ORGANOMETALLICS

pubs.acs.org/Organometallics

Tungsten(VI) N-Heterocyclic Carbene Complexes: Synthetic,
Structural, and Computational Study

Christopher A. Dodds, Mark D. Spicer,* and Tell Tuttle

WestCHEM, Department of Pure & Applied Chemistry, University of Strathclyde, 295 Cathedral Street, Glasgow G1 1XL, UK.

© Supporting Information

ABSTRACT: The reaction of WOCI, with 1,3-bis(2,6-diisopropylphenyl)-
imidazol-2-ylidene (Idipp) leads to an orange solid whose spectroscopic data
are consistent with the 1:1 adduct [WOCI,(Idipp)]. Computational studies at
the DFT level further support this formulation. Exposure of this compound to
the atmosphere results in rapid hydrolysis to various imidazolium salts. If air
diffuses very slowly into solutions of [WOCL,(Idipp)], it also undergoes slow
hydrolysis to form [WO,CL(Idipp)]. This has been crystallographically
characterized and is the first five-coordinate, 1:1 adduct of WO,Cl,. This
complex has also been subject to DFT calculations, and its metal—ligand
bonding has been explored. The carbene—metal interaction is primarily o-
donor in nature. The mechanism of the hydrolysis has also been probed by
computational methods, revealing a plausible, low-energy reaction pathway.

Bl INTRODUCTION

Examples of N-heterocyclic carbene (NHC) complexes have
been known for about 40 years, thanks to the pioneering work
of Wanzlick,' Ofele,” Lappert,3 and Taube.* However, it was
not until the isolation and structural characterization of a free
NHC by Arduengo in the early 1990s’ that the enormous
potential of these species as ligands was widely recognized and
began to be exploited. An explosion of research in this area has
since occurred, resulting in an extensive array of metal NHC
complexes, mostly with low- to medium-oxidation-state later d-
block metals. This work has been driven primarily by the
favorable properties of these ligands in catalytic applications.

In contrast, the chemistry of these ligands with higher
oxidation state metals, while beginning to receive more
attention, remains relatively underdeveloped. The exceptionally
strong o-electron donor ability of NHCs, coupled with their
steric profile,” renders them ideal candidates for stabilizing
high-oxidation-state metal centers. Furthermore, unlike phos-
phines, which readily form phosphine oxides, NHCs are not
susceptible to facile oxidation, and thus complexes may be
prepared by direct combination of the free NHC with high-
oxidation-state oxide and halide precursors. Herrmann reported
the first examples of high-oxidation-state complexes with NHCs
as ligands. Using tetramethylimidazol-2-ylidene the compounds
[CH;ReO4(NHC),] and [MCI,(NHC),] (M = Nb, Ta) were
obtained.® This report was followed by a second’ detailing the
syntheses of [W"'0,CL(NHC),] and [MoO,CI(NHC),]Cl
(NHC = 1,3-dimethylimidazol-2-ylidene). However, the first
structurally characterized high-oxidation-state NHC complex, a
1:1 adduct with VOCl, [VOCL(NHC)] (NHC = 1,3-
dimesitylimidazol-2-ylidene), was not reported until some
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years later.'” In contrast to other VOCI; adducts, which are
highly moisture sensitive,'* this complex is remarkably stable,
being unchanged for extended periods of time even when
exposed to the atmosphere. It is also of particular interest due
to an unusual bonding arrangement in which back-bonding
occurs from the d° metal to the carbene ligand mediated by the
p orbitals on cis-halide ligands.

Subsequently, a number of reports detailing higher oxidation
state NHC complexes have appeared. Abram'> has prepared
and structurally characterized a number of stable Ta", Tc", and
Re" complexes, and Royo et al.'® have also reported adducts of
Re" and a study of [Mo"0,CL(NHC),] complexes.'* Very
recently Hor has described the synthesis of a comparatively
stable molybdenum(VI) compound, [CpMo(O),(NHC)]*, by
reaction of [CpMo(CO),(NHC)(NCMe)]" with ‘BuOOH."
In addition to these d-block complexes, a number of high-
oxidation-state f-block complexes have also been noted. Arnold
has reported the formation of cerium(IV) complexes with
anionic alkoxy-NHC ligands,16 while both Costa and Arnold,"”
have reported high-oxidation-state uranium NHC complexes.

Despite the growing interest in high-oxidation-state early-
transition-metal NHC complexes, this area of chemistry
remains poorly developed, with few complexes having been
unambiguously characterized. For instance, the group 6 (Mo,
W) complexes described above are exceptionally moisture
sensitive materials and without definitive structural determi-
nations remain the subject of considerable conjecture with
regard to their structures. Some decomposition products have
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Scheme 1. Synthesis of Tungsten(VI) NHC Complexes
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Figure 1. Calculated structures of isomers of [WOCL,(Idipp)] (2a, top left; 2b, top right; 2¢, bottom).

been isolated,'® hinting at hydrolytic decomposition, but no B RESULTS AND DISCUSSION

mechanistic information is available. Furthermore, most of the Reaction of freshly prepared WOCI, with 1,3-bis(2,6-
previous studies have utilized the least sterically demanding diisopropylphenyl)imidazol-2-ylidene (Idipp, 1) in toluene
alkyl-substituted carbenes, presumably on the basis that these results in the formation of a deep orange-brown solution,
should be the strongest ¢ donors. In contrast, our surprisingly which on cooling overnight to —18 °C yields an extremely
stable vanadium(V) complex'® utilized a mesityl-substituted moisture sensitive dark orange microcrystalline solid (Scheme
NHC. The steric profiles of the N-aryl imidazol-2-ylidenes are 1).

such that they shield one face of the metal center efficiently and 'H and "°C NMR spectroscopy show the presence of a single

NHC-containing species, whose chemical shifts are consistent
with a coordinated NHC ligand. We believe this species to be

the 1:1 adduct [W(O)ClL,(Idipp)] (2). The IR and Raman
-1

thus lower the rate of ligand displacement and/or hydrolysis.
We reasoned that a similar approach may result in more

tractable products with high-oxidation-state tungsten species.
P & & P spectra of this material show a strong band at ca. 930 cm™ and

We report a contribution to this area of study, including the bands at 384 and 362 cm™" which may be ascribed to modes

first structurally characterized W' NHC complex, which is also with predominantly »(W=0) and v(W—Cl) character,
the first 1:1 adduct of WO,Cl,, and evidence that it is formed as respectively.'® The extreme moisture sensitivity of the material
the result of adventitious hydrolysis. The structures of the has precluded the collection of further reliable spectroscopic
complexes and the mechanism of hydrolysis are subjects of a and analytical data. For instance, mass spectrometry shows only
computational investigation. peaks due to the imidazolium ion. It has not proved possible to

6263 dx.doi.org/10.1021/0m200838f| Organometallics 2011, 30, 6262—6269



Organometallics

grow crystals sufficiently large for X-ray diffraction in order to
unequivocally establish its identity.

In the absence of conclusive structural data, a computational
study was carried out to assess the stability of 2. There are two
primary isomers of 2, one in which the NHC is disposed trans
to the oxo ligand, and one in which it is trans to a chloro ligand.
The geometry-optimized structures of both are shown in Figure
1.

The formation of both isomers is exothermic with respect to
the starting materials (free carbene and WOCI,). The least
energetically favorable isomer 2a (AH = —17.7 kcal mol™") has
the NHC trans to the oxo ligand. A very long W—C distance
(2.633 A) is obtained, which may be rationalized in terms of the
known trans effect of the z-bonding oxo ligand. The more
stable isomer has the NHC ligand cis to the oxo ligand and
trans to chloride. Two energy minima are obtained for this
species which are related by a rotation around the W—C bond
axis: that is, the plane of the imidazol-2-ylidene heterocycle lies
either in the WCI, plane (2b, AH = —19.5 kcal mol™!, d(W—
C) = 2.359 A) or alternatively in the WOCI, plane (2c, AH =
—22.6 keal mol ™!, d(W—C) = 2.317 A). It is interesting to note
that if the structures of 2b,c are calculated using a N,N*-
dimethyl-substituted NHC, although the minimized geometries
obtained are essentially identical, they become equivalent in
energy, implying that the steric contribution in the bulky Idipp
ligand is significant in determining the nuances of conformation
and structure. It is also notable that there is a parallel between
the calculated stability of the complex and the tungsten to
NHC carbon bond distance, confirming that it is this
interaction which is primarily responsible for the stabilization
of the complex with respect to the reactants. Finally, the
calculated IR spectrum shows bands at 930, 334, and 328 cm™,
consistent with the observed spectrum. Thus, the experimental
and computational data strongly support our formulation as the
1:1 adduct of WOCI, with Idipp.

This WOCI, adduct is highly reactive. Solutions exposed to
the atmosphere instantaneously turn deep blue and then
gradually fade to colorless. Imidazolium salts with various
anions (IdippH'X", X~ = CI7, [WOCL]~, [WOCL(OH)]")
have been isolated from these mixtures. However, it was
observed that NMR samples prepared in CDy, if left to stand
in the tube overnight, deposited colorless crystals virtually
quantitatively. Our expectation was that this would be the
imidazolium salt arising from hydrolysis of 2, but dissolution of
this material in CDCl; gave a 'H NMR spectrum whose
chemical shifts were consistent with complexed Idipp.
Concentrated toluene solutions of 2 were found, over a period
of several days, to precipitate a colorless crystalline material
(having an identical "H NMR spectrum). X-ray crystallography
(Figure 2) of a sample thus obtained revealed this material to
be the toluene solvate of the 1:1 complex [WO,Cl,(Idipp)]
(3). This is the first structurally characterized tungsten(VI)
NHC complex and the first 1:1 adduct of WO,Cl, (all
previously reported complexes are pseudo-octahedral 2:1
adducts)."” The steric profile of the NHC ligand is such that
addition of a second ligand would not be possible, and the
strong o-donor ability is sufficient to stabilize the electron-poor
tungsten(VI) center. Attempts to prepare this complex directly
from WO,Cl, yielded mixtures of NHC-containing species,
including the desired complex as the major component (60—
90% by NMR), but it could not be satisfactorily purified.
Attempts to utilize [WO,CL,(NCMe),] or [WO,ClL,(thf),] as
starting materials also resulted in inseparable mixtures.
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Figure 2. X-ray crystal structure of 3 with thermal ellipsoids shown at
the 50% level.

The crystal structure shows the complex to have trigonal-
bipyramidal geometry. The z-donor oxo ligands lie in the
equatorial plane, as might be expected, while one chloride and
the NHC ligand occupy the axial positions. The W=0O
(1.699(3) and 1.704(3) A) and W—Cl (2.346(1) and 2.367(1)
A) distances are in the range of previously characterized
WO,Cl, adducts. Notably, the W—C distance, at 2.223(4) A, is
at the low end of reported W—Cyy¢ distances (range 2.18—
2.31 A, mean 2.26 A),m although these distances do not seem
to vary systematically with either oxidation state or
coordination environment. The observed distance is somewhat
shorter than that calculated for the most stable isomer of the
WOCI, complex, and this is consistent with the less crowded
metal center allowing a stronger metal—carbene interaction.
The equatorial ligands are nearly coplanar (sum of in-plane
angles 359.14°), although there is considerable variation of the
angles within the plane from the ideal 120°. The axial ligands
are tilted toward Cl(2). This results in a very acute CI(2)—
W(1)—C(1) angle (79.27(11)°) and a CI(2)--C(1) distance
(2.930 A) that is substantially shorter than the sum of the van
der Waals radii. This is reminiscent of the situation observed in
[VOCIL;(IMes)] and led us to probe the structure and bonding
by computational methods.

DFT calculations of the putative isomers of 3 were
undertaken in an effort to understand the observed structural
features. Four geometric isomers were considered (3a—d,
Figure 3). The experimentally observed structure, 3a, is found
to be lowest in energy, followed by 3b (+5.57 kecal/mol), the
second isomer with oxo ligands in the equatorial plane. Isomer
3¢, in which one oxo ligand is axial, is some 16.54 kcal/mol less
stable than 3a, while 3d spontaneously rearranges during
structure optimization to give 3a. The structural parameters
from the crystal structure of 3a and the calculated structures of
3a—c are available in the Supporting Information. The
calculated structure of 3a reproduces the structural features of
the crystallographic data well, although the bond distances to
tungsten are overestimated by up to 0.05 A. In all these
minimized structures the W=O distances are essentially
invariant (1.7287—1.7304 A), while there is greater deviation
in the W—CI distances. In 3a the W—CI bond trans to the
carbene is markedly longer (2.4125 A) that the bond cis to the
carbene (2.3084 A), as might be expected on the basis of the
ligand trans influence. The two other isomers are more
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Figure 4. Calculated NHC orbitals potentially able to be involved in metal-NHC bonding.
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Figure S. Semiquantitative MO scheme for [WO,Cl,(Idipp)] and associated bonding molecular orbitals (left), isosurfaces obtained from DFT

calculations (top right), and cartoon representations of the isosurfaces (bottom right).

symmetric, presenting two very similar W—CI distances; 3b has

d(W—Cl) = 2.3654 and 2.3662 A, while 3c has d(W—Cl) =

2.3079 and 2.3084 A. In concert with this decrease in W—Cl

bond distance (and hence increased W—Cl bond strength) the

calculated W—C_ . distance increases (3a, 2.2758 A; 3b,
2.3238 A; 3c, 2.5928 A). This trend, in turn, parallels the
relative energies of the three isomers, the longest W—C_ pene
bond occurring in the least stable isomer, indicating again that
the metal—carbene bond is a decisive factor in the stability of
these species.

We were also interested in probing the electronic structure of
3a.*' The bonding of NHCs with low- and medium-oxidation-
state metal centers has been explored by computational means,
but metals in high oxidation states have received less attention.
Of particular interest is the degree of & back-bonding from the
metal to the carbene #* orbitals. For low oxidation states
Meyer”* and others have shown a significant contribution of
such an interaction to the bond strength. However, for medium
oxidation states it would seem that such an interaction is largely

absent.”> We reported previously'® limited details of a
computational study on [V(O)Cl;(IMes)], which showed an
unusual, alternative 7 interaction of the Cl ligands cis to the

NHC with the carbenic carbon atom. This suggested that in

high-oxidation-state complexes there is still the possibility of

back-bonding via the coligands, despite the formal absence of
electrons at the metal center. Analysis of a range of d’ metal
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carbene complexes, including [{Ti(NHC)Cl},(1,-O)], [Ti-
(NHC)(NMe,),CL], and [TiCl,(NHC)], suggests this inter-
action is widespread in its occurrence.”* Finally, in a low-valent
but electron-deficient (14e) compound analysis has shown a
degree of NHC li%and to metal z-donation to offset the
electron deficiency.”

DEFT calculations on both the free carbene, Idipp, and the
tungsten carbene complex 3a using B3LYP functionals and 6-
31G(p,d) basis sets gave a helpful insight into the bonding in
these species. The free carbene (Figure 4), as might be
expected, has a carbon-based lone pair as the HOMO.
Furthermore, there are five 7 orbitals which are potentially
able to interact with the metal d orbitals. The totally symmetric
orbital (NHC 7,) is at lowest energy and two further orbitals
(NHC 7, and NHC 7x;) are overall bonding in character.
These three orbitals are all occupied. Finally, two unoccupied

high-energy orbitals (NHC 7, and NHC 75) with overall
antibonding character are also observed.

The metal complex has approximate C, symmetry, and
therefore the d orbital degeneracies observed in a pure trigonal-
bipyramidal geometry are lifted. The calculations confirm that
the formal x axis lies along the M—NHC bond and the z axis
along the M—Cl,;, bond and symmetry descent results in the d

orbital representation becoming 3A’ (d,>_3 d.3 d,,) + 2A" (d,,,

d,.). Inevitably the metal—ligand bonding picture is rather
complex, and the interaction between the metal and the NHC

dx.doi.org/10.1021/0m200838f| Organometallics 2011, 30, 6262—6269
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is not independent of the other coligands. The MO surfaces
generated show significant contributions from both NHC and
the oxo and chloro ligands.

Of the NHC molecular orbitals potentially capable of
bonding to the metal, NHC x,, NHC 7z, and NHC 7,
remain, to all intents and purposes, nonbonding in nature in
the complex 3a. NHC 75 interacts very weakly with the d,,
orbital, but the major interaction, as expected, is between NHC
o and the d,>_> and d,> orbitals. The metal—ligand bonding
orbital sets are summarized in Figure 5, which shows the
calculated MO surfaces and cartoon representations. Equivalent
antibonding orbitals are seen in each case. The lowest energy
orbitals are those involving NHC ¢, 2 X Cl(0) and 2 X O(x)
interactions with the metal Sd,>_,> and Sd.* orbitals. The
remaining bonding orbitals have no carbene character but
rather arise from various combinations of metal 5d and O and
Cl orbitals alone. In ascending energy these may be
summarized as follows: 2 X O(po) + 2 X Cl(px) interacting
with 5d,,, 2 X (Opz) + Clyns(p7) interacting with Sd,,, and 2
X O(px) + Cl(px) interacting with Sd,,. The last example also
shows a degree of 7 interaction of this composite orbital with
the carbenic carbon of the NHC, similar to those seen in
[VOCI;(IMes)] and [TiCl,(NMe,),(IMes)].

The full MO bonding picture is summarized in the
semiquantitative orbital energy diagram in Figure 5. It is

6267

interesting to note that the M—L bonding orbitals are
substantially lower in energy than the HOMO, which is a
ligand-based aryl & orbital. However, the LUMO, and several of
those orbitals immediately higher in energy are M-L
antibonding orbitals and thus have substantial metal 5d
character. This is consistent with the formal d° valence electron
configuration and confirms that any reduction process is likely
to be predominantly metal based, in contrast to some low-
valent macrocyclic NHCs recently reported, in which reduction
is ligand based.”

It is clear that in the formation of 3a adventitious hydrolysis
has occurred, transforming the WOCI, fragment into WO,Cl,.
While exposure of 2 to the atmosphere results in rapid and
complete decomposition of the WOCI, adduct, it would seem
that the slow diffusion of moisture into the solution allows a
controlled hydrolysis to take place. Such efficient hydrolytic
transformations are rarely observed in high oxidation state
complexes, complete decomposition being more usual, and we
were interested in probing this reaction further by computa-
tional methods.

Initial attempts to model this reaction using a single molecule
of water resulted in a highly strained transition state of
improbably high energy. Introduction of a second molecule of
water, however, resulted in a plausible reaction pathway
summarized in Figure 6.

dx.doi.org/10.1021/0m200838f| Organometallics 2011, 30, 6262—6269
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The first step is nucleophilic attack by water at the tungsten
center, resulting in a weakening of one of the W—CI bonds.
This may be considered an associative interchange mechanistic
pathway. A second molecule of water mediates the concerted
loss of HCI, accepting a proton from the coordinating water
(generating a coordinated hydroxide) and simultaneously
transferring a proton to the ejected chloride anion. The second
step is the transfer of H' to the chloride anion leading to
elimination of HCl, and this process is again mediated by a
single water molecule, which accepts a proton from the bound
OH and donates a proton to the emergent CI™ anion. The
calculated transition states are shown in Figure 7.

B CONCLUSIONS

The reaction of WOCI, with Idipp yields an extremely moisture
sensitive adduct, which on the basis of NMR spectroscopy and
computational analysis is a six-coordinate species with the
NHC cis to the oxo ligand. Slow hydrolysis of this complex
leads to a high yield of the complex [WO,Cl,(Idipp)], which is
the first five-coordinate 1:1 adduct of WO,Cl, and the first
structurally characterized tungsten(VI) NHC complex. The
metal-NHC bonding, as revealed by DFT calculations, is
primarily o donor in character, with a modest contribution from
back-donation originating from a composite MO involving the
5d,, and Cl p orbitals, similar to interactions observed in other
d° metal carbene complexes. A plausible hydrolysis mechanism,
obtained from DFT calculations, is also reported.

B EXPERIMENTAL DETAILS

General Considerations. All manipulations were performed
under an atmosphere of dry argon gas on a Schlenk line. Glassware
was dried overnight in an oven at 120 °C and prior to use was
evacuated, heated with a heat gun, and filled with dry argon. All
solvents were dried and distilled prior to use: toluene (Na/
benzophenone); dichloromethane (CaH,). 1,3-Bis(2,6-
diisopropylphenyl)imidazolium chloride and its corresponding car-
bene (Idipp) were prepared by the method of Arduengo.”” WOCI,
and WO,Cl, were prepared by the method of Gibson®® and used
immediately. All other chemicals were purchased from Aldrich and
used as received, except for hexamethyldisiloxane, which was distilled
prior to use. NMR spectra were obtained at room temperature in dg-
benzene or CDCIl; on a Bruker DPX 400 spectrometer operating at
400 MHz ("H) and 100 MHz (3C).

Syntheses. Preparation of [WOCI,(Idipp)]. Freshly prepared
WOC], (0.342 g, 1 mmol) was dissolved in toluene (12 mL) and
cooled to —78 °C. To this stirred solution was added via cannula 1,3-
bis(2,6-diisopropylphenyl)imidazol-2-ylidene (0.388 g, 1 mmol) in
toluene (12 mL), also cooled to —78 °C. The reaction mixture was
stirred for 1 h and slowly warmed to room temperature. The mixture
was filtered, removing a small quantity of brown solid and yielding a
deep red-brown solution. An orange-brown microcrystalline product
was isolated by concentration the toluene solution and storing at —18
°C. Yield: ca. 0.4 g; 55%. "H NMR (400 MHz, C(Dg; 6/ppm): 0.92 (d,
12H, CH(CH,),, ¥ = 6.8 Hz); 1.41 (d, 12H, CH(CH,),, *Jip; = 6.8
Hz); 2.71 (sept, 4H, CH(CH,),, *Juyy = 6.8 Hz); 6.58 (s, 2H, im-H*®);
7.03 (d, 4H, meta-CH, 3Jyyy = 7.9 Hz); 7.20 (t, 2H, para-CH, 3Jyy =
7.9 Hz). BC{H} NMR (100 MHz, C(Dg &/ppm): 23.15 (s,
CH(CH,),); 26.44 (s, CH(CH,),); 29.68 (s, CH(CH,),); 124.88 (s,
im-C*%); 129.67 (s, Ar-C); 131.88 (s, Ar-C); 134.51 (s, Ar-C); 146.44
(s, Ar-C).

Preparation of [WO,Cl,(Idipp)]. An isolated sample of [WO-
Cl,(1dipp)] prepared as detailed above was dissolved in a minimum
quantity of dry toluene. Standing in the refrigerator (S °C) for an
extended period (typically about 1 week) resulted in the formation of a
colorless crystalline material in essentially quantitative yield. "H NMR
(400 MHz, CDCly; 8/ppm): 1.13 (d, 12H, CH(CH,),, ¥y = 6.88
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Hz); 143 (d, 12H, CH(CH,),, *Juy = 6.8 Hz); 2.61 (sept, 4H,
CH(CH,),, *Juy = 6.8 Hz); 7.26 (s, 2H, im-H**); 7.32 (d, 4H, meta-
CH, ¥y = 7.8 Hz); 7.53 (t, 2H, para-CH, 3J;y = 7.8 Hz). BC{'H}
NMR (100 MHz, CDCly; 3/ppm): 22.82 (s, C(CHy),); 2630 (s,
C(CH,;),); 29.33 (s, C(CHj;),); 124.50 (s, im-C*); 125.31 (s, Ar-C);
131.53 (s, Ar-C); 137.36 (s, Ar-C); 146.81 (s, Ar-C).

Attempted Direct Preparation of [WO,Cl,(Idipp)] from WO,Cl,.
WO,CI, was prepared in a modification to the procedure outlined by
Gibson et al. A dichloromethane solution of freshly prepared WOCI,
was reacted in situ with a further 1 equiv of hexamethyldisiloxane. The
product was isolated rapidly to prevent formation of undesirable
siloxane species. The WO,Cl, thus prepared (0.287 g, 1 mmol) was
suspended in toluene (12 mL) and cooled to —78 °C. To this stirred
solution was added via cannula 1,3-bis(2,6-diisopropylphenyl)-
imidazol-2-ylidene (0.388 g, 1 mmol) in toluene (12 mL), also cooled
to =78 °C. The reaction mixture was stirred for 1 h and slowly
warmed to room temperature. The mixture was filtered, yielding a
small quantity of pale green solid and a colorless solution.
Microcrystalline material was isolated by concentration of the toluene
solution and storing at —10 °C. Yield: 0.3 g; ca. 45%. The desired
product (60—90%) was also contaminated with varying amounts of at
least two other NHC complexes which could not be separated.

X-ray Crystallography. Crystals were coated in mineral oil under
an N, atmosphere and mounted on a glass fiber. X-ray diffraction data
were obtained at 123(2) K on a Nonius Kappa CCD diffractometer
equipped with graphite-monochromated Mo Ka radiation.

Data reduction and correction for absorption were performed using
the Denzo/Scalepack program.”® The heavy atoms (tungsten and
chlorine) were located in the Patterson map and the light atoms
identified in the Fourier difference map, and the model was refined on
F% All non-H atoms were refined with anisotropic displacement
parameters and, although many of the hydrogen atoms could be
identified in the difference electron density maps, they were placed in
calculated positions, riding on the parent atom. The structure solution
and refinement used the programs Shelxs-86° and Shelxl-97*! and the
WingX utility.32

Theoretical Calculations. All structures were optimized at the
density functional level of theory,® > where the B3LYP func-
tional®*™>? was used in conjunction with the 6-31G(d,p)**~* basis set
and the MWB60 pseudopotential and associated basis set for W.**
Frequency calculations were performed to characterize the optimized
structures as minima or transition states, where the transition states
were found to each have a single imaginary frequency. In addition, the
vibrational frequencies were used to obtain temperature-corrected
energies, enthalpies, entropies, and free energies. The Gaussian03
program*® was used for all calculations. The structures of the NHC
complexes were all calculated using the complete 1,3-bis(2,6-
diisopropylphenyl)imidazole-2-ylidene (Idipp) ligand, whereas the
mechanism was probed by using the 1,3-dimethylimidazol-2-ylidene to
save computational time.

B ASSOCIATED CONTENT

© Supporting Information

Tables giving structural data (both calculated and experimen-
tal), CIF files giving the crystallographic data for
[Idipp]*[WOCI]~ and [WO,CL,(Idipp)], and xyz files giving
the Cartesian coordinates of the calculated structures. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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