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Quinodimethanes are highly reactive toward dienophiles since Diels—Alder cycloaddition results in an aromatic product. Density functional-
based 13C, 'H NMR, NICS, and MO-NICS calculations indicate that the increase of aromatic character of the developing benzenoid ring along
the reaction path is especially pronounced after the transition state is reached, even though the number of & orbitals decreases. The forming
aliphatic ring exhibits large ring current effects during the reaction.

The well-known Diels-Alder reactiod® is a standard  a wide variety of dienes and dienophiles that contain masked
method for forming substituted cyclohexenes through the functionality.
cycloaddition of alkenes and dienes. The concerted nature Thus,O-quinodimethanes are exceedingly reactive because
of the mechanism and its stereospecificity were firmly cycloaddition establishes a benzenoid ring, and results in
established and are now well understddd:*2 aromatic stabilizatiod®*4 Therefore, aromatization deter-
The synthetic utility of the DielsAlder reaction has been  mines the energetically favorable reaction path.
significantly expanded by the use and the developments of The role of aromaticity in a set of DietsAlder reactions
involving O-quinodimethanes and their derivatives has
l%i\g\rsitg of Geneva. already been studied by Manoharan éfal® a_md otherg?22 _
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(MSE®3~25> and Nucleus Independent Chemical SHffts Changes in the magnetic susceptibilities and proton
(NICS) were used to evaluate the degree of aromaticity. In chemical shifts along the reaction paths of the Dieddder
the present study we employ a refinement of NICS, the MO- and closely related reactions were first reported in 1994,
NICS analysig’ which gives single MO contributions to  and these studies were later extended to NICS and dissected
NICS and thus provides a more detailed insight of the role (LMO) NICS analyses (see ref 21 in the related ref 17).
of molecular orbitals during the aromatization process. The  The progressions of NICS of the two rings are shown in
concept behind the analysis is discussed elsewhane the  Figure 1, parts b and c. For the “spectator” ring, the change
analysis has recently been applied to a series of organic ringsof total NICS during the reaction is-11.6 ppm. It is
and cage$? Geometry optimizations and frequency analysis interesting to note that NICS of the spectator ring is
were performed at the B3LYP/6-31G* level of theory. The paratropic for the reactant, while it is turning to be diatropic
reaction path was followed by using the Intrinsic Reaction at about the transition state. For the forming ring, the
Coordinate (IRC) type of calculatiét*!as implemented in  diatropic character is reaching a maximum at the transition
Gaussian 982 MO-NICS*’ calculations were performed at ~ state, as already discussed eadiehese results show
the PWO1/IGLOIIl level using the GIA® method as  agairfs“!that NICS is a valuable index to demonstrate that
implemented in the MAG-ReSpect progrdMmNICS and  the magnetic aromaticity is enhanced at the transition state.
MO-NICS values along the reaction path have been calcu- However, shortly afterward the NICS of the peripheral ring
lated at the center of the peripheral and at the averagereaches a plateau phase, even thetaghwill be discussed
position of all six carbons of the forming ring. below—the molecule is experiencing its largest transforma-
The energy profile along the DietsAlder reaction and  tions in structure, energetics, and electronic structure in this
the geometries at the most important steps along the IRCregion. In contrast, the forming ring becomes highly diatropic
are displayed in Figure la. The activation barrier is found at the transition state, and NICS only decreases afterf¥ard.
to be 8.2 kcal mol'. The product itself is 68.9 kcal mol The most obvious change, the formation @fbonds

more stable than th'e reactants. These numbers are in veryehveen diene and dienophile, happens after the TS has been
good agreement with those of Manoharan et al. (energy reached. According to the bond lengths equalization criterion
differences within 0.3 kcal mol),'” as well as are the  tye benzenoid ring (G4C2 and C2-C3 bonds) is becoming
geometries of reactants, product, and transition state. In moreg omatic at about step 100. Finally, the nonaromatic ring is
detail, the change of geometry along the IRC is as follows: {yansformed into the typical nonplanar®sgiructure. NICS
First, the tworr systems of the reactants are reacting in an of the forming ring becomes very small. The restructuring
endothermic process. Thebonds, which are forming the  stapilizes the molecule by 77.1 kcal mb(Figure 1a).

product from the reactant moieties, are established afterward. The importance of the IRC part from the transition state
Relaxation of the sparea of the molecule leads to the final to the product is also reflected in tH&C and'H NMR
structure, which is expressed by a twisting of the@bonds patterns. In an aromatic ring, th%€ and'H NMR chemical

of the nonaromatic ring and bond length equalization of the shieldings are usually close :[0 those of benzene. Parts e and

benzenoid ring. f of Figure 1 show the shieldings of all carbon and hydrogen
atoms along the IRC. Land G differ by 10 ppm in the
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Figure 1. (a) Geometrical transformations and total energy changes along the IRC of the Blids reaction. MO-NICS analysis at the
center of the peripheral (b) and forming (c) ring, (d) MO energies!3@)shielding, and (f{H shielding. Orbitals are labeled as given in

Figure 2.

The role of ther orbitals in the reaction is studied in terms  together increases (Figure 1b). The Njd&dex*? shows a
of orbital shape, energies, and magnetic aromaticity contribu- considerable enhancementoiromaticity in the final part
tions. The orbitals exhibitingr character during the reaction  of the IRC. As the number of orbitals decreases from 5 to
are displayed in Figure 2. Due to level crossings along the 3 in this part of the IRC a reliable number for NIC&n be
IRC, we label orbitals with letters (A to F). MO shapes given only for reactant€11.2 ppm), transition state-(L3.2
change considerably during the reaction. Orbitals A, C, and ppm) ,and product (—16.0 ppm). This implies that the
D transform froms to ¢ character, while the symmetry of  diatropic character per orbital of the three finabrbitals is
orbital B is changing fromv to zz. Only two orbitals, E and  much higher than that for the five orbitals of the reactants.
F, keep theirr character during the entire reaction. This However, the total change of NIGSs —4.8 ppm, a
observation was to be expected: there are fivabitals in considerably smaller number than the change of NJCS
the reactants (MO’s A, C, D, E, and F), while only three (—11.6 pm).
remain in the product (MO’s B, E, and F). Typically, three  The modification ofo ands character of the orbitals is
st orbitals are involved in a DietsAlder reaction. Two of given by MO-NICS ana]ysig At the periphera| ring center,
them are coming from the diene while the third one belongs aj|  orbitals are characterized by negative MO-NICS values.
to the dienophile. In the product, twoorbitals are getting  |n other words, albr orbitals are found to be diatropic. On
transformed inta orbitals (MO’s C and D), while the last  the other hand, the orbitals become paratropic as soon as
o orbital is conserved (MO A/B).
Even though the number of orbitals reduces along the (42) Schleyer, P. v. R.; Jiao, H.; Eikema Hommes, N. J. R.; Malkin, V.
IRC, the diatropicity of the peripheral ring of atl orbitals G.; Malkina, O.J. Am. Chem. S0d.997,119, 12669.
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Figure 2. Molecular orbitals withr character during the DietsAlder reaction at different steps of the IRC.

they exhibito character (see Figures 1b and 2). The largest Beside the discussion of the Dielélder reaction it is
changes of MO-NICS are found again between transition worth noting that strong changes of MO-NICS are connected
state and product. MO’s E and F follow the same trend as with those of orbital energy. The association of both
NICS, but their MO-NICS contributions increase between quantities can be studied comparing parts b, ¢, and d in Figure
the transition state and the product. MO’s C and D alternate 1. However, orbital energies and MO-NICS are not math-
7 into o character and hence become paratropic in this region.ematically correlated.

Orbitals A and B have the strongest fluctuations along the =~ Summarizing these results we can divide the IRC into three
IRC. They are transformed fromto & and vice versa. The  parts:

lowest s orbital is either A or B (Figure 2). In agreement (i) The m orbitals of the ethylene dienophile overlap at

with London—Huckel theory?”“3the lowest energy orbital the transition state. This overlap leads to the formation of

exhibits the highest contribution to MO-NICS. an aromatic cycle ¢ C,, Cs. C, and G start to become
MO-NICS also shows that the diatropicity of the forming benzene-like carbons (Figure 1d).

ring at the transition state is attributed to theystem (NICS (i) o bonds are formed between the reaction partners. This

= —7.3 ppm, see Figure 1c). TkeMO-NICS contributions iS a continuous process between the transition state and the
only decrease after the TS and there are no diatropic product: the large gain in binding energy and the increasing
contributions from ther system at the product (NIGS= sp* character of thé3C NMR shieldings of Gand G are
+5.1 ppm). the best indication for this process. Also, theand &

At places of strong orbital mixing the MO-NICS values character of the MO’s A—D is changing in this area.
are hard to analyze. However, their main advantage in this (iii) The product structure is rearranged. In the last part
context is that the contributions of MO’s can be seen  of the IRC, the spframework of the G—Cs ring takes on
clearly. The MO-NICS analysis complements nicely the other its typical nonplanar shape, as is visualized in Figure la.
indices of aromaticity discussed here (NICS, NICSC, This goes along with rehybridization (Figure 2) and results
1H, bond length equalization). MO-NICS analysis also shows in level crossings and strong changes in the MO-NICS
that the lowest energyr orbital is weakened during the analysis.
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