9970 J. Phys. Chem. A 2008, 112, 9970-9977
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Density functional theory (DFT) and conceptual/chemical DFT studies are carried out in this work for the
normal electron demand Diels—Alder reaction between isoprene and acrolein to compare chemical reactivity
and regioselectivity of the reactants in the absence and presence of Lewis acid (LA) catalysts. A cyclic coplanar
structure of acrolein—LA complex has been observed and the natural bond orbital analysis has been employed
to interpret the interaction between acrolein and LAs. Reactivity indices from frontier molecular orbital energies
are proved to be adequate and efficient to evaluate the catalytic property of LAs. Linear relationships have
been discovered among the bond order, bond length, catalytic activation, and chemical reactivity for the
systems concerned. The validity and applicability of maximum hardness principle, minimum polarizability
principle, and minimum electrophilicity principle are examined and discussed in the prediction of the major
regioselective isomer and the preferred reaction pathway for the reactions in the present study.

1. Introduction

Diels—Alder (DA) reaction,!™ involving a large variety of
dienes and dienophiles, is one of the most powerful methods in
the organic synthesis of six-membered functionalized carbocy-
clic compounds, especially in the preparation of structurally
complex and physiologically active natural products with high
stereospecificity and stereoselectivity.*> The interaction between
unsymmetrical dienes and dienophiles in DA reactions can yield
two regioselective products depending on the orientation of the
substituents in the adduct. For instance, 1- and 2-substituted
butadienes reacting with monosubstituted dienophiles can yield
ortho and para adducts, respectively. Frontier molecular orbital
(FMO) theory?®8% and reactivity modeling® based on the
matching of complementary reactivity surfaces for diene and
dienophile provide reasonable rationalization about the cycload-
duct regiochemistry. Secondary orbital interactions!'? were also
proposed to contribute to the regioselectivity of the DA reaction
between unsymmetrically substituted dienes and dienophiles.

The Lewis acid (LA) catalysis of DA reactions is of
considerable interest in the literature.!' =13 Since the remarkable
acceleration of DA reaction catalyzed by AlCls was first reported
by Yates and Eaton,!' LA catalysis in DA reactions has attained
much attention due to its striking rate acceleration and high
regio- and stereoslectivities in comparison with the uncatalyzed
process.!>1213 FMO theory>!* and secondary orbital interac-
tions!> were utilized to rationalize the catalytic effect of LAs
on reaction rate acceleration, regioselectivity, and stereoselec-
tivity via orbital coefficients remixing.
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Theoretical calculations using semiempirical,'® ab initio!7~1?
and density functional theory (DFT)?~22 approaches are capable
of obtaining valuable insights into the role of LAs in the
mechanistic aspects and shedding light on understanding the
reactivity and selectivity for DA reactions. It has been predicted
that the LA catalyst enables a notable increase in the asynchro-
nicity of the transition state and a significant decrease in the
activation energy, as compared with the uncatalyzed counterpart.
Conceptual DFT?32* has been used to examine and understand
the chemical reactivity and site selectivity of the molecular
systems. In this context, global reactivity indicators such as
electronegativity, global hardness, and electrophilicity index
together with local quantities such as local softness, Fukui
functions, and local electrophilicity index, etc., have been
utilized to address chemical reactivity and site selectivity.?> 30
Domingo et al.?® have shown that the classification of diene/
dienophile pairs with a unique scale of electrophilicity is a useful
tool for predicting the reaction mechanism and regioselectivity
of DA reactions. They have also extended the global electro-
philicity index to deal with the local or regional counterpart of
this property.?® Similarly, HSAB (hard and soft acid and base)
principle®® has been employed to interpret the orientation
difference in cycloaddition reactions. Recently, maximum
hardness principle (MHP), minimum polarizability principle
(MPP),3 735 and very recently, minimum electrophilicity prin-
ciple (MEP)3¢~40 have been introduced to explore the chemical
reactivity and direction to which a chemical reaction evolves.
Noorizadeh and Maihami?” have used DFT based reactivity
descriptors such as hardness, polarizability and electrophilicity
to predict the stability sequence of the regioselective products
in a series of DA reactions and found that the major product
always possesses a smaller electrophilicity than the minor
product. On the basis of the findings, they claimed that the
electrophilicity index can be used as an indicator of regiose-
lectivity for this type of reactions. Also, Noorizadeh® has
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investigated 25 simple reactions and found that for those
chemical reactions in which the number of moles decreases or
at least remains constant, the most stable species (reactants or
products) have the lowest sum of electrophilicities, in accordance
with MEP. MEP has also been successfully applied to predict
the regioselectivity for photocycloaddition and stereoisomer-
ization reactions.>

In this paper, the commonly used traditional LAs such as
chlorides of aluminum, boron, zinc, copper, etc. are adopted in
the DA reaction between isoprene and acrolein. Global reactivity
descriptors such as chemical potential u, global hardness 7,
polarizability o, electrophilicity index w, as well as local
reactivity descriptors like Fukui functions f* and local electro-
philicity indices w; have been calculated to investigate the
impacts of different LA catalysts on the reactivity and regiose-
lectivity of the studied DA reactions. Structure and natural bond
orbital (NBO) analyses are carried out to understand the nature
of the interactions between acrolein and LA catalysts. A few
linear relationships between structure and reactivity properties
for the LA catalysts are established. MHP, MPP and MEP have
also been applied to evaluate the validity and applicability of
the three principles for these reactions in the prediction of the
major regioproduct and the preferred reaction pathway.

2. Theoretical Background

DFT reactivity indices can play a central role in the
understanding of chemical reactivity and regioselectivity of a
molecule. In the context of conceptual DFT,??* the commonly
used indices are the chemical potential u, global hardness 7,
and polarizability o, whose analytical definitions are defined
as follows:

— . —(9Ey __ 1
n=-1=(gx),= = 20+ g
& E du
=[Z=| =(%) =1-4 2
7 8N2 v (aN)U ( )
1
o 0= §(axx +o,+a,) 3)

where E is the total energy of the system, N is the number of
electrons in the system, v is the external potential, / and A are
the first ionization potential and electron affinity, respectively,
and [d[lis the mean of diagonal components (Cy, O,y and o)
of the polarizability tensor.3”-3 Here, the first ionization potential
I can be obtain by I = Ey——Ey and electron affinity A by A =
Ent1 — Ey with Eyyy, Ey—1, and Ey denoting the total energies
of the system with N + 1, N — 1, and N electrons, respectively.
In addition, following Janak’s theorem,*! the first ionization
potential I and electron affinity A can be replaced by the frontier
molecular orbital energies HOMO (ey) and LUMO (ep),
respectively. Chemical potential, «, and global hardness, 7, can
thus be expressed as follows:

~£L+£H
H=— “)
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Parr et al.>> have introduced electrophilicity index w, in terms
of u and 7 to appraise the capacity of an electrophile to accept
the maximal number electrons in a neighboring reservoir of
electron sea,
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To describe the regioselectivity, local descriptors have to be
employed. A well-known local descriptor of this category is
called Fukui function,*? which is defined as
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The condensed forms of Fukui functions proposed by Yang and
Mortier*? are based on a population analysis under the finite
difference approximation, e.g., NBO analysis. For systems with
electron gain, the condensed Fukui index is of nucleophilic
nature:

fi=qN+1)— g (8)

For systems with electron donation, the condensed Fukui index
is a measure of the electrophilic attack:

fe=adN) —qN—1) 9)

where gi(N + 1), gi(N), and g(N — 1) stand for the gross NBO
population on Atom k in a molecule with N + 1, N, and N —
1 electrons, respectively. A local electrophilicity index wy
expressed as

w, = f; (10)

is considered to be better suited to analyze reactivity and
selectivity for reactions involving electrophile—nucleophile
interactions.?®

To examine the validity and applicability of MHP, MPP, and
MEP for chemical reactions of the present study, the difference,
AY, of a DFT reactivity descriptor Y (Y = #, [&[]or w) between
reactants and products is defined as’’

AY= z vY, (11)

where v; stands for the stoichiometry coefficient of the ith
participant of the reaction and Y; is the value of parameter ¥
for the ith compound in the considered reaction. The sign of v;
will be positive if the ith species is a product; otherwise it is
negative. A maximum principle of the descriptor Y for a
chemical reaction, if existent, requires that AY is larger than
zero, AY > 0, and conversely a minimum principle implies that
AY < 0.

To assess catalytical capability of an LA and its accelerating
effect on the DA reaction, following the literature!*18.2044 and
using frontier molecular orbitals, we hereby define two quanti-
ties, AE, and AE. The DA reaction between isoprene and
acrolein is controlled by the gap between diene’s HOMO,
HOMOgiene and dienophile’s LUMO, LUMOgienophile- The pres-
ence of an LA induces a significant cutback in the activation
energy, which can be understood in terms of stronger interac-
tions between HOMOgicne and LUMOgienophile, leading to the
decrement of the HOMOgiene — LUMOgienophite gap.'®2° The
activation barrier AE, of a DA reaction can be estimated by
this gap:*4

AEa = LUMOdienophile - HOMOdiene (12)

On the other hand, an LA lowers both HOMO and LUMO
energies of the dienophile through an activated dienophile-LA
complex,>!44 We appraise the activation capability of LA
through
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AE=LUMO, , — HOMO (13)

acrolein

where AE is the energy difference between the LUMO energy
of the LA and the HOMO energy of the dienophile, acrolein.
A lower LUMO energy of the LA produces a lower energy
barrier, leading to a better activation.** We caution that AE is
different from AE,, but they might be related as they are telling
the two sides of the same story on the accelerating effect of a
Lewis acid catalyst.

3. Computational Details

DA reactions in the presence of homogeneous LA catalysts
often take place in the condensed phase, and thus any realistic
modeling of these reactions to simulate the impact of LAs on
the chemical reactivity should in principle require that simula-
tions be carried out in the condensed phase as well. In this work,
however, we employ a rather simplified, gas-phase-like model,
where LAs are represented by one single molecule interacting
directly with the C=0 bond of the dienophile, acrolein. Similar
models of this kind have also been proposed elsewhere in the
literature. 820

A series of LAs taken into account in the present study
include two commonly used LAs, AICl; and BCl;, and five
transition metal chlorides, FeCl;, CoCl,, CuCl,, CuCl, and
ZnCl,, whose structures are shown in Scheme 1. Isoprene was
selected as a 2-substituted diene (I in Scheme 1), s-cis-acrolein!7-2
and the corresponding s-cis-acrolein—LA complexes (II and II-
LA in Scheme 1, respectively) were taken as dienophiles
participating the uncatalyzed and LA-catalyzed reactions,
respectively. The reaction between isoprene (I) and acrolein (I)
is the so-called normal electron demand (NED) DA reaction,®23-30
where I contains an electron-withdrawing carbonyl group (C=0)
and II has an electron-donating methyl group (CH3). Such a
reaction yields two corresponding regioisomer products, meta-
substituted product III and para-substituted product IV (Scheme
1). All equilibrium geometries of diene (I), dienophiles (II and
II-LA), products (Il and IV), and product—LA complexes
(IITI—LA and IV—LA in Scheme 1) have been optimized at the
DFT B3LYP level with Pople’s 6-31 g* basis set. No imaginary
frequency in the optimized conformations was found. Single-
point frequency calculation and NBO analysis were carried out
with the 6-311+g* basis set with tight SCF convergence using
the optimized structure. Applicability of these basis sets to
systems of this kind have been evaluated elsewhere.* 48

For transition metal catalysts, such as FeCls, CoCl,, CuCl,,
and CuCl, different spin multiplicities ¥~ are possible. Various
spin states have been examined. Our results show that the high
spin state for II=FeCl; (S = 3/,) and II—CoCl, (S = 3/5) is most
stable, whereas for II-CuCl, and II-CuCl, the lowest spin state
(S = 1/, for CuCl, and S= 0 for CuCl) is the ground state. We
employed the most stable spin state for each of the complexes
in the present study. All calculations were performed using
Gaussian 03 package.’!

4. Results and Discussion

The reactivity difference between II and II-LA complexes
(II-LAs) can be observed through comparison of their DFT
reactivity indices and FMO energies shown in Table 1.
Compared to II, we notice that (i) all II—-LAs always have a
larger electrophilicity index @ and smaller global hardness 7,
confirming that all II—LAs are more reactive than II; (ii) both
HOMO and LUMO energies of II—-LAs decrease except for
the HOMO energy of II—6 (II—-CuCl); the energy decrease in
LUMO is more significant, justifying that it serves as the
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SCHEME 1: Structure of Reactants and Products
Involved in the Studied DA Reactions
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LA=1-7: 1. BCl, 2. AICI, 3. FeCl, 4. CoCl, 5. CuCl, 6. CuCl 7. ZnCl,

primary electron acceptor in such HOMOgiene —LUMOgienophite-
controlled DA reaction. The biggest LUMO energy decrease is
2.031 eV for acrolein—AICl; (II-2). We use it as an example
to compare the HOMO—LUMO interaction between I/I and
I/I-LA, as illustrated in Figure 1, where one observes that,
for the frontier orbital interaction between I and II, HOMO
electrons (Figure 1A) are mainly localized on I and LUMO
electrons (Figure 1B) on II. However, both HOMO and LUMO
orbitals are diffused when AICls is present (Figure 1C,D), where
electrons are transferred from double C=C bonds of I to the
intermolecular regions and even to II due to the activation
(electron attracting) effect of the LA.

According to the static model proposed by Domingo et al.,
the polarity of transition structure for a given DA reaction can
be obtained from the difference in electrophilicity index (Aw)
of the diene/dienophile interacting pair. A small Aw value is
an indication of a nonpolar mechanism, whereas a big Aw value
is associated with a polar mechanism.?® From Table 1, we find
that Aw values between I and II—LAs are larger than those
between I and II, suggesting that the DA reaction mechanism
changes from an asynchronous concerted process to a stepwise
mechanism when LA catalysts are existent.2>2” For such a polar
characteristic of the interaction between the diene and dienophile
pair, the new C—C bond formation prefers between the more
nucleophilic site of diene and the more electrophilic site of
dienophile. The C3 atom (see Table 1 and Scheme 1 for atom
numbering) in all dienophiles (Il and II—LA) is the preferential
electrophilic site for nucleophilic attack as measured by both
the large fi and w; values, whereas the nucleophilic site of
isoprene is the C1 atom with largest value of fi,? leading to
the formation of the para product (IV in Scheme 1). Note that
I/IT pair has the least Aw value of 2.2324 eV and I/II-2
(IT-AICls) has the largest Aw value of 8.1673 eV, consistent
with our experimental findings that the I/II pair gives the lowest
p/m regioselectivity of 2.6 and I/II—2 pair has the highest p/m
regioselectivity (p/m = 10.6).%?

On the other hand, we notice that the f i value at the C3
atom in II is always higher than that in all II—LAs, implying
that the C3 site of II is more electrophilic than that of all
II—LAs. This result does not agree with the experimental result
that an LA accelerates the reaction.’?> But the local electrophi-
licity index wy value at the C3 atom on II is lower than that on
II-LAs except II—3 (acrolein—FeCls) and II—-5 (acrolein—
CuCl,). Because wy contains a global contribution of w as a
multiplicative factor of the local eletrophilic index f7,2? it should
be more appropriate and reliable than f{ in analyzing the site
activity and selectivity for electrophile—nucleophile reactions.
It is interesting to notice that the difference of wy value (Awy
shown in Table 1) at C3 and C4 site on all [I—LAs is lager
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TABLE 1: Calculated DFT Reactivity Indices and the Frontier Molecular Orbital Energies for All Reactants at the B3LYP/

6-311+g* Level (au)

global properties

local properties

HOMO LUMO u n site fi fi oy Awe
1 —0.239 —0.037 —0.138 0.101 0.094 1 0.279 0.294 0.026 0.002
2 0.263 0.250 0.025
II —0.273 —0.088 —0.180 0.092 0.176 3 0.346 0.176 0.061 0.047
4 0.080 —0.006 0.014
-1 —0.279 —0.160 —0.219 0.060 0.403 3 0.307 0.066 0.124 0.122
4 0.003 —0.012 0.001
1-2 —0.296 —0.163 —0.229 0.067 0.394 3 0.315 0.053 0.124 0.123
4 0.004 —0.009 0.002
1-3 —0.296 —0.153 —0.224 0.071 0.353 3 0.153 0.068 0.054 0.060
4 —0.018 0.002 —0.007
11-4 —0.283 —0.147 —0.215 0.068 0.339 3 0.259 0.084 0.088 0.086
4 0.004 —0.009 0.002
I1-5 —0.283 —0.150 —0.217 0.066 0.354 3 0.130 0.069 0.046 0.056
4 —0.028 —0.012 —0.010
11-6 —0.240 —0.142 —0.191 0.049 0.374 3 0.298 0.090 0.111 0.103
4 0.023 —0.020 0.009
-7 —0.287 —0.145 —0.216 0.071 0.329 3 0.316 0.066 0.104 0.098
4 0.020 —0.010 0.007
a A(Uk = wk(3)—wk(4).
AE, (au.)
0.150+4 T acrolein
J' | y=-0.3195x-0.2047
l?' R2=0.9351
J 0.135
» 01204
) 0406+ acrolein-CuCl
A B acrolein-ZnCl Na _
p— acrolein-CoCIz 4= acrolein-CuCl,
macralein-BCI,
acrolein-FeCl, ~ ~a
o075 acrolem-AICI’ ]
0.165 0220 0275 0.330 0.385
@ of dienophiles(a.u.)

é:
J
Figure 1. Comparison of the frontier orbitals for I/Il (A, HOMO of

I/1I; B, LUMO of I/IT) and I/II—-AICl3 (C, HOMO of I/II-AICl3; D,
LUMO of /II-AICl3).

Y o
’. -

than that on II, exhibiting that these LA-catalyzed DA reactions
have a large polar feature. In addition, similar to the Aw value
discussed above, the least Aw; value is also from II and the
largest Awy, value from II—2, in consensus with the experimental
results of their lowest p/m regioproduct ratio (p/m = 2.6) and
highest p/m regioproduct ratio (p/m = 10.6), respectively.

To further investigate the effects of LAs on I/II DA reaction,
the activation barrier AE, as defined in eq 12 is analyzed.
Because the activation barrier height is a good measurement of
the catalytic activity, which evaluates how much acceleration
is caused by a catalyst, the estimated AE, can be regarded as
an indication of catalytic activity. Figure 2 displays the linear
relationship between AE, and the w value of dienophiles.
Compared with II, the AE, values of all [I—LAs are always
smaller, verifying the accelerating effect of the LAs for the
reaction. The observed trend of catalytic strength of different
LA catalysts is as follows: AICl3 > BCl; > FeCl; > CuCl, >

Figure 2. Linear relationship between the estimated activation barrier
(AE,) and electrophilicity index w for acrolein and acrolein—LAs.

CoCl, > ZnCl, > CuCl, which is in agreement with the
experimentally observed order reported in our previous study.>?
The reason that acrolein—CuCl (II—6) looks to be an outlier in
Figure 2 is because of its higher HOMO and LUMO energies
compared with other II-LAs (see Table 1).

Quantitative relationships between structure and reactivity for
II in the absence and presence of LAs are shown in Figure 3.
It shows that the C=C bond order of II will become weakened
and the C=C distance lengthened when the LA complex is
formed. As Figure 2 has revealed, the electrophilicity index w
of different II—LAs is related to the catalytic activity. The
decreased C=C bond order and increased C=C distance are
strongly correlated to the catalytic activity order of II—LAs,
indicating that upon complexation with LA, C=C is more prone
to cleavage to form a new C—C bond with L.

Scheme 2 shows the geometric structure of complexation
between II and LA. A few selected bond distances and angles
from the optimized structures are tabulated in Table 2. A cyclic
coplanar structure of II—LA with small ® (—0.156—0.155°) is
observed (see Scheme 2 and Table 2), consistent with earlier
observations elsewhere.’®> As shown in Scheme 2, one of
chlorine atoms of LA, together with the LA center, carbonyl
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Figure 3. A linear correlation for (a) bond order of C3=C4 and w of II and II—LAs; (b) distance of C3=C4 and w of II and I[I—LAs.

SCHEME 2: Structure Observed from Complexation of
Acrolein with LA

Ly LA ¢
oo _ Ay
2 AL _
\/I\H : CHCH,
A B

group, and aldehyde—H, form a planar five-membered ring. The
hydrogen bonding formation between aldehyde—H and Cl
(Scheme 2, A) is possible, which has also been confirmed by
the stabilization interaction energies E(2) analysis between
aldehyde—H and CI shown in Table 3. Also, notice in Table 2
that negative charges on carbonyl oxygen atom (Zp) of II—LAs
are similar except for the [I—BCl; complex (II—1), which has
the highest Zp value. Besides, the smallest L,, Ly, and Zy; values
of II—1 are observed among all these II—LAs. The large bond
order of 0.6567 between boron and carbonyl oxygen atoms from
the NBO analysis is an indication of a strong interaction between
II and BCls.

The binding between II and LA (2—7) is believed to be
electrostatically dominated because all of them have a large
positive charge (Zy) on the LA site. However, the Cu™ cation
(Zm(Cu™) = 0.724) is less positive than the rest because the
Cu(l catalyst has only one electron-withdrawing chlorine atom.
The binding angle of CI—Cu—O (see Scheme 2A) is almost
linear, 177.5°, and the L, value of II—CuCl (II—6) is the largest
(L, = 4.8241 A), making the hydrogen bonding interaction
between aldehyde—H and Cl negligible. We will also confirm
from the stabilization interaction energy E(2) analysis of
II—CuCl in Table 3 that no noticeable interaction between
aldehyde—H and CI has been found.

Table 3 displays the stabilization interaction energy for
II—LAs from the NBO analysis. For I—=BCls (II—1), the strong
donor—acceptor interaction occurs between C=0O and B—Cl
(BD C=0 — BD* M—Cl, LP O — BD* M—Cl and BD M—Cl
— BD* C=0); however, there exists no interaction between
boron and carbonyl oxygen atoms (BD C=0 — LP* M, LP M
— BD* C=0 and LP O — LP* M). Considering the strong
bond order between boron and carbonyl oxygen atoms (BDg-o
= 0.6567), it strongly suggests that IT and BCI; are covalently
linked. For II-2 to II-5 complexes, there is a strong
donor—acceptor interaction between the LP O orbital and the

LP* M orbital. For II—6 and II—7 complexes, the interaction
between the donor LP O orbital and acceptor’s BD* M—Cl is
dominant, and the interaction between the donor carbonyl
oxygen atom and acceptor LA center (BD C=0 — LP* M and
LP O — LP* M) is negligible because the d-shell of both CuCl
and ZnCl, is full, unable to accept extra electrons.

As shown above, the acrolein’s carbonyl group in coordina-
tion with the LA catalyst activates the DA reaction and provides
the catalytic power in cutting back the reaction barrier. Figure
4 exhibits the linear relationship between activation capability
with electrophilicity index w of LAs. Here, AE is the energy
difference between LUMO; 4 and HOMO¢rolein from eq 13. It
is seen that the larger the w value of LA, the lower the AE
value, and thus the more reactive the LA.

The DA reaction between I and II yields two main regioi-
somers, III and IV, with the latter as the major product from
the experiments. Recently, Noorizadeh and Maihami3® showed
that the major product of a DA reaction always has a smaller
electrophilicity index than the minor product and claimed that
electrophilicity index used as a global reactivity descriptor is
better than hardness and polarizability to predict the regiose-
lectivity, at least for this kind of reactions. We extend in this
work their results to DA reactions with accelerating LA catalysts
present. Shown in Table 4 are global hardness (1), polarizabili-
ties (a), and electrophilicity indexes (w) using eqs 3—6 to
evaluate the stability for the two regioisomer products. Accord-
ing to MHP, MPP and MEP, a more reactive species (reactant
or product) possesses a smaller #, larger a and larger @, and
conversely a more stable species has a larger 7, smaller o and
smaller w. It is expected that the major regioproduct (para-
substituted isomer, IV) should have a larger 7 and smaller o
and w. From Table 4, it is found that MHP correctly predicts
the major regioisomer of LA-catalyzed DA reactions except for
IV—6. MEP works for IV—=2, IV=3 and IV—4, but MPP is
invalid for all cases. These results suggest that using global
descriptors hardness is better behaved in predicting the stability
order of regioisomers for the LA catalyzed DA reaction systems.

When the difference measurement of MHP, MPP, and MEP
defined in eq 11 is used, however, different results can be
obtained. Table 5 shows the difference of hardness (An),
polaribility (Aa) and electrophilicity index (Aw) defined in eq
11 for the DA reactions. In this case, MHP becomes invalid
because all the An values are negative. Both Aa and Aw are
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TABLE 2: Some Selected Geometry Parameters for Acrolein—-LA Complexes
1I-1 1I-2 1I-3 11-4 1I-5 1I-6 11-7

D (deg)” 0.0076 0.0038 —0.0028 0.1549 —0.1559 0.1380 0.0135

Znt 0.397 1.385 1.299 1.219 1.187 0.724 1.449

Zo° —0.548 —0.652 —0.633 —0.648 —0.634 —0.652 —0.678

L, (Ay 2.5194 2.7516 2.80852 2.7391 2.6683 4.82414 2.7461

Ly, (A 1.5969 1.9245 2.0294 1.9921 1.9120 1.7734 2.0424

@ Dihedral angle of LA—O=C—H shown in Scheme 2B. # NBO charge of LA center. ¢ NBO charge of carbonyl oxygen atom. “ Distance of
carbonyl oxygen atom and LA center shown in Scheme 2A. ¢ Distance of aldehyde—H and the coplanar chlorine atom of LA shown in Scheme

TABLE 3: Selected Stabilization Interaction Energies E(2) for the Acrolein—LA Complexes (kcal/mol)

donor NBO — acceptor NBO 1I-1 II-2 1I-3 1I-4 II-5 1I-6 11-7

BD C=0 — LP*M 14.03 0.67 2.49 2.28

BD C=0 — BD* M—Cl 4.22 2.66 1.91 4.1 0.93
LP O — LP*M 102.84 16.03 46.52 52.5

LP O — BD* M—Cl 4.85 15.98 7.24 0.77 59.67 19.8

BD M—Cl — BD* C=0 2.98 0.26 0.27 0.06 0.07 0.19 0.33
LP M — BD* C=0 0.35 1.89 1.66 6.67 0.5

BD M—Cl — BD* C—H 0.08 0.04 0.08
LP Cl — BD* C—H 1.4 0.94 0.4 1.21 1.28 1.27

TABLE 4: Calculated Hardness Values (77), Polarizabilities (ot) and Global Electrophilicity Indices (®) of the Two Products

Involved in DA Reactions at the B3LYP/6-311+g* Level (au)*

non-LA 1 2 4 5 6 7

U

II-LA 0.102 0.076 0.075 0.079 0.081 0.080 0.067 0.082
IV-LA 0.104 0.077 0.080 0.083 0.082 0.081 0.066 0.083
(08

II-LA 94.1 150.5 153.9 175.1 151.4 159.7 139.1 142.6
IV-LA 95.3 152.3 154.9 177.1 178.9 162.1 141.2 143.9
w

III-LA 0.098 0.250 0.258 0.227 0.214 0.221 0.216 0.207
IV-LA 0.099 0.251 0.241 0.213 0.212 0.222 0.218 0.208

¢ The maximum hardness, minimum polarizability and electrophilicity values are in bold fonts for each product.

TABLE 5: Differences of Hardness (A7n), Polarizability (Ac) and Electrophilicity (Am) between Reactants and Products (au)*

non-LA 1 2 3 4 5 6 7
An
AP —0.091 —0.085 —0.093 —0.093 —0.088 —0.088 —0.084 —0.090
B¢ —0.090 —0.084 —0.089 —0.089 —0.088 —0.087 —0.084 —0.089
Ao
AP -17.7 —8.8 -17.5 -7.8 -17.7 —5.6 —15.7 -7.0
B¢ —6.5 =7.0 —6.5 —5.8 19.9 —-32 —13.6 —=5.7
Aw
AP —0.172 —0.247 —0.231 —0.220 —0.219 —0.227 —0.252 —0.216
B¢ —0.171 —0.246 —0.247 —0.234 —0.221 —0.226 —0.251 —-0.215

¢ The minimum polarizability and electrophilicity values are in bold fonts for each reaction. ® A is the reaction I + II-LA — III-LA. ¢B is

the reaction I + II-LA — IV—LA.

less than zero, indicating that MPP and MEP can correctly
predict the direction of the DA reaction, suggesting that the
product possesses a smaller polarizability and electrophilicity.

But can MPP and MEP predict the preferred regioisomer
product, para-substituted isomer IV? MPP cannot and MEP can
do partially. For DA reactions with the same reactants but
different products, the Aw value toward to the preferred reaction
pathway is anticipated to be smaller than the unfavorable
pathway. The B reaction in Table 5 produces the major
regioproduct IV, which, if MEP is applicable, should have a
smaller Aw value than the A reaction pathway. We observed
this trend for three systems, IV—2, IV—3 and IV—4 (see Table
5). We can see that the Aw value for reaction I + II-2 —IV—2
is smaller than that of reactions I + I[I-3 — IV—3 and I +
[I—4 — IV—4, meaning that the LA catalysts used in this DA
reaction have a catalytic activity order of AICl; > FeCl; >

CoCl,, which is in agreement with the LA catalytic activity order
discussed above (see Figure 1). However, except for these three
reactions, others seemingly do not obey what MEP predicts.
The reason behind is likely that the difference in Aw values of
the two reaction pathways, A and B, are insignificant; the biggest
difference is found be just 0.0012 au (0.75 kcal/mol) for I +
-6 — IlI—6 and I + 1I-6 — IV—6.

Although in most cases MHP successfully predicts that DA
reactions can favorably proceed, it is unable to predict the
preferred reaction product in all of the considered reactions.
MEP correctly predicts reaction trend, but it seems not to be so
reliable in predicting the major regioisomer product and
preferred reaction pathway for LA-catalyzed DA reactions. A
number of reasons may have been contributed such as the gas-
phase-like model, single-molecule approximation for the LA,
etc. It may also have to do with the fact that the validity of
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AE (au.)

L} ¥ w; L] ' L} . L ¥ L] b L] * L]
0.12 0.14 0.16 0.18 0.20 022 0.24 026
o of Lewis acids (a.u.)

Figure 4. Linear relationship between the activation barrier of LAs
(AE) and electrophilicity index @ of LAs.

MHP and others require that the external potential and chemical
potential should be held constant during the evaluation process,
which is often untrue for chemical reactions such as those
considered here. Finally, we mention in passing that similar
results (not shown here) have also been obtained with I and A
approximated by the finite energy difference instead of HOMO/
LUMO energies.

5. Conclusions

The impact of LA catalysts applied to a normal electron
demand Diels—Alder reaction system (isoprene/acrolein) has
been investigated using DFT and conceptual DFT (also called
Chemical DFT?*) approaches. We found that the complexation
of dienophile (acrolein) with LA significantly decreases the
LUMO energy of acrolein and increases the electrophilicity of
acrolein. We also observed noticeable difference in the shape
and localization of HOMO and LUMO distribution. Structure
analysis of the acrolein—LA complex finds a planar five-
membered ring formed by the chlorine atom, LA center,
carbonyl group and aldehyde—H. NBO analysis results indicate
two different kinds of interactions between acrolein and LAs,
one in covalent bonding nature and the other dominated by
electrostatic interactions. Catalytic activities of different LAs
have been estimated via frontier molecular orbitals and found
to be consistent with experiments. A few linear relationships
have been established between structure and reactivity proper-
ties, such as bond order, bond length, catalytic activity, and
reactivity indices. Finally, we discussed the validity and
applicability of the maximum hardness principle (MHP),
minimum polarizability (MPP) and minimum electrophilicity
principles (MEP) for the systems. We found that MHP can
usually predict the major regioisomer products of a DA reaction,
but it fails to predict the reaction direction. MPP is able to
forecast the reaction direction but fails in predicting the major
regioselective isomer. MEP can do both but cannot do so always.
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