vast majority
decomposition of W(CdJ) into WH and six CO’s can be  of bond energies in other cases are in the-Q.% eV range,
estimated as 247 kcal mdl and the largest is 1.81 eV for NiCO The reason for these
This amounts to the sum of the six metahrbonyl bond higher bond strengths cannot be attributed to a stronger
enthalpies in W(CCZ). It is noticeably smaller than the sum of  electrostatic and/or polarization interaction, since the B3LYP
B3LYP binding energies of 276 kcal mdland even more so ~ W—C bond lengths are in the 1.92.08 A range (see Table
compared to the sum of ab initio BDE’s of 306 kcal mbl 1), while for instance the B3LYP-optimized +€ lengths in
Part of the difference arises from the neglect of sfirbit Fe(CO) (n = 1-5) are slightly shorter, in the 1.82.04 A
coupling in the computations. This effect is large in baré, W  range!!2 Itis likely that the additional binding strength brought
since the energy difference between the lowdst(Y/,) state about in the tungsten case is due to the better ability of its
arising from the®D (6s' 5d*) term and the weighted average valence orbitals to hybridize for optimum interaction with the
energy of théD is 0.514 eV or 11.9 kcal mot.13 In W(CO), ligand orbitals. The 5s/6d mixing is very efficient due to the
the by group of orbitals splits into azg of lower energy, and much better size matching between these valence orbitals in
a doubly degenerateg’,g of higher energy. The energy gap third-row metals, as compared to that in first-row metals where
between these two energy levels has been measured as 0.28 is very poors?
eV19 and computed as 0.23 €¥. If we make the assumption
that this picture also holds for W(CQ) then two of the VI. Back to Chemistry
corresponding electrons are stabilized by ca. 0.05 eV, while the . .
other three are destabilized by ca. 0.18%8Mf we make the Ion—+M0IecuIe Reactions. The gas phase reactivity of
crude approximation that the total energy of these five electrons W(CO), (n = 1-4) with C,—Cs hydrocarbons has been
is the sum of the five orbital energies, this leads to an overall Shown to follow a rather complex patteth.A guiding principle
destabilization of ca. 0.44 eV or 10.1 kcal mbl Adding the has been proposédaccording to which there must be at least
effects of W and W(COX, we obtain a decrease of the sum WO unpalr_ed electrons on _the m_etal_ for oxidative addltlon to
of BDE’s in W(CO)6+ of 22 kcal motl This leads to proceed without a substantial activation energy. This suggests

satisfactory agreement between experiment and the sum ofthat WCO" (sextet) and W(CQ) (either quartet or sextet)
B3LYP bond energies. should be reactive, while larger complexes should not since they
We have also carried out B3LYP calculations on the neutral &ll have doublet ground states with only one unpaired electron.
complexes W(CQ) (n = 5—6), which can be compared to This nicely matches experimental observations in the case of
experimental and previous theorefféaPresults for the (CQW— methane, since only WCOand W(COJ react spontaneously
CO BDE, and the sum of the six BDE’s in W(C§) Our to form W(CO)(CH)* and W(CO)(CH,)*, respectively. How-
estimated (CQW—CO BDE is 46.7 kcal mott, in fairly good ever all W(COI are observed to react with larger alkanes.

agreement with the experimental value of 46t02 kcal This can be explained as follows. The reaction of bareé W
mol~1 31¢ and previous theoretical values of 48&and 48.0 with methane proceeds with limited efficiency, ca. 20% of the
kcal mol1.3% Our B3LYP optimized geometry (W& 2.06 collision rate, so that this figure is expected to be very sensitive

A and CO= 1.16 A) is also in excellent agreement with t0 any change in reaction conditions, such as the presence of
experiment (WC= 2.058 A and CO= 1.148 A)3ld This spectator carbonyl ligands. On the other hand, the reactions
confirms that B3LYP provides good geometries and binding With larger alkanes are much more efficient, suggesting that
energies for organometallic systems, as also found with otherthe highest energy barrier and the exist channel lie significantly
nonlocal density functional approaches by Ziegler e, below the reactants’ energies. Consider W(£Oand
However, our estimated sum of the six BDE’s (300.6 kcal W(CO)I. Their doublet ground states are not expected to be
mol™?) is too large compared to the experimental value of 256 reactive, but the transition to their lowest quartet state only
kcal mol-1.31¢ This latter discrepancy might be due, as in the requires 7.7 and 8.8 kcal nmd| respectively. Thus it is



3976 J. Phys. Chem. A, Vol. 101, No. 21, 1997

conceivable that this transition is impossible in their reaction

with methane since that of the sextet"\illready occurs near

the threshold, while it becomes accessible in the reactions with

Buker et al.

(9) (a) Schultz, R. H.; Crellin, K. C.; Armentrout, P. B.Am Chem
Soc 1991, 113 8590. (b) Khan, F. A.; Clemmer, D. E.; Schultz, R. H.;

Armentrout, P. BJ. Phys Chem 1993 97, 7978. (c) Meyer, F.; Chen,

Y.-M.; Armentrout, P. BJ. Am Chem Soc 1995 117, 4071. (d) Khan,

larger alkanes since they give rise to deeper initial electrostatic F. A.; Steele, D. L.; Armentrout, P. B. Phys Chem 1995 99, 7819. (e)

potential wells, and they involve metal insertion into slightly
weaker C-H bonds.

Sievers, M. R.; Armentrout, P. B. Phys Chem 1995 99, 8135.
(10) (a) Das, P. R.; Nishimura, T.; Meisels, G.55Phys Chem 1985
89, 2808. (b) Norwood, K.; Ali, A.; Flesch, G. D.; Ng, C. ¥. Am Chem

Reactions with alkenes are different since simple complex- soc 1999 112, 7502. (c) Fieber-Erdmann, M.; Holub-Krappe, E. Beg
ation with ethene and propene is expected to be highly G.; Dujardin, G.; Ding, Alnt. J. Mass Spectromon Processe4995 149/

stabilizing. Indeed, interaction with thre bond of alkenes is
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150, 513.
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W(CO): with alkenes, a channel that is essentially absent in 7

those with alkanes. It is therefore likely that the initial

complexation of an alkene leads to a well of more than 40 kcal

mol~! depth (a typical tungstercarbonyl binding energy),
allowing for easy transition to states of higher spin multiplicity

on the metal. This reasoning also explains why dehydrogenation

of ethene and propene is spontaneous with WQCWhiIe the
only channel observed with W(C®)is ligand exchange. In
the former case, the initial W(Cgfplkene) complex should
have electronic states closely resembling those of WICO).

with a small doublet-to-quartet transition energy enabling meta
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