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CCSD(T) and B3LYP calculations were done dit-12H-, and 3H-pyrroles, phospholes, and siloles to account

for the relative stabilities, activation energies for sigmatropic hydrogen shifts, and-ileler reactivities

with two model dienophiles. The computed barrier heights for sigmatropic rearrangements in phospholes
account for the observed reversible equilibrium at higher temperatures. Both CCSD(T) and B3LYP calculations
support the experimental observation that- and H-phospholes lead to the Dieté\lder adduct of M-
phosphole and validate Mathey’s proposal thidtghosphole IP) converts to Bi-phosphole ZP) prior to

the participation in the DietsAlder reactions. In contrast to what is observed in phospholes, the sigmatropic
shifts in pyrroles and siloles require higher activation energies compared to the-Bigés reactions, which
indicate no sigmatropic shifts prior to cycloadditions. Distortion energies of dienophiles explain the small
discrepancy between the activation energies and exothermicities in the reactions involving ethylene and
acetylene. The frontier molecular orbital (FMO) analysis and the extent of charge transfer values from diene

to dienophile are also used to assess the Biglder reactivities of all of the dienes considered in this study.

Introduction The H- and H-pyrroles were shown to reversibly inter-
o ) ) . o » . convert through [1,5] sigmatropic shift and the nonreversible
Pericyclic reactions, in addition to their diversified synthetic jhterconversion of them resulted tad4pyrrole® The Diels-
applications, have been one of the most fascinating classes ofa|ger adducts of H-pyrroles have shown to exhibit interesting
re.actions, Whi.Ch excited the.oreticians anql experiment.alists pharmacological propertié8.Similarly, the Diels-Alder ad-
alike 1™ The Diels-Alder reaction and [1,5] sigmatropic shifts gy cts of H-pyrroles coordinate with transition metals forming
are two classes of reactions that fall in this category. The [1,5] rganometaliic complexé® Experimental studies indicate that
sigmatropic shifts in pyrroles and phospholes have been theyypjje 4 reversible equilibrium exists betweet-2zand 34-siloles
subject of theoretical and experimental studiés.Mathey has at high temperatures, the conversion from-2o 1H-silole
proposed thatH-phosphole 1P) first undergoes a sigmatropic  seems to take place irreversiBlyThe Diels-Alder reactions

shift and later participates in the Dielé\lder reactions. 1H- of 1H- and M-siloles with various dienophiles have been
and H-substituted phospholes were reported to equilibrate at reporteche:2L

ambient temperaturel? Similarly, the Diels-Alder reactions
involving phospholes with a variety of dienophiles are well-
known in the literaturé-17 Thus, there exist two principal
competing pathways for the phospholes, namely, [1,5] sigma-
tropic shifts and DielsAlder reactions (the dimerization of
phospholes may also be classified under this category). The
phospholes, as well as their Dieldlder adducts, were also
shown to participate in novel modes of binding with the
transition metal fragments such as FeCp, Mn(§£Qy(CO),
Mo(CO), and W(CO0).18 The 7-heteronorbornene and 7-het- from 1-silanorbornadients
eronorbornadiene skeletons, which have diversified synthetic Previous computationél studies on sigmatropic shifts in
applications in phospha-, aza- and §illa-chemistries, were usua”yphospholes and pyrroles were done only at HF and MP2 levels
accgss_ed through the{_&] CYCIOadd't'OnS be_tween the hEte.rO' of theory® While the suitability of these methods was not clearly
cyclic f|ve-membered ring dienes and a variety of dienoptiles. established for modeling the sigmatropic shifts, both HF and
The Diels-Alder products O.f Ei-.phospholes with alkenes anql MP2 levels were proved to be grossly inadequate in modeling
alkynes have potential applications in homogeneous catdfysis. the Diels_Alder reactiond®2?4 Reliable estimates for the
The interconversions amongH1, 2H- and 3H-phospholes ’

through sigmatropic shifts also generated considerable experi-rlalatlve barrier heights for the tWo competing reactions in

mental and theoretical interesks-12 pyrroles and phospholes will be of considerable help in
) understanding the mechanistic preferences for the twin pathways

in this class of compounds. Isolated computational attempts were

T This paper is dedicated to Professor Goverdhan Mehta on the occasionmade by several groups to study the Diedder reactions and
of his 60th birthday. . . . . .
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The Diels—Alder reactions of cyclic five-membered rings
with acetylene result in norbornadiene systems. The extrusion
of bridge in norbornadiene systems by thermolysis was proved
to be a successful route to realize the syntheses of benzenes
and heterobenzen@%?2223Several substituted benzenes were
obtained by the extrusion of heteroatom bridge from substituted
7-azanorbornadiene, 7-phosphanorbornadiene, and 7-silanor-
bornadiené& Phosphinines have been synthesized from 1-phos-
phanorbornadientSimilarly, silabenzenes have been obtained
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calculations, quantitative calculations were carried out on the
sigmatropic shifts in siloles and Diets\lder reactivities of 21-
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relative stabilities and barrier heights for the sigmatropic shifts
and Diels-Alder reactions on pyrrole, phosphole, and silole
systems at a quantitatively reliable levels of theory. In the
Diels—Alder reactions (Scheme 1), only the concerted pathway
is explored, and thus, while the reaction trajectoriesXtlienes
are synchronous, those 2K and3X dienes are asynchronous

sons were made among the three sets and also attempts wer

made to explain some of the experimental observations.
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Figure 1. The B3LYP/6-31G* optimized important bond lengths of
by default because of the lack of plane of symmetry. Compari- 1X, 2X, and3X (X = N, P, and SiH) and the transition states for the

onversion oflX to 2X, 2X to 3X, and3X to 3X systems through
E 5] sigmatropic hydrogen shift. Angle (in deg) between the plane of

the migrating hydrogen atom and the ring plane at the transition state
is given in parentheses.
Computational Details
along with the relative energies of isomers and activation barriers
for sigmatropic shifts are given in the first section. In the second
part, the Diels-Alder reactions were taken up. The percentage
of stretching/shortening, frontier molecular orbitals, and reaction
and activation energies are discussed. Distortion energy values
were used to analyze the differences in the reactivities and the
individual contributions from the diene and dienophile. Efforts
were made to compare the trends in and between the sigmatropic
shifts and the DielsAlder reactions.

[1,5] Sigmatropic Shifts. Equilibrium Geometries of Reac-
tants and Transition StateShe geometries of the reactants and
the transition states of [1,5] sigmatropic hydrogen shifts are
depicted in Figure 1. ExcegtP and2SiH, all other dienes are
planar. The planar forms dfP and 2SiH are not minima on
the potential energy surface. The phosphorus and silicon centers
are pyramidal inlP and 2SiH, respectively. In the transition
states of [1,5] sigmatropic shifts, all hydrogens with the obvious
exception of the migrating hydrogen atom are in the molecular
plane except irsiH-TS2 where the silicon center is pyramidal.

Relatve EnergiesThe relative energies, zero-point energy
corrections, relative enthalpies at B3LYP level, and the enthalpy-
corrected relative energy values at CCSD(T) level for the dienes

This section is divided into two parts: the first one deals and [1,5] sigmatropic transition states are given in Table 1. In
with the sigmatropic shifts and the latter the Dielslder all of the three classes, that is, pyrroles, phospholes, and siloles,
reactions. The equilibrium geometries of various isomers of 1X is taken as the reference. Previous studies by Bachrach et
pyrrole, phosphole, silole, and the sigmatropic transition states, al. pointed out that inclusion of electron correlation is important

All of the dienes considered in this study were fully optimized
within the symmetry constraints at B3LYP/6-31G* level. The
transition states of [1,5] sigmatropic hydrogen shifts for the
conversions amond X, 2X, and 3X were obtained at the
B3LYP/6-31G* level. The DielsAlder transition-state struc-
tures and products of all of the dienes with both ethylene and .
acetylene were also optimized at the same level. The natures
of all of the transition states, reactants, and products were
characterized by frequency calculations done at the B3LYP/
6-31G* level. Thus, the reactants and products were identified
with all real frequencies, and all of the transition states of [1,5]
sigmatropic shifts and DielsAlder reactions possessed one
imaginary frequency. The imaginary frequency corresponding
to the normal mode for each of the transition-state structures
was verified using the MOPLOT program pack&§e&ingle-
point calculations were performed at the CCSD(T)/6-31G* level
on B3LYP geometries for all of the reactants, transition states,
and products. All of the calculations were done using the
Gaussian 98 suite of prograrifs.

Results and Discussion
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Figure 2. The relative energies at CCSD(T)/6-31G* and B3LYP/6-31G* (in parentheses) levels for the interconversiond Anxgand3X:
(a) pyrrole system (X= N); (b) phosphole system (X P); (c) silole system (%= SiH). The CCSD(T)/6-31G* relative energies include thermal

correction to enthalpy values obtained at B3LYP/6-31G* level.

TABLE 1: The Relative Energies (AE), Relative Enthalpies
(AH), and Zero-Point Energy Corrections (ZPE) Obtained

at B3LYP/6-31G* and Relative Energies at CCSD(T)/6-31G*
Levels for 1X, 2X, and 3X (X= N, P, and SiH) and the
Transition States for the Conversions of 1X to 2X, 2X to 3X,
and 3X to 3X through [1,5] Sigmatropic Hydrogen Shiftst

B3LYP/6-31G*

ccsD(T)/

structure AE ZPE AH 6-31G*
1N 0.0 51.9 0.0 0.0
N-TS1 47.4 48.8 44.1 447
2N 12.0 51.3 11.4 8.4
N-TS2 40.9 49.1 37.9 38.8
3N 14.4 51.0 13.5 10.0
N-TS3 43.8 48.9 40.7 41.7
1P 0.0 47.0 0.0 0.0
P-TS1 19.3 45.8 17.9 19.6
2P —4.8 48.3 —-3.4 —6.0

P-TS2 24.6 46.4 23.7 24.7
3P —-0.3 48.3 1.0 —2.7

P-TS3 27.3 46.3 26.3 27.3
1SiH 0.0 51.7 0.0 0.0
SiH-TS1 39.1 50.2 37.4 41.4
2SiH 18.6 52.5 19.6 18.9
SiH-TS2 49.0 50.6 47.7 50.7
3SiH 20.9 52.8 22.0 21.0
SiH-TS3 48.8 50.7 47.6 51.1

a All values are given in kcal mot P Single point calculations were
done on B3LYP/6-31G* geometries and the relative energies include
the thermal correction to enthalpy values obtained at B3LYP/6-31G*
level.

in the computations of relative stabilities of phospholes and their
sigmatropic rearrangemerit¥he trends obtained at the B3LYP/
6-31G* level are virtually identical to CCSD(T) level, and
encouragingly, there is a fairly good quantitative agreement.

SCHEME 2: The Designation of Bond Lengths and the
Nomenclature Used in This Study for the Transition
States and Products of the DielsAlder Reactions of
Dienes 1X, 2X, and 3X (X= N, P, and SiH) with
Ethylene as Dienophile
H
X

r3 rl

2

r4

X=N  syn/anti- EIN-TS/Pr E2N-TS/Pr E3N-TS/Pr
X=P  syn/anti- EIP-TS/Pr E2P-TS/Pr E3P-TS/Pr
X =SiH E1SiH-TS/Pr E2SiH-TS/Pr E3SiH-TS/Pr

to the identity reaction 08N and the sigmatropic shifts between
1IN and 2N. Thus, the computations predict that among the
sigmatropic shifts, the most facile rearrangement is bet@&en
and 3N. The disruption of aromaticity iiN when converted

to 2N perhaps results in a high activation energy for the
rearrangement process. The results obtained for pyrrole system
confirm the available experimental repoftSimilar to pyrrole
system2SiH and3SiH are expected to equilibrate on heating.
However, the pathway for the irreversible conversiorl 8H

has the lowest barrier, and th@SiH, once formed, shows
greater propensity toward irreversible conversiod$H, and
these results are in accordance with the experimental refsorts.
In contrast to pyrrole and silole systenmis? interconverts to
2P in an irreversible fashion, which is in agreement with the
experimental observatiofds?!? Interestingly, the activation bar-
riers for the identity reactions of all thr&X systems are around
30 kcal/mol. Thus, the present study indicates that the [1,5]

Considering the previous and present theoretical studies, thesigmatropic shift is a highly competitive and viable reaction

levels of theory employed in the present study are deemed to

pathway in all three systems considered here.

be adequate in modeling these reactions. The CCSD(T) values Diels—Alder Reactions.Geometries of Transition States and

are taken for discussion unless otherwise specified.

In pyrroles,1N is 8.4 and 10.0 kcal/mol more stable than
2N and3N, respectively, which may be traced to the aromaticity
of the former. Similar trends are observed in siloles, albeit with
a larger gap, and thu&SiH is about 19 and 21 kcal/mol more
stable thar2SiH and3SiH. The causative factors for the lower
stability of 2SiH and 3SiH may be due to the presence of
unfavorable &Si bond. However, the relative energy ordering
of phospholes is in sharp contrast beca2iBés the most stable

Products.The principal geometric parameters for the transition
states and products of all of the Dielalder reactions consid-
ered in the study are given in the Supporting Information. The
designation of bond lengths and the nomenclature for the
transition states and products are depicted in Schemes 2 and 3.
The present study considers only the concerted pathway and
does not venture into exploring the alternative stepwise mech-
anism because such a pathway was considered to lie higher in
energy?’” Symmetry considerations make the mechanism of

among its isomers. Figure 2 depicts the potential energy diagramDiels—Alder reactions involvindlX synchronous, while those

for [1,5] sigmatropic hydrogen rearrangements in pyrrole,
phosphole, and silole systems. ClearBN and 3N have
comparable energies, add\ is significantly lower compared
to both, and prominently the barrier heights for the intercon-
version betwee@N and3N are lower than those corresponding

involving 2X and 3X are nonsynchronous. In case of the
transition states and products Ol and 1P, the orientation of

a bridged hydrogen results in two conformations, namely, syn
and anti, depending on the tilting direction of bridged hydrogen
toward or away from the diene, respectively. Both syn and anti
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SCHEME 3: The Designation of Bond Lengths and the Nomenclature Used in This Study for the Transition States and
Products of the Diels-Alder Reactions of Dienes 1X, 2X, and 3X (X= N, P and SiH) with Acetylene as Dienophile

H H H
X X X

3 rl r3 / rl 3 / rl
2 2

V2 4

r2 5
r4 r4
X=N  syn/anti- AIN-TS X=N AIN-Pr X =SiH A1SiH-Pr
X =P  syn/anti- A1P-TS X=P Al1P-Pr

X=SiH A1SiH-TS

8 r8
r7 6 p
r I
r3i rl 13 /i rl
2 X P 5 2 X /
r:
X=N A2N-TS A2N-Pr A3N-TS/Pr
X=P A2P-TS A2P-Pr A3P-TS/Pr
X=SiH A2SiH-TS A2SiH-Pr A3SiH-TS/Pr

TABLE 2: The Percentages of the Bond Lengths,, r7, and rs Stretched and the Bond Lengthr; Shortened at the Transition
States of the Diels-Alder Reactions of the Dienes 1X, 2X, and 3X (%= N, P, and SiH) with Both Ethylene and Acetylene as
Dienophilegt

ethylene acetylene

% stretching % shortening % stretching % shortening
diene ra rs rs rs ra rs rs rs
IN 37.8 - 34.6 59.1 29.4 - 37.8 55.6
2N 335 38.0 29.2 56.1 26.8 335 32.6 52.2
3N 26.6 26.6 23.6 49.3 211 22.0 24.8 46.1
1P 26.4 (32.1) - 27.7 (26.9) 48.8 (52.5) 20.3 (26.9) - 27.5(27.5) 44.6 (48.8)
2P 25.0 25.2 221 45.0 19.4 19.6 22.1 39.5
3P 317 24.4 245 46.6 24.9 17.4 254 40.3
1SiH 30.4 - 28.0 52.9 23.0 - 25.4 45.8
2SiH 1.9 7.6 9.0 14.1 2% 5.6 12.3 9.3
3SiH 42.4 18.2 24.7 31.6 35.7 4.5 36.1 9.6

a All values were obtained at B3LYP/6-31G* levéIThe values in parentheses were obtained at the anti transition State bond length is
shorter at the transition state, and then it is elongated toward the product.

transition-state structures could be located for the digheith ethylene and acetylene are “early” compared to other dienes in
both ethylene and acetylene as dienophiles. All of the attemptspyrroles, phospholes, and siloles, respectively. The di¢he
in locating a syn transition state for the reactionsldf with 1X and SiH-substituted dienes 2X and3X types form “early”

ethylene, as well as with acetylene, were futile. The putative transition states with both dienophiles. The reactions of all of

syn transition state guesses collapse either to the anti transitiorthe dienes with acetylene form “early” transition states compared

state or to the syn product. However, both syn and anti productsto ethylene as dienophile. The die28iH forms a very “early”

are possible for the reactions of dierigsand1N with ethylene, transition state compared to all other dienes considered in the

but because of the symmetry of product, only one product resultsstudy with both dienophiles.

when acetylene is a dienophile. The DieBslder reactions of Frontier Molecular Orbital (FMO) AnalysisHOMO and

2X type with acetylene form the products that possess the planeLUMO energies of all of the dienes, HOM@.UMO and

of symmetry. LUMO—-HOMO energy difference between diene and dieno-
The percentage of stretching/shortening of the bonds was phile, and the extent of charge transfer from diene to dienophile

calculated as the ratio between the change in bond length fromat the transition stategér) for all of the reactions obtained at

reactant to transition state and the change in bond length fromB3LYP/6-31G* level are listed in Table 3. Excel¥l and3SiH,

reactant to product, and the values at B3LYP level are given in all other dienes follow inverse electron demand on reaction with

Table 2. Exceptionally, in the reaction 28iH with acetylene, both dienophiles. The dier®SiH has the lowest FMO energy

ther, bond length is 2.5% shortened at the transition state, and gap either with ethylene or with acetylene, and this is followed

then it is elongated in the product. Table 2 indicates that the by the diene2P. This indicates tha2SiH and2P are expected

transition states obtained for the dierd®¢ 2P, and2SiH with to have very facile Diels Alder pathways compared to the rest,
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TABLE 3: The Frontier Molecular Orbital Energies ( Exowmo "5 BILYP  (ethylene)
and E yuo, in eV) for All of the Dienes Considered in This —=—CCSD(T) (ethylene)

Study, FMO energy gap between diene and dienophileEf 307 ﬁ§ —O—B3LYP  (acetylene)

and E)), and the Extent of Charge Transfer from Diene to 25 —9 | @ CCSD(T) (acetylene)
Dienophile at the Transition State @cr)? VY a

ethylene acetylene g 2
diene Epomo Eiumo Env E Jer En E Jcr ?3 154
1N —5.48 1.39 6.00 8.64 0.104 6.91 9.06 0.116 f%’ 10
2N —6.85 —0.87 7.36 6.38—0.052 8.28 6.80—-0.041 =
3N —6.47 —0.83 6.99 6.42—-0.009 7.90 6.84-0.001 5
1P —6.25 —1.02 6.76 6.24—0.011 7.68 6.66 0.008

(0.007) (0.027) 01

2P —-5.91 —-1.61 6.43 5.65 0.009 7.34 6.06 0.024 —————————
3P —6.19 —14 6.70 585-0.022 7.62 6.27—0.007 IN 2N 3N 1P_ 1P 2P 3P 1SiH2SiH3SiH
1SiH —-6.26 —1.36 6.77 5.90-0.013 7.69 6.31 0.010 . ) L . .
2SiH —-523 —1.77 5.75 5.48-0.010 6.66 5.90-0.005 Flgur_e 3. The plot shpwmg the _actlvatl_on energies qbtalned for the
3SiH —5.35 —0.81 5.86 6.45 0.003 6.78 6.86 0.061 reactions of all of the dienes considered in this study with both ethylene

and acetylene as dienophiles at B3LYP/6-31G* and CCSD(T)/6-31G*
@ The values given in parentheses are for the anti transition state. levels.

All values were obtained at B3LYP/6-31G* level. For ethyleBgomo . L . . .
= —7.26 eV antELymo = 0.51 eV. For acetylen&nomo = —7.67 eV higher activation energy when acetylene is taken as dienophile

andELuvo = 1.43 eV. in general, barring the reaction 85iH, which requires about
1 kcal/mol higher activation energy with ethylene. The activation

which is in agreement with the computed results, as well as energy for the reaction &SiH with ethylene is slightly negative
experimental observatidht? at B3LYP level, while all others are positive. The negative

The transfer of electron density from diene to dienophile is activation energies for the gas-phase reactions are similar to
given asqcrt and the values are depicted in Table 3. Thus, a the situation in §° reactions, wherein the transition state is
positive value ofgcr indicates that there is electron density preceded by the formation of a reactant clusteTable 4
transfer from diene to dienophile and vice-versa. However, the indicates that the reactivity of dienes in phospholes decreases
electron demand and the direction of charge transfer are not inin the following order: 2P, 3P, 1P irrespective of the dienophile.
agreement with each other in several cad®s 2P, 1SiH, etc. The dienesSN and2SiH require the lowest activation energies
Similarly, the frontier orbital energy differences between diene among pyrroles and siloles, respectively. The activation energies
and dienophile is uniformly less for reactions involving ethylene are comparable fa2N and1N in pyrroles andLSiH and3SiH
compared to those involving acetylene. While in most cases in siloles. However, the diene8N and 2P require lower
the reactions with ethylene as a dienophile have lower activation activation energies by about-40 kcal/mol than2N and 3P,
energies, in3SiH the result is opposite. These discrepancies respectively. This reactivity zigzags going from the pyrrole to
point to the limitations in considering only the HOMO and phosphole series, which may be due to change in the ordering
LUMO energies. of the relative exothermicities, because the produc3Noére

Activation and Reaction Energie3he activation energies  about 22-25 kcal/mol more stable than the products2ii,
obtained at B3LYP and CCSD(T) levels and enthalpy, entropy, whereas the products &P and 2P are energetically similar.
and Gibbs free energies of activation obtained at B3LYP level The diene2SiH, enjoying the substantial exothermicities in the
for all of the reactions are given in Table 4. Figure 3 depicts Diels—Alder reactions, was computed to be the most reactive.
the variations in activation energies for the reactions of all of Again the reactivity is directly traced to the reaction exother-
the dienes considered with both dienophiles at B3LYP and micities in siloles. The extremely high reactivity 26iH toward
CCSD(T) levels. Figure 3 shows that the trends and magnitudesthe Diels-Alder reactions is expected to facilitate fast oligo-
in activation energies at B3LYP and CCSD(T) levels are in good merization rendering th&SiH difficult to handle>°
agreement, and in the present study, only CCSD(T) values are Comparison of the activation barriers for sigmatropic shifts
taken for discussion throughout unless otherwise specified. and the Diels-Alder reactions for each of the dienes considered
Figure 3 also shows that the reactions of dienes require slightly forms the most important part of the present study. For all of

TABLE 4: The Activation Energies (AE¥) Obtained at B3LYP/6-31G* and CCSD(T)/6-31G* Levels for the Diels-Alder
Reactions of Dienes 1X, 2X, and 3X (X= N, P, and SiH) with Both Ethylene and Acetylene as Dienophiles and the Enthalpy
(AHY), Entropy (AS), and Gibbs Free Energies AG*) of Activation Obtained at B3LYP/6-31G* Level?

ethylene acetylene
CCSD(T)/ CCsSD(T)/
B3LYP/6-31G* 6-31G® B3LYP/6-31G* 6-31G*®

diene AEF AH* ASF AG* AEF AEF AH¥ AS® AG* AEF

IN 30.1 311 -12.3 43.3 28.3 30.4 311 —-11.2 42.2 30.1

2N 28.1 29.2 —-12.7 41.9 27.4 29.0 29.7 —-11.5 41.2 29.7

3N 17.6 18.8 —12.5 314 17.8 19.6 20.3 —-11.4 317 20.8

1P 24.4 (24.6) 25.3(25.5)—12.5(12.6) 37.7(38.1) 23.6(23.9) 25.1(26.1) 25.5(26.6)11.3 (—11.4) 36.8(38.0) 25.4 (26.5)
2P 10.3 11.4 —12.4 23.8 11.0 12.0 12.6 —-11.2 23.8 13.3

3P 20.4 215 —12.4 33.9 20.3 21.4 22.1 —-11.1 33.2 22.5
1SiH 19.3 20.3 —-12.2 325 19.8 18.6 19.0 —-11.1 30.1 20.2
2SiH -0.2 0.5 -11.3 11.8 1.9 16 1.9 —10.2 12.0 2.7
3SiH 21.7 22.7 —-12.1 34.8 20.5 20.2 20.7 —10.5 31.2 19.6

aThe values obtained for the anti transitions statesPare given in parentheses. All values are in kcal Thdl Single-point calculations were
done on B3LYP/6-31G* geometriesThe entropy is multiplied by 298.15 K/1000 to convert into kcal/mol.
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TABLE 5: The Reaction Energies (AE;) Obtained at B3LYP/6-31G* and CCSD(T)/6-31G* Levels for the Diels-Alder
Reactions of Dienes 1X, 2X, and 3X (= N, P, and SiH) with Both Ethylene and Acetylene as Dienophiles and the Enthalpy
(AH,), Entropy (AS), and Gibbs Free Energies AG,) of Reaction Obtained at B3LYP/6-31G* Levet

ethylene acetylene
CCSsD(T)/ CCSD(T)/

B3LYP/6-31G* 6-31G* B3LYP/6-31G* 6-31G*®
diene AE, AH; AS* AG, AE; AE, AH; AS* AG; AE,
1IN —0.6 (1.5) 2.9 (4.8) —13.2(-13.2) 16.1(18.0) —9.8(-7.7) -34 -02 -124 122 —10.0
2N —6.2 —2.4 —13.7 11.3 —-12.4 -11.0 -7.6 -129 5.3 —14.8
3N —28.6 —24.2 —13.7 —10.5 —34.8 —36.7 —325 —-13.0 -—19.6 —39.9
1P —-19.3(21.5) -155(17.6) -13.7(13.7) —1.8(3.9) —26.4(28.4) —-30.7 —-27.0 —-129 -141 —346
2P —27.7 —24.3 —13.5 —10.8 —32.7 —38.4 -349 -129 -220 —40.9
3P —27.0 —22.7 -13.7 -9.0 —33.6 —-38.4 -341 -13.0 -211 —42.0
1SiH —24.7 -21.1 -13.3 -7.8 —30.2 —42.0 -385 -—13.0 —255 —43.9
2SiH —-51.4 —47.8 —13.8 —34.0 —56.0 —64.4 —-604 -—133 —47.1 —66.1
3SiH —23.2 —19.2 —13.6 -5.6 —30.5 —33.6 -—296 -—128 -16.8 —37.9

aThe values given in parentheses are for the anti products. All values are in kcal Prfdingle-point calculations were done on B3LYP/6-31G*
geometries® The entropy is multiplied by 298.15 K/1000 to convert into kcal/mol.

o4 o "5 B3LYP  (ethylene) pyrrole isomers, products &N are the most stable. The high
osm ::;?EY“;ST) ((:tchevt'yelg?e) exothermicity of2SiH reactions may be traced to the fact that
101 ®< —e—CCSD(T) (acetylene) while the reactant diene suffers from the presence of an unstable
20, - C=Si, in the product it is replaced by a single bond and the
= /_\ g o product simultaneously forms a stable=C.
% -301 - /E\E:_ | " As expected, the reaction of the most stable isobiewith
£ Lol . \9—0\ both dlenc_)phlles requires high activation energy and is the least
> Te— exothermic compared to the reactions involving the digiés
50 \ and3N. The computations fully support Mathey’s mechanistic
60, . proposal that in the DietsAlder reactions involving H-
phosphole 1P), the [1,5] sigmatropic shifts proceed and

— T therefore the cycloaddition occurs only between thd- 2
IN 2N 3N 1P 2P 3P 1SiH 2SiH 3SiH phosphole ZP) and the dienophil@. The activation barriers

Figure 4. ;‘rhl? Ff"?: 5£!°Wi”g the_(;eacéiqn ﬁ_nergigs o_b;aki)neﬁ fohr lthe obtained for the DielsAlder reactions ofLP are higher than
reactions of all of the dienes considered in this study witl oth ethylene . : .

and acetylene as dienophiles at B3LYP/6-31G* and CCSD(T)/6-31G* the b"?‘”'er for the 'converS|on ofP to 2P, which furth’er
levels. Only the syn product energies were considered. establishes Mathey’s proposal and supports Bachrach’s com-

putational studies carried out at MP2 and HF levels of thé8ry.

the dienes considered, except 16, the Diels-Alder reactions ~ However, the inadequacies of the HF and MP2 methods in
are more facile. While the differences between the activation M0deling pericyclic reactions were known in the literature, and
barriers are much higher f@P, pyrrole, and silole systems, it therefore, one gets circumspect about the rell_ablllty of these
is marginal for3P. Thus, phospholes in general are predicted fesultst*?#2’2Thus, the present study provides the first
to interconvert t@P, which is the most active diene among its quar!tltatlvely reliable data on sigmatropic sh!fts in the§e systems
isomers. However, pyrroles and siloles have clearly a strong @d importantly compares and contrasts with the Diélsler
preference for the DielsAlder reactions compared to sigma- eactivities.
tropic shifts. In the absence of dienophiles, these systems may Table 4 indicates that, in general, the entropy of activation
dimerize?® obtained for the reaction of diene with ethylene is more negative
Table 5 lists the reaction energies obtained at B3LYP and compared to the reaction of the corresponding diene with
CCSD(T) levels and the enthalpy, entropy, and Gibbs free acetylgne by about -12 kcaI/_moI. Similarly, the reaction
energies of reactions at B3LYP level for all of the reactions entropies are also more negative for ethylene reactions than for
considered. The variations in reaction energies for the reactions@cetylene reactions (Table 5). The substantial negative entropies
of all of the dienes with both dienophiles at B3LYP and CCSD- of activation are a feature of cycloaddition reactions, and the
(T) levels are illustrated in Figure 4. While there is an excellent high-pressure techniques will be of use in effecting the Diels
agreement between B3LYP and CCSD(T) levels regarding the Alder_ reactions, which are otherwise unreactive unde_r no_rmal
barrier heights, reaction exothermicities are consistently under- conditions?*® The entropies and free energies of activations
estimated at B3LYP level compared to CCSD(T) values. The Obtained, after the zero-point energy and enthalpy corrections,
inadequacy of the B3LYP level in modeling the reaction indicate that all other dienes considered in the study are more
exothermicities is well-know# The discrepancy in the reaction ~ reactive than pyrrole. The foregoing discussion strengthens the
energies is higher in cases where ethylene is a dienophilegeneral belief that the cycloaddition reactions are highly
compared to acetylene. However, the trends obtained areattractive synthetic strategies to access novel polycyclic com-
identical at both levels. Figure 4 reveals that in the case of every pounds.
diene, the reactions with acetylene are more exothermic Distortion Energies.The distortion energy is the energy
compared to those with ethylene as dienophile. The reactionsdifference between the reactant’s energy at the transition state
of dienes2SiH and 1N are computed to be the most and the and the equilibrium geometry (Table 6). The interaction energies
least exothermic, respectively, among all of the dienes consid- are obtained by subtracting the total distortion energies from
ered with both dienophiles. The reaction exothermicities are the activation energies. The distortion energy data provide the
comparable for the three phospholes. However, among thereasons for obtaining the lowest activation energy barriers for
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TABLE 6: The Reactant and Total Distortion Energies, the Interaction Energies (IE), and the Activation Energies AE¥)
Obtained for the Diels—Alder Reactions of Dienes 1X, 2X, and 3X (X= N, P, and SiH) with Both Ethylene and Acetylene
as Dienophiles

ethylene acetylene
distortion energy distortion energy
diene ethylene total IE AEF diene acetylene total IE AEF
1IN 24.4 13.7 38.1 -8.0 30.1 23.8 16.9 40.7 —10.3 30.4
2N 22.1 10.0 32.1 —4.0 28.1 22.4 11.7 34.1 -5.1 29.0
3N 16.2 6.7 22.9 -5.3 17.6 15.6 9.3 24.9 -5.3 19.6
1P 20.7 (17.6) 8.9(8.7) 29.6(26.3)-5.2(-1.7) 24.4(24.6) 18.7(16.9) 10.8(11.3) 29.5(28.2)-4.4(-2.1) 25.1(26.1)
2P 10.6 6.1 16.7 —6.4 10.3 9.7 8.6 18.3 —6.3 12.0
3P 16.0 7.2 23.2 -2.8 20.4 14.7 9.3 24.0 —-2.6 21.4
1SiH 149 9.1 24.0 -4.7 19.3 12.2 10.2 22.4 -3.8 18.6
2SiH 2.0 11 31 —2.4 0.7 2.2 2.8 5.0 —-3.4 1.6
3SiH 15.9 7.6 235 -1.8 21.7 9.8 10.8 20.6 —0.4 20.2

aThe values in parentheses are for the anti form. All of the values are obtained at B3LYP/6-31G* level and are in #cal mol
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Figure 5. The correlation between activation energies and (1) reaction energies, (2) distortion energies, and (3) diene distortion energies for the
reactions ofLX, 2X, and3X (X = N, P, and SiH) with (a) ethylene and (b) acetylene as dienophiles.

3N, 2P, and 2SiH in their respective classes. In general, energies between the reactions with ethylene and acetylene as
acetylene shows consistently higher distortion energy compareddienophiles shows conflicting trends. While all of the reactions
to ethylene, which may be traced to a highebond strength with acetylene as dienophile are more exothermic, unexpectedly
of the former. Interestingly, comparing activation and reaction these reactions (except the reaction3&iH with acetylene)
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show higher activation barrier compared to reactions involving experimental efforts in this direction, especially with pyrroles,
ethylene as dienophile (Tables 4 and 5). However, a careful are worth exploring.
comparison of distortion energies for the two dienophiles
provides a hint to understand this discrepancy. Thus, in reactions Acknowledgment. T.C.D. thanks CSIR, New Delhi, for a
involving ethylene and acetylene as dienophiles, the diene research fellowship. Dr. K. V. Raghavan, Director, [ICT, and
portions have very similar distortion energies. In contrast, in Dr. J. S. Yadav are thanked for their interest and support.
the dienophile part, the distortion energies of acetylene are
consistently higher compared to those of ethylene. Thus, the ~Supporting Information Available: The tables of the bond
strain at the transition state is higher for reactions in which lengths of the transition states and products of all the Biels
acetylene is a dienophile. The variation in distortion energies Alder reactions considered and the B3LYP/6-31G* optimized
is marked among dienes compared to dienophiles, and thus theCartesian coordinates along with the total energies obtained at
dienes showing higher distortion energies possess higher activaB3LYP and CCSD(T) levels for all the stationary points
tion energies. The interaction energies are quite comparableobtained in this study. This material is available free of charge
indicating that the transition-state bonding is to a similar extent Via the Internet at http://pubs.acs.org.
for both ethylene and acetylene.
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