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Origin of the Nonplanarity of Tetrafluoro Cyclobutadiene, C4F4
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Density functional theory as well as Mgller-Plesset investigations has been carried out on tetrafluoro
cyclobutadiene, &4, to explore the origin of its nonplanarity. Although Petersson et al. (Petersson, E. J.;
Fanuele, J. C.; Nimlos, M. R.; Lemal, D. M.; Ellison, G. B.; Radziszewski, JJ.&Am. Chem. S0d.997,

119 11122-11123) had earlier predicted a nonplanar geometry of this compound on the basis of spectral
and bond orbital analysis, the explanation of the same from a more fundamental point of view is still missing.
In the present study, we provide a heuristic explanation for the origin of nonplanarigFafTe two major
driving forces behind this nonplanar geometry are the unusual aromaticity of this cyclic homoatomic 4
electron system and the second-order Jareller effect (SOJTE). These driving forces can well be explained

by various energy and density parameters and also by nucleus-independent chemical shift (NICS) values.
Aromaticity of a cyclic homoatomic 4 electron system is quite remarkable. The enhancement- of
delocalization as evidenced from molecular orbital analysis may be attributed, tons<mg in nonplanar

C4F4.

Introduction Computational Details

All the calculations have been implemented in the GAUSS-
IAN 03 packagé? The quantum chemical calculations per-
formed here involve spin-restricted calculations under DFT and
MP2 scheme except while calculating, (spin-polarized).
Geometry of GF; has been optimized using B3L¥Ptype
exchange-correlation functional and 6-31£G(d, p) basis set.
The accuracy of the optimized structure is further confirmed

The discovery of tetrafluoro cyclobutadienefa; highlights
striking differences with its hydrocarbon analog, cyclobutadiene
(C4H4). While C4H4 is planar, remarkably, its tetrafluoro
derivative has nonplanar geometry. The first direct evidence
for the existence of this compound was given by Petersson et
al.r On the basis of the analysis of infrared spectrum and linear

(,\j/'fhro'sm' tt::ey S|u99te‘°’tid. ?t. ntpnpltanar g_edometrt);] fﬁﬁ“'t(.: | by frequency calculations using the same functional and basis
voreover, they aiso look initialive to provide a theoretical ooy Optimizations have also been performed at MP2 level using
justification of their findings only with the help of natural atomic 6-311++G(d,p) basis set. The NICS calculations are carried
orbital (NAO) and natural bond orbitql (NBO) gnalys_is. Albeit out using géuge-independent atomic orbital (giao) method
there have been a lot of novel and high-level investigations on \, nereas the density and the laplacian calculations have been

cyclobutadien&® and some of its stable derivativés, no performed by implementing cube= density and cube=
theoretical investigations on the origin of nonplanarity oF£ laplacian keywords, respectively. The current density mappings
have been performed. and all the molecular orbital analyses have been done using

In this work, we report a heuristic explanation on the origin proper checkpoint file* For explicit calculation of the energy
of nonplanarity of this tetrafluoro derivative from a more parameters of interest given in Figure 6, extralinksl608
fundamental point of view. In the present scenario, density keyword is used. Both geometry optimizations and NICS
functional theory (DFT) as well as Mgller-Plesset perturbation calculations have also been performed on several relevant
(MP2)° techniques are called upon to unfold the mystery of Systems (see ref 14). All the above energy and density
C4Fs. The investigation suggests that unusual aromaticity of calc_ulatlons are carried out vv_lth_ln DFT scheme using the same
nonplanar GF4 in spite of its 4r electrons along with second- ~ Pasis set as in geometry optimization.
order Jahr Teller effect (SOJTE} are the major driving forces _ _
behind its nonplanarity. To provide an unequivocal description Results and Discussion

of the aforesaid stabilization mechanism, several factors such Although the geometry of £, has been optimized using both
as nucleus-independent chemical shift (NICS), electron density g3 yp type exchange-correlation functional and MP2 tech-
(), laplacian of electron densitytp), current density, forma-  pjque, the former geometry is presented in Figure 1 since it
tion energy, molecular orbital analysis;- energy &, and outperforms the latter orfé.A side view of GF, is given in
E.), and other energy parameters including electron correlation Figure 1b to clearly indicate the nonplanarity of this tetrafluoro
(Ec) have been taken into account. Remarkably, the highestderivative. A bond length alteration (BLA) of 0.21 A (1.54 A
occupied molecular orbital (HOMO) of nonplanafgprovides ~ — 1.33 A) is observed for the nonplanar geometry while that
a clear indication oft-delocalization around the ring carbons. of planar geometry is 0.27 A (1.59 A 1.32 A).

The molecular orbital analysis, particularly the HOMO of

* To whom correspondence should be addressed. Fax: 91-33- 23519755 tetrafluoro cyclobutadiene as given in Figure 2a, exemplifies
E-mail: swapanchem@yahoo.co.in. completerr-delocalization around the ring carbons whereas the
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Figure 1. B3LYP optimized geometry of £, showing (a) bond
lengths reported in A and (b) a side view clearly showing nonplanarity.

HOMO of its hydrocarbon analog, 484 (Figure 2b), has its
lobes centered only on the<€C double-bonded carbon atoms.
The effective delocalization in nonplanar geometry is further
justifiedby the formation energy analysis.The formation
energy can be represented as

n
AEe =E¢ (CX,) — D) Er(CX))

wheren is the number of atoms and % H and F in this case.
While negative formation energy-67.456 kcal/mol) is ob-
served for nonplanar B, its hydrocarbon analogue 484, has
a positive value (2.446 kcal/mol). This is a clear indication of
the stabilization of GF4 due to resonance. As a consequence,
natural inquisition strives one to face the challenging question
of whether or not GF; in the nonplanar configuration is
aromatic.

Of the several criterions used for assessing aromattcity
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Figure 2. Highest occupied molecular orbital (HOMO) of (a) nonplanar
C4F4 showing completer-delocalization around the ring carbons and
(b) planar GHa,.

the ways that has gained a lot of importance owing to its easy
computability after its introduction by Schyleyer et&llt is
computed as negative magnetic shielding at some selected points
in space as for example, at the ring centroid (RC). Albeit a BLA
of 0.21 A (1.54 A— 1.33 A) is observed for nonplanar
geometry, a high negative NICS value at RC indicates the
presence of substantial degree of aromaticity if,C

To elucidate the aromatic character of nonplanaF;Ca
thorough study on NICS, current densijty andV2p along with
the various energy parameters of interest has been performed
by changing the dihedral angléd), i.e., approaching from the
optimized nonplanar geometrA@p = 0°) to a planar one. All
the values have been given in a tabular féfrigure 3 depicts
the variation of NICS(0) calculated at RC againglp. Apart
from the usual NICS(0), more convincing NICS{L{the zz
component of the magnetic shielding tensor calculated at 1 A
above RCY has also been calculated and is shown in Figure 3
along with NICS(0). Both the values follow an increasing trend
as one approaches a planar geometry. This elucidates aromatic
behavior in nonplanar 44 and justifies our prediction about
the origin of its nonplanarity. Moreover, the NICS{1yalues

in a molecule, magnetic criterions are the ones that are closelyalso support our view that aromaticity ins& comes from
related because of their dependence on the induced ring currentsr-electrons. The effect of incorporation of fluorine in cyclob-

associated with cyclic electron delocalization. NICS is one of

utadiene results in a significant change in the NICS(0) (33.6458
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study since the molecule is nonplanar, we follow the high-spin
method ofo—x separatiort? In this method, ther energy E,,

is calculated using the relatioR, = Egs — Ens, whereEgs is

the ground-state energy aBgs is the energy of the high-spin
(H.S.) state with quintet spin multiplicity (in case ofr4
electronic system, 4F.). Eqs actually represents the energy of
the o frame, E,, with some exchange repulsions. A vivid
description for the calculation ef—s energies is given in ref
14. Figure 5 illustrates the dependence\d, and AE, on the
structural changes\Egs and AE, is calculated by setting the
corresponding energies of the most stable structure (nonplanar
geometry) to zero and the rest of the values are calibrated with
respect to those. On the other hamd;, is calculated using
the relation,AE,, = AEgs — AE,. It is evident from Figure 5
that asA0p becomes smaller, th&E, value gradually increases
whereas a reverse trend is observed Adt, value. Earlier,
Petersson et dlhave suggested pyramidalization of the carbon
atoms of GF4 resulting in the attenuation of the cyclic
conjugation in ther system. Remarkably, the present study
predicts an opposite trend (as evident from the NICS, current
density,p, andV?p values and also from the molecular orbital
analysist* particularly HOMO of nonplanar £F,). Instead of

an attenuation, maximum-delocalization has been observed
in the nonplanar geometry. The enhancement of this delocal-
ization may be attributed because of the mixing of s orbitals
(4.505%) with g orbitals (95.355%) and is responsible for the
aromatic nature of g,.14

Apart from theo—mr energies, there are several other energy
the chair-like nonplanar arrangement of the F atoms jA,C parameters which are essential in explaining the origin of the

As we proceed from a nonplanar geometfydf = 0°) to a nonplanar geometry of our compound of interesfy{CThese
planar one, the charge transfer from carbon to fluorine increasesare kinetic enegyHxg), nucleus-electron interaction energy

ppm)“ values. On the other hand, the incorporation of six
fluorine atoms in benzene results in a change of 10.2233'3pm.
The Mulliken charge analysireveals that charge transfer from
carbon (C) to fluorine (F) atoms in nonplanagFg is much
less than that in €. Thus, the large change observed in the
NICS(0) values of GF4 compared to gFs may be attributed to

as evident from Mulliken charge analysisvhich results in
gradual decrease gofat RC. Likewise, on increasingfp, the
effective r-delocalization in the ring gradually decreases (this correlation energyHc). It has been observed while extracting
is evident from the evolution of HOMO of £, with change
in 6p'4) that leads to inhomogenity of the electron cloud in the particularly, Exe andEc values, do not follow a definite trend.
system, or in other words, the system is electronically more However, the MP2 calculations done on the B3LYP optimized
and more homogeneous as we approach nonplanar geometrygeometry give us quite satisfactory resdftsThe relevant
This inhomogenity is a consequence of an increasé&grvalue.

Figure 4 reflects the variation of thi¥?p cal

againstA6p. It follows similar trend as that of the NICS values,

e., it increases with increase fp.

The analysis of thes—m energy is also one of the major

culated at RC

(En-e), electronr-electron repulsion energye{-), nucleus-
nucleus interaction energ¥{-n), exchange energyeg), and

the value for different energy parameters that the B3LYP results,

changes in stabilizationAEs) and destabilization AEps)
energies shown in Figure 6 are the MP2 results.

All the energy parameters of interest for the nonplanar
geometry are set to zero and the same for other geometries are
calibrated with respect to those values. In the inset of Figure 6,

factors in determining aromaticity in a molecule. In the present the net stabilization curve is shown which is taken to be the
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Figure 6. Variation of AEs (AEs = AExe + AEn-¢) andAEps (AEps
= AEe—e + AEn—n + AEx + AEc) againstA6p (change in the dihedral
angle). Inset: Variation of net stabilization energy agaihgp.

difference between the stabilization and destabilization energies.
The curve quite clearly suggests favoring of the nonplanar
geometry Afp = 0°) over the planar one. While the combined
effect of AExe and AE,—. stabilizes the nonplanar geometry,
the effect of the rest destabilizes it. The variation of kinetic
energy clearly suggests the presence of strodglocalization

in the nonplanar ¢4 Among the energy parameters, the
nucleus-electron interaction energ¥(-¢) plays the dominant
role in stabilizing the nonplanar geometry. This interaction
energy is a manifestation of the electrgphonon or vibronic
coupling. It is well-known that SOJTE is a consequence of
vibronic coupling when a system has filled shell electronic
configuration, and it leads to a structure with a broken symmetry.
Figure 6 quite clearly depicts the role of electrgghonon or
vibronic coupling in stabilizing the nonplanar geometry with a
lower symmetry D2 to Cyp). Normally, SOJTE leads to bond
length alteration in homoatomic four-membered ring syst&ms.
In the present study, apart from bond length alteration jn C
moiety of GF4, the molecule also suffers a loss in symmetry
(D2n to Cop) because of SOJTE induced chair-like conformation
of the fluorine atoms.

Conclusion

In the present state of the art, we conclude that aromaticity
and SOJTE are primarily responsible for the nonplanarity of
C4F4. Aromaticity of a cyclic homoatomics4 electron system
is quite remarkable. The energy and density values support this
unusual aromaticity in 4. The NICS and laplacian values
follow an increasing trend as one approaches a planar geometry
A similar trend is also observed iRE, values while the trend
is reversed foAE, values. This justifies the aromatic behavior
of C4F4 which acts as a driving force behind the nonplanary of
this tetrafluoro derivative. Among the other energy parameters
of interest AExe andAE,— stabilizes the nonplanar geometry.
The variation of kinetic energy suggests the presence of strong
7 delocalization in nonplanar £, and the variation of,—¢
which finally results in SOJTE favoring the nonplanar geometry
of C4F4. From the molecular orbital analyses, enhancement of

Seal and Chakrabarti

s-delocalization can well be predicted as one proceeds toward
a nonplanar geometry of4€, which may be attributed to-9,
mixing. These findings are quite fascinating in explaining the
stabilization mechanism of 4&,.
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