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Abstract

B3LYP and MP2 are used to investigate the geometry and aromaticity of tungstenacyclobutadiene, Cl;W(-ButC-CMe-CMe-).
Nucleus-independent chemical shift is used as an index of aromaticity for this experimentally observed metallacyclobutadiene. Addition-
ally, charge effects are explored by characterizing the aromaticity of the tungstenacyclobutadiene fragment ions, WC; Hf and WC3H3+1.
CMO-NICS analysis provides the contribution of each B3LYP orbital to the aromaticity and allows differentiation between orbitals of ¢

and © symmetries.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Metallacyclobutadienes are most noted for their role as
intermediates in acetylene metathesis [1]. Additionally,
these systems exhibit enough stability to have been isolated
and characterized [2-4]. Metallacyclobutadienes are unsat-
urated planar cyclic systems analogous to cyclobutadienes
and are therefore of interest due to contrasting behaviors.
Cyclobutadienes are considered transiently stable at best
and the lack of stability is associated with the molecule’s
antiaromatic nature. One of the most common consider-
ations made to the aromaticity of planar cyclic unsaturated
molecules is the number of m-electrons: the Hiickel rule
suggests that planar molecules with 4n + 2 m-electrons are
more stable than molecules with 4n m-electrons. Like cyclo-
butadiene, metallacyclobutadienes with 4 m-electrons could
be classified as antiatromatic. Metallacyclobutadienes,
however, have a high symmetry and a stability, which is
atypical of antiaromatic molecules [5].

What makes the metallacyclobutadienes unique is the
inclusion of d orbitals in the valance 7 system. There have
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been several theoretical studies of metallacyclobutadienes.
A study by Bursten [6] exploring the relative stability and
high symmetry of metallacyclobutadienes indicated that
the metal’s d orbitals offer greater bond formation with
the p orbitals of the C atoms in the ring. Later studies by
Anslyn, Brusich, and Goddard [7] and then Woo, Folga,
and Ziegler [8] elaborated more on the electronic structure
of metallacyclobutadiene and the energetics of the meta-
thesis process along with conversion to metallatetrahed-
rane. Other than mentioning aromaticity in terms of the
7 electrons, neither study characterized the magnetic nature
of the systems.

Recently in the work of Huang, Yang, and Li [9], a far
more comprehensive study defining the aromaticity of sev-
eral transition metal heterocyclic complexes was performed.
They reported the aromaticity of the molecules in terms of a
variety of methods including some related to magnetic char-
acter such as diamagnetic susceptibility exaltation and
NMR chemical shift of out-ring protons. In this work we
apply nucleus-independent chemical-shift to the four-mem-
ber tungstacyclobutadiene and explore the aromatic charac-
ter of the molecule in terms of orbital contributions. We
wish to address the following questions: How do the o
and = electrons contribute to the aromaticity? What is the
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effect of charge on the aromaticity of the metallacyclobut-
adiene core as in adding two electrons? and the related ques-
tion; Does the metallacyclobutadiene ring follow the
Hiickel 4n + 2 rule for aromaticity?

2. Calculation details

Energy optimized geometries and vibrational frequencies
have been computed for three different tungstenacyclo-
butadiene systems. The first corresponds to the experimen-
tally isolated system, Cl;W(-ButC-CMe-CMe-), [2] and
the other two systems include the metallacyclobutadiene
fragments, WCs;Hj3, with charges of +1 and +3. Density
functional theory used in this study consisted of both the
correlation functional of Lee, Yang, and Parr [10] along
with Becke’s three-parameter hybrid functional [11]
(B3LYP). MP2 calculations were performed with four
frozen core electrons. Basis sets for the W and Cl atoms in-
cluded the Los Alamos effective core potential plus double
zeta (LANL2DZ) [12]. For the C and H centers, either a
Dunning/Huzinaga full double zeta [13] basis set (D95)
was used or the standard 6-31g** basis with the polariza-
tion functions added to Cl as described in Huang, Yang,
and Li [9]. We will refer to the LANL2DZ with the D95 ba-
sis on C and H as Bl and the LANL2DZ with the 6-31g**
basis on Cl, C and H as B2.

NMR shielding tensors were computed with the guage-
independent atomic orbital (GIAO) method [14-18]
B3LYP. Nucleus-independent chemical shifts [19] (NICS)
were the result of calculating the isotropic shift at the geo-
metric center of the ring as described in the section labeled
nucleus-independent chemical shift. All calculations were
performed with GAuUssiaNn98 [20]. The NICS of the contri-
butions from each canonical molecular orbital (CMO-
NICS) are performed using the NBo 5.0 program [21].

3. Molecular geometry

The geometry of Cl;W(-ButC-CMe—-CMe-) can be de-
scribed as having a trigonal pentagonal orientation about

a [155.1] CH3
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the metal center with two of the Cl ligands occupying axial
positions above and below, and the remaining Cl along
with the hydrocarbon ring occupy the equatorial position.
Fig. 1(a) provides the experimental bond distances along
with our B3LYP/B1 and B3LYP/B2 results. Although
computed gas phase bond lengths are typically longer than
solid state experimental, our bond distances and angles are
in good agreement those of experiment. Specifically, the
experimental W—aC bond distance adjacent to the #-butyl
group is 1.869 A whereas the B3LYP/BI is 1.924 A and
the BALYP/B2 is 1.915 A. These computed bond distances
give the largest difference from experiment of 0.055 and
0.046 A, respectively. The difference in the W-oC and
aC—BC bond lengths is attributed to steric effects. For
example, replacing the -But with Me, for example, has lit-
tle effect on the longer bond length. The B3LYP/B1 geom-
etry optimized W-oC bond distances are 1.912 and
1.900 A. A similar result is observed with the aC-BC as
they become much closer in length, 1.467 and 1.486 A,
respective of their counter parts from Fig. 1(a). The small
difference in the two pair of bonds Cl;W(-CMe-CMe-—
CMe-) are attributed to the orientation of the Me attached
to the BC as replacement of the Me groups with H atoms
leads to system with a symmetry of C,,.

The remaining computed ring bond distances of Cl;W-
(-ButC-CMe-CMe-) are no more than 0.034 A longer
than the corresponding experimental bond distances. In
comparing B3LYP of the two different basis sets with
experimental bond distances, the B1 basis gives slightly bet-
ter C—C bond distances whereas the B2 gives better W—aC
bond distances and a significantly better W—CI bond dis-
tances. The largest Bl W-aC bond distance deviation is
0.055 A and the largest C-C bond distance difference is
0.013 A. The B3LYP/Bl W-equatorial Cl bond distance
is 0.047 A longer than the reported experimental value
whereas the B3LYP/B2 is equivalent with experiment.
The W-axial Cl bond distances are both equal and com-
puted to be longer than the W—equatorial Cl bond distance.
B3LYP/B1 and B3LYP/B2 W-equatorial Cl bond dis-
tances are 2.469 and 2.424 A, respectively.

Hsc\ CHg
C/ i CH
Cl
-~
(162.8) - . .
[166.2] ~ [1.916] . (118.3)
. 1121.2]
Cl (2.407) M CH3
[2.325]
22061 4 ) 11.625]
Cl (74.6)
[76.5]
(162%)
b [157.2] CH3

Fig. 1. (a) Experimental and calculated bond distances (A) and angles (°) of CzW(-ButC-CMe-CMe-). The top values listed are the available
experimental numbers as provided in [2], BSLYP/BI1 values are enclosed in parenthesis, and B3LYP/B2 values are enclosed in brackets. (b) Computed
MP2 bond distances (A) and angles (°). MP2/BI values are enclosed in parenthesis, MP2/ B2 values are enclosed in brackets.
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Fig. 1(b) gives select bond distances and angles for both
basis sets at the MP2 level. Unlike the molecular geometry
as reported by experiment and density functional, the result-
ing MP2/B1 geometry suggests localized double and single
bonds between the ring atoms. The MP2/Bl W—-aC bond
distances are 1.991 and 1.842 A and the aC—BC bond dis-
tances are 1.391 and 1.744 A. The MP2/B2 is closer to those
of B3LYP and experiment as the W-aC bond distances are
1.916 and 1.848 A, and both aC—BC bond distances are
1.405 and 1.525 A. By comparison with the B1 basis set,
B2 significantly improves the bond distances at the MP2
level. However, relative to the DFT used in this study,
MP2 under-emphasizes the delocalization. The MP2/B2
difference between the 2 oaC—BC bonds in the ring is
0.120 A whereas the difference in the B3LYP/B2 ring aC—
BC bond distances is 0.060 A.The aC—BC bond distance dis-
tortion in the MPZ/QBI is even more pronounced where the
difference is 0.353 A. The MP°2/B1 W-equatorial Cl bond
distance is 2.407 A or 0.077 A longer than the reported
experimental value, whereas, the MP2/B2 is W-equatorial
Cl bond distance is 0.005 A shorter than the reported
experimental value. As with B3LYP, the MP2 W-axial Cl
bond distances are both longer than the W-equatorial Cl
bond distance. MP2/B1 and MP2/B2 W-equatorial Cl bond
distances are 2.488 and 2.406 A, respectively. Although not
reported here, the computed vibrational frequencies with
this MP2 geometry are all non-imaginary.

The aromaticity of the tungstenacyclobutadiene depends
on the nature of the electronic structure of the WC;Hj ring.
In this work, we explore the singlet states of both the
WC;H{? and the WC;H{' fragment ions. The computed
geometries, total energies, zero point vibrational energies,
and NICS values for the +1 and +3 fragment ions are pre-
sented in Fig. 2. Geometry optimizations with both
B3LYP/B1 and B3LYP/B2 for WC;H{* were initially per-
formed without symmetry and converged to a structure
indicating C,, where bond distances were within 0.001 A
and bond angles where within 0.001° of ) symmetry.
W-aC bond distances of 1.881 and 1.860 A and aC-fC
bond distances of 1.524 and 1.490 A, respective of the
method and basis sets. Geometry optimizations with
B3LYP/BI and the B3LYP/B2 WC3H;rl also converged
to a symmetry of Cpy with similar tolerances listed above,
with W-aC bond distances of 1.895 and 1.867 A and
aC—BC bond distances of 1.455 and 1.437 A, respectively.
The aC—BC bond distances suggest that the WC3H3+1 also
better represents the electronic structure of the ring in
Cl3;W(-ButC-CMe-CMe-). The W-oC bond distance
changes little from the +1 ion to the +3 and we address this
below.

4. Nucleus-independent chemical-shift

The aromaticity of the organometallic rings of this study
are characterized in terms of NICS. NICS is a simple probe
of aromaticity determined by calculating the absolute mag-
netic shielding at a location within the aromatic part of the

Singlet, +3, C,, Singlet, +1, C,,

Energy  ZPE NICS(0) Energy ZPE NICS
-182.2070 0.0419 +23.8 -183.4705 0.0453 -135.4
(-182.2451) (0.0452)  (+14.9)  (-183.4987) (0.0451)  (-138.7)

Fig. 2. Geometries, energies, zero point energies and NICS of the
tungstenacyclobutadiene ions. B3LYP/B1 bond distances and angles are
the top values, whereas, the B3LYP/B2 numbers are enclosed in
parenthesis.

molecule, typically the center of the ring [19]. Negative val-
ues of NICS indicate a diatropic ring current in the pres-
ence of an applied magnetic field whereas a positive
NICS value indicates a paratropic ring current. A diatropic
ring current manifests itself experimentally as a low-field
shift in the NMR of the exocyclic protons, consistent with
aromatic molecules. By contrast, a paratropic ring current
corresponds to a high-field shift in the NMR consistent
with antiaromatic molecules. In summary, a negative NICS
indicates an aromatic molecule whereas a positive NICS
indicates an antiaromatic molecule.

NICS values were taken at a location near the geometri-
cal center of the ring. Typically, NICS is taken at the mass
weighted center of the molecule [19], however, due to both
the large mass and electronic extent of the WCl; fragment
relative to the C3H; fragment, NICS was taken at the geo-
metric center of the ring. The geometric center of the ring
was chosen as the intersection of the line between the two
oC and the line connecting the metal with the BC indicated
by the asterisk in Fig. 1. We chose the geometric center of
the ring as the location of NICS as it is closer to the center
of the aromaticity of the ring. Furthermore, the electronic
extent of the metal’s electrons cause NICS fluctuate signif-
icantly near the nuclear centers. A more thorough justifica-
tion for this choice of center can be found in Appendix A.

The B3LYP/B1 NICS value of Cl;W(-ButC-CMe-
CMe-) was calculated to be —28.0 ppm whereas B3LYP
with the B2 basis gives a slightly larger NICS value of
—31.6 ppm. Even though the geometry is significantly dis-
torted suggesting localized bonding in the ring, MP2/B1
NICS is —24.9 and the MP2/B2 NICS is slightly more dia-
tropic with a value of —29.1 ppm. NICS confirms the aro-
maticity of tungstenacyclobutadiene.

5. Charge and aromaticity
The aromaticity of molecules such as cyclobutadiene,

benzene, and their ions follow the Hiickel 4n + 2 rule,
in that, addition or removal of pairs of electrons toggles
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a system between aromatic and antiaromatic. As such, all
properties associated with aromaticity should toggle along
with the number of n electrons. The valence electrons of
these planar unsaturated hydrocarbons are dominated
by m orbitals from which the Hiickel 4n + 2 rule is de-
rived. Adding or removing pairs of electrons from transi-
tion-metal metallacycloalkenes, however, would suggest a
more sophisticated treatment for the determination of
aromaticity as the d orbitals from the metal center inter-
act differently then do s and p orbitals.

Initially, it might seem sensible to model Cl;W(-ButC-
CMe-CMe-) with a +2 charge when considering the Hiic-
kel 4n + 2 rule. The dilemma, however, is that the positive
2 charge is distributed throughout the molecule. In a
B3LYP/BI calculation, the charge on the metal center
of ClW(-ButC-CMe-CMe-)*? is +1.14 whereas the
charge on the metal in the neutral species is +0.80. The
sum of the charges on the three CI ligands goes from
—0.04 in the positive two species to —0.81 in the neutral.
These calculations indicate that the overall charge on
the ring in the neutral Cl;W(-ButC-CMe-CMe-) is closer
to +1 rather than the +3 as would be predicted by for-
mally counting electrons. Therefore, the [W(C;H3)]! is
a better model of the electronic structure of the title sys-
tem then is [W(C3H5)]™. However, to help understand
the orbital and charge effects on the aromaticity of the
metallacyclobutadiene ring, we look to both WCsH; frag-
ment ions.

NICS calculations for the WC;H;' fragment ion indi-
cate the system to be aromatic as the B3LYP/BI1 and the
B3LYP/B2 NICS are both diatropic, —135.4 and —138.7,
respectively. The B3LYP/B1 and the B3LYP/B2 NICS,
however, indicate WC3H§3 to be paratropic overall with
values of +23.8 and +14.9, respectively. The WC3H3+1 frag-
ment ion is aromatic whereas the WC;H;” fragment ion is
antiaromatic, yet the geometries of these fragment ions
are very similar. Antiaromatic molecules are thought to
have adjacent bond distances that alternate between single
and double [22], however, this is not the case in the
WC3H3+3 fragment ion. In comparing the bond distances
of WC;H' and WC;H;” there is only a relatively small
differences in the structure of the ions. The B3LYP/B1
W-oC bond is 0.014 A longer in WC;H{! than the corre-
sponding bond distance of WC3H3+3 whereas the aC—BC
bond distance is 0.069 A shorter between the respective
fragment ions.

To understand these results Figs. 3 and 4 contain the
B3LYP/BI CMO-NICS analysis of both WC3H;r3 and
WC3H3“, respectively. From Fig. 3, both the ¢ and = elec-
trons of WC3H§r3 are paratropic overall. The highest three
o molecular orbitals are diatropic, whereas the lower o
orbitals shown are diatropic. The core orbitals contribute
little. It is the HOMO-2( o) orbital making the largest para-
tropic contribution of +30.6. The HOMO of the system is a
n orbital and is paratropic, +49.1 ppm. The HOMO-3~ is
the second highest n orbital, and this delocalized orbital
is diatropic in nature, —30.4 ppm.

-0.9 1
-1.0

-1.1 4

—-1.54

HOMO(r) +49.1

HOMO-1(0o) +6.7

HOMO-2(c) +30.6

HOMO-3(c) -30.4

HOMO-4(c) +1.7

HOMO-5(c) -4.8

HOMO-6(c) -1.6

HOMO-7(o) -2.3

HOMO-8(c) -18.6

Fig. 3.

-0.3 5

Energy (eV)

1.0

NICS = +23.8
NICS(o) = +7.1
NICS(m) = +16.7

NBO CMO-NICS analysis at the WC;H; center.

HOMO(o) -125.0

HOMO-I(m) +4.6

HOMO-2(0) +10.7
HOMO-3(r) -19.0

HOMO-4(c) +19.3
HOMO-5(o) +11.2

HOMO-6(c) -5.7

HOMO-7(c) -2.5

HOMO-8(c) -2.7

HOMO-9(o) -18.0

1.00

NICS =-1354
NICS(o)=-118.8
NICS(n) = -16.6

Fig. 4. NBO CMO-NICS analysis at the WC;H;' center.

Fig. 4 indicates the WC3H§rl ring to be both ¢ and = dia-
tropic, —118.0 and —16.6 ppm, respectively. The relative
ordering of the orbitals in WC;H;' is the same as in
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WC;H;? with the exceptions of the HOMO-2 and HOMO-
3 and, of course, an additional pair of electrons. The
HOMO is a lone pair of electrons localized almost com-
pletely on the W metal center. From the CMO-NICS anal-
ysis, this lone pair orbital makes the largest single diatropic
contribution of —125.0 ppm. Elimination of the contribu-
tion of this orbital leaves the ¢ space paratropic, however,
the ion is still diatropic overall. As for the © aromaticity of
the fragment ions, the primary difference according to
NICS is in the contribution of the i-HOMO. The a, orbital
of both ions is paratropic, however, the magnitude of the
orbital in WC;H;' is substantially reduced relative to the
same orbital in WC3H3+3. This a, orbital is a localized orbi-
tal between the metal and the two aC atoms. The © bond-
ing is equivalent along both W—aC bonds and does not
cause alternation between adjacent bonds as in typical
antiaromatic hydrocarbon rings.

One interpretation of the alternation between single and
double bonds, as in antiaromatic hydrocarbon molecules,
has been attributed to the & electron distortion of an other-
wise symmetric ¢ electron backbone [23]. The 7 space of
the either WC;Hj3 fragment ions is surprisingly analogous
to cyclobutadiene. Fig. 5 provides a schematic of the =«
orbitals of both tungstenacyclobutadiene and cyclobutadi-
ene. In both systems there are two © orbitals in the valence
space. The lower energy w orbital is completely delocalized
around the ring whereas the higher energy « orbital is local-
ized on two non-adjacent bonds. Unlike cyclobutadiene,
however, both phases of the n-HOMO in either of the
WC;5H; fragment ions are centered on the W. Therefore,
in comparing the WC3H3+3 with the WC3H§rl ion, adding
two electrons shifts the system from antiaromatic to aro-
matic, however, the bond distances do not necessarily fol-
low in a manner consistent, for example, with C4H4 and
C,H;?. Our description of the a, is not unlike those given
by Bursten [6] or Bleeke [24], however, here the a, orbital is
deemed antiaromatic and localized.

6. Conclusions
B3LYP calculated bond distances of Cl;W(-ButC-
CMe-CMe-) are in good agreement with those of experi-

ment, however, the computed bond distances between the
ring atoms are distorted by comparison with the equivalent

Fig. 5. Schematics of the -HOMO and t-HOMO-1 of (a) cyclobutadiene
and (b) tungstenacyclobutadiene.

observed bond distances. Since NICS indicates Cl;W(—
ButC-CMe-CMe-) to be aromatic regardless of method
or basis used in this study, the small bond distance alterna-
tion in Cl;W(-ButC-CMe-CMe-) is due to steric effects of
the functional groups attached to the ring C atoms. MP 2
bond distances appear to suffer from bond distance alterna-
tion more than B3LYP.

NICS of the fragment ions indicates WC;H{® to be
antiaromatic whereas WC;H;' is aromatic. Although the
WC3H;r3 fragment ion is antiaromatic, the bonding is
equivalent between the two W-aC bonds resulting in a
symmetric ring. The HOMO of WC3H3+1 is a non-bonding
orbital localized on the W center, whereas the HOMO of
the WC;H;? is a bonding orbital localized between the
W center and the two aC atoms. Considering the difference
in charge, the resulting deviation in bond distances between
the +1 and the +3 is surprisingly small. Finally, since both
WC;H{' and WC3H{® have 4n electrons, the Hiickel
4n + 2 rule is not a simple function of charge. To evaluate
the aromaticity of systems involving d electrons, contribu-
tions of both the o and m electrons must be explicitly
considered.
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Appendix A

Typical NICS values are taken at the mass weighted cen-
ter of the molecule [19] or sometimes taken at a distance of
2 A above mass weighted center [25]. In the case of metal-
locycles, however, the large mass of the metal relative to
the C atoms of the ring places the mass weighted center
close to metal atom. And of particular interest with
CI;W(-ButC-CMe-CMe-) the mass of the Cl atoms put
the mass weighted center very close to W. Although the
sensitivity of NICS drops off dramatically with distance
[26], the effects of the nuclear environment on NICS over-
whelms any contributions associated with ring currents.
We illustrate these effects in Figs. 6 and 7. Fig. 6 includes
plots of NICS taken on a line along the C, axis of the mol-
ecules pyrrole and borol. Systems considered aromatic and
antiaromatic, respectively. Our NICS values taken at the
mass weighted center for both pyrrole (—15.7) and borol
(+20.2) are consistent with those reported in [19]. Note,
near either the B or C center, NICS is significantly nega-
tive. The value of NICS is primarily a function of the B
and N nuclear environments up to and over 0.5 A away.
Similar plots are provided in Fig. 7 for our model systems
[W(C5H5)]"™! and [W(C3H;)]™. In both figures, NICS is
large and positive near the W nucleus. The effects of the
W electrons do not diminish until 0.5 A beyond the ions
mass weighted center. Both Figs. 6 and 7 indicate NICS ta-
ken near the geometric center of the ring as an appropriate
location for evaluation of aromaticity.
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Fig. 6. A plot of B3LYP/6-31g* NICS calculated along the C, axis of
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