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Abstract—PM3, molecular hardness and ab initio (3-Z1Galculations were performed in order to explain the high regioselectivities
observed in the Diels—Alder reactions@®fQDM 2 and 2- or 3-bromo-5-hydroxynaphthoquinod@sand4a. The theoretical findings of this

study agree with the experimental results and support the statement that hydrogen bonding plays a crucial role on the regiocontrol of the
cycloadditions.© 2000 Elsevier Science Ltd. All rights reserved.

The Diels—Alder reaction ob-quinodimethane dcQDM) indicated that the larger LUMO coefficients were always
with dienophiles has proven to be an efficient and powerful located at C-2. However, the regiochemistries of the
method to build polycyclic aromatic compountdsthe cycloadditions between-QDM 2 and3a, on one hand, or

heterocyclic analogues @QDM have received consider-  4a, on the other hand, were opposite. In the cas2aid3a
able attention because of the development of very mild (syr), the FMO theory agreed with the formation B4 as
methods to generate these highly reactive diéieacently, major product but, withda (syr), the experimental result
we described the generation and Diels—Alder trapping disagreed with the calculations sin€éa was the major
of 4-methylene-5-(bromomethylene)-4,5-dihydrothiazBle  adduct. The hypothesis that formation @& could result
with 2- and 3-bromonaphthoquinongsind4.® The experi- from the cycloaddition of2 and theanti isomer of 4a
mental results for these Diels—Alder reactions showHfizat seemed very attractive to us. We therefore undertook a
or 5b are the major final products resulting from 2-bromo- theoretical study of these Diels—Alder reactions.
naphthoquinone8a or 3b used respectively as the starting
materials. On the other hand, it turns out experimentally that
6a or 6b are the major products when 3-bromonaphtho-
quinones4a or 4b were used as dienophiles (Scheme 1 Theory and Methods
and Table 1). ) ) )

The PM3 methol was used extensively in this study
Frontier molecular orbital (FMO) method at the semi- because it has been proved to be accurate in predicting the
empirical PM3 level theory has been used to analyse theréactivity and regioselectivity of Diels—Alder reactiohs.
behavior of Z) 0-QDM 2 in these cycloaddition reactions. The coefficients of the frontier molecular orbitals were
The results indicated that the larger coefficient for the calculated using MOPAC of the SYBYL program. Opti-
HOMO orbital was found at the carbon atom bearing a Mized geometries for products, intermediates and transition
bromine atom (Scheme 2). In the case of the bromonaphtho-State structures considered here were calculated at the PM3
quinonesga (Syrp and4a (Syr) in which a hydrogen bond |eVe|, but ab |n|t!0 Ca|Cu|atIOhS (3-2I93W6re per.form'ed' n
may exist between thpen_OH group and the Carbony| at some cases to improve activation energies, since it is well

C-4, as it is known for juglon& (syn), the calculations ~ known that semiempirical energy differences of 1-2 kcal
are not reliablé. These calculations were performed using
- Spartart. Vibrational analysis was also done for each transi-
Keywords Diels—Alder; thiazoleo-quinodimethane; bromojuglone; hard-  tjon structure thus obtaining only one imaginary vibrational
D aresponing authors. Tek 35.4-78.77-71.38; faxs 33-4-78.77.71. requency corresponding to the formation of new bonds.
58; e-ma[l)il: fillign@cismgun.u-niv-lyonl.fr; Tel.:+56-2-686-4429; fax: The activation energies were obtained from ab initio methods
+56-2-686-4744; e-mail: rtapia@puc.cl (at the 3-21Glevel) on the PM3 optimized geometries.
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Scheme 1. 3p4a, 53, 6ac R=H; 3b, 4b, 5b, 6b: R=COCH;

Table 1.Regiochemistry of the cycloadditions ®fvith quinones, 3 and4

Quinone Products Ratio 5/6
7 5at+6a 70/30
3a 5at6a 92/08
4a 5at6a 08/92
3b 5b+6b 95/05
4b 5b+6b 05/95

The Hard and Soft Acids and Bases Principle (HSAB) has
also been invoked in a local sense to account, in terms of the
density functional theory (DFT), for the response of the
chemical system to different kinds of reagents. The local
use of the general behavior ‘soft likes soft’ and ‘hard likes
hard’, together with the idea that the larger the value of the
local site Fukui function, the greater its reactivity, seems to
be a very good approach to explain the chemical reactivity
of a wide variety of systemfsHowever, we plan here to
make use of the molecular hardness change in order to
study the potential chemical attack at different sites of one
molecule to another orfeObviously, one of them will be
the acid (the electron-acceptor) and the other must play the
role of the base (the electron-donor). We can see that this
strategy is very useful when the various electronic and
steric effects of substituents and heteroatoms might make
predictions of reaction sites difficult.
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For a molecular system made of electrons and nuclei reach-
ing an equilibrium state, the electronegativity and the
absolute hardness; are written as derivatives of the
electronic energy with respect to the number of electrons

)

oN 2

In DFT Koopmans' theorem is obeyed for the highest
occupied level so that | and A are replaced by the HOMO
and LUMO energies. The isosurface for the electrostatic
potential and the electronegativity surface map for the mole-
cule were drawn following a similar principle already stated
elsewheré.Briefly, the electrostatic potential(r) that the
electrons and nuclei of a molecule create at each waimt
the surrounding space is given rigorously by Eq. 2

Z Zy [ p(r)dr’
A |RA - r|

=
whereZ, is the charge on nucleus A locatedt, andp(r)
is the electronic density function of the molecule,
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for each occupied molecular orbital(r). Interestingly,
¢(r) is a real physical property derived from diffraction
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Scheme 2.
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R Initially, these steps are (with few exceptions) rapid and

N N reversible so that the formation of various isomers is
g + i dependent on the activation energy necessary to form the

appropriate intermediate complex (Scheme 3).
5 6 OR
1 It is important to realize at this point that the molecular
TS28Br TS3Br . . . K .

electronegativityy, by its definition, is a unique property

O OR O OR at any given region of the molecule. A plot of the molecular
B hardness expressed as the frontier orbital electrostatic
potential of Eq. 4 coded at the 115.46 kcal/mol isosurface
Br
O 4 K O, values shown are the hardness achieved by the molecule
when an electrophile performs a chemical attack at the
Br 5-bromomethylene or at the 4-methylene site. The results
2 indicate that a higher value for hardness is obtained when
the electrophile approaches the bromo-derivatized carbon
Scheme 3. near to the S-atom heterocycle. All these calculations,
performed at the PM3 level theory, show tiaprovides
experiments and any molecular reactivity index derived two rather well differentiated sites for Diels—Alder
from it will correspond also to useful experimental para- reactions.
meters. In DFT the molecular electrostatic potenthl)
is directly related® to the molecular electronegativity Fig. 2 shows similar results for the acceptor molecules

and since the latter is constant within the molecular 3a (syn and 4a (syn and though there is not a large
space, there exists a setgf position values at which the  difference between the two sites for 2-bromonaphtho-

electronegativity value foo-QDM 2 is given in Fig. 1. The

equality qguinone3a(syn, one finds that the C-2 site is slightly harder
7 r') dr’ against a nucleophile so that the prodetis the main
X= Z A _|P : r =set{r} 3 regioisomer of the reaction. In contrast, for tBa (anti)
= [Ra — 1] I —r X (Fig. 3), the influence of lack of hydrogen bonding is

negligible to differentiate conclusively among C-2 and

is obeyed. This defines the electronegativity surface map for ~_3 (168.8 and 169.9 kcal hardness values, respectively)

the molecule. In addition, its derivative against the number
of electronsN at {r,} yields the molecular hardness as a

surface map for each value gfat the set {,} i10.9
ax| Prrontier(r) dr’ _ ’
N~ J N 2Mrontied(T y) 4 \

Two possible phenomena were analyzed: (a) an electro-
philic attack over the molecule (thereby HOMO is involved
for the 6N electron transfer process) yielding 2(r,) and

(b) a nucleophilic attack (LUMO involved) yielding

27 .(r,). Equation (4) establishes that the frontier orbital
electrostatic potential at different valuesrgfis a measure

of the hardness achieved by the molecule in response to a
perturbation represented by the chemical attack of an elec-rigyre 1. Hardness map for bromomethylene dihydrothiazole donor
trophile or nucleophile, respectively. By this procedure a molecule2 encoded at the isosurface value of 115.46 kcal/mol for the
contour surface fom encoded toy around the molecule  molecular electronegativity.
was built to learn about which site yields the hardest

molecular value for a given chemical attack. These state-

ments conform with the maximum hardness principt2 166.3

already stated that has been invoked to deduce regio-
specificity in Diels—Alder reactions.

Results and Discussion

We plan to use these concepts to predict the regiochemistry
of the Diels—Alder reaction of 2-bromonaphthoquinone and
3-bromonaphthoquinone derivativeéand4 with 4-methyl-
ene-5-(bromomethylene)-4,5-dihydrothiazdte shown in
Scheme 1. The rate-determining step for the reaction is Figure 2. Hardness maps for 2-bromonaphthoquind®e (syn) and

the fo.rmation of a space charge separation .in WhiCh.the 3-bromonaphthoquinonda (syr), each encoded one at the isosurface
Transition State (TS) strongly resembles the intermediate. value of 133.4 kcal/mol for the molecular electronegativity.
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Figure 3. Hardness maps for 2-bromonaphthoquinddee (anti) and
3-bromonaphthoquinonéa (anti), each encoded at the isosurface value
of 130.3 kcal/mol for the molecular electronegativity.

sites thereby preferential regioselectivity agaifiss not
clear, unless one invokes that f8a (syn) its total energy
is 15.8 kcal/mol more stable th&8a (anti) in the ground

since they are higher than the values measured from below
the plane. It is seen that fab, hardness has changed
drastically to render C-2 the hardest site for a nucleophilic
attack while C-3 is the hardest one #l. Since hydrogen
bonding effects are missing for the acetylated derivatives,
hardness values in Fig. 4 are drastically different from those
shown in Fig. 2. It turns out that the principle of maxi-
mum hardness results in the Diels—Alder reaction2of
with 2-bromo-5-acetoxynaphthoquinorzb yielding the
acetylated cycloaddud&b as the main product whereas its
reaction with 3-bromo-5-acetoxynaphthoquindieaffords

6b, in agreement with experimental results. The position of
the bromine substituent at C-2 or C-3 in naphthoquin@tes
and4b is playing an important role here in the regiocontrol
of the Diels—Alder reactions.

Let us now focus our attention on the transition states of
intermediates of Scheme 1 that play a role in the reaction

state meaning that hydrogen bonding is present during themechanism involved to corroborate our findings. Fig. 5 and

cycloaddition reaction.

6 show the main features for the transition state (TS) struc-
tures found in this study. Each TS adduct was generated

On the other hand, hardness difference is smaller whenby assuming that a concerted reaction mechanism is

analyzing the results for 3-bromonaphthoquindiag(syn).

Again, C-2 is 0.4 kcal/mol harder than C-3 against a nucleo-
phile. However, in the case d& (anti) (Fig. 3) the hydrogen
arrangement induces large changes in geometry vyielding
C-2 definitely harder than C-3 (171.1 and 167.5 hardness
values, respectively). Considering the reactior? efith 4a
(anti), the predicted regioisomé&a is in disagreement with
experiments. In fact, hydrogen bonding effects, shown in
Fig. 2 for 3a (syn and4a (syn, force both molecules to
be planar so there are no differences among them for the
adduct formation from either backside or frontside attack by
the donor molecule. The absence of hydrogen bonding
drastically changes the molecular geometry thus allowing
both alternatives for adduct formation.

So, we have calculated hardness for the acetyl derivatives
3b and4b (Fig. 4). Before discussing the reactivity indexes
results, it is important to describe the kind of distortion
that3b and4b have acquired. Both carbonyl groups of the
quinone system have moved outward, the aromatic rings are
bent among them and the bromine atom has also moved
outward. These findings yield different hardness values
depending upon whether one measures them from above
or below the molecular plane. The values shown in Fig. 4
have been obtained from above the twisted molecular planes

Figure 4. Hardness maps for 2-bromo-5-acetoxynaphthoquirgmend
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3-bromo-5-acetoxynaphthoquinodb encoded at the isosurface value of  Figure 5. Transition states of the cycloadditions betwe@e®DM 2 and 2-
136.7 and 137.1 kcal/mol, respectively, for the molecular electronegativity. or 3-bromo-5-hydroxynaphthoquinon8a or 4a, respectively.
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Figure 6. Transition states of the cycloadditions betwee®DM 2 and 2- or 3-bromo-5-acetoxynaphthoquinoBesor 4b, respectively.

obeyed, as studied elswhere for the Diels—Alder reaction of Probably, the energy barrier values for the transition states
disubstituted cyclohexadienon¥sFurthermore, transition ~ shown in Table 2 have taken these facts into account. The
structure geometry for each of them was optimized by transition state structur@S2Br-5a for 2-bromonaphtho-
using PM3 methodsas described before and making a quinone 3a (syn) (entry 1) has a lower energy barrier
vibrational analysis to verify that only one imaginary [ab-initio 3-21G level] than TS2Br-6a (entry 2) thus
vibrational mode was present and assigned to the newyielding 5a as the major product of the reaction. These
C—-C bonds formation for the intermediate TS structure. results are more definite than the previously discussed hard-
Bond distances achieved are given explicitly in Figs. 5 ness analysis. Moreover, thati-OH bonding conformation
and 6 so that one can easily recognize that the reactiondoes not have any appreciable effect on the energy barrier
mechanisms are concerted but asynchronous. In fact, the(entries 3 and 4).

transition structure made up by 3-bromo-5-hydroxy-

naphthoquinonda and 3-bromo-5-acetoxynaphthoquinone For the 3-bromonaphthoquinoa case, things are com-
4b ando-QDM 2 [TS3Br-6a (anti) and TS3Br-6b] are the pletely different. Hardness difference among C-2 and C-3
only ones that appear to be concerted Diels—Alder cyclo- sites that was found to be non-significant for gy con-
additions of synchronous type. Moreover, Fig. 5 shows that formation does not show appreciable difference in
for 2-bromonaphthoquinor@a (syn there is indeed hydro-  activation energies for th€S3Br transition structure lead-
gen bond formation between thgeri-OH group and the  ing to5aor 6a(entries 5 and 6). In contrast, the TS through
oxygen atom of carbonyl at C-4, where the H- - -O (quinonic) TS3Br path activation energies feta (anti) does provide

bond distance is 1.83 Aor any of the TS2Br-5a (syn enough evidence to assess the formation6afas the
and TS2Br-6a (syn) achieved. A similar situation was major product in agreement with experimental results
observed folTS3Br-5a (syn) and TS3Br-6a (syn). (entry 8).

Let us now discuss the geometry achieved by TS molecules.On the other hand, 3-bromonaphthoquineiterepresents

It is important to notice that PM3 activation energies (Table the case in which H-bonding effects are not present. The
2) are not reliable when comparing some of the different hardness map of Fig. 4 shows that C-3 has become the
molecular geometries, due to the fact that some energyhardest site yieldingb as the major product of the reaction.
differences are not large enough. However, for those casesThese findings agree with [3-21fGactivation barrier values
where activation energy differences are significant, PM3 given in Table 2 (entry 10).

values follow the same trend than ab initio results. To

begin with, 2-bromonaphthoquinones transition state Finally, the above theoretical results agree completely with
adducts with2 are rather twisted and folded among the those experimentally observed and support the above
rings whereas this is not the case for 3-bromonaphtho- mentioned statement that hydrogen bonding effects play a
quinones. These geometrical features are important whencrucial role on the regiochemistry of the Diels—Alder
analyzing the regioselectivity of the reaction products. reactions discussed here.

Table 2. Predicted activation energies (kcal/mol) and regioselective preferences

Entry Quinone Transition state Activation energy Major product
PM3 3-21G?

1 3a(syn TS2Br-5a(syn 27.8 47.3 5a
2 TS2Br-6a(syn 27.7 72.0

3 3a (anti) TS2Br-5a (anti) 334 48.1 5a
4 TS2Br-6a (anti) 337 63.4

5 4a(syn TS3Br-5a(syn 66.2 81.5

6 TS3Br-6a (syn 65.1 84.8 6a
7 4a (anti) TS3Br-5a (anti) 48.6 82.9

8 TS3Br-6a (anti) 32.0 34.4 6a
9 4b TS3Br-5b 47.5 79.7

10 TS3Br-6b 32.8 35.9 6b

2 Ab initio 3-21G" results at the PM3 optimized TS geometry.
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