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Diels—Alder Reactivity of Butadiene and Cyclic Five-Membered Dienes ((CH)X, X = CHy,,
SiH2, O, NH, PH, and S) with Ethylene: A Benchmark Study
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Ab initio (SCF, MP2, MP3, and CCSD(T)) and DFT (B3LYP) calculations were done on a variety of five-
membered cyclic dienes, (CEX) (X = CH,, SiH,;, O, NH, PH, and S) with ethylene as a dienophile.
Comparison of results with the available experimental data indicates that the CCSD(T) level with the 6-31G*
basis set is adequate in obtaining quantitative answers, both in terms of activation barriers and reaction energies.
The hybrid density functional B3LYP and ab initio MP3 methods showed very good agreement with CCSD-
(T) results. The HF and MP2 methods are good only in reproducing the trends and fail in quantitative agreement.
The changes as a function of basis set in energetics are rather small at B3LYP and MP3 levels, thus indicating
that the 6-31G* basis set is adequate to model Biglder reactions. However, the dynamic electron correlation

is essential in obtaining correct activation energies. The present systematic study indicates that MP3/6-31G*
is the minimum necessary level of theory to obtain reliable predictions both in terms of activation energies
and in terms of reaction energies. The thermochemical data obtained at the HF method is essentially identical
to that obtained at B3LYP level.

Introduction matrix isolation study followed by vacuum pyrolysis, its
participation in the cycloaddition reaction is not explored
much36 Similarly, the experimental knowledge in terms of
structure and reactivity are scarce for the parent phosphole

tion with the five-membered heterocyclic dienes is fundamen- (1P, wh(ig;as the substituted phosphole chemistry is well-
tally interesting and is investigated in several experiméntal  developed’ "% To our knowledge, DietsAlder reactions with

and theoretical-13 studies, and this synthetic methodology Phosphole1PH) and silole {SiH,) as dienes are quantitatively
provides a simple access to numerous polycyclic systems. Thestudied here for the first time. In this study, we concen@r.ate only
[4 + 2] adduct between furarLQ) and maleic anhydride was ~ ©N the concerted pathway and assume that the transition states
found to be a key intermediate in the synthesis of biologically corresponding to the stepwise pathway should lie higher in
interesting moleculdsas well as polymers, such as polyelec- €nergy in agreement with the previous resefts>28
trolytes*15Thiophene 1S and pyrrole {NH) were also found Because good estimates of barrier heights, reaction energies,
to produce useful DielsAlder adducts, which on further and structural and electronic features of the Digddder
refinement form basic structural frameworks for natural products transition states are of prime importance, we felt it is necessary
and other compounds of synthetic and industrial utfity°The to benchmark the study for the reactions of dienes depicted in
controversy over the mechanism of the parent reaction betweenrigure 1, with the ethylene taken as dieneophile. With the
butadiene and ethylene has led to a consensus, and the constepwise-concerted controversy being the focal point until
certed mechanism was found to prevail over the stepwise recently, due attention is not given to the studies aimed at
mechanisnt® 2% The evidence for the synchronous concerted assessing the suitability of the computational methodologies in
mechanism for the DietsAlder reactions involving symmetric  modeling Diels-Alder reactions. Just around the time of settling
dienes and dienophiles has arrived from theoretical calcu- ¢ controversy, computational chemistry witnessed a remark-
lations 2131831 supported by experimental substituent effects gpje transformation with the entry of density functional theory
on the rat€? deuterium Kinetic isotopic effects®® and  paqeq calculations for studying chemical probléfhdhe
culm;r:ated by the elegant femtosecond experiments of Zewalil o gient-corrected hybrid density functional theory, represented
et al: However, the stepwise mechgmsms C(?u'd very mu_ch by B3LYP, with the 6-31G* basis set was found to reproduce
operate in the presence of unsymmetrical substituents espeC|aIIy[he experimental studies fairly wéi2® Although CASSCF

where the substituents stabilize radical intermedites. methodology is taken as a good choice especially in probing
Previously, the computational stu_dles with cyclopentadiene the stepwise mechanisms, the energetics obtained in this
(1CHy),2527.¢29 furan (10),12¢!13 thiophene 19),'?"'% and dure showed huae deviations f : | ValoRs
pyrrole (LNH)12d/13as dienes with ethylene as dienophile were procedure showed huge deviations from experimental Vaiues.
performed, although the levels of computations were not However, for the concerted pathway the smgle-determlnantal
uniformly high in all cases. Among the reactants considered, procedures should be able to adequately model the potential
although silole {SiH,) was unambiguously characterized in a energy surface. A perusal of the current literature reveals that
computational studies ranging from semiempirical methoda*!
*To whom correspondence should be addressed. E-mail: gnsastry@ [0 @b initio®=27 (HF, MP2, MP3, CASSCF, and CCSD(T)) and
yahoo.com. density functional theofj2528-31 methodologies with varying
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The synthetic utility of the DielsAlder reaction lies in the
ubiquity of a large number of dienes and dienophiles in
participating in such cycloadditiois? The Diels-Alder reac-
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B3LYP/6-31G* frequency data, and the HF/6-31G* computed
estimates are compared. The coupled cluster method with
noniterative triples correction, CCSD(T), was taken as the
reference for its known excellent performance in dealing with
chemical problems where the wave function is single-determi-
nantal in nature. Although, the multideterminantal procedures
are necessary for the stepwise biradicaloid pathways, single-
determinantal procedures are found to be adequate for modeling
the concerted pathway. Additionally, CASSCF methodology was
found to grossly overestimate the activation energy and thus
rendered unsuitable for quantitative energetics on the concerted
pathway?1-24

Results and Discussion

Equilibrium Geometries. The B3LYP/6-31G* optimized
geometries along with the experimental values, where available,
of all of the reactants considered in the study are given in Figure
1. The optimized minimum energy geometries of all of the
dienes are planar and poss€&ss symmetry except phosphole
(1PH), where the P center is pyramidal, which resultsGn
symmetry. Although the HF level gives its characteristic
underestimation of the double bonds, the MP2 and B3LYP levels
show excellent agreement with the experimental values (see
Supporting Information). In this paper, only B3LYP/6-31G*
geometric data will be discussed from now onwards unless
otherwise specified, the corresponding HF and MP2 geometric
parameters are available from the accompanying Supporting

Figure 1. The important geometric parameters (bond lengths in A and Information. The reactant dienes may be classified as two
angles in deg) obtained at the B3LYP/6-31G* level for all of the dienes categories based on the numberseélectrons: (a) aromatic

and ethylene considered in this study. The available experimental values2nd (b) nonaromatic. According to the recent study of Schieyer
are given in parentheses. The experimental geometry of 1-benzylphos-et al. the aromaticity ordering of the five-membered aromatic
phole is given for phospholelPH). dienes considered in the study is as follows: pyrrdldKl) >
thiophene 19 > furan (LO) > phosphole 1PH).4748
basis set qualities are employed to model the potential energy || of the reactions considered in the study are assumed to
profiles of the Diels-Alder reactions. o follow essentially a synchronous and concerted mechanism
The following quespons will be ado_lressed m_thls study: HOW pecause of the symmetry of the dienes and dienophile. Of
are the energy barriers and reaction energies affected as gqyrse, in each case, the alternative stepwise biradicaloid
function of reactant diene? How reliable are the ab initio (SCF, pathway exists, which is expected to lie well over the concerted
MP2, MP3, and CCSD(T)) and DFT methods to evaluate the profile. The important geometric parameters of the transition
energetics? What is the effect of basis set on the activation andsiates and the products are depicted in Scheme 1 and the values
the rea(.:tion.energi(_as.? How important is the dynamic electron are given in Table 1. The synchronous saddle points are
correlation in obtaining correct thermochemical estimates? characterized as true transition states, possessing one imaginary
Standard ab initio and DFT calculations are performed to answerfrequency, by frequency calculations in all cases. The transition-
the above questions. state structures obtained for the diefi€@and1NH were tighter
compared to the rest. It was recognized that therselectron
delocalization near the transition state is a characteristic feature
All the ab initio and DFT calculations were done by the in Diels—Alder reactiond? Thus, it is expected that the bond
Gaussian 94 suite of prograrfsThe semiempirical AM43 and lengthsry, r2, andrs correspond to aromatic bond length, and
PM3* calculations were done using the MOPAC 2000 program the equality of these three bond lengths may be taken as a
package® Initially, the structures of all of the reactants and measure of electron delocalization at the transition state. The
products were optimized using the default gradient methods atcomparison of bond lengtls, rz, andrs at the transition state
HF, MP2, and B3LYF® levels using the 6-31G* basis set. At in Table 1 indicates that the transition states corresponding to
the HF level, the 3-21G basis set was also used for full geometry dienes10, 1NH, and 1S exhibit the smallest delocalization
optimizations and frequency calculations. The symmetric saddle while 1 (BD), 1CH, 1SiH;, and 1PH show a very high
points were located, which represent the transition states for delocalization. Thus, the dienes that are aromatic experience
the concerted pathway. All of the reactants and products areless-delocalized transition state structures, and those that are
characterized as the minima and the saddle points as transitiornonaromatic experience more-delocalized ones.
states by frequency calculations at HF/3-21G, HF/6-31G*, and  Syn and anti products are possible 8H and3NH. The H
B3LYP/6-31G* levels of theory as well as at semiempirical attached to N or P is disposed toward the side of the plane of
levels. A wide array of basis sets, namely, 6-31G*, cc-pVDZ, the diene in the syn transition state/product, whereas in the anti
and 6-311G**, is used to assess the dependence of activationtransition state/product, it is disposed toward the side of the
and reaction energies at the HF, MP2, MP3 and B3LYP levels incoming dienophile. In both cases, the H lies on the bisector
of theory. Entropy of activation, reaction entropy, enthalpy of plane of the structure. Although, both transition states could be
activation, and reaction enthalpy were obtained using the located for2PH, similar attempts 0o2NH yielded only the anti

Methodology
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TABLE 1: The Important Geometric Parameters of the Transition States (2 and 2X) and Products (3 and 3X) (%= CH,, SiH,,
O, NH, PH, and S) Obtained at the B3LYP/6-31G* Levet

BD X =CH, X = SiH; X=0 X=NH X =PH X=S
params 2 3 2CH, 3CH, 2SiH, 3SiH, 20 30 anti-2NH syn3NH anti-3NH syn2PH anti-2PH syn3PH anti-3PH  2S 3S

ri 1407 1.337 1.406 1.341 1413 1.347 1.379 1336 1.373 1.339 1.337 1.401 1.398 1.339 1.342 1.378 1.336
ra 1.383 1.510 1.398 1523 1.401 1.518 1.419 1525 1.432 1.531 1.521 1.399 1.409 1.519 1.521 1.422 1.523
ra 1511 1.548 1.871 1917 1.373 1.438 1.403 1.486 1.487 1.848 1.829 1.906 1.904 1.768 1.864

ra 2272 1.537 2.248 1568 2.253 1.568 2.150 1.565 2.126 1.564 1.574 2.249 2.242 1.568 1.560 2.182 1.561
Is 1386 1.535 1.388 1561 1.396 1.563 1.400 1.558 1.410 1.559 1.559 1.395 1.392 1.562 1.558 1.403 1.560
a 122.0 1235 109.0 107.5 1155 1124 105.8 105.2 106.8 106.0 106.2 1131 112.8 110.6 110.6 111.4 109.7

a 102.2 112.0 106.6 100.2 104.6 96.1 108.3 102.1 105.5 103.5 99.8 110.1 105.2 103.7 97.5 109.2 102.7
a3 109.1 110.0 100.0 93.6 888 815 103.3 96.0 1034 94.6 94.5 85.2 85.9 78.4 78.6 86.1 78.7
y 89.3 100.3 86.1 100.3 91.2 101.0 94.4 99.0 103.3 86.3 96.0 98.9 104.5 94.1 1019
as 101.9 102.8 105.7 107.4 100.1 100.7 100.7 101.5 101.4 104.2 104.2 105.7 105.9 103.4 105.0
as 100.1 106.3 101.3 107.7 99.6 107.1 98.2 106.4 106.1 100.0 98.7 106.5 107.3 96.9 106.3

¢ 118.8 180.0 105.2 1119 111.0 1183 103.1 111.1 1021 111.0 110.6 107.6 106.0 114.8 116.0 103.1 113.8

aThe distances and angles are given in A and deg, respectively.

SCHEME 1

rl r5
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2 > 4

Transition State (2) Product (3)
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Dy nxxe 180.0 Dypxixe 0.0 Dypxixe 180.0
anti-2NH syn-2PH anti-2PH

Figure 2. The transition state structures ahti-2NH and syn and

anti-2PH obtained at the B3LYP/6-31G* level. The angles (in deg)

are given at B3LYP/6-31G* (plain), HF/6-31G* (bold), and MP2/6-
X 31G* (italics) levels.

and an electron-poor reactant pair, which ensures a reduced
HOMO—-LUMO gap, is predicted to witness rapid reactfdn.
The frontier orbital energies on the series of reactants along
with the quantum of charge transfer from the diene to dienophile
at the transition state geometry are given in Table 3. Both the
HF/6-31G* and B3LYP/6-31G* levels predict identical trends
except forl, in which case the predictions are qualitatively
opposite, although the differences are marginal quantitatively.
Transition State (2X) Product (3X) Thus, the present analysis predicts that the didiigd,, 10,
1NH, and 1S follow the normal electron demand ari&biH;
and 1PH follow the inverse electron demand. Howeve§ is
X=CH,, SiH,, O,NH, PH, S a borderline case and the HOMQUMO and LUMO—HOMO
interactions seem to be equally strong. The lowest frontier
transition structure. All attempts made toward locating the syn molecular orbital (FMO) energy gap is seen for the dig8éH,
transition state were futile, and the putative transition state at both of the levels; thus, according to FMO thedt$jH, is
structures collapse either to products or to anti transition state predicted to be more reactive than the other dienes. The high
upon optimization. The B3LYP/6-31G* optimized structures of reactivity of silole (LSiH,), particularly in cycloaddition reac-
the transition states an?ZNH, along with the syn- and anti-  tions, may be traced to their elusiveness in synthetic ap-
2PH are given in Figure 2. proaches? The reactivity ordering of dienes is predicted to be
The percentages of bond stretching and bond shortening atsame at both of the levels. In most of the cases, the FMO energy
the TS are evaluated and are given in Table 2. The percentagegaps are very close. The quantum of charge transfer from the
of bond alteration at the TS is calculated as the ratio of bond diene to the dienophile at the transition sajer] is calculated
lengthening/shortening between the TS and the product multi- by adding the group charges of the diene portion at the transition
plied by 100. All of these parameters help in gauging the state. Thus, a positive sign fqer indicates that charge transfer
tightness of the transition state. The calculated percentage ofoccurs from the diene to the dieneophile, and the negative sign
stretching or shortening of bonds at the TS is overestimated atcorresponds to the reverse situation. The computed quantum of
the HF/6-31G* level of theory and underestimated at the MP2/ charge transfer from the diene to the dienophile at the transition
6-31G* compared to the B3LYP/6-31G* level. These data show state is in agreement with the electronic demand obtained from
that the reactions of dienes 1CH,, 1SiH,, and 1PH with FMO analysis; the exception is observed in the cas&RHl

r3/a

rl
al 325 .
r2 ¢ ~a5@
a6 /s

ethylene follow the “early” transition state whe®, 1NH, where the quantum of charge transfer at the anti-TS is predicted
and 1S follow the “late” transition state. to be a positive value at both of the levels, and thus, the highest
Frontier Orbital Analysis. The synthetic viability of Diels- guantum of charge transfer is seen for fhéH.

Alder reactions is controlled by the differential electron demand  The Activation Energies.The computed activation energies
of the reactant pair. Thus, a combination of an electron-rich at various levels of theory are given in Table 4. HartrEeck-
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TABLE 2: The Percentages of Double Bondsrg and rs) Stretched and Single Bondsr) Shortened at the TS at the HF,
B3LYP, and MP2 Levels with the 6-31G* Basis Set

stretching at the TS (%) shortening at the TS (%)
r2 r5 rl
system HF B3LYP MP2 HF B3LYP MP2 HF B3LYP MP2

BD 29.0 24.9 22.4 311 27.0 24.1 51.0 42.1 39.7
X =CH; 314 28.2 24.5 27.1 24.8 20.7 54.8 49.6 47.0
X = SiH, 30.4 30.4 21.0 30.2 28.0 23.2 57.0 52.9 49.6
X=0 38.7 35.8 37.1 30.5 30.4 28.5 60.2 57.0 54.8
X = NH 36.5 35.3 32.8 33.3 34.7 32.6 62.3 60.5 57.7

(38.5¢ (37.87 (35.2% (33.2% (34.7y (32.6y (61.1y (59.1y (56.28
X = PH 31.0 26.4 224 30.7 27.7 23.3 55.0 48.8 45.2

(35.1p (32.1p (29.5p (28.3p (26.9p (23.3p (57.1p (52.5y (50.0y
X=S 36.7 35.3 32.6 315 31.4 29.2 59.3 55.3 53.3

@ The percentage of stretching or shortening of the bond calculated at the TS with respect to the total stretching/shortening of the bond at the anti
product.? The percentage of stretching or shortening of the bond calculated at the anti TS.

TABLE 3: The Frontier Orbital Energies ( Enomo and E umo in eV) of Various Dienes Considered in This Study, the FMO
Energy Gap between the Dienes and EthyleneE( and E, in eV), and the Quantum of Charge Transfer from Diene to
Dienophile at the TS Qcr)?

B3LYP/6-31G* HF/6-31G*

diene Eromo ELumo EnP E° Jer Eromo ELumo EnP E° Oct

1 —6.23 —0.61 6.74 6.65 0.000 —8.75 3.63 13.75 13.82 0.005
1CH, —5.76 —-0.27 6.27 6.99 0.034 —8.32 3.93 13.32 14.12 0.035
1SiH, —6.26 —1.36 6.77 5.90 —0.013 —8.76 2.64 13.76 12.83 —0.004
10 —6.11 0.54 6.62 7.80 0.053 —8.66 4.89 13.66 15.08 0.054
1NH —5.48 1.39 5.99 8.65 0.104 —7.96 5.66 12.96 15.85 0.106
1PH —6.25 —-1.02 6.76 6.24 —0.011 —8.86 2.92 13.86 13.11 —0.013

(0.007) (0.006Y

1S —6.34 -0.21 6.85 7.05 0.004 —8.94 3.75 13.94 13.94 0.006

aThe values are obtained at the B3LYP and HF methods with the 6-31G* basis set. At B3LYP/6-31G* for ethylene (dien&pphile;
—7.26 eV andE yvo = 0.51 eV. At HF/6-31G* for ethylene (dieneophil&yomo = —10.19 eV andE uvmo = 5.00 eV.P Ey = Enowmo (diene)—
ELumo (ethylene)f E; = E uwo (diene)— Enowmo (ethylene).d Quantum of charge transfer from diene to dienophile at the anti TS.

TABLE 4: The Computed Activation Energy (AE¥) for the Diels—Alder Reactions of Butadiene (BD) and (CH)X with
Ethylene Considered in This Study at Various Levels of Theor§y

X =PH
level BD X=CH; X = SiH; X=0 X'=NH anti syn anti X=S
AM1 23.8 28.5 31.8 28.1 335 35.9 40.0 43.1
PM3 27.0 32.1 315 32.0 35.3 40.2 40.1 44.8
HF/3-21G 35.9 30.1 33.2 34.7 41.7 34.3 36.3 40.9
HF/6-31G* 45.0 39.7 41.2 425 475 44.2 44.5 52.9
(47.7) (42.3)
MP2/6-31G* 17.9 11.8 111 18.5 22.9 15.8 155 26.0
(20.3y (13.8y
B3LYP/6-31G* 22.4 19.9 19.3 25.0 30.1 24.4 24.6 34.1
(24.8) (22.0)
B3LYP/cc-pvVD2 23.6 20.9 20.8 26.3 317 25.7 25.8 354
B3LYP/6-311G** 24.6 221 214 275 33.2 26.4 26.3 36.1
MP3/6-31G* 27.2 22.7 22.8 27.2 314 27.2 27.3 36.5
(29.6¥ (24.8¥
MP3/cc-pVD2 26.1 21.6 21.9 26.7 30.8 26.1 26.1 35.6
MP3/6-311G*® 235 20.9 20.9 26.1 30.0 25.2 24.9 34.5
CCSD(T)/6-31G* 25.1 19.8 19.8 24.7 28.3 23.6 23.9 32.7
(27.5y (21.9y
exptl 27.5+ 2 22.5

aThe zero-point energy corrected values are given in parentheses. All values are in kéaP1@islgle-point calculations were done on B3LYP/
6-31G* geometriesS Zero-point correction values are taken from frequency calculations done at B3LYP/6-31G*[€akkn from ref 51¢ Taken
from ref 52.

based methods significantly overestimate the energy barrier, andwhile any level of theory used here is good enough for obtaining
appallingly, increasing the basis set quality worsens the resultsthe trends in a given series, HF and MP2 are clearly unsuitable
(see Supporting Information). Therefore, it is very important for quantitative predictions. This is in agreement with a recent
to include dynamic electron correlation in obtaining the correct study that both DFT and MP2 results show the same trends in
energetics. Although both MP2 and B3LYP take account of terms of regioselectivity, stereoselectivity, and asynchronicity
electron correlation, the way in which the electron correlation in a series of hetero-DielsAlder reactions?!

is recovered is quite different in both methods. However, the In general, when the diene is more aromatic, the activation
broad qualitative changes as a function of dienes and thus thebarrier for the Diels-Alder reaction is higher compared to the
trends are reproduced virtually at all levels of theory. Therefore, less aromatic and nonaromatic dienes. However, notable excep-
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TABLE 5: The Zero-Point Energy Correction (AZPE), Enthalpy of Activation (AH¥), Entropy of Activation (AS), and Gibbs
Free Energy of Activation (AG*) for the Diels—Alder Reactions of Butadiene (BD) and (CH)X with Ethylene Considered in
This Study?

X =PH
level BD X =CH; X = SiH, X=0 X =NH anti syn anti X=S
HF/6-31G* AZPE 2.7 2.6 2.3 2.2 25 2.3 2.4 2.1
AH* 46.2 40.8 42.1 43.3 48.6 45.2 455 53.7
AS —12.6 —12.5 -12.6 —-12.3 —-12.5 —12.8 -12.9 —-12.4
AG* 58.7 53.3 54.7 55.6 61.1 58.0 58.4 66.0
B3LYP/6-31G* AZPE 2.4 21 2.2 1.9 2.3 2.1 2.2 1.9
AH* 23.4 21.0 20.3 25.7 30.0 25.3 25.5 34.8
AS —-12.1 —11.6)d —12.2 —-12.1 -12.3 —12.5 —12.6 —-12.1
-9.6
AG* 35.5 32.6 325 37.8 434 37.8 38.1 46.9
(32.1¢
CCSD(T)/6-31G*® AG* 38.2 324 33.0 375 415 37.0 374 455

2The available experimental values are given in parentheses. All values are in kcal&hgle point calculations on B3LYP/6-31G* geometries.
¢ The enthalpy and entropy correction values are obtained from the frequency calculations done at B3LYP/6-31&T ddeel.from ref 52.

TABLE 6: The Computed Reaction Energy (AE;) for the Diels—Alder Reactions of Butadiene (BD) and (CH)X with Ethylene
Considered in This Study at Various Levels of Theory

X =NH X =PH
level BD X =CH; X = SiH, X=0 syn anti syn anti xS
AM1 —56.5 —27.6 —29.4 —18.0 —-4.5 —-4.1 —27.4 —26.1 -9.7
PM3 —52.6 —26.4 —32.4 —15.5 —10.5 —10.3 —25.0 —25.6 —8.8
HF/3-21G —43.1 —32.0 —28.0 —16.5 -5.1 -2.0 —28.5 —29.4 —22.4
HF/6-31G* —42.8 —24.1 —20.9 —-11.7 —3.6 -1.1 —18.3 —20.7 7.7
(—36.0) 17.8)
MP2/6-31G* -52.5 —36.7 —37.2 -17.8 —10.6 -8.3 -31.6 —33.7 —16.0
(—45.9y (—36.0¥
B3LYP/6-31G* —43.1 —24.4 —24.7 -85 —0.6 15 —19.3 —21.5 —-6.3
(—36.6) +18.4)
B3LYP/cc-pvVD2Z —40.7 —22.4 -23.1 -5.9 2.2 4.4 —17.4 -19.4 —-4.1
B3LYP/6-311G**® —-37.1 —19.0 —-20.3 —-3.3 5.3 7.6 —14.7 —16.7 -1.9
MP3/6-31G* —50.2 —-32.7 -32.3 -17.9 —10.8 —8.6 —28.1 —30.1 —15.1
(—43.8y (—26.7F
MP3/cc-pvVDZ —48.8 —32.5 -315 —15.5 -9.5 -7.4 -275 —29.5 -14.1
MP3/6-311G** —51.4 —33.3 —-325 —16.9 —10.6 -85 —28.6 —30.9 —15.4
CCSD(T)/6-31G* —46.7 -31.0 —30.2 -16.1 -9.8 7.7 —26.4 —28.4 —13.7
(—40.2¥ (—25.0y
exptl —38.4 —23.2

aThe zero-point energy corrected values are given in parentheses. All values are in kéaP1@ilgle-point calculations were done on B3LYP/
6-31G* geometriest Zero-point correction values are taken from frequency calculations done at the B3LYP/6-31G* [Eafeén from ref 53
eTaken from ref 52.

tions for this rule were witnessed with the reversal obtained for Supporting Information). Surprisingly, semiempirical methods,
thiophene {9 and pyrrole {NH); that is, despite the higher  especially AM1, show consistently better performance compared
aromaticity of pyrrole {NH) over thiopheneXS),*"*8the former to the HF or MP2 levels of theory in reproducing the activation
was computed to exhibit greater reactivity toward cycloadditions. barriers for this class of compounds.
Table 4 indicates that the MP2 method overestimates the The reactivity ordering of dienes with all of the three basis
electron correlation and gives activation barriers that are too sets considered at B3LYP method are as follodSiH,, 1CH,,
low. 1, 1PH, 10, INH, and1S Thus, silole {SiH,) is predicted to
However, the MP3 level has excellent agreement with the be more reactive among all of the dienes considered in this
higher level results. Jorgensen et al. have shown that MP3/6-study. Thesyn2PH lies belowanti-2PH by 0.2 kcal/mol at
31G* performs excellently in reproducing the experimental B3LYP/6-31G*. Even thougiiNH is more aromatic thadS
reactivity order and the enthalpies of activation in a study the calculations predict thdiNH is more reactive thadS.
involving cyclopentadiene with a wide range of dienophfl€s. Thermochemical Corrections. The computed enthalpies,
Thus, the conventional ab initio methods truncated at the HF entropies, and free energies of activations are given in Table 5.
and MP2 levels are found to be inapt for modeling the activation Earlier studies reported that B3LYP/6-31G* enthalpy and
energies of DielsAlder reactions, and MP3 seems to be a entropy of activation parameters for the retro-Diefdder
minimum requirement for obtaining quantitative answers. On reaction of the norbornene are in excellent agreement with the
the other hand, the gradient-corrected hybrid density functional experimental dat& To our pleasant surprise, despite the
method, B3LYP, has shown reasonable agreement and showedubstantial differences in the computed activation barriers
little variation as a function of the basis set. Thus,the B3LYP between HF and B3LYP, the computed thermochemical data
method with a basis set quality equal to or higher than 6-31G* are virtually identical in all of the cases studied here. Thus,
is expected to yield reliable results. The effect of basis set on while dynamic electron correlation is essential to obtain correct
the activation energy is much less at the B3LYP and MP3 levels energetics, it does not seem to be necessary for obtaining the
compared to that either at the HF or at the MP2 level (see requisite thermochemical data.
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TABLE 7: The Zero-Point Energy Correction (AZPE), Reaction Enthalpy (AH,), Reaction Entropy (AS;), and Gibbs Free
Energy of Reaction (AG;) for the Diels—Alder Reactions of Butadiene (BD) and (CH)X with Ethylene Considered in This
Study?

X =NH X =PH
level BD X=CH; X = SiH; X=0 syn anti syn anti xS
HF/6-31G* AZPE 6.8 6.3 5.6 54 6.0 5.8 6.0 6.0 5.6
AH; —38.1 —19.7 —-17.0 —8.0 0.6 29 —14.2 —16.5 —-3.8
AS —13.8 —-13.4 —-13.4 -13.1 —13.3 -13.3 —13.8 —13.8 —13.2
AG; —24.3 —6.3 —-3.7 51 13.8 16.1 —-0.4 —2.7 9.4
B3LYP/6-31G* AZPE 6.5 6.0 53 4.9 5.3 5.1 5.6 5.6 5.1
AH; —38.6 -20.3 -21.1 -5.3 2.9 48 —154 —17.6 -2.8
(—15.2¢
AS -13.7 -13.3 -13.3 -13.0 —13.2 -13.2 —-13.7 —-13.7 —13.0
(—10.9¢
AG, -24.9 -7.0 -7.8 7.7 16.1 18.0 -1.7 -3.9 10.2
(6.7¢
CCSD(T)/6-31G* AGS —28.5 —13.6 —-13.4 0.1 6.9 8.8 -8.9 —10.8 2.8

aExperimental values are given in parentheses where available. All values are given in kcalPr8oigle-point calculations on B3LYP/6-
31G* geometriest The enthalpy and entropy correction values are obtained from the frequency calculations done at the B3LYP/6-31G* level.
d Experimental value taken from ref 3.

Reaction Energies.Table 6 depicts the computed reaction The hybrid density functional B3LYP method shows excellent
energies for the series of reactions considered here at variousagreement with the CCSD(T) method and is found to be less
levels of theory. Unlike the activation energy data, the scatter sensitive to the changes in the basis set beyond 6-31G* quality.
of reaction energies is rather narrow and the trends obtainedThe traditional HF and MP2 methods are rendered clearly
are reproduced at all of the employed levels of theory. The unsuitable for obtaining reliable energetics. Improving the basis
available experimental values are in excellent agreement with set quality either at HF or at MP2 level does not seem to
the CCSD(T) results (Table 6). In computing the reaction improve the activation energy values for any reactant pair.
energies, the performance of HF and MP2 are significantly better Among the conventional ab initio methods, the MP3/6-31G*
and even comparable to B3LYP. Clearly, MP3 shows better method seems to be the minimum requirement to produce the
agreement with the CCSD(T) results. Therefore, MP3 and results comparable to the B3LYP results. The thermochemical
CCSD(T) are expected to provide excellent reaction energies.data obtained at the HF level is in good agreement with those
Similar to the computed activation energies, the changes in theat the B3LYP level and available experimental results. Thus,
reaction energies were rather small upon increasing the qualityour study reinforces that the B3LYP method with the 6-31G*
of basis set. However, when the conventional post-HF calcula- basis set is not only economical but also more reliable than the
tions become prohibitively expensive, the hybrid density HF and MP2 methodologies to model Diel&lder reactions.
functional methods, such as B3LYP, seem to be the only viable In cases where performing ab initio and DFT studies are not
alternative to accurately model the activation and reaction plausible, the semiempirical AM1 method turns out to be a good
energies in this class of reactions. alternative.

The zero-point energy corrections to reaction energy, reaction
enthalpies, reaction entropies, and Gibbs free energies of
reactions are given in Table 7. Here also, the thermochemical . o .
data predicted at both the HF and the B3LYP level are virtually Fellowshlp. Profegspr E. D. Jemmis is thanked for extending
identical. The Gibbs free energies of reaction are used to discusscompm"Jltlonal facilities.

the feasibility of reactions. The reaction of butadiene with Supporting Information Available: B3LYP/6-31G* opti-
ethylene is more exothermic than other reactions in this Study. ;e Cartesian coordinates of all of the species considered in
The two products are obtained for the dieri#éH and 1PH; the study, tables of the activation and reaction energies for all

syn3NH is around 2 kcal mof lower in energy atthe BSLYP/ ot tho reactions considered in the study at the HF and MP2
6-31G* level tharanti-3NH, whereasyn3PH is about 2.2 kcal levels with 6-31G*, cc-pVDZ, and 6-311G** basis sets on
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sistance. T.C.D. thanks CSIR, New Delhi, for a Junior Research

_l '_ . .
mol™ less stable thaanti-3PH at the same level. B3LYP/6-31G* geometries, total energies of all of the reactants,
transition states, and products at various levels of theory, and
Conclusions the important geometric parameters of transition states and

) . ) roducts at HF/3-21G, HF/6-31G*, and MP2/6-31G* levels, the
p

This paper critically analyzes the performance of various fig res of the important geometric parameters of reactants at

computational methodologies in obtaining reliable activation and jr 309 MP2 levels with 6-31G* basis set. the variation of

reaction energies of the Dield\lder reaction by taking a series  jnortant bond lengths at TS for various dienes at B3LYP/6-

of five-membered dienes. The experimental values, where 371G+ |evel, and the correlation of activation and reaction

available, and the CCSD(T) values in other cases were takengnegies for all of the DielsAlder reactions at various levels

as reference. The Dieislder reaction of silole ISiHp) and —— of theory, This material is available free of charge via the

phosphole 1PH) with ethylene is studied for the first time ata  |nternet at http://pubs.acs.org.

high level of theory. The transition states of nonaromatic dienes
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