JOURNAL OF PHYSICAL ORGANIC CHEMISTRY
J. Phys. Org. Chem. 2003; 16: 298-305
Published online in Wiley InterScience (www.interscience.wiley.com). DOI: 10.1002/poc.615

Effect of methyl and vinyl substitution on the
geometries, relative stabilities and Diels-Alder
reactivities of phospholes: a DFT study

K. Geetha, T. C. Dinadayalane and G. Narahari Sastry*

Department of Chemistry, Pondicherry University, Pondicherry 605 014, India

Received 5 September 2002; revised 10 December 2002; accepted 10 January 2003

epoc

ABSTRACT: Equilibrium geometries and the relative stabilities of 1H-, 2H- and 3H-phospholes and their methyl-
and vinyl-substituted analogs were computed at the B3LYP/6-31G* level. The transition states and products were
located for the Diels—Alder reactions of all the dienes with ethylene. The effect of substitution on the geometries,
relative stabilities and Diels—Alder reactivities of 1H-, 2H- and 3H-phospholes were analyzed. The relative stabilities
predict that the substitution on phospholes prefers phosphorus over carbon. Computations show that the activation
energies are not altered much by substitution of either methyl or vinyl groups on phospholes, but most of the
substituted phospholes require slightly higher activation energies than the corresponding parent phospholes. 2H-
phospholes require lower activation energies than 1H- and 3H-phospholes. The reactivity ordering based on FMO
energy gaps and the activation energies are similar and follows the sequence 2H- > 3H- > 1H-phospholes. The
quantaum of charge-transfer values from diene to dienophile at the transition states and distortion energies were
calculated. Copyright © 2003 John Wiley & Sons, Ltd.
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INTRODUCTION

The syntheses of phospholes and substituted phospholes
have generated considerable interest in order to study
their stability, aromaticity, [1,5] sigmatropic shifts and
Diels—Alder and other reactivities.'~'® The synthesis of a
highly substituted phosphole was reported in 1959,' and
the parent 1H-phosphole (1) was synthesized and
characterized in 1983 by Mathey and co-workers.®
Phospholes have found several applications in organic
synthesis and catalysis, e.g. some phosphole complexes
with metal or metal halides have been used to catalyze
hydrogenation, carbonylation and hydroformylation re-
actions.®'®!” Diels—Alder reactions of phospholes have
constituted a dependable strategy to construct novel
phosphorus-containing polycyclic compounds.6’14 The
lower aromaticity of 1H-phosphole (1) is expected to be
more reactive and more exothermic than pyrrole, furan
and thiophene in Diels—Alder reactions.'®'® The [1,5]
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sigmatropic shifts for substituted phospholes have
generated considerable interest from both theoreticians
and experimentalists.>®'>'* Previous computational
studies of sigmatropic shifts in parent phospholes and
the relative stabilities of the methyl- and vinyl-substituted
phospholes indicate that 2H-phospholes are more stable
than 1H- and 3H-phospholes.*> Mathey and co-workers
proposed a mechanism which accounts for the [1,5]
sigmatropic shifts prior to Diels—Alder additions and
successfully explained the product distribution in Diels—
Alder reactions of a variety of phospholes.®!! Previous
experimental studies indicated that 2H-phospholes act as
dienes and dienophiles, and also that 1-phosphanorbor-
nadiene was obtained by the Diels—Alder reaction of 2H-
phosphole (2) with acetylene.''™"?

Computational chemistry has played an important role
in modeling Diels—Alder reactions.'® > Earlier studies
indicate that HF methods overestimate and MP2 methods
underestimate barrier heights.'®**° Previous studies
indicated that the relative stabilities of phospholes
obtained with the HF method were inconsistent with
MP2 results.” This indicates that a dynamic electron
correlation is necessary to obtain numbers of high
accuracy. Recent computational studies adjudged that
the B3LYP method, even with a 6-31G* basis set, is
more reliable than the traditional HF and MP2
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approaches.l&23 We therefore adopted the B3LYP/6—
31G* method to study the geometries, relative stabilities
and Diels—Alder reactivities of phospholes and their
substituted analogs. To our knowledge, the present study
has given the first reliable energetics on Diels—Alder
reactions of substituted phospholes with ethylene.

The present study focused on how the relative
stabilities and Diels—Alder reactivities of 1H-, 2H- and
3H-phospholes vary upon substitution by methyl and
vinyl groups. All the dienes considered in this study are
depicted in Scheme 1 and the designations for dienes end
with M for methyl-substituted and V for vinyl-substituted
phospholes. In this study, the Diels—Alder reactivities of
parent and methyl- and vinyl-substituted phospholes
were investigated only with ethylene as dienophile. Three
parent and 11 methyl- and 11 vinyl-substituted phos-
pholes (total 25 dienes) were studied. The geometries of
all the substituted dienes are discussed and compared
with the parent phospholes. FMO analysis and the
quantum of charge transfer values from diene to
dienophile at the transition state (gct) were used to study
the Diels—Alder reactivities of all the dienes. The
activation and reaction energies, thermochemical data
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Scheme 1. 1H-, 2H- and 3H-phospholes and methyl and
vinyl substitution at various positions
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for all the reactions considered and the distortion energies
of the reactants at the transition states were calculated
and analyzed.

COMPUTATIONAL METHODS

The structures of all the parent and methyl- and vinyl-
substituted phospholes were optimized at the B3LYP
level using the 6-31G* basis set. Frequency calculations
were carried out to ascertain the nature of the stationary
points and eventually the minimum energy structures
were obtained for all the reactants. Similarly, transition
states and products of each of the dienes with ethylene
were optimized and characterized by frequency calcula-
tions. Only the concerted pathway was pursued in the
present study. However, an alternative stepwise pathway
exists despite lying slightly over the concerted path-
way.zl_23 Except the reactions of dienes, 1, 4M and 4V,
all other dienes considered in this study are asynchronous
by symmetry. All the calculations were performed using
the Gaussian 98 suite of programs.30 The normal mode of
the imaginary frequency of each of the transition states
was verified using the MOPLOT program package.®' In
all cases, the reaction vector corresponds to the concerted
transition state. The lowest energy conformations of vinyl
and methyl substituents were taken in all the structures
considered. The frontier orbital energies and the quantum
of charge-transfer values from diene to dienophile at the
transition states were also computed at the B3LYP/6—
31G* level.

RESULTS AND DISCUSSION

In this section, the equilibrium geometries and relative
stabilities of phospholes and their substituted analogs are
discussed first. The geometries of the transition states and
products for all the reactions considered in this study are
then discussed. This is followed by the frontier orbital
analysis and the activation and reaction energies. The
distortion energies of the reactants are discussed at the
end of this section.

Equilibrium geometries and relative energies of
reactant dienes

Figure 1 depicts the optimized bond lengths of parent and
methyl-substituted phospholes. Similarly, the vinyl-
substituted phospholes are shown in Fig. 2. Figures 1
and 2 indicate that the bond lengths of the parent
phosphole ring are not altered significantly by substitu-
tion. As the double bond of vinyl group attached to sp?
carbons in vinylphospholes are in conjugation with the
ring double bonds, C(ring)—C(vinyl) bond lengths range
from 1.456 to 1.472 A. In the case of methyl-substituted
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Figure 1. B3LYP/6-31G* optimized bond lengths (in A) of
1H-, 2H- and 3H-phospholes and their methyl-substituted
analogs

phospholes, the C(ring)—C(methyl) bond lengths are
shorter than the normal C—C bond lengths and these
bond lengths range from 1.500 to 1.505 A, which may be
traced to the pseudo C—H n-orbital participation.

Table 1 gives the computed relative energies of parent
phospholes and methyl- and vinyl-substituted phos-
pholes. 2H-Phosphole (2) is more stable than 3H-
Phosphole (3) and 1H-phosphole (1), which is in
agreement with previous studies reported at the MP2/6—
31G* level.’ The isomers 9M and 7V, which are
substituted 2H-phospholes, are the most stable isomers
in methyl- and vinyl-substituted phospholes, respec-
tively. In case of methyl-1H-phospholes 4M-6M, the
isomer 4M, which has the methyl group attached to
phosphorus, is calculated to be more stable than SM and
6M. In contrast, in vinyl-1H-phosphole 4V is 3.1 and
2.0 kcal mol ™! (1 kcal = 4.184 kJ) less stable than 6V and
SV, respectively. In the positional isomers of methyl-2H-
phospholes, 7M-10M, the least stable isomer is 10M,
where the methyl group is attached to the sp* carbon, and
the isomers 7M-9M are more stable compared to all
other methyl-substituted phospholes. A similar situation
is observed in the case of vinyl-2H-phospholes. The
isomers 13M and 13V are the least stable isomers among
the positional isomers of methyl-3H-phospholes and
vinyl-3H-phospholes, respectively. The isomer 4M is 0.9
and 4.3 kcal mol~! more stable than 10M and 13M,

Copyright © 2003 John Wiley & Sons, Ltd.
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Figure 2. B3LYP/6-31G* optimized bond lengths (in A) of
the vinyl-substituted 1H-, 2H- and 3H-phospholes

respectively. In case of vinyl-substituted phospholes, 4V
is energetically competitive with 10V and is about
5.6 kcal mol " more stable than 13V. This indicates that
the substituent will prefer to attack on phosphorus rather
than sp’ carbon owing to less steric repulsion, since the
C—P bond is longer than the C—C bond.

Table 1. Relative energies of parent, 1H-, 2H- and 3H-
phospholes (1-3) and methyl-substituted (4M-14M) and
vinyl-substitute (4V-14V) phospholes obtained at the B3LYP/
6-31G* level (all values are in kcal mol™")

Diene AE Diene AE

1 4.8

2 0.0

3 4.5

4M 4.5 4V 8.2

5M 6.0 5V 6.2

6M 5.2 6V 5.1

™ 0.9 7V 0.0

SM 0.6 8V 2.7

M 0.0 9V 0.2
10M 5.4 10V 8.1
11M 5.6 11V 7.3
12M 4.8 12V 5.7
13M 8.8 13V 13.8
14M 5.5 14V 5.2
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Geometries of transition states and products

The number of positional isomers possible for 1H-, 2H-
and 3H-phospholes is 3, 4 and 4, respectively, resulting in
11 different reactant pairs each for methyl- and vinyl-
substituted phospholes. Additionally, 1H-phosphole (1)
and methyl- and vinyl-substituted phospholes of 4, 5, 6,
10 and 13 give rise to syn and anti transition states and
products. In the syn transition state/product, the sub-
stituent or hydrogen attached to phosphorus or the
substituent attached to an sp3 carbon is disposed towards
the diene moiety, whereas in the anti form it is disposed
away from the diene. A total of 36 transition states and
products, 16 each for methyl- and vinyl-substituted
compounds and 4 for the parent phospholes, were
computed in the present study. The designation of the
important bond lengths and the nomenclature used in this
study for the transition states and products are shown in
Scheme 2. The bond length values for all the transition
states and products are given in the Supplementary
Material.

The percentage stretching/shortening values of the
important bonds in the transition states are provided in
Table 2. This percentage is calculated as the ratio
between the variation of bond length from reactant to
transition state and the same from reactant to product for
a given bond. The analysis shows that the transition states
obtained for 1H-phosphole (1) and its substituted analogs

Cs 3 Cs
e N
Cg T cs 17
1-TS/Pr
Substituent  p _cp R —_CH-CH, Substituent p _ ey R - _CH-CH,
position h position
P 4M-TS/Pr  4V-TS/Pr Cy SM-TS/Pr  SV-TS/Pr

C,  6M-TS/Pr 6V-TS/Pr

3-TS/Pr

Substituent ¢ _ gy, R=-CH=CH,
position

Cy 11IM-TS/Pr  11V-TS/Pr

2-TS/Pr

Substituent R=CH, R =-CH=CH,

position
Cy TM-TS/Pr  7V-TS/Pr

G SM-TS/Pr  8V-TS/Pr G 12M-TS/Pr  12V-TS/Pr
G OM-TS/Pr  9V-TS/Pr G 13M-TS/Pr 13V-TS/Pr
Cy 10M-TS/Pr 10V-TS/Pr Cq 14M-TS/Pr 14V-TS/Pr

Scheme 2. The designation of bond lengths and nomen-
clature for transition states and products of 1H-, 2H- and 3H-
phospholes and their methyl- and vinyl-substituted analogs

Copyright © 2003 John Wiley & Sons, Ltd.

Table 2. Percentage stretching and shortening of the
important bonds in the transition states for parent (1-3)
and methyl-substituted (4M-14M) and vinyl-substituted
(4V-14V) phospholes obtained at the B3LYP/6-31G* level
(values in parentheses are for the anti form)

% Stretching at the TS % Shortening

at the TS:
Diene rl r3 7 2
1 26.4 (32.1) - 27.7(26.9) 48.8(52.5)
2 252 25.0 221 45.0
3 24.4 31.7 24.5 46.6
4M 255 (35.4) - 27.6 (27.0) 47.5 (55.6)
SM 282 (33.3) 27.5(32.0) 284(27.1) 504 (52.5)
6M 268 (31.7) 27.4(32.2) 27.7(26.3) 49.2(52.9)
™ 25.6 25.5 23.0 46.1
SM 252 25.0 225 45.1
IM 258 26.1 237 46.2
10M  22.7(25.5) 22.6(26.1) 21.5(21.3) 422 (45.9)
1M 238 31.2 24.5 46.7
12M 235 33.6 252 45.8
13M 23.8(25.9) 30.8(32.9) 24.4(234) 450 (48.3)
14M 274 31.1 252 50.7
4V 265 (34.8) - 27.7 (27.0) 47.5(54.7)
5V 323 @37.7) 27.1(329) 29.4 (28.6) 51.3(55.5)
6V  242(299) 288(34.2) 28.7(27.3) 479 (51.7)
7V 238 26.0 23.9 44.6
8V 258 24.0 22.5 44.4
IWV 272 30.4 25.6 48.5
10V 23.0(25.8) 224 (26.1) 22.0(21.5) 41.8(45.0)
11V 264 27.7 23.1 49.0
12V 234 36.7 25.8 46.7
13V 238 (24.7) 30.8 (32.7) 24.5(229) 457 (47.7)
14v 321 28.6 26.6 54.3

are ‘late’ compared with 2H- and 3H-phospholes and
their substituted analogs.

FMO analysis

Exomo and Eyymo values of parent and methyl- and
vinyl-substituted phospholes and the HOMO-LUMO and
LUMO-HOMO energy difference between the diene and
ethylene along with the quantum of charge transfer
values from diene to dienophile at the transition state
(gct) are given in Table 3. The reactions of the parent
phospholes with ethylene follow the inverse electron
demand. Similarly, those of methyl- and vinyl-substituted
phospholes follow the inverse electron demand. There-
fore, the substitution of phospholes does not affect the
electron demand on Diels—Alder reactions with ethylene.
The normal and inverse electron demands represent the
flow of electrons from diene to dienophile and from
dienophile to diene, respectively. The FMO energy gaps
obtained for 2H-phospholes are lower than those for 1H-
and 3H-phospholes. The reactivity of 1H-, 2H- and 3H-
phospholes and their substituted analogs based on the
FMO energy gap decreases in the order 2H-phospholes >
3H-phospholes > 1H-phospholes. In case of phospholes,
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Table 3. Frontier molecular orbital energies (Eyomo and Eumo in €V), FMO energy gaps between the diene and dienophile (Ey
and £ in eV) and the quantum of charge transfer from diene to dienophile at the transition state (gcy) for all the dienes

considered in this study®

Diene Enomo Erumo En E; ger
1 —6.25 —1.02 6.76 6.24 —0.011 (0.007)
2 -5.91 —1.61 6.42 5.65 0.009
3 —6.19 —1.40 6.70 5.86 —0.022
4M —6.08 -0.97 6.59 6.29 —0.017 (0.027)
M —5.97 —0.88 6.48 6.38 (0.024)
6M —6.10 —0.86 6.61 6.40 —0.001 (0.017)
™ —5.73 —1.43 6.24 5.83 0.018
SM —5.80 —1.51 6.31 5.75 0.016
M —5.67 —1.51 6.18 5.75 0.029
10M —5.87 —-1.62 6.38 5.64 0.009 (0.009)
11M —6.08 —1.32 6.59 5.94 —0.015
12M —-5.96 —-1.33 6.47 5.93 —0.008
13M —6.15 —1.42 6.66 5.84 —0.019 (—0.020)
14M —5.88 —-1.30 6.39 5.96 —0.005
4V —6.11 —1.02 6.62 6.24 —0.020 (0.026)
5V -5.73 —1.43 6.24 5.83 —0.010 (0.002)
6V —-5.97 —1.26 6.48 6.00 —0.018 (0.001)
7V —5.68 —1.87 6.19 5.39 0.008
8V —5.78 —1.71 6.29 5.55 0.002
AY —5.52 —1.94 6.03 5.32 0.017
10V —5.94 —1.74 6.45 5.52 0.007 (—0.001)
11V —-6.0 —1.49 6.51 5.77 —-0.023
12V —5.77 —1.63 6.28 5.63 —0.030
13V —6.20 —1.49 6.71 5.77 —0.022 (—0.032)
14V —5.56 —1.89 6.07 5.37 —0.022

* Enomo and Ey yymo of ethylene are — 7.26 and 0.51 eV, respectively. All values were obtained at B3LYP/6-31G* level.
" The quantum of charge transfer values for the anti form are given in parentheses.

while the FMO analysis indicates that a vinyl group may
be treated as an electron-withdrawing group, Hansch’s R
and F values do not support such a classification.>? Thus
caution should exercised in employing FMO analysis for
cycloaddition reactions involving vinyl substituents. The
difference in Ej values among the positional isomers in
each type of phosphole is insignficant in the case of both
methyl- and vinyl-substituted phospholes, so the regio-
selectivity in cycloaddition may be less. The quantum of
charge transfer values from diene to dienophile at the
transition state (gct) for 1H- and 3H-phospholes are in
agreement with the electron demand, but positive gcr
values are obtained for parent and substituted 2H-
phospholes.

Activation and reaction energies with thermo-
chemical data

Table 4 gives the activation energies, enthalpies,
entropies and Gibbs free energies of activation for the
reactions of parent and methyl- and vinyl-substituted
phospholes with ethylene. The activation energy required
for 2H-posphole (2) is 10.3 kcal mol ', which is 10.1 and
13.1kcal mol ™' lower compared with 1H- and 3H-
phospholes respectively. For either methyl- or vinyl-

Copyright © 2003 John Wiley & Sons, Ltd.

substituted phospholes, the substituted 2H-phospholes
require lower activation energies than substituted 1H-
and 3H-phospholes. Except for 8V and 11V, other
substituted phospholes require slightly higher activation
energies than the corresponding parent phospholes. The
dienes 8V and 11V require 1.5 and 1.3 kcal mol ™" lower
activation energies than the parent phospholes 2 and 3,
respectively. Spino et al. reported that the conjugating
substituents at the C(2) or C(3) position significantly
stablitizes the transition state through extended m-
conjugation with the diene portion.*> Hence the dienes
6V in vinyl-1H-phospholes, 7V and 8V in vinyl-2H-
phospholes and 11V in vinyl-3H-phospholes have lower
activation energies than the rest. As expected, the effect
is more predominant for vinyl substitution. The computed
activation energies obtained for vinyl-substituted phos-
pholes further validate Spino et al.’s proposal that
substitution on inner sp> centers selectively stabilizes
the transition-state region in the reaction coordinate.*?
Lower entropies of activation are observed for vinyl-
substituted phospholes than their corresponding methyl-
substituted phospholes. The reactivity based on activa-
tion energies for parent and substituted phospholes
decreases in the order 2H-phospholes > 3H-phos-
pholes > 1H-phospholes. The computed results repro-
duce excellently the experimental findings of Mathey and

J. Phys. Org. Chem. 2003; 16: 298-305
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Table 4. Activation energy (AEY), enthalpy (AH'), entropy
(AS*) and Gibbs free energy (AG¥) of activation obtained for
the Diels—Alder reactions of parent phospholes (1-3) and
methyl-substituted (4M-14M) and vinyl-substituted (V-14V)
phospholes with ethylene at the B3LYP/6-31G* level (values
in parentheses correspond to the anti form; all values are in
kcal mol™")

Diene AE* AH* AS* AG*
1 24.4 (24.6) 253 (25.5) —12.5(—12.6) 37.7 (38.1)
2 10.3 11.4 —12.4 23.8
3 20.4 21.5 —12.4 33.9

AM 253 (254) 259 (26.1) —12.7 (—12.8) 38.6 (38.9)
5M  25.1 (254) 259 (26.4) —12.7 (—12.8) 38.6 (39.2)
6M 250 (25.0) 259 (25.9) —12.1 (—12.1) 37.9 (38.0)

M 115 12.5 ~12.0 245
SM 109 11.8 ~11.7 23.6
OM 117 12.6 ~127 25.3
10M 113 (10.7) 123 (11.5) —12.5(—=12.7) 24.8 (24.2)
1M 212 223 ~12.0 343
12M 214 225 ~12.6 35.1
13M 215 (21.9) 22.6 (22.7) —12.6 (—=12.7) 35.2 (35.4)
14M 219 23.0 —12.7 35.7

4V 244(249) 25.1(257) —12.8(—12.9) 379 (38.6)
5V 252 (26.2) 26.0(27.1) —12.5(—12.5) 38.5(39.6)
6V 248 (24.9) 25.7(259) —12.3(-12.5) 38.0(38.3)

7V 114 12.3 —12.2 24.5

8V 8.8 9.9 —12.4 224

WV 117 12.6 —13.0 25.6
10V 124 (11.5) 13.4 (12.2) —12.6 (—12.9) 26.0 (25.1)
11v  19.1 20.2 —12.4 32.6
12v. 209 21.9 —14.2 36.1

13V 21.8(20.6) 22.9 (21.3) —12.6 (—12.7) 35.5(34.1)
14v 223 234 —14.0 37.3

co-workers that 1H- and 2H-phospholes are in equi-
librium, with selective trapping of 2H-species in Diels—
Alder reactions where the substituted acetylene was used
as dienophile.’

The reaction energy, enthalpy, entropy and Gibbs free
energy of reaction for all the reactions considered in this
study are presented in Table 5. Although the difference in
activation energies between 2H- and 3H-phospholes is
substantial (ca 10kcal mol™"), the reaction exothermi-
cities are virtually identical. Except for four dienes for
methyl- and five dienes for vinyl-substituted phospholes,
the reaction energies obtained for other substituted
phospholes do not vary to a great extent compared with
the corresponding parent phospholes. The diene 5, 9, 12
and 14, which have the methyl or vinyl group attached to
the reactive sp2 carbon, are predicted to be less
exothermic than the parent and other substituted phos-
pholes in the corresponding phosphole types. The
decrease in exothermicity is very small, within 2—
3 kcal mol_], for the dienes 5M, 9M, 12M and 14M
compared with the corresponding parent phospholes.
However, the decrease in exothermicity is significantly
higher (by about 5-6kcal mol™') in vinyl-substituted
isomers. The reaction of diene 11V with ethylene is the

Copyright © 2003 John Wiley & Sons, Ltd.

most exothermic among all the reactions considered in
this study. In general, anti products formed are more
stable than syn products.

Distortion energies

The distortion energies of diene and ethylene, the total
distortion energies of reactants and the interaction
energies were calculated and are given in Table 6. The
interaction energies were obtained by subtracting the
total distortion energies from the activation energies.
Parent 2H-phosphole (2) has the least distortion energy
and the lowest activation energy; the trend is unchanged
with methyl or vinyl substitution. These results are in
agreement with the high reactivity and early transition
state for 2H-phospholes.

CONCLUSIONS

We have reported quantitatively reliable B3LYP/6-31G*
calculations in delineating the effect of substitution by
methyl and vinyl group on geometries, relative stabilities
and Diels—Alder reactivities of 1H-, 2H- and 3H-phos-
pholes. The relative stabilities of phospholes and
substituted phospholes predict that 2H-phospholes are
more stable than 1H- and 3H-phospholes and the
substituents prefer phosphorus sites over carbon. Diels—
Alder reactions of substituted phospholes, except 8V and
11V, require slightly higher activation energies than the
reactions of the corresponding parent phospholes. The
reactivity of phospholes based on activation energy
decreases in the order 2H-phospholes > 3H-phospholes
> 1H-phospholes, and this order is in agreement with the
FMO analysis. Although 2H-phospholes require very low
activation energy compared with 3H-phospholes, the
difference in reaction energies between these types is not
very high. The reactions of dienes, which yield products
possessing the substituent at the bridgehead carbon, are
predicted to be less exothermic than other dienes in each
type of phosphole. 2H-phospholes are less distorted from
their equilibrium geometries to form the transition states
compared with 1H- and 3H-phospholes. The Diels—Alder
strategy is a promising route to access novel phosphorus-
containing polycyclic compounds.

Supplementary material

Tables of the transition state and product geometries of
all the reactions considered, the group charges accumu-
lated for the substituents in the phospholes and the
B3LYP/6-31G* optimized Cartesian coordinates for all
the reactants, transition states and products are available
at the epoc website at http://www.wiley.com/epoc.
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Table 5. Reaction energy (AE,), enthalpy (AH,), entropy (AS,) and Gibbs free energy (AG,) of reaction obtained for the Diels—
Alder reactions of parent phospholes (1-3) and methyl-substituted (4M-14M) and vinyl-substituted (4V-14V) phospholes with
ethylene at the B3LYP/6-31G* level (values in parentheses correspond to the anti form; all values are in kcal mol™"

Diene AE, AH, AS, AG,
1 —19.3 (-21.5) —15.5(—17.6) —13.7 (=13.7) —1.8 (=3.9)
2 -27.7 —-24.3 -13.5 -10.8
3 -27.0 —22.7 —-13.7 -9.0
M —18.9 (=20.3) —15.4 (—16.8) —13.8 (—=13.7) —1.6 (=3.1)
M —17.4 (—19.5) —13.9 (-16.0) —14.1 (—14.2) 0.2 (—1.8)
6M —19.9 (=22.2) —16.1 (—18.4) —13.7 (—13.8) —2.3 (—4.6)
™ -28.1 —24.6 -13.5 —11.1
SM —28.7 —25.2 —13.6 —11.6
IM —249 —21.7 —14.0 =77
10M —28.3 (—28.3) —25.1 (=25.0) —13.6 (—=13.7) —11.5(=11.4)
11M -28.1 —23.8 —-13.8 -10.0
12M —24.6 -20.7 —14.1 —6.6
13M —26.3 (—26.6) —22.3 (-22.6) —13.9 (-13.9) —8.5 (=8.7)
14M —-24.9 -20.9 —14.1 —6.8
4V —19.4 (-20.9) —15.8 (-17.3) —13.9 (—-13.8) —-1.9 (=3.5)
5V —14.7 (—-16.3) —11.2 (—12.8) —13.9 (—13.9) 2.7 (1.1)
6V —18.7 (—=20.6) —14.9 (—16.8) —13.5 (—-13.5) —1.4 (=3.3)
7V -25.9 —22.6 —13.3 -9.3
8V -29.3 —25.7 —13.6 —-12.1
9V -21.1 —18.0 —14.3 -3.7
10V —27.4 (=27.3) —24.2 (-24.0) —-13.8 (—13.9) —-10.3 (—=10.1)
11V -32.2 —27.7 —14.1 —13.6
12V -21.6 -17.6 -15.8 -1.8
13V —28.5 (—28.8) —24.4 (=24.7) —13.8 (—13.8) —10.6 (—10.8)
14V -21.7 -17.7 -15.5 -2.2

Table 6. Reactants and total distortion energies and the interaction energies obtained for the Diels—Alder reactions of parent
(1-3) and methyl-substituted (4M-14M) and vinyl-substituted (4V-14V) phospholes obtained at the B3LYP/6-31G* level
(values in parenthesis are for the anti form; all values are in kcal mol™"

Distortion energy

Interaction
Diene Diene Ethylene Total energy
1 20.7 (17.6) 8.9 (8.7) 29.5 (26.3) —5.2 (—1.8)
2 10.6 6.1 16.7 —6.4
3 16.0 7.2 232 —-2.8
4M 20.5 (18.9) 8.7 (8.9) 29.2 (27.8) -39 (-24)
M 20.9 (18.1) 9.2 (8.9) 30.1 (27.0) —5.0 (—1.6)
6M 21.3 (18.3) 8.9 (8.9) 30.2 (27.2) —52(-2.2)
™ 11.1 6.4 17.5 —6.0
SM 10.8 6.2 17.0 —6.1
IM 11.3 6.7 18.0 —6.3
10M 11.2 (11.0) 5.8 (5.6) 17.0 (16.6) —5.7(=5.9)
11M 16.5 7.2 23.7 -2.5
12M 16.3 7.6 23.9 -2.5
13M 16.1 (17.4) 7.2 (6.6) 23.3 (24.0) —-1.8 (-2.1)
14M 17.0 7.5 24.5 —2.6
4V 19.9 (18.6) 8.7 (8.7) 28.6 (27.3) —4.2 (-24)
5V 20.6 (18.2) 9.7 (9.3) 30.2 (27.6) —5.1(—-14)
6V 20.4 (17.3) 9.1 (8.9) 29.5 (26.2) —4.7 (—1.3)
7V 10.8 6.8 17.6 —6.2
8V 8.9 6.0 14.9 —6.1
WV 11.1 7.5 18.6 —-6.9
10V 12.4 (12.4) 5.9 (5.6) 18.3 (18.0) —5.9 (—6.5)
11V 15.1 6.4 21.5 2.4
12V 15.7 7.6 234 -25
13V 16.5 (17.3) 7.2 (6.4) 23.7 (23.6) —1.9 (-3.0)
14V 17.0 7.9 24.9 —2.6

Copyright © 2003 John Wiley & Sons, Lid. J. Phys. Org. Chem. 2003; 16: 298-305
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