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Computational study of organized cycloaddition reactions with
pyrrole moiety as a diene
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Computational studies were performed to determine the reactivity of pyrrole as the diene in cycloaddition reactions,
and to investigate the necessary chemical transformations that would make pyrrole an effective diene. Also, it was
of interest to establish what chemical transformations would lead exclusively to an exo or to endo cycloadducts. The
study was performed by using the pyrrole ring bond order uniformity, transition state six-membered ring bond order
uniformity, frontier molecular orbital energy changes (inertia principle), and activation energies. Synthetic routes for
the preparation of one isomer over another were proposed.

Introduction
One of the most widely used reactions in multiple step syn-
theses 1 of natural products is the Diels–Alder reaction.2 One
major source of dienophiles for the Diels–Alder reaction are
the aromatic five-membered ring heterocyclic compounds.3

However, they are not the most reactive dienophiles due to their
high aromaticity (double bond delocalization). The primary
goal in making them more reactive is to localize double and
single bonds in the ring through decreasing the heteroatom lone
pair contribution in the ring orbital overlap. For instance,
we have demonstrated that oxidation of thiophene sulfur
drastically increases its reactivity as diene in the Diels–Alder
reaction.4 This was later confirmed by preparing several
cycloadducts with oxidized thiophene.5 Similar predictions
were made for protonated pyrroles,6 however, it is well known
that the pyrrole ring is not easily protonated. Pyrrole is a
particularly good starting material for the preparation of
natural product derivatives, such as the analogs of alkaloids.7 In
the majority of the reactions with pyrrole as a dimer, an endo
cycloadduct is the dominant product; although for the prepar-
ation of alkaloids, an exo cycloadduct is desirable. Here, we
present our computational study of the cycloaddition reaction
with pyrrole derivatives, which leads exclusively to exo
cycloadducts.

Computational methodology
All computational studies were performed with the AM1 8

semiempirical method as a part of the MOPAC 9 computational
package. Bond orders were computed with the AM1 method
as incorporated in the MOPAC computational package.10 The
density functional theory computational study was performed
with the hybrid B3LYP 11 method with a 6-31G(d,p) 12 basis set
as a part of the GAUSSIAN94 13 computational package.

Results and discussion
As mentioned above, the major reason why five-membered ring
heterocycles are not efficient dienes in the Diels–Alder reaction
is due to a high aromatic stabilization 14 that includes p-orbital
overlap with the heteroatom lone electron pair. Recently, we
have explored the aromaticity of five-membered ring hetero-
cycles through their computed magnetic properties, as well
as through their ring bond order uniformity.15 We have also

demonstrated that if a chemical transformation on the hetero-
cycle is performed in such a way that the double and single
bonds are more localized in the heterocyclic ring, then the
heterocycle becomes more reactive.16 Here, we will again
demonstrate the usefulness of this approach in determining
reactivities of pyrrole and its derivatives as the dienes for the
Diels–Alder reaction.

The AM1 computed ring bond orders for pyrrole and its
derivatives are presented in Table 1.17 According to this
approach, the more uniform the bond order in unsaturated
heterocycles, the more aromatic the heterocycle (and con-
sequently, less reactive). The measure of the bond order
uniformity is through the summation of the ring bond orders,
derived from averaging the ring bond order (SBOD). The
smaller the bond order deviation, the less reactive the aromatic
ring is in the Diels–Alder cycloaddition. SBOD in pyrrole is
only 0.814, which makes pyrrole a very poor diene for cyclo-
addition reactions. The derivatization of pyrrole using SBOD
increases its reactivity. For instance, in N-formylpyrrole the
SBOD is higher, indicating higher localization of the CC
double bond and consequently, a higher reactivity in the
cycloaddition reaction is seen. This is due to the partial delocal-
ization of the nitrogen lone electron pair on the amide oxygen,
thus making the pyrrole ring less aromatic. The most pro-
nounced localization of the single and double CC bonds in the
pyrrole ring was obtained in N-methylpyrrolium cation. The
nitrogen lone pair is now localized in the sigma NC bond with
the methyl group and the N-methylpyrrolium cation becomes a
highly reactive diene (Table 1).

Let us now explore the reactivity of these dienes in the
cycloaddition reactions with 1,3-dioxacyclopent-4-ene, male-
imide, and N-methylmaleimide. The AM1 computed transition
structures for an endo addition are presented in Fig. 1. All
transition states are for concerted formation of both CC
bonds. When both diene and dienophile are symmetrical the
transition state for synchronous bond formation can be
computed. All bonds in this case are slightly longer than 2 Å
(Fig. 1). Similar transition state structures are obtained for an
exo cycloaddition.

If we consider the ground-state benzene molecule in terms of
an interaction molecular orbital diagram, then six p-orbitals
are arranged on a ring, each interacting with its neighbors. The
transition state diagram for the Diels–Alder (p2s 1 p4s
cycloaddition) reaction is identical. Therefore, the transition
state will prefer the same stabilization as the benzene ground
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Table 1 The bond order uniformity for pyrrole and its derivatives a

Heterocycle

Pyrrole
N-Methylpyrrole
N-Formylpyrrole
N-Methylpyrrolium

BO12

1.181
1.160
1.088
0.915

BO23

1.555
1.557
1.648
1.856

BO34

1.285
1.280
1.204
1.046

BO45

1.555
1.557
1.649
1.856

BO51

1.181
1.160
1.079
0.915

ABO

1.351
1.343
1.334
1.318

SBOD

0.814
0.857
1.260
2.154

a BOnm = bond order between the pyrrole ring atoms n and m; ABO = average ring bond order computed as sum of all ring bond orders divided by the
number of atoms in the ring (five); SBOD = sum of ring bond order deviation from an average bond order.

state. This analogy between benzene and the Diels–Alder
transition state was first pointed out by Evans.18 Later on, this
principle was further developed by Zimmerman 19 and Dewar.20

If we apply our bond order uniformity principle through some
bond order deviations from an average bond order, then the
most reactive reactant pair is the one that will form transition
state structures with the highest bond order uniformity. The
bond order deviation was computed from the six-membered
transition state ring as shown in Table 2. It clearly demonstrates
that the most uniform bond order distribution is for the endo
transition state structures of the maleimide addition to N-
methylpyrrolium cation (EBASTS). One can expect that this
transition state should have a very low activation barrier. If
we now consider the exo–endo cycloaddition reactions for
the maleimide addition to N-methylpyrrolium (BASTS and
EBASTS) and N-methylpyrrole (BBSTS and EBBSTS), in
both cases it becomes clear that the endo transition state struc-
tures have a slightly higher uniformity, which may suggest that
the formation of an endo cycloadduct is preferable in com-
parison with the formation of its isomeric exo cycloadduct.
This is well established in chemistry as the Alder endo rule.21

Woodward and Hoffmann used secondary orbital interactions
(SOI) between the diene and the dienophile to explain endo
selectivity.22 Bond orders in general can be used to determine
reactivity,23 as well as SOI in the transition state structures.
We have used this approach to demonstrate SOI in the endo
transition state for the cyclopropene addition to butadiene.24 If
stronger SOIs are possible in an exo transition state structure,
then the exo cycloadduct is preferred over an endo cyclo-
adduct.25 In an attempt to demonstrate the influence of SOI on
the reaction outcome, we can explore these interactions through
bond orders in transition state structures in exo and endo
transition state structures for the maleimide addition to
N-methylpyrroles (transition state structures BBSTS and
EBBSTS respectively). In the endo transition state structure
EBBSTS, there are two bonds that form with identical bond
orders 0.454. But, there are also orbital interactions between carb-
onyl carbons of the maleimide moiety of the transition state
structure with molecular orbitals in C2, C3, C4 and C5 of the
N-methylpyrrole moiety of the endo transition states. Due to
the symmetric character of the transition state, bond orders are

Fig. 1 The AM1 computed endo transition state structures for classi-
cal cycloaddition reaction with the pyrrole derivatives as dienes. Corre-
sponding exo transition state structures are MSTS, MASTS, BSTS,
BASTS and BBSTS respectively.

identical with respect to the C2 and C5 bond. The imide carbon
bond orbital interactions with C2 and C3 atoms of the pyrrole
moiety of the EBBSTS are 0.008434 and 0.002675, respectively.
These values are relatively small but indicate substantial SOI in
the endo transition state. Of course, for the exo transition states,
these interactions are eliminated. If steric interactions between
the diene and dienophile are substantial, then the formation
of the endo transition is unfavorable and therefore SOI does
not play an important role in the stabilization of the transition
state structures. However, for many of the Diels–Alder reactions,
they are of importance, and hence the formation of an endo
cycloadduct is preferred.

One very useful approach in determining the qualitative
reactivity of various dienophiles and dienes for the Diels–Alder
reaction is through the evaluation of their frontier molecular
orbital (FMO) energies. According to this approach 26 the
reactant pair that shows the smallest difference between
HOMO and LUMO orbitals should be the most reactive one.
In this case the most reactive pair should be the 1,3-dioxa-
cyclopent-4-ene and N-methylpyrrolium cation. The FMO
energy difference is only 3.69 eV, while the least reactive is the
maleimide addition to N-formylpyrrole with 8.96 eV (Table 3).
In attempts to use the necessary frontier molecular orbital
energy change (FMOC) to achieve transition state, FMO
energies as a measure of reactivity evidently failed due to the
fact that the starting energies for these reactions are substan-
tially different. Thus, it appears that the list of reactivities (one
that requires the major energy change) should actually be the
most reactive reactants pair studied. A much more realistic
picture can be obtained if only changes of molecular orbital
energies for different pyrroles are considered in the reaction
with the same dienophile, for instance, maleimide (Table 4).
Considering the using of inertia,27 which we have discussed
previously, the transition state that requires smaller changes in
the FMO energies, and bond order distribution is preferred. In
our case, the most reactive cycloaddition reaction is with the
N-methylpyrrolium cation, then with N-formylpyrrole, and
finally with N-methylpyrrole (Table 4). All these reactions
require frontier orbital changes in the pyrroles that are smaller
for endo than for exo transition state structures, again confirm-
ing the validity of the Alder rule.

Let us now verify the qualitative study of the Diels–Alder
cycloaddition reaction, with pyrrole as the diene, by computing
activation barriers (Table 5). From computed activation
barriers, it is obvious that the endo transition state structure is
always preferred, as was demonstrated in the example of
the inertia. The most reactive pair studied here is with N-
methylpyrrolium cation as a pyrrole. Although the endo transi-
tion state structure has a lower energy, the exo cycloadduct is a
more stable product. These observations are in full agreement
with the vast knowledge of the Diels–Alder cycloaddition reac-
tions previously studied. Therefore, preparation of an exo
cycloadduct only as one of the intermediates in a synthesis of
an alkaloid is not an easy task.

To overcome this problem we have devised special derivatives
of pyrrole that contain a dienophile label attached to the pyr-
role ring. There is some experimental evidence that suggests
that intramolecular cycloaddition reactions with pyrroles are
feasible.28 The first group of such pyrrole derivatives is pre-
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Table 2 Bond order uniformity for the six-membered ring transition states in the Diels–Alder reaction a

C2

C3

C4
C5

C6
C1X+1

X+1

X+1

X+1

X

X

X = (SBO-4)/6

TS

MSTS
EMSTS
MASTS
EMASTS
BSTS
EBSTS
BASTS
EBASTS
BBSTS
EBBSTS

BO12

1.213
1.221
1.195
1.204
1.400
1.395
1.411
1.409
1.151
1.176

BO23

1.609
1.605
1.629
1.621
1.421
1.419
1.411
1.409
1.682
1.653

BO34

1.217
1.219
1.200
1.204
1.400
1.395
1.411
1.409
1.151
1.176

BO45

0.437
0.451
0.433
0.448
0.362
0.359
0.372
0.377
0.456
0.454

BO56

1.318
1.312
1.349
1.347
1.364
1.353
1.450
1.450
1.325
1.337

BO16

0.449
0.447
0.457
0.456
0.362
0.359
0.372
0.377
0.456
0.454

X

0.374
0.376
0.377
0.380
0.385
0.380
0.405
0.405
0.370
0.375

SBOD

0.747
0.751
0.775
0.770
0.133
0.138
0.129
0.113
0.967
0.872

a BOnm = bond order between the pyrrole ring atoms n and m; ABO = average ring bond order computed as sum of all ring bond orders divided by
number of atoms in the ring (five); SBOD = sum of ring bond order deviation from an average bond order.

Table 3 Frontier molecular orbital (FMO) energy (eV) changes for model exo and endo cycloaddition reactions

TS

MSTS
EMSTS
MASTS
EMASTS
BSTS
EBSTS
BASTS
EBASTS
BBSTS
EBBSTS

HOMOR

29.00467
29.00467
29.20382 a

29.20382 a

29.00467
29.00467

211.26571
211.26571
28.60554 a

28.60554 a

LUMOR

20.03948 a

20.03948 a

21.14187
21.14187
25.30840 a

25.30840 a

25.30840 a

25.30840 a

21.21019
21.21019

HOMOTS

28.40826
28.42619
29.65626
29.78774

212.77582
212.62251
214.16869
214.20684
29.41316
29.53785

LUMOTS

0.14368
0.10192

20.71369
20.57645
24.95381
24.85549
25.50947
25.47179
20.44425
20.31032

∆FMO

8.96519
8.96519
8.06195
8.06195
3.69627
3.69627
5.95731
5.95731
7.39535
7.39535

FMOC

0.77957
0.71988
0.88062
1.14934
4.12574
4.07075
3.10405
3.10452
1.57256
1.83218

a Frontier molecular orbital energy for pyrrole derivative. Subscript R = reactant; subscript TS = transition state.

Table 4 Frontier molecular orbital (FMO) energy (eV) changes for both reactants to adapt the transition state energies

TS

MASTSA
EMASTSA
BASTS
EBASTS
BBSTS
EBBSTS

HOMOP

29.20382
29.20382

214.89788
214.89788
28.60554
28.60554

LUMOP

20.03948
20.03948
25.30840
25.30840

1.33135
1.33135

HOMOTS

29.73387
29.85439

214.16869
214.20684
29.41316
29.53785

LUMOTS

20.76098
20.62384
25.50947
25.47179
20.44425
20.31032

OSFMOC

1.25155
1.23493
0.93026
0.85443
2.58322
2.57398

HOMO energy for maleimide is 211.26571 eV; LUMO energy for maleimide is 21.21019 eV. Subscript P = product; subscript TS = transition state.

Table 5 Total energies (a.u.) for reactants and the transition state structures and activation barriers (kcal mol21) for template pyrrole cycloaddition
reaction computed with B3LYP/6-31G(d)//AM1 theory model a

TS

MSTS
EMSTS
MASTS
EMASTS
BSTS
EBSTS
BASTS
EBASTS
BBSTS
EBBSTS

ER

2590.60302369
2590.60302369
2722.23569676
2722.23569676
2516.90468738
2516.90468738
2609.22328282
2609.22328282
2608.89958017
2608.89958017

ETS

2590.5515102
2590.5553102
2722.1939154
2722.1945388
2516.8687092
2516.8803671
2609.1727780
2609.1835169
2608.8557353
2608.8603075

EP

2590.611725984
2590.609060288
2722.239505071
2722.235199368
2516.959993926
2516.955698242
2609.258079605
2609.262546224
2608.883726234
2608.890539239

∆EI

32.3
29.9
26.2
25.8
22.6
15.3
31.7
25.0
27.5
24.6

∆EII

25.5
23.8
22.3

0.3
234.7
232.0
221.8
224.4

9.9
5.6

a ER = total energy of the reactant; ETS = total energy of the transition state; EP = total energy of the product; ∆EI = activation barrier (kcal mol21);
∆EII = heat of the reaction (kcal mol21).

sented in Fig. 2. It is reasonable to expect that the pyrrole ring
bond order uniformity would be similar to that obtained for
their analogs without the dienophile moiety presented in Table
1. This assumption is valid (Table 6). The computed bond order
uniformity for the pyrrole ring selects the pyrrolium cation
derivatives BR0 and BAR0 as those with a higher localization

of double bonds in the pyrrole ring; therefore, they should be
very reactive. On the other hand, N-alkylated pyrrole in the
reactant BBR0 has the most uniform ring bond order distribu-
tion; hence, it should be the least reactive of all the pyrrole
derivatives presented in Table 6.

It is conceivable that for a very short methylene linkage
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between diene and dienophile, the cycloaddition reaction is
hampered due to the bond angle strain that should be present
in the intramolecular cycloaddition reaction for the reactants
presented in Fig. 2. Therefore, we have performed comput-
ational studies on such reactants that have various linkage sizes
(n = 0–3, Fig. 3) hoping that with a certain distance between the
diene and the dienophile, energy constraints will be eliminated,
or at least become unimportant. The cartoons of these tran-
sition state structures are represented in Fig. 3, with the CC
bond distance of new bonds being formed listed in Table 7.
Again, all of these transition state structures are for the con-
certed mechanism of the cycloaddition reaction, and in some
cases, they are for the synchronous formation of both CC
bonds. For the majority of them, the bond distance is between
2.0 and 2.2 Å (Table 7), which is typical of the Diels–Alder
transition state structures.29 If we assume that the bond angle
strains will be very small, or even present at all in the transition
state where the diene and dienophile are separated by three
methylene groups (n = 2, Fig. 3), then they represent the best
choice for the evaluation of the six-membered transition state
ring bond order uniformity. The AM1 computed values are
presented in Table 8. As expected from the results presented
above, the six-membered transition state structure for the
protonated pyrrole derivative has the highest bond order uni-
formity, and therefore is more aromatic than, for instance, the
transition state ring with N-alkylpyrrole (Table 8). As also men-
tioned above, we have to be cautious when the relative reactivity
on the basis of the transition state ring’s bond order uniformity
is considered. If we were to compare the relative reactivity of
these compounds, it is actually better to compare the changes
of bond order uniformity going from the reaction to the tran-
sition state structure for the pyrrole ring. In this case, BTS2
should be the most reactive and BATS2 should be the least
reactive. To confirm this finding, activation barriers for
the intramolecular cycloaddition reaction with pyrrole as the
dienophile were computed (Table 9). Indeed, the most reactive
is cyclization with the protonated pyrrole, where the activation
barrier is estimated to be only 23.4 kcal mol21. The energy is
higher than in the case of the separated diene and dienophiles,
due to the energy necessary to orient them. Nevertheless, we
expect that the intramolecular cycloaddition reaction will

Fig. 2 Structures of first reactants in the studied series for intra-
molecular cycloaddition reaction.
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Table 6 The heterocycle bond order uniformity in pyrrole ring of the
first reactants presented in Fig. 2 a

Reactant

MR0
MAR0
BR0
BAR0
BBR0

BO12

1.079
1.079
0.912
0.922
1.129

BO23

1.651
1.646
1.858
1.852
1.598

BO34

1.201
1.206
1.047
1.049
1.246

BO45

1.651
1.646
1.853
1.852
1.598

BO51

1.081
1.087
0.916
0.922
1.129

ABO

1.333
1.333
1.317
1.319
1.340

SBOD

1.274
1.253
2.153
2.130
1.032

a BOnm = bond order between the pyrrole ring atoms n and m; ABO =
average ring bond order computed as sum of all rings bond orders
divided by number of atoms in the ring (five); SBOD = sum of ring
bond order deviation from an average bond order.

be facilitated with an entropy effect that is negligible for the
intramolecular cycloaddition reactions.

From the synthetic point of view, the utilization of MAR0,
MAR1 and MAR2 as starting materials for the preparation of
alkaloids is the most reasonable approach. Furthermore, the
computed activation barrier for the cycloaddition reaction
through transition state MATS2 is only 35.5 kcal mol21 (Table
9). Considering the fact that the molecule has amide bonds,
and molecules with these functionalities are perfect candidates
for the Lewis acid catalyzed cycloaddition, we believe that the
activation barrier in the catalytic condition should be substan-
tially lower. The preparation of the reactants is trivial, starting
with an amino acid and maleic anhydride as outlined in Scheme
1. All reactions are straightforward and should afford inter-
mediates and final products in quantitative yield.

One can also argue that the intramolecular cycloaddition
reaction with reactants that have short methylene spaces should
easily undergo an intermolecular rather than an intramolecular
cycloaddition reaction. Indeed, that is true in the case of
the reactant MAR0. The double cycloadduct transition state
structure (Fig. 4) has a lower energy (~31 kcal mol21) than the
corresponding intramolecular cycloadduct. Nevertheless, after
hydrolysis of the cycloadduct, the same exo product as pre-
sented in Scheme 1 should be obtained.30

Conclusion
From the results presented in this paper, several conclusions can
be made. First, pyrrole by itself is a very poor diene for the
cycloaddition reaction due to its high aromaticity. The aroma-

Fig. 3 Transition state structures for an intramolecular cycloaddition
with pyrrole.
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Table 7 The AM1 computed CC bond distances in the intra-
molecular cycloaddition with pyrrole derivatives

Structure

MTS

MATS

BTS

BATS

BBTS

n

0
1
2
0
1
2
0
1
2
0
1
2
0
1
2
3

Reactant

MR0
MR1
MR2
MAR0
MAR1
MAR2
BR0
BR1
BR2
BAR0
BAR1
BAR2
BBR0
BBR1
BBR2
BBR3

Transition
state

MTS0
MTS1
MTS2
MATS0
MATS1
MATS2
BTS0
BTS1
BTS2
BATS0
BATS1
BATS2
BBTS0
BBTS1
BBTS2
BBTS3

rCC(1)/Å

2.094
2.077
2.066
2.056
2.068
2.090
2.177
2.166
2.196
2.136
2.134
2.159
2.066
2.055
1.943
2.000

rCC(2)/Å

2.094
2.118
2.138
2.056
2.086
2.092
2.177
2.234
2.198
2.136
2.181
2.174
2.066
2.055
2.219
2.156
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Table 8 Bond order uniformity for the transition states (Fig. 3) with a six-membered ring being formed a

C2

C3

C4
C5

C6
C1X+1

X+1

X+1

X+1

X

X

X = (SBO-4)/6

TS

MTS2
MATS2
BTS2
BATS2
BBTS2

BO12

1.206
1.169
1.402
1.394
1.127

BO23

1.628
1.658
1.418
1.429
1.688

BO34

1.192
1.174
1.402
1.391
1.161

BO45

0.460
0.470
0.349
0.379
0.387

BO56

1.314
1.320
1.360
1.432
1.302

BO16

0.439
0.462
0.359
0.384
0.531

X

0.373
0.376
0.382
0.402
0.366

SBOD

0.815
0.927
0.154
0.117
1.016

a BOnm = bond order between the pyrrole ring atoms n and m; ABO = average ring bond order computed as sum of all rings bond orders divided by
the number of atoms in the ring (five); SBOD = sum of ring’s bond order deviation from an average bond order.

Table 9 Total energies (a.u.) for reactants and the transition state structures and activation barrier (kcal mol21) computed with B3LYP/6-31G(d)//
AM1 theory model a

TS

MTS0
MTS1
MTS2
MATS0
MATS1
MATS2
BTS0
BTS1
BTS2
BATS0
BATS1
BATS2
BBTS0
BBTS1
BBTS2
BBTS3

ER

2589.4062248
2628.7276118
2668.046859
2721.0395197
2760.3533037
2799.670665
2515.7110072
2555.0302272
2594.3463801
2608.0251442
2647.3374926
2686.6534285
2607.7031412
2647.0165489
2686.3288314
2725.6427353

ETS

2589.3282223
2628.6572975
2667.9826519
2720.9467254
2760.2887441
2799.6140644
2515.6736869
2554.9841416
2594.2954979
2607.9338932
2647.2469868
2686.5772075
2607.6215211
2646.9365725
2686.2680749
2725.5816141

EP

2589.3883105
2628.7119201
2668.0369624
2720.9622930
2760.3114048
2799.6451503
2515.7608546
2555.0766733
2594.3853790
2607.9893424
2647.3125978
2686.6488811
2607.6367185
2646.9501405
2686.2781346
2725.5971665

∆EI

48.9
44.1
40.3
58.2
40.5
35.5
23.4
28.9
31.9
57.3
56.8
47.8
51.2
50.2
38.1
38.4

∆EII

11.2
9.8
6.2

48.5
26.3
16.0

231.3
229.1
224.5

22.5
15.6
2.9

41.7
41.7
31.8
28.6

a ER = total energy for the reactant; ETS = total energy for the transition state; EP = total energy for the product; ∆EI = activation barrier (kcal mol21);
∆EII = heat of the reaction (kcal mol21).

ticity can be followed through bond order uniformity in the
pyrrole ring where there is no clear localization of single and
double bonds. The nitrogen lone pair of pyrrole is involved
in molecular orbital overlap with two CC double bonds. The
pyrrole derivatives that involve the nitrogen lone pair such as
the pyrrolium cation destroy this effect, and double bonds are
firmly located in the pyrrole ring making it a perfect diene for
the Diels–Alder reaction. Other substituents such as N-formyl
that will partially delocalize the nitrogen lone pair out of the
pyrrole ring also increase its reactivity as a diene.

In all cycloaddition reactions, the endo cycloadduct is pre-
dicted to be the dominant, but not the only product. This is
explained by secondary orbital interactions in the transition
state, higher aromaticity of the endo transition state structure,
and inertia factors through frontier molecular orbital energies
as well as through activation reaction barriers. To enforce the
formation of an exo cycloadduct that is a desirable intermediate

Scheme 1 Proposed synthetic path for preparation of an exo pyrrole
cycloadduct based on our calculations.
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for the preparation of alkaloids, the diene and the dienophile
are combined via a methylene link within the same molecule.
Intramolecular reactions with proper geometry have slightly
higher activation barriers but should be experimentally feasible.
In the case of short spaces, the intermolecular cycloaddition
reaction is preferred, but the final reaction outcome is the same.
Therefore these synthetic schemes are suggested as ones that
should be experimentally feasible and result in the preparation
of the exo isomer only.
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Fig. 4 Intermolecular double cycloadduct of MAR0 computed with
the AM1 semiempirical method.
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