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Abstract: The application and performance of con-
ceptual and qualitative theories and quantitative
quantum mechanical methods to the study of mecha-
nism, reactivity, and selectivity of 1,3-dipolar and
Diels—Alder cycloadditions are reviewed. This
review emphasizes the application of conceptual den-
sity functional theory (DFT) for predicting reactivity
and regioselectivity, and highly accurate quantum
mechanical methods for predicting barrier heights
and reaction energetics. Applications of computa-
tions to solvation effects, metal and organocatalysis,
are also described.
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1 Introduction

Theory has played a significant role in the use of cy-
cloadditions in synthesis.!! Frontier molecular orbital
(FMO) theory is a practical working tool for synthetic
chemists and probably will be for some time. Howev-
er, with the advent of density functional theory
(DFT) and the ability to carry out experimentally ac-
curate calculations, new conceptual models and quan-
titative quantum mechanical methods have been ap-
plied to a variety of 1,3-dipolar and Diels—Alder cy-
cloadditions.” These recent qualitative and quantita-
tive analyses have provided rich insights into reactivi-
ty, selectivity, and mechanisms of cycloadditions.

This article reviews the application and perfor-
mance of conceptual theories and quantitative meth-
ods toward issues such as reactivity and selectivity.”!
This review is composed of three parts. Section 2 in-
troduces FMO theory and its wide application, identi-
fies evident shortcomings of this qualitative theory,
and highlights popular conceptual and qualitative
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models for cycloadditions with emphasis on the
emerging application of conceptual DFT for predict-
ing reactivity and regioselectivity in Section 2.2. In
Section 3, the most reliable quantitative thermoche-
mistries for Diels—Alder and 1,3-dipolar cycloaddi-
tions are reviewed. Benchmark investigations of cy-
cloadditions that provide critical evaluations of the
accuracy and precision of ab initio and DFT methods
are reviewed. Section 4 reviews recent applications of
computations toward solvation effects, metal catalysis,
and organocatalysis in cycloadditions.

2 Qualitative Treatments
2.1 Frontier Molecular Orbital (FMO) Theory

Frontier molecular orbital theory has proven to be a
powerful conceptual framework to understand reac-
tivities and selectivities in many types of reactions.”!
Developed by Fukui, it employs perturbation theory
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and emphasizes the interactions of the highest occu-
pied molecular orbital (HOMO) and the lowest unoc-
cupied molecular orbital (LUMO), the “frontier orbi-
tals,” of reacting molecules. Orbitals that are closest
in energy interact most strongly. Smaller HOMO-
LUMO gaps lead to lower activation barriers for re-
actions. Stabilization is also related to the square of
the total overlap between the HOMO of one compo-
nent and the LUMO of the other.

The prediction of reactivity, and regioselectivity
patterns in pericyclic reactions is the most common
application of FMO theory.**l The examples in
Figure 1 show the normal electron demand Diels—
Alder reaction between methyl acrylate and 1,3-dime-
thoxybuta-1,3-diene (Figure 1a and b) and the [2+2]
cycloaddition of ethylene (Figure 1c¢), illustrate the
principles of FMO theory which may be applied to
other cycloadditions."!

For the reaction of dimethoxybutadiene with
methyl acrylate, the signs of the lobes on the termini
of the HOMO of the diene match those on the
LUMO of the dienophile; the same is true for the
combination involving the LUMO of the diene and
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the HOMO of the dienophile (Figure 1b). Both of
these cycloadditions are allowed. In contrast, the cy-
cloaddition of ethylene is forbidden because of the
lack of stabilizing interaction between the LUMO
and HOMO of the ethylene molecules (Figure 1c).
The interaction of the HOMO of 1,3-dimethoxybu-
tadiene and the LUMO of the methyl acrylate has a
gap of 11 eV; this separation, being smaller than that
of the other combination provides the main stabiliza-
tion of the transition state. Consequently, regioselec-
tivity in pericyclic reactions is related to better over-
lap between the lobes of the orbitals that possess the
largest orbital coefficients. In the FMOs of this exam-
ple, the substituents polarize the frontier orbitals of
the diene and the dienophile so that the § carbon of
the LUMO of the dienophile and C-4 of the HOMO
of the diene have the largest orbital coefficients. In
the transition state, the degree of bond formation be-
tween these atoms is largest. The bond formed be-
tween C-4 and the [ carbon occurs before the bond
formed by C-1 of the diene and the a carbon of the
dienophile. This leads to a degree of asymmetry of
the transition state that is dependent on the ability of
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Figure 1. (a) Frontier molecular orbitals and (b) primary or-
bital interactions for the reaction of 1,3-dimethoxy-1,3-buta-
diene with methyl acrylate. Orbital energies by HF/6-
31G(d) are shown in eV and orbital coefficients on reacting
atoms are shown below the orbitals of the reactants. (¢) Pri-
mary orbital interactions in the pericyclic reaction of two
ethylene molecules.

(c)

the substituents on the diene and dienophile to stabi-
lize the charge that develops on each reactant at the
transition state.

For the vast majority of reactions considered, FMO
theory predicts reactivities and selectivities that are in
agreement with experiment. This, coupled with the
ease of application of the method, has resulted in the
widespread treatment of pericyclic reactions by FMO
theory since being developed. Despite the popularity
of FMO theory, however, a number of deficiencies
have been identified, mainly due to the lack of quan-
titative significance of these FMO interactions. Alston
and co-workers have pointed out that the interaction
of secondary orbitals may at times outweigh the pri-
mary interactions that were shown in Figure 1.
These secondary orbital interactions involve orbitals
that are not directly involved in the formation of new
bonds, for example, the interaction of internal diene
carbons with the electron-withdrawing substituent of
the dienophile. Because the theory is only approxi-
mate, FMO theory does not always adequately ac-
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count for the relative directing effects of substituents
in polysubstituted dienes, or the influence of one type
of substituent in different diene positions.” Singleton
and co-workers have recently noted that because
FMO theory utilizes ground state electronic configu-
rations to describe reactivity, it may predict incorrect
trends if the electronic configuration changes signifi-
cantly near the transition state of the reaction.®!

Recently, Spino et al. noted that in Diels—Alder cy-
cloadditions involving electron-deficient dienes, FMO
theory effectively predicts reactivity patterns of differ-
ent dienophiles in normal electron demand reactions
but failed to predict reactivities in inverse electron
demand reactions.”) In inverse electron demand reac-
tions, unsymmetrical dienophiles are more reactive
than symmetrical dienophiles. This is unaffected by
the HOMO energies of dienophiles, and, therefore,
the relative sizes of the HOMO jienophie=LUMO giepe
gaps are not indicative of reactivities in these reac-
tions. They suggest that the sizes of the orbital coeffi-
cients of the reactants are better indicators of the re-
activity patterns in these types of reactions.

FMO theory remains a good qualitative guide to re-
activity and selectivity, but because it is not a com-
plete theory, it is not quantifiable.

2.2 Conceptual Density Functional Theory (DFT) and
Hard and Soft Acid and Base (HSAB) Theory

The popularity and success of density functional
theory (DFT) has stimulated many groups to use
Hard and Soft Acid and Base (HSAB) theory, formu-
lated with DFT, as a qualitative and quantitative
treatment to predict reactivity based upon ground
state properties (density) in a similar fashion to FMO
theory.'” This is an important development, since
DFT is based upon the idea that electron densities
can quantitatively account for energies and all proper-
ties; that is, molecular orbitals are unnecessary to ex-
plain chemistry. Conceptual DFT uses no orbitals, al-
though it can be shown to be quantitatively related to
FMO ideas. This theory has been applied to carbene
reactivity,!! S\2 reactions'? enolate formation,
tautomerizations," metal complexes,”! enzymatic
catalysis,') and many other organic reactions includ-
ing cycloadditions.!"”

HSAB theory began as a classification of Lewis
acids and bases as hard or soft based on properties
such as ionization energies and polarizabilities."s! Soft
bases (electron donors) have high polarizability, low
electronegativity, and low ionization energies. Hard
bases have opposite properties, such as high negative
charge, low polarizability and relatively high ioniza-
tion energies. Soft acids (electron acceptors) have low
charge, large size, are polarizable, and have high elec-
tron affinities. Hard acids are the opposite with large
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positive charge, low polarizability, and low electron
affinities. A basic axiom of HSAB theory is that soft-
soft or hard-hard interactions are best. Soft-soft inter-
actions are best described as charge transfer and arise
from orbital interactions. Hard-hard interactions are
mainly electrostatic in nature.!'s

Over the last decade, Parr and others have laid a
theoretical foundation of HSAB theory based on
DFT principles.*'*"”) The essence of HSAB, as formu-
lated within DFT, is the transformation of the above
definitions of hard and soft into chemical potential, p,
hardness, 1, and softness, S. The interaction energy,
AE,;,, between two molecules is composed of two
terms, a soft-soft (charge transfer or covalent) interac-
tion term, AE,, and a hard-hard (electron reorganiza-
tion or electrostatic) interaction term, AE,.”" These
interaction terms are defined in terms of chemical po-
tential, p, and softness, S. The chemical potential , is
the tendency of electrons to be transferred to or from
a molecule to another molecule. It is defined as the
partial derivative of the energy with respect to the
charge, that is the change in energy of a system with
the change in the number of electrons at a constant
nuclear geometry. This partial derivative is often ap-
proximated as the ionization potential (IP) plus the
electron affinity (EA) divided by '4. When an IP is
high (it is difficult to remove an electron), and the
EA is high (easy to add an electron) the chemical po-
tential, p, is a large number. The negative of the
chemical potential is the absolute electronegativity, .
When two systems have different chemical potentials
(different electronegativities), electron density flows
from a high to low chemical potential (or from low
electronegativity to high electronegativity) until equi-
librium is reached and a new chemical potential is ob-
tained for the composite system.!""!

The hardness value, 1, (often expressed as its in-
verse, the softness value, S) defines how the chemical
potential changes with change in electron number.
The hardness is the second partial derivative of the
chemical potential, and is often approximated to be
(IP—EA)/2.1'"8! The difference between the IP and EA
is related to the polarizability or hardness of a mole-
cule. In orbital terms, this would be the HOMO-
LUMO gap. A small HOMO-LUMO gap relates to
high polarizability, resulting from mixing of filled with
vacant orbitals and stabilization upon perturbation.
Molecules with a large IP-EA or HOMO-LUMO
gap, undergo little or no polarization upon perturba-
tion. The molecule is hard, and resistant to change.

An electronegativity difference (or chemical poten-
tial difference) promotes the interaction of two sys-
tems by change or electron transfer, while the hard-
ness resists the charge transfer interaction
(Figure 2).1%13Y The ionization energy and electron
affinity are properties of a molecule that are actually
independent of orbitals, even though the connection
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Figure 2. Qualitative diagram depicting the HOMO-LUMO
gap, chemical potential, hardness, and electron flow between
two species based on a difference in chemical potentials.

between HSAB theory and FMO theory is often
made through Koopmans’ theorem that equates the
negatives of the HOMO and LUMO energies to the
IP and EA, respectively.!'”

The chemical potential and hardness outlined
above are molecular or global DFT descriptors. These
provide an idea of reactivity. Application to the un-
derstanding of regioselectivity involves the Fukui
function f(r), which gives information equivalent to
local softness.'”?!! The Fukui function, f(r), is defined
as the change in electron density at a given atomic
site with the change in number of electrons at a con-
stant nuclear geometry. An atomic site with a large
Fukui function value is soft, while a site with a small
Fukui function is hard.” Three Fukui functions exist
that involve interactions with electrophiles or positive
charge, f (r), with nucleophiles or negative charge,
f(r), or a combination of the two as in radical or per-
icyclic reactions. The f(r) and f*(r) are qualitatively
related to the shapes of the HOMO and LUMO, re-
spectively."” From a practical standpoint, the values
of these functions are approximated by computation
of charges at each atom in the cation, anion, and neu-
tral states:*!%

f (r=q(N)—q(N—1)=q(Neutral)—q(Cation)
electrophilic attack (acts as an nucleophile);
ff(r) =~q(N+1)—q(N) =q(Anion)—q(Neutral)
nucleophilic attack (acts as an electrophile);
f(r)=(1/2)[q(N+1)—q(N-1)] = (1/2)[q(Anion)—
g(Cation)]
radical attack.

The condensed softness, s, which is often the DFT
descriptor given for evaluating regioselectivity, is re-
lated to the Fukui functions by:!""!

s =Sf
st=Sf*

To evaluate regioselectivity, with similarities to
matching FMO orbital coefficients, a local softness
matching approach is effective at predicting the fa-

Adv. Synth. Catal. 2006, 348, 2337-2361


www.asc.wiley-vch.de

Theories of 1,3-Dipolar and Diels—Alder Cycloadditions

REVIEWS

vored interaction orientation leading to the lower
energy transition state. Essentially, predicting regiose-
lectivity with softness matching corresponds to satisfy-
ing the HSAB theorem by matching the atomic sites
with the closest softness values. Figure 3 shows the

Orbital Coefficient HSAB Softness

Matching Matching

04 07 _04 07 s s~ s s

03 06 03 06
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Figure 3. Hypothetical FMO orbital coefficient and HSAB
softness matching schemes to evaluate regioselectivity.

corollary of softness matching with that of orbital co-
efficient matching for the hypothetical example of a
nucleophilic 1,3-dipole interacting with an electrophil-
ic alkene. As can be seen in Figure 3 the largest elec-
trophilic attack softness value (meaning the most nu-
cleophilic site), s, on the dipole is matched with the
largest nucleophilic attack softness value (meaning
the most electrophilic site), s*, of the alkene in the fa-
vored interaction orientation. The alternative, disfa-
vored orientation matches the largest values with the
smallest values, and it is easy to see that this would
not correspond to the softest interactions occurring to
satisfy the HSAB principle. Whether to use the nucle-
ophilic or electrophilic softness attack values for each
of the reactants is based on the difference in chemical
potential or evaluating electron transfer based on ion-
ization potentials and electron affinities.

In the most representative example of applying
softness matching and the HSAB principle, Chandra,
Uchimaru, and Nguyen investigated the cycloaddi-
tions of hydrazoic acid and methyl azide with fluoro-,
chloro-, methyl-, hydroxy-, and cyano-substituted eth-
ylenes.”? Using computed B3LYP ionization poten-
tials and electron affinities of the neutral and charged
dipoles and dipolarophiles, they showed that azides
act primarily as electrophiles, except for the cycload-
ditions with cyanoethylene. Therefore, the local soft-
ness values for nucleophilic attack (s*) for azide and
methyl azide were matched with the local softness
values for electrophilic attack (s™) of the alkenes. For
cyanoethylene, the opposite local softness attacks
were considered. Scheme 1 gives the atomic softness
values that were used to predict regioselectivity. As
can be readily seen from the values in Scheme 1, for
azide and methyl azide, the unsubstituted N terminal
is the most electrophilic terminal with the largest nu-
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Scheme 1. Atomic softness values for azide, methylazide,
and substituted alkenes. Values taken from ref.?!

cleophilic attack value (s*), while the substituted ter-
minal is the least electrophilic terminal. For the al-
kenes considered, the unsubstituted carbon is the
most nucleophilic with the largest electrophilic attack
(s7) value. This means that the unsubstituted carbon
has a greater ability to stabilize developing positive
charge, and therefore the preferred regioisomers are
those that unite the unsubstituted azide terminals
with the unsubstituted alkene carbons. This also satis-
fies the HSAB principle, creating the softest possible
interactions. For cyanoalkene, using the opposite nu-
cleophilic and electrophilic attack values, shows a re-
versal in regioselectivity, where the substituted termi-
nal of azide and methyl azide unite with the unsubsti-
tuted cyanoalkene carbon. The most nucleophilic sub-
stituted end of the azides unites with the unsubstitut-
ed end of cyanoalkene, which carbon can
accommodate the developing negative charge.

Softness matching is commonly done using the sum
of the squared difference in atomic softness values for
the regioisomers. For the reactions considered in
Scheme 1, the squared difference in softness values
correspond to the regioselective preference compared
to the computed B3LYP barriers.”!

Nguyen et al. have also investigated the regioselec-
tivity of the diazonium betaines of with halogen-sub-
stituted acetylenes and cyanides in a similar fash-
ion.” In another study, Chandra and Nguyen, have
investigated the reactivity and regioselectivity of di-
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azomethane, hydrazoic acid, methyl azide, and ful-
minic acid with HCP and (H;C)CP dipolarophiles.***!
They used the electrophilic attack values for the di-
poles and nucleophilic attack values for the dipolaro-
philes. Scheme 2 shows a few examples of their regio-

squared softness

AAE difference
N
A s~ N” “CH
12 20 \ 2 0.0 1.5
+ - HC=P
N=N—CH,
a)
HC=P AN
N” “CH
0.0 1.88 \ [0 10 4.6
st & P=CH
R S~ //N\
0.9 1.0 N7 'NH 0.0 1.6
_+t - \_/
N=N—NH HC=P
b)
HC=pP N,/N\NH
O.q 1.§8 \ 2.4 1.9
s s P=CH
S” s~ //N\
HC” O
1.0 . 0_.9 i/ 0.0 1.6
HC=N-0 P=CH
)
P=CH /N
HC” ~o
1.§8 O;O \ 2.0 0.9
s s HC=P

Scheme 2. Regioselective analysis for the cycloadditions of
(a) diazomethane, (b) hydrazoic acid, and (¢) fulminic acid
with HCP. Electrophilic and nucleophilic softness attack
values as well as the sum of the squared softness difference
values and relative barrier heights in kcalmol™ (B3LYP/6-
31G**).[24]

selectivity analysis for diazomethane, hydrazoic acid,
and fulminic acid with HCP. Softness matching shows
that N-C (O-C) and C-P interactions are preferred
over N-P (O-P) and C-C interactions. The methylene
terminal of diazomethane is more nucleophilic and
can stabilize developing positive charge, while the
phosphorus atom of HCP is very soft, and can easily
stabilize the developing negative charge. The values
of the squared difference in softness show numerically
the preference in regioselectivity for this reaction as
well as the reactions with hydrazoic acid and fulminic
acid. The squared difference values magnify the slight
difference in electrophilic attack value of hydrazoic
acid and fulminic acid. This qualitative result is in
agreement with the computed difference in barrier
heights. However, the squared difference values do
not quantitatively relate to AAE™.
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These reactions provide important examples of ap-
plication of the HSAB principle to understand regio-
selectivity; carbon and phosphorus atoms have similar
FMO coefficients in both the HOMO and LUMO of
HCP, and it is difficult to predict regioselectivity from
an FMO approach.” Softness values are independent
of frontier orbitals and correspond to the system as a
whole, and have the potential to be more generally
applicable than FMOs. The drawback is that no single
generalization about which atoms are softer in cyclo-
additions has been developed.

An example using softness matching for Diels—
Alder reactions was reported by Damoun et al. They
investigated the [4+2] reactions of terminally mono-
substituted 1,3-butadienes with monosubstituted eth-
ylenes (Scheme 3).! Reactions of 1-substituted

dr— O O

ortho

R= Me, OMe, COzH, NH2Y
NMeZ’ NEtzj C)Et7 CN
R'=CO,H, CO,Me, CN, CHO,

NO,, COMe

meta

Scheme 3. The ortho and meta regioisomers of Diels—Alder
cycloadditions of monosubstituted butadienes and ethylenes.

dienes with unsymmetrical dienophiles are of interest
because replacement of an electron-withdrawing
group with a donating group does not influence the
regioselectivity.””) Using the HF/3-21G method, they
matched the local softness values for the ortho and
meta regioisomers, and found that the vast majority of
the 48 reactions had a smaller difference in softness
for the ortho regioisomer than the meta one. This is in
agreement with experimental results that give the
ortho form as the major regioisomer.

Herrera et al. have investigated, experimentally and
theoretically, the highly regio- and stereoselective 1,3-
dipolar cycloaddition reactions of captodative 1-ace-
tylvinyl carboxylates 2.1 with arylnitrones 2.2 and
other 1,3-dipoles (Scheme 4).®! They showed that re-
gioselectivity is controlled because the electron-do-
nating groups in the captodative olefins increase the
interaction between the nitrone carbon atom and the
f-C1 carbon of the a,p-unsaturated ketone. This
subtle stereoelectronic effect was reflected in the elec-
trophilic attack values of the nitrone carbon atom and
the C1 atom of the captodative olefins. For the non-
captodative methacrolein dipolarophile, this interac-
tion is significantly lower because there is no longer a
large nucleophilic tendency at C1. Therefore all regio-
selectivity is lost.*
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Scheme 4. Captodative 1,3-dipolar cycloadditions of 1-ace-
tylvinyl carboxylates.

Chemical potential, hardness, and softness, can be
used to calculate the interaction energy, AE;,, to com-
pare the reactivities of dipolarophiles with 1,3-dipoles.
These equations were first generalized by Parr and
Gézquez and then extended for atomic interactions
by Méndez and Gazquez."* The equation below is
the approximate interaction energy between mole-
cules A and B, where p and S are the respective
chemical potentials and softness values, and A is a
constant related to the number of valence electrons
that are involved in the interaction.

(Mo~ “5)2
—SB SgSa - (1/2)

ABm = (1/2) —5—

Sa-Se

Méndez, Tamariz, and Geerlings have used this
equation for the reaction of benzonitrile oxide with
vinyl p-nitrobenzoate and its acetyl derivative 2.7 that
form isoxazolines 2.5 and 2.6 and 2.8 and 2.9, respec-
tively (Scheme 5).*” Experimentally, the reaction of
2.3 with 2.7 gives exclusively the 5-acetyl-3-arylisoxa-
zole 2.8. Using the molecular values of p and S to cal-
culate AE,,, benzonitrile oxide has a 2.2 kcalmol '
larger interaction energy with 2.7 than 2.4. Using the
local version of the AE,,, for the possible regioiso-
meric interactions, the maximum interaction occurs
when the C1 atom from 2.4/2.7 acts as the nucleophile
towards the electrophilic carbon atom of benzonitrile
oxide.

Ponti and Molateni have investigated 1,3-dipolar
cycloadditions using a generalization of the HSAB
principle in a semiquantitative manner by computing
the grand potential, Q, defined as, E-Nu. E is the
energy, N is the number of electrons, and p is the
chemical potential.’!! This grand potential is a mea-
sure of stabilizing interactions between two molecules.
They used this approach to investigate cycloadditions
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Scheme 5. Cycloaddition of benzonitrile oxide with vinyl p-
nitrobenzoate and its acetyl derivative.

of C-carbomethoxy-N-(4-substituted)phenylnitril-
imines 2.10, aryl azides 2.11, and (4-substituted)ben-
zonitrile oxides 2.12 with methyl propiolate 2.13
shown in Scheme 6.2

+ —
MeO,C—C=N—N—Ar

2.10
. - HC=—COOMe
N=N—N—Ar 213
211
_+ -
Ar—C=N—0
2.12

Scheme 6. 1,3-Dipolar cycloadditions with methyl propio-
late.

The AQ values correctly predict the preferred re-
giochemistry preference for all reactions considered.
The authors also showed that AAQ is proportional to
the barrier heights and this correlation can be used to
estimate product ratios between the regioisomers. The
strong correlation to the barrier height was attributed
to the fact that AQ accounts for most of the energy
difference between the regioisomeric transition states.

The following examples show the usefulness of an-
other conceptual DFT descriptor called the electro-
philicity index. First suggested by Maynard,*® and
then refined by Parr,*” the so-called “electrophilicity
index” w, has been used as a measure for reactivity
for a variety of reactions including 1,3-dipolar and
Diels-Alder cycloadditions.”® w is the chemical po-
tential squared divided by two times the hardness
value.

o =2y

Similar to the electron affinity, o is a measure of
the capability of a molecule to accept electrons. A
large chemical potential, p, reflects the tendency to
acquire charge, and a small 1 value indicates a good
electrophile.
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In a series of papers, Domingo, Pérez and co-work-
ers have investigated a variety of cycloaddition reac-
tions using the global electrophilicity index. They
characterized the most important 1,3-dipoles as
strong, moderate, or marginal electrophiles according
to their o values.” Domingo and Contreras have
also characterized a series of dienes and dienophiles
commonly used in Diels—Alder cycloadditions."*"!

This index and classification have been promoted
as a method to decipher the charge transfer direction
between addends and predict concerted or asynchro-
nous pathways based on the difference between w
values of a dipole/dipolarophile pair. The difference
in the electrophilicity index Aw between dienes and
dipolarophiles has been postulated to be an indicator
of the polarity of a cycloaddition mechanism.

A representative application of the electrophilicity
index was reported by Domingo and co-workers who
investigated the polarity of Diels—Alder cycloaddi-
tions between cyclopentadiene and mono-, di-, tri-,
and tetracyanoethylenes.”!! Scheme 7 shows the w

@ w=0.8

NC NC NC CN
NC NC CN
CT=0 CT=015 CT=028 CT=043
0=07 w=17 w=28 w=6.0
1
i o 9 N
r'-~~“ — “\/ .CN
el T CN
CN

Scheme 7. Charge transfer to ethylenes and electrophilicity
index values for ethylenes for reactions of cyclopentadiene
with ethylene, mono-, di-, and tetracyanoethylenes.*!)

values for cyclopentadiene and cyanoethylenes. Cy-
clopentadiene has a lower value of w and shows that
the direction of charge transfer is from diene to cya-
noethylenes. The increasing o values are in accord
with the charge transfer to the alkene at the transition
states. The electrophilicity values indicate the increas-
ing polar character for these reactions and the large
rate enhancements found experimentally.

A similar approach using an electrophilicity index
was also applied to the polar Diels—Alder reactions of
nitrosoalkenes with enamines,*”! and 1,3-butadienes
with dimethyl acetylenedicarboxylate.¥! Domingo
also showed that the low Aw values for the reactions
of benzonitrile oxide with alkynylboronates explains
the non-polar character of these transition states.[*'!
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A global electrophilicity analysis was also carried
out on a number of Lewis acid-catalyzed reactions
showing that w is a good predictor of Lewis acid po-
larization. Aluminum halide Lewis acid catalysts for
reactions of nitroalkenes with vinyl ethers,*! and
boron heterocycle Lewis acid catalysts for the Diels—
Alder reactions of cyclopentadiene and methylacro-
lein have also been investigated.l*! Domingo also ap-
plied this method to the Lewis acid-catalyzed reac-
tions of N-acetyl-1-aza-1,3-buadiene with dimethylvi-
nylamine,'”! and cyclopentadiene with arylidenoxazo-
lone.* Ruano et al. showed that the increased reac-
tivity of 5-ethoxy-3-p-tolylsulfinylfuran-2(5H)-one
versus 5-methoxyfuran-2(5H)-one towards diazoal-
kanes could be rationalized based upon an electrophi-
licity index difference.*’)

In a different approach, Noorizadeh and Maihami
have investigated the regioselectivity of 67 cycloaddi-
tion reactions using the electrophilicity index of the
reaction products rather than the reactants. They
found that the major product always had a lesser elec-
trophilicity value; however, these results seem to be
basis set dependent.””!

The electrophilicity index, w, also has a local equiv-
alent, w,, which can be used to analyze regioselectivi-
ty.

W, = of,*

A number of studies have applied the combination
of electrophilicity index model with local softness or
Fukui function values to rationalize reactivity and re-
giochemistry.’!! Scheme 8 shows the values reported

f- f- oh N Me
0.5 0.3 —_— @ major
+ - Me
2.14 Ph—C=N—CMe,
1 CO,CH,
— AAE =22
(Dk (Uk
215 —/\ e @ minor
CO,CH, Me
H,CO,C
VA
02 04 Ph SN .
+ - > z minor
2.16 Ph—C=N—C(CF,), CFy
CO,CH
W @y — aaB* =02 e
0.6 0.3
215 —\ CF
CO,CH Ph~ N ’ -
23 S major
CF,
H,CO,C

Scheme 8. 1,3-Dipolar cycloadditions of nitrile ylides to
methyl acrylate. Electrophilic attack Fukui functions on the
1,3-dipole terminals and atomic electrophilicity index, w, for
the dipolarophiles are given, along with the B3LYP/6-31G*
AAE* values the regioisomers.F
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by Aurell et al. for nitrile ylide 2.14 and 2.16 addition
to methyl acrylate.’”» Methyl acrylate is considered a
strong electrophile, and has a larger local electrophi-
licity value at the f-position, and is the preferred site
of nucleophilic attack. For dimethylphenylnitrilium
ylide 2.14, the Fukui function for electrophilic attack
shows that the dipole terminal that is phenyl-substi-
tuted is more nucleophilic. Matching these values
leads to a correct prediction of the major regioisomer
in accord with the computed difference in barriers.
This example also highlights the sensitivity of the
Fukui function to predict the reversal of polarization
and regioselectivity for CF;-substituted nitrile ylide
2.16 shown in Scheme 8. The CF; groups localize the
negative charge and increase the nucleophilicity at
that dipole terminal. This approach can only account
for regioselective preference and does not necessarily
correspond quantitatively to the difference in barrier
heights.

Merino, Rescifina and co-workers have also ration-
alized the regiochemistry of C-(methoxycarbonyl)-N-
methylnitrones with methyl acrylate and vinyl ace-
tate,”’ and the nitrile oxide addition to anthracene
and acridine using a similar approach.™ Local elec-
trophilicity has also been a successful criterion for ra-
tionalizing the regioselectivity for the Diels—Alder re-
action of cyclopentadiene and 4-aza-6-nitrobenzofur-
oxan.!>!

In conclusion of this section, we note that Gayatri
and Sastry have assessed the performance of DFT de-
scriptors for 64 Diels—Alder reactions shown in
Scheme 9 for predicting regioselectivity.’® Using
Fukui function matching from B3LYP calculations, 53
of 64 reactions could be rationalized by this approach.
This highlights the potential broad applicability of
DFT descriptors to predict reactivity and selectivity,
but also the approximate nature of these descriptors.

(
| —
X\\Y z

X=N,P,CH

Y=NH, PH, O, S, CH,

Z=NH, PH, O, S, CHMe, CHOH, CHCN, CHCHO

Scheme 9. Regioselective Diels—Alder cycloadditions as-
sessed using FMO coefficients and DFT descriptors.

2.3 Configuration Mixing Models

The qualitative valence-bond configuration mixing
model of Pross and Shaik describes reaction pathways
based on mixing of ground and excited state configu-
rations rather than orbital or density interactions.””
The transition state, and reaction pathway, are func-
tions of the configurations considered and the extent
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to which they mix. This model, as implemented for
cycloaddition reactions, focuses on the specific bonds
that are broken and formed and their spin configura-
tions. The barrier results from the crossing (or avoid-
ed crossing of states) of the reactants and product
spin configuration wavefunctions. Figure 4 shows this

AN

B4,

Figure 4. Configuration mixing model for 1,3-dipolar cyclo-
additions.

crossing and the resulting barrier for 1,3-dipolar cy-
cloadditions with ethylene. Essentially, the singlet
ground state of the 1,3-dipole and ethylene lead to
the triplet excited state of the product, while the ex-
cited state triplet of the reactants leads to the singlet
product ground state. Therefore, during the reaction,
the intramolecular spin paired electrons in the 1,3-
dipole and ethylene must decouple (transition from
singlet to triplet spin states) to allow for the forma-
tion of the intermolecular spin paired o-bond. Be-
cause the barrier height is controlled by the avoided
curve crossing of the singlet and triplet states of the
bonds that are formed and broken, it has been postu-
lated that reactivity should correlate with the singlet-
triplet energy gap (AEgy) of the reactants. Therefore,
the lower the AEg;, the lower the barrier, the earlier
the TS, and the greater is the exothermicity of the re-
action energy. This is an elegant way of showing why
increasing diradical character (which is related to de-
creasing the singlet-triplet gap) leads to high reactivi-
ty.

Su et al. investigated the reactions of nitrous oxide,
hydrazoic acid, diazomethane, fulminic acid, formoni-
trile imine, and formonitrile ylide, the six prominent
1,3-dipoles “with a double bond”, with ethylene using
B3LYP and CCSD(T) methods.”™® They used
CCSD(T) ground state singlet-triplet energy gaps
(AEgr) for these six 1,3-dipoles to rationalize barrier
trends and reaction energies in a qualitative manner,
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since the AEg; value for ethylene is constant. The
AEgr (AE™ in parenthesis) values are 55.6 (28.7), 45.3
(13.2), 32.0 (12.8), 64.4 (11.2), 38.1 (6.3), and 27.2
(5.1) kcalmol™, respectively. A higher barrier and
less exothermic reaction is associated with a larger
AEgr value for the diazonium and nitrilium betaine
series, but there is not a linear correlation or general
relationship.

In a related study, Liao et al. investigated the cyclo-
addition of nitrile ylide with cyano-, nitro-, chloro-,
hydroxy-, and methyl-disubstituted ethylene deriva-
tives.”” They found that the lowest barriers were as-
sociated with highly electron-withdrawing groups.
Using B3LYP, they observed that the smaller the
AEgr value, the lower the barrier. This general trend
in reactivity is also observed in the ethylene HOMO-
LUMO gaps. The lower barriers for electron-with-
drawing groups were rationalized by the stabilization
of the m* orbital, which decreases the singlet-triplet
splitting. This trend has also been rationalized by the
favorable HOMO-LUMO interaction when the elec-
tron-rich nitrile ylide interacts with electron deficient
dipolarophile.

Sakai and Nguyen have employed the so called
“CAS-LMO-CI” method (complete active space-lo-
calized molecular orbital-configuration interaction) to
investigate the contributing electronic configurations
for the dipolar cycloadditions of diazomethane and
fulminic acid with acetylene.*®!] This method utilizes
a full configuration interaction calculation on a local-
ized (atomic) CASSCF/6-31G* wavefunction. The rel-
ative weights of localized molecular orbitals are ana-
lyzed along the minimum energy pathway (MEP).
This type of treatment gives insight into the electronic
reorganization along the reaction pathway, and the
multi-reference wavefunction should give an accurate
description of contributing configurations. Scheme 10
shows three possible electronic mechanisms possible
for dipolar cycloadditions as defined by Sakai. I de-
picts a spin-coupled bond breaking and bond forma-
tion, a type of biradical coupling mechanism. II and
III are “heterolytic” mechanisms, where the pairs of
electrons migrate to form the new bonds, with II and
III differing in direction of electron flow. This method
provides a quantum mechanical version of the organic
chemists’ famous “arrow-pushing” formalism.

N
X) LY X Y N
/C_C\ /C_C\ /C_C\ HC=CH
H H o H H H H

I 11 m

X =HC, Y = O (Fulminic Acid), X = CH,, Y = N (Diazomethane)

Scheme 10. Three electronic mechanisms for 1,3-dipolar cy-
cloadditions.
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When the CAS-LMO-CI method was applied to
fulminic acid and diazomethane plus acetylene, two
electron configurations had the largest change along
the MEP (Figure 5). Configuration A decreased dra-

B A
65 6D

A B
X =HC,Y = O (Fulminic Acid)
X=CHy, Y = N (Diazomethane)
Figure 5. Configurations A and B describe the two major

configurations at the transition state for fulminic acid and
acetylene.

matically on going from reactants to products, while
configuration B increased in weight along the mini-
mum energy path. Based on this analysis, the authors
concluded that the reaction mechanisms proceed
through the coupling of biradical structures with
slight charge polarization. For fulminic acid, the elec-
tron is initially transferred from the oxygen to the
central nitrogen, and for diazomethane, electron
movement occurs from the carbon atom to the central
nitrogen.

The reactions of fulminic acid and diazomethane
with NCH, HCP were also investigated. Depending
on the nature of the dipolarophile, a diradical cou-
pling or ionic type mechanism occurs. Ionic, heterolyt-
ic mechanisms were found for the reactions of HCNO
and diazomethane with HCN were the new bonds
had a large electronegative difference.!)

Sakai has also used the CAS-LMO-CI method to
investigate the stepwise and concerted pathways for
the cycloaddition of 1,3-butadiene with ethylene.[*
The concerted reaction pathway is dominated by a
single configuration CF1 (Figure 6). In general, the
largest weighted configurations for the reactants
(CF2-4) correspond to mt bonds in the Kekulé struc-
ture of butadiene and ethylene. These configurations
decrease along the reaction pathway, while configura-
tions CF6-8 increase and correspond to the new o
bonds and &t bond. Sakai points out that, at the transi-
tion state, configurations CF2-7 are equally weighted,
and this corresponds to its aromatic and concerted
nature.

Karadakov etal. have used the spin-coupled
CASSCF(6,6)/6-31G* method to investigate the elec-
tronic mechanisms for Diels—Alder and 1,3-dipolar cy-
cloadditions.®** For the cycloaddition of 1,3-buta-
diene with ethylene they found that a biradical cou-
pling mechanism operates where three t bonds break
and recouple to form two o bonds and a m bond.[*!
When this same method was employed to investigate
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Figure 6. Most important configurations for 1,3-butadiene
with ethylene and cyclohexene for the Diels—Alder cycload-
dition.

the reaction of fulminic acid addition to acetylene,
they found that three orbitals shift to create the two
new bonds and the lone pair, which corresponds to
the heterolytic mechanism II from Scheme 10. This is
opposite to the predicted configurations by Sakai and
co-workers. These studies have stimulated a mecha-
nistic debate and culminated in two commentaries,
and another investigation by Harcourt and Schulz.
These authors advocate, opposed to the results of
Karadakov et al., that fulminic acid and nitrous oxide
have pentavalent nitrogens, and a valence bond con-
sideration gives evidence for biradical coupling.!*®”

Whatever the outcome of these investigations,
there seems little doubt that the 1,3-dipolar and
Diels—Alder cycloadditions have aromatic transition
states that at least formally correspond to the union
of two diradical wavefunctions.

Models to quantitatively define bonding in terms of
o-bonds, m-bonds, and lone pairs, typically conveyed
in Lewis structures have also been developed and ap-
plied to cycloadditions. Polo et al. has used the elec-
tron localization function (ELF) method to investi-
gate the mechanism of fulminic acid with acetylene, !
while Berski et al. used ELF to investigate the reac-
tion of 1,3-butadiene with ethylene.*”!

Weinhold’s natural resonance theory (NRT) has
also been applied by Mawhinney et al. towards under-
standing the electronic structure of nitrilimines.""!
They concluded that nitrilimines had significant car-
bene character. However, Ponti and co-workers have
used CASSCF and spin-coupled calculations to show
that the most important electronic structure of nitril-
imines corresponds to the propargylic resonance form
with little or no carbenic character.")
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3 Quantitative Computation of Activation
Barriers and Reaction Energetics

Only recently have experimentally accurate (defined
as absolute error of +1kcalmol ') quantitative
treatments of cycloadditions become possible by using
compound quantum mechanical methods such as the
G,, CBS,, or W, series of methods.” These com-
pound methods use successive quantum mechanical
methods and empirical corrections to give the accu-
rate thermochemistry values, albeit at a high compu-
tational cost. It is not feasible to use these methods
on large systems of experimental interest. Density
functional theory has become the attractive alterna-
tive because of its remarkable balance of speed and
accuracy.” DFT has become the primary theoretical
method for theoretical investigations of cycloaddi-
tions.” However, does DFT, especially the popular
B3LYP, give experimentally accurate kinetic and ther-
modynamic energies? Recently, many investigations
have been devoted to testing the performance of DFT
methods for bond dissociation energies,” enthalpies
of formation,”” enthalpies of atomization,”® proton
affinities,” hydrogen abstraction reactions,® radical
reactions[ !l weak interactions,® S\2 reactions,® per-
icyclic reactlons,[84 851 organic reactlons,[86 871 metals,[gg]
materials,® biological applications, and even reac-
tions relevant to astrophysics."””!

This section reviews investigations that give the
most reliable quantitative thermochemistries for
Diels—Alder and 1,3-dipolar cycloadditions. Bench-
mark investigations of cycloadditions that give critical
evaluations of the accuracy and precision of ab initio
and DFT methods are also reviewed.

The quantitative prediction of activation barriers
and reaction energies for Diels—Alder reactions in our
laboratory has culminated with the proposal of a test
set of hydrocarbon pericyclic reactions, including elec-
trocyclic reactions, sigmatropic shifts, cycloadditions,
and cycloreversions (Scheme 11), to be used as a stan-
dard to benchmark the performance of methods. Our
lab has compared compound, ab initio, and DFT
quantum mechanical methods to experimental activa-
tion barriers and reaction energies for this hydrocar-
bon test set.!!

In this test set, reactions 3.7-3.9 are the cycloaddi-
tions of 1,3-butadiene with ethylene 3.7, cyclopenta-
diene with ethylene 3.8, and cyclopentadiene dimeri-
zation 3.9. The experimental activation and reaction
energies for 3.7-3.9, corrected to 0K using B3LYP
thermochemical values, along with the values from
the most accurate methods are listed in Table 1. Also
listed is the mean absolute deviation (MAD) of acti-
vation (reaction) enthalpies for these methods for the
entire hydrocarbon pericyclic test set, which give a
good estimate of the accuracy.
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Scheme 11. The standard set of hydrocarbon pericyclic reac-
tions 3.1-3.11 used for benchmarking purposes.
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The methods in Table 1 are listed in order of in-
creasing MAD value for AH® compared to experi-
ment. The hybrid DFT methods, B3LYP, MPW1K,

Sigmatropic Shifts

and O3LYP along with the compound CBS-QB3, and
CASPT2 all give MAD values under 2.5 kcalmol ™
and essentially statistically perform equivalently.*%
Linear correlations between experimental and com-
puted AH™, ok, values indicates that CBS-QB3 and
CASPT?2 methods gives the best agreement with ex-
periment. B3LYP gives good agreement with experi-
ment, but does not agree well with CBS-QB3 and
CASPT?2 for 3.8 and 3.9. For reaction energies, CBS-
QB3 and CASPT?2 show superior performance with
MAD values of 1.6 kcalmol™!, while DFT methods
range from 3.9 to 6.2 kcalmol . See ref.”” for a brief
description of these methods.

For the cycloaddition of 1,3-butadiene with ethyl-
ene, CASPT2 gives the exact AH™ value, and B3LYP
only underestimates the barrier by 0.1 kcalmol™. In
general, DFT methods have a small deviation from
experiment (—0.6 to +1.8 kcalmol™') for AH". For
the reaction energy, only MPW1K deviates substan-
tially. CBS-QB3 and CASPT2 underestimate the bar-
riers (—6.4 and—5.1 kcalmol ) for reaction 3.8, while
DFT methods deviate only slightly (—3.1 to +0.2).
Only CBS-QB3 gives an accurate reaction energy
with a deviation of—1.4 kcalmol™'. The computed ac-
tivation barriers for cyclopentadiene dimerization
have a large range (12.7 to 24.1 kcalmol '), while ex-
perimental measurements have a range of
4.6 kcalmol'. The highly overestimated B3LYP value
may be due to the systematic error for calculating
norbornene structures and may be due to the inability
of B3LYP to correctly predict the strain in norbor-
nene structures or simply account for the proper elec-
tron correlation.” The CBS-QB3 and CASPT2
values of 11.6 and 12.7 kcalmol ' may be a more ac-
curate estimate of the barrier, and are close to gas
phase measurements.

Morokuma and co-workers have also used high ac-
curacy methods, CCSD(T), G2MS and G2MP2 to
quantitatively investigate the barriers of butadiene
with ethylene and acetylene 3.7a and b and cyclopen-
tadiene with ethylene and acetylene 3.8a and b.””

Table 1. Experimental and computed AH*TXH(OK) and AH,, ) values for ab initio, DFT, and CBS-QB3 methods, along with

the mean absolute deviation (MAD).

Reaction 3.7 3.8 3.9 MAD
AH* AH,, AH* AH,,, AH* AH,,, AH* (AH,,)

Experimental(® 25.0 —39.6 23.7 —232 15.9 -19.7

B3LYP/6-31G* 24.9 ~36.6 ) -18.6 21.1 —11.1 1.5 (4.1)
MPW1K/6-31 4+ G** 24.4 —284 20.6 -30.3 19.2 —237 2.1 (6.2)
CBS-QB3 22.9 —38.3 17.3 —24.6 11.6 -222 2.3 (1.6)
O3LYP/6-31G* 26.8 -373 23.9 -19.7 24.1 ~114 2.4 (3.9)
CASPT2/6-31G*//CASSCF 25.0 -39.7 18.6 —-26.2 12.7 —242 2.4 (1.6)

[l The experimental error ranges for reaction 3.7 is 0.5 and &1 kcalmol™! for the activation and reaction energies respec-
tively. For 3.8, the error range is +1.6 kcalmol™ for the activation energy. For cyclopentadiene dimerization, 3.9, see

ref.’!! for a liberal discussion of the experimental error.
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These values and the previously mentioned CBS-QB3
values are compared in Scheme 12. For the reaction
of butadiene with ethylene, the G2 variants and CBS-

_ GoMS  G2MP2  CBS-QB3
3.7a —
Q | O 239 246 29
_ CCSD(T)  G2MS
3.7b ( Il — @
x 220 253
CCSD(T) GoMS  CBS-QB3
3.8a ” —
23 185 173
CCSD(T)  Ga2Ms
3.7b Il —
302 258

Scheme 12. Summary of highly accurate methods for the
barriers of butadiene and cyclopentadiene with ethylene and
acetylene. 194

QB3 agree very well on a converged value of about
24 kcalmol™'. For the other reactions shown in
Scheme 12, the CCSD(T) values deviate from the
G2MS and CBS-QB3 values. The G2MS and CBS-
QB3 for cyclopentadiene and ethylene show a con-
verged value of about 18 kcalmol .

Sastry and co-workers investigated the reactions of
1,3-butadiene, cyclopentadiene, furan, thiophene, pyr-
role, silole, and phosphole with ethylene using semi-
empirical, ab initio and DFT methods (Scheme 13).

X
—
1 — A
X=
3.12CH, 3.15 SiH,
3.13NH 3.16 PH
3.140 317 S

Scheme 13. Cyclic diene [4+2] reactions that were bench-
marked by comparison to experimental and G3 values.

They found that all methods were qualitatively able
to reproduce barrier trends for these reactions, but
Hartree—Fock and MP2 methods were quantitatively
unreliable, while B3LYP and MP3 compared well to
experiment and the CCSD(T) method.

Goumans et al. quantitatively accessed these same
reactions with very accurate methods including the
compound G3 method and QCISD(T).””) The B3LYP,
MP2, and spin-component-scaled MP2 (SCS-MP2)"
methods were compared to these highly accurate
methods. The most accurate methods, G3, CCSD(T),
and QCISD(T) values are listed in Table 2 along with
the mean average error (MAE) and maximum error
for the B3LYP, MP2, and SCS-MP2 methods com-
pared to the G3 values for activation and reaction en-
ergies combined. B3LYP and MP2 both perform
somewhat poorly, while the SCS-MP2 method per-
forms very well with a very large 6-311 ++ G(3df,3pd)
basis set.

A recent investigation by Jones et al. compared ac-
tivation barriers computed by B3LYP, MPWI1K and
Hartree-Fock methods for the Diels—Alder reactions
of cyclopentadiene and 9,10-dimethylanthracene with

Table 2. G3, CCSD(T), and QCISD(T) activation and reaction energies for cyclic dienes with ethylene, along with the mean
average error (MAE) and maximum error for the B3LYP, MP2, and SCS-MP2 methods compared to the G3 values.

3.7 312 3.13( 3.14 3.15 3.16!0 3.17
G3 AE* 24.4 18.8 28.8 23.7 17.1 214 31.3
AE,, -37.8 —242 0.1 -10.2 —252 ~19.9 —6.3
CCSD(T) AE* 25.1 19.8 28.3 24.7 19.8 23.6 32.7
AE,, —46.7 -31.0 -7 -16.1 -30.2 —26.4 —13.7
QCISD(T)™ AE* 27.4 21.9 30.6 26.7 21.5 25.3 34.5
AE,, —40.5 —252 —24 -11.1 -24.9 -21.0 -87
MAE Max. Error
B3LYP! 45 6.5
MP2L 5.4 9.2
SCS-MP2M 2.9 5.3
(1.1) (2.4)

[ Values taken from ref."

1 Values taken from ref.™, values do not include ZPE using the 6-31G* basis set. QCISD(T)/6-31G* at MP2 geometries,

and include ZPE.
[l 6-31G* basis set.

4l 6-31G* and values in parenthesis are 6-3114+ G(3df,3pd).

] gnti-transition state.
M gyn-transition state.
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CN CN CN NC CN NC CN NC CN
g C T T L
NC CN NC NC CN

3.18 319 3.20 3.21 3.22 3.23

Scheme 14. Mono-, di-, tri-, and tetra-substituted ethylenes
investigated for the Diels—Alder reactions with cyclopenta-
diene and 9,10-dimethylanthracene.

cyanoethylenes.”” The cyanoethylenes considered in
their investigation are shown in Scheme 14.

Hartree—Fock and MPW1K methods correctly pre-
dict the experimental activation enthalpy trends for
the whole series, but B3LYP failed to predict the cor-
rect trends for 3.22 and 3.23, with an increase in acti-
vation barrier for 3.22 and 3.23 compared to 3.21,
contrary to experiment (Table3). These reactions
have significant charge separation in the transition
state, especially tetracyanoethylene, and methods with
a larger fraction of exact exchange energy in the func-
tional, such as MPWI1K, perform best. For reaction
enthalpies, HF and MPWI1K perform well, while
B3LYP underestimates the exothermicity.

Jones etal. also compared the activation barriers
for 9,10-dimethylanthracene with 1,1,2,2-C,(CN),.
MPWIK performs well with an activation enthalpy
of—1.2 kcalmol™" compared to 1.2kcalmol™' mea-
sured experimentally. B3ALYP performs very poorly,
deviating by 11.5 kcalmol™' from experiment. These
results are similar to those reported by Hehre and
Domingo et al.'"!

For 1,3-dipolar cycloadditions, Ess and Houk quan-
titatively investigated the reactions of ethylene and
acetylene with the nine 1,3-dipoles shown in
Scheme 15 using the highly accurate CBS-QB3
method for the activation and reaction enthalpies.!'"!]
Because there are no reported experimental measure-
ments for dipolar cycloadditions of ethylene and acet-
ylene with 3.24-3.32, and very few experimental sys-
tems that can be treated with high accuracy methods,
the CBS-QB3 values are taken to be the most accu-
rate and the values were used as a standard to bench-
mark other methods.

The CBS-QOB3 AH7, and AH,,x, values are
listed in Table 4 along with the average errors for
B3LYP, MPW1K and MP2 methods compared to
these CBS-QB3 values. The performance of the

+ - + - _+t -
N=N—0 N=N—NH N=N—CH,
3.24 3.25 3.26
Nitrous Hydrazoic  Diazomethane

Oxide Acid

+ - + - _t -
HC=N—0 HC=N—NH  HC=N—CH,

3.27 3.28 3.29
Fulminic ~ Formonitrile  Formonitrile
Acid Imine Ylide

H Hy N+

/N\_ /N\_ //N ~
H,C7 H,C? NH  HC” “CH,

3.30 3.31 3.32
Methylene  Azomethine  Azomethine
Nitrone Imine Ylide

Scheme 15. Nine 1,3-dipoles from the three major classes.

B3LYP and MPW1K DFT methods was superb com-
pared to CBS-QB3 for the computing of activation
enthalpies as can be seen by MAD values of 1.5 and
1.1 kcalmol ™. The reaction energetics were another
story: B3LYP has a larger MAD, 2.4 kcalmol ',
whereas MPWI1K performed poorly with a MAD
value of about 18 kcalmol™!. The MP2 method gave
the expected underestimation of barrier heights. All
DFT methods performed more poorly with larger
basis set.

Grimme et al. used these same CBS-QB3 values to
evaluate the recently developed B2-PLYP DFT
method and SCS-MP2 method.""™ Using the cc-pVTZ
basis set, they found that SCS-MP2 performed very
well for the activation energies of the 1,3-dipolar cy-
cloadditions with a MAD value of 1.3 kcalmol . This
was a drastic improvement over the standard MP2
method with a 4.5 kcalmol™' MAD value with the
same basis set. B2-PLYP performed better than
B3LYP with 1.5 and 3.9 kcalmol ™' MAD values re-
spectively.

The reactions of diazonium and nitrilium betaines
(3.24-3.29) with ethylene have also been treated with
the CCSD(T) method by Su etal. (values given in
Section 2.3). These values are close to the CBS-QB3
values. Two other studies have also applied the

Table 3. Activation barriers for the endo-Diels—Alder reactions of cyclopentadiene with cyanoethylenes.

Dieneophile GH, 3.18 3.19 3.20 321 322 323
Experimental AH* 22.5 15.5 12.8 12.8 9.0 7.6 5.0
B3LYP AH* 223 18.9 16.5 17.0 11.2 11.9 12.1
MPW1K AH* 20.7 16.3 12.9 13.4 8.9 1.7 5.6
HF AH* 42.0 37.8 34.4 34.5 30.0 28.0 26.1
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Table 4. CBS-QB3 AH* (, and AH,,,, values for 1,3-dipolar cycloadditions of dipoles 3.24-3.32 with ethylene and acety-
lene, and the statistical comparison of DFT and ab initio methods against these values.

3.24 3.25 3.26 3.27 3.28 3.29 3.30 3.31 3.32
CBS-QB3 AH*  ethylene 279 20.3 14.6 13.0 7.2 5.9 13.8 7.8 0.9
acetylene  27.9 20.1 15.2 141 8.5 7.4 14.0 7.6 1.5
AH,, ethylene —44 -19.7 -31.7 =393 —-574 —68 —288 —442 —627
acetylene —37.1 —61.5 —49.0 —-740 —1003 -86.7 —439 —-595 —-769
MAD MD Error Range
B3LYPI AH* 1.5 0.3 6.6
AH,, 24 ~1.4 9.6
MPWI1KE®  AH* 1.1 0.3 4.1
AH,_,, 179 -179 422
MP2@ AH* 34 -3.0 8.5

[l 6-31G* basis set.

CCSD(T) method to the dipolar cycloaddition of di-
azomethane with ethylene. Blavins et al. computed a
AH" (x, value of 16.4 kcalmol ' with the CCSD(T)/6-
31144 G(2d,2p) method,"™ while Branchadell found
the barrier to be 13.0 kcalmol ™' using the CCSD(T)/
6-311G** method.'™ The barrier for fulminic acid
with acetylene was also investigated with CCSD(T)
and G2 variants. All of the high accuracy methods
give essentially the same value as the CBS-QB3 value
within 0.5 kcalmol .

4 Solvent Effects and Catalysis

4.1 Aqueous Solvation Effects in Diels—Alder and
1,3-Dipolar Cycloaddition Reactions

A fundamental principle of organic chemistry is that
in comparison with less polar solvents, water may sig-
nificantly accelerate or retard the rates of organic re-
actions involving charged species.'™ In contrast, the
conventional expectation for Diels—Alder reactions
involving hydrocarbon reactants is that the rate of the
reaction is unaffected by solvent polarity.'”! This idea
was reformulated after Breslow and co-workers dis-
covered the surprising acceleration of neutral Diels—
Alder reactions in aqueous solvents."””! Currently ac-
cepted explanations of these results focus on accelera-
tion of these reactions by both the hydrophobic effec-
t,1% and by hydrogen bonding catalysis.'”® The hy-
drophobic effect accelerates the rate of the reaction
by reducing the solvent accessible surface area
(SASA) of the reactants during the cycloaddition pro-
cess. In a normal electron demand Diels—Alder reac-
tion, the LUMO energy of the dienophile with m-ac-
cepting groups is lowered by hydrogen bonding, lead-
ing to enhanced mixing with the HOMO of the diene.
This interaction causes the transition state to be more
polarized than the reactants, leading to enhanced hy-
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drogen bonding of the solvent molecules with heter-
oatoms in the transition state. Preferential stabiliza-
tion by this means lowers the activation energy for
the reaction. Presumably, both factors are intertwined
in most Diels—Alder reactions involving activated di-
enophiles that are accelerated by water.
Experimental!'™ and theoretical” treatments
have contributed numerous insights into the effects of
aqueous solvation of Diels—Alder reactions. The re-
sults of the most recent study done by Jorgensen and
co-workers lend support to earlier theoretical findings
from his group and others."""! A theoretical QM/MM
approach was used to separate the contributions of
enhanced hydrogen-bonding and the hydrophobic
effect in Diels—Alder reactions of cyclopentadiene
with acetonitrile, methyl vinyl ketone (MVK) and 1,4-
naphthoquinone (Scheme 16). Monte Carlo simula-
tions involving free energy perturbation calculations
with the semi-empirical AM1 quantum mechanical
method were used to generate free energy profiles for

l _ (@ /i
CN
CN
O, o
¢
CH;, COCH,
0
o]
QU=
© o

Scheme 16. Diels—Alder reactions of cyclopentadiene with
(a) acetonitrile (b) methyl vinyl ketone (MVK) and (c) 1,4-
naphthoquinone.
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these reactions in the gas phase and in an aqueous en-
vironment of 500 water molecules.

Using this approach, the investigators found that in
comparison with the gas phase, the activation energies
for the reactions of cyclopentadiene with acrylonitrile,
MVK and 1,4-naphthoquinone were reduced by 1.5,
2.8, and 4.4 kcalmol ', respectively, in water; these
were in excellent agreement with experiment.

By evaluating the variation of the SASAs of these
reactions along the reaction coordinate, the authors
found that cycloaddition results in rapid reduction of
the SASAs for all reactions, from the maximum value
for the separated reactants, to a minimum at the tran-
sition states of these reactions. The hydrophobic
effect contributes no more than 1 kcalmol ™ to the re-
duction in the activation energies of the reactions,
which implies that the acceleration of these reactions
in water is mostly caused by differential stabilization
of the transition states by hydrogen-bonding interac-
tions with the solvent. Water molecules formed one
more hydrogen bond on average with the transition
states than with reactants, because the transition
states had the greatest C*—O"~ polarization.

Reactions involving non-polar substrates should be
influenced by the hydrophobic effect, while in polar
cases like 1,3-dipolar cycloadditions, the substrates
can form strong hydrogen bonds with the solvent.
Therefore, 1,3-dipolar cycloaddition reactions would
be expected to be accelerated to a lesser extent in
water than corresponding Diels—Alder cycloadditions.

Despite these results, Butler et al. demonstrated ex-
perimentally that the rates of some 1,3-dipolar cyclo-
additions can be accelerated in pure water.''? The cy-
cloadditions of pyridazinium-dicyanomethides
(Scheme 17) with alkenes are nearly unaffected by

BN SN
| fl‘l 4 | H 1 CN
_N® con F |r N
e \_/on
CN
\\\
(o]

Z = CHO, CRO (R = alkyl)

Scheme 17. 1,3-Dipolar cycloaddition reactions of pyridazi-
nium-dicyanomethide with aldehyde and ketone substituted
alkenes.

water if the alkene is substituted with ester, ether, sul-
fonyl, nitrile or aryl ring groups. However, the rates
of reactions involving aldehyde or ketone-substituted
alkenes are significantly accelerated in water, presum-
ably because of enhanced hydrogen bonding at the
transition state.

DFT calculations on the cycloadditions of pyridazi-
nium-dicyanomethide with methyl vinyl ketone, show
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that the activation enthalpies are reduced by 5-7 kcal
mol ™! by water, whereas the activation enthalpies for
reactions involving methyl acrylate are only reduced
by about 1 kcalmol .

4.2 Catalysis of Hetero-Diels—Alder Cycloadditions
by Non-Aqueous Solvents

The aqueous acceleration of Diels—Alder cycloaddi-
tions has been a topic of interest since being discov-
ered by Breslow and co-workers."”! The related
hetero-Diels—Alder cycloadditions of ketones with
dienes are promoted by catalysis or by pressure,[!
but the effect of solvent on these types of cycloaddi-
tions was unknown until Rawal and Huang demon-
strated that hetero-Diels—Alder cycloadditions of bu-
tadiene derivatives with simple unactivated ketones
are accelerated by protic polar solvents but are rela-
tively unaffected by polar aprotic solvents."*! Inspired
by these findings, Domingo and co-workers investigat-
ed hetero-Diels—Alder reactions with DFT methods
to assess the role of protic solvents in the catalysis of

the hetero-Diels—Alder cycloaddition between
Rawal’s diene and acetone (Scheme 18).1''511¢
hiMe NMe, 'HCCl,
= 0  CHCl, z o
+ S + )|\
MeO N Me Me MeO X Me Me

Scheme 18. Hetero-Diels—Alder cycloaddition reaction of
N,N-dimethylamino-3-methoxy-buta-1,3-diene with acetone
catalyzed by a molecule of chloroform solvent.

They found that inclusion of an explicit chloroform
molecule hydrogen-bonding to the lone pairs of the
carbonyl group of acetone reduces the activation en-
thalpy for the cycloaddition by 5kcalmol™ in com-
parison to the uncatalyzed reaction, and changes the
mechanism of the reaction from being concerted to
being a stepwise mechanism involving zwitterionic in-
termediates (Scheme 18).!'"

They evaluated the nature of the hydrogen-bonding
interaction with a combination of natural bond orbital
(NBO) theory, atoms in molecules (AIM) theory and
electron localization function (ELF), and energy de-
composition analysis (EDA).!"'! These demonstrated
that the carbonyl group of the heterodienophile be-
comes more polarized in the transition state of the re-
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action presenting one more lone pair for hydrogen-
bonding with the solvent. Therefore, even weak hy-
drogen-bonding solvents are capable of catalyzing
these reactions, however, only those solvents which
form strong hydrogen bond interactions (for example,
H,0, CH;OH and CHCl;) are capable of exploiting
this polarization.

4.3 Hydrogen-Bonding Organocatalysis of Hetero-
Diels—Alder Cycloadditions

Metal-free catalysis of enantioselective organic reac-
tions has generated great interest in recent years.'"”]
In particular, asymmetric induction in Diels—Alder re-
actions is one of the most challenging aspects of this
field.""! TADDOL catalysts developed by Rawal and
co-workers catalyze Diels—Alder and hetero-Diels—
Alder cycloadditions that are promoted by hydrogen-
bonding interactions between diol groups on the cata-
lyst and m-acceptors of the dienophile.""”! Zhang et al.
reported experimental and computational studies on
the catalysis and enantioselectivities of hetero-Diels—
Alder reactions organocatalyzed by TADDOL deriva-
tives (Scheme 19).'*!

They investigated these reactions with a computa-
tional model in which Danishefsky’s diene was mod-
eled with 1,3-dimethoxybuta-1,3-diene (Scheme 19).
A layered ONIOM!"™! approach was used in which
the reacting moieties considered most important were
modeled with a high-level method, while groups that
were not deemed to be as important were modeled
with a lower level method. This is represented in
Figure 7, in which the substrates and the core of the
catalyst were modeled with B3LYP/6-31G(d) and the
backbone of the catalyst was modeled with PM3.

The computational study demonstrated that various
diol catalysts provide moderate to excellent accelera-
tion of the rates of these reactions, which are in good
agreement with experiment. The TADDOL promoted
cycloaddition is initiated by formation of an intramo-

OMe

= , 9 20 mol % 4.1

15°C,72h

™Mso” X H” ph

Ar.  Ar
Me><O OH
M o OH

Ar  Ar

41

TMSO

Ar Ar
OMe
= j\ HO "“°>< Me
HO
o |Me
MeO Ph H
High Layer Al A
Low Layer

Figure 7. Layers used in ONIOM for geometry optimiza-
tions of the TADDOL-catalyzed cycloadditions of benzalde-
hyde and dimethoxybutadiene.

lecular hydrogen-bond between the hydroxy groups
of the catalyst. This increases the Lewis acidity of the
free hydrogen atom belonging to one of the free hy-
droxy groups, which forms an intermolecular hydro-
gen-bond with a lone pair of the carbonyl oxygen of
the heterodienophile. The transition structures for the
reaction between benzaldehyde and dimethoxybuta-
diene organocatalyzed by TADDOL 4.1 are shown in
Figure 8.

The investigators account for the stereoselectivities
observed in these reactions by invoking stronger

SiTS
=10.0 kcal/mol

Re T
t eTS

¥ AE™ =12.6 kecal/mol

AE

Figure 8. Transition structures for the hetero-Diels—Alder
cycloaddition of benzaldehyde and 1,3-dimethoxybuta-1,3-
diene catalyzed by TADDOL catalyst, 4.1.

OMe

(e} CF,CO,H

= 0
“Ph o “ph

’

77% (76.3% ee)

Scheme 19. Hetero-Diels—Alder reaction between Danishefsky’s diene and benzaldehyde organocatalyzed by the TADDOL

catalyst, 4.1.
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steric repulsion between the aryl substituents on the
diol catalysts and the phenyl group of benzaldehyde
in disfavored transition states. Similar considerations
also account for differences in stereoselectivity ob-
tained with various TADDOL catalysts. Enantioselec-
tivities are high for reactions in which the aryl groups
on the catalyst backbone interact strongly with the
substrate in disfavored transition states.

4.3 Organocatalysis of Diels—Alder Reactions with
Chiral Imidazolidinones

MacMillan and co-workers have developed amine-
based organocatalysts capable of catalyzing enantiose-
lective Diels—Alder reactions,'”>'?! as well as induc-
ing asymmetry in other types of reactions.!**

Houk and Gordillo!""** used B3LYP DFT to ex-
plore the amine catalyzed Diels—Alder cycloadditions
of cyclopentadiene with a variety of o,f-unsaturated
aldehydes and ketones (Scheme 20). Previous studies

Me \ 0 @ 4.20r4.3
_\_< + MeOH-H,0 4 -Me
- 23°C COEt
(S)-endo
o) ,Me o IMe
N N
X" .
Ph e Pn  HCIO, Me
4.2 4.3

Scheme 20. Diels—Alder cycloadditions of cyclopentadiene
with 4-hexen-3-one catalyzed by the chiral imidazolidinones
4.2 and 4.3.

out of the Houk group had demonstrated that DFT
can be a powerful tool to predict enantioselectivities
observed experimentally in a variety of asymmetric
organocatalyzed reactions.'?1?7)

Iminium ions formed from condensation of amines
with a,p-unsaturated aldehydes and ketones reduce
the activation barriers of Diels—Alder cycloaddition
reactions in comparison with uncatalyzed reactions.
B3LYP calculations account for the yields and selec-
tivities observed in cycloadditions catalyzed by the
chiral imidazolidinones. For example, the formation
of the iminium cation from catalyst 4.2 is slow, or
does not occur, because of steric encumbrance. As a
result, the background uncatalyzed reaction occurs
faster than the imidazolidinone-catalyzed reaction,
leading to the low yield and non-selectivity observed
experimentally. In contrast, the formation of the imi-
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nium ion from catalyst 4.3 is fast, and there is a pref-
erence for attack in a sterically unencumbered fashion
that leads to the high stereoselectivity observed for
this reaction (Figure 9). Predicted selectivities are in
excellent agreement with experiment.!'?)

NN
4

Figure 9. The iminium cation formed from condensation of
chiral imidazolidinone catalyst 4.3 and 4-hexen-3-one.

4.4 Catalysis of 1,3-Dipolar Cycloaddition Reactions

The “click chemistry” methodology developed by the
Sharpless group has been applied in a wide range of
biological and materials chemistry contexts in the rel-
atively short time since being introduced.!'” Argua-
bly, the most appealing aspect of this strategy is the
involvement of complementary substrates that are or-
thogonal to other functional groups and which partici-
pate in highly exothermic reactions.

1,3-Dipolar cycloaddition reactions of azides with
terminal acetylenes (Scheme 21, 1) and nitriles
(Scheme 21, 1 and 2), studied by Huisgen,'?*% have
been a focus of this research. The copper-catalyzed
version, in which copper salts have been used to cata-
lyze the reaction between azides and terminal acety-

AY

—N=N e

&8 conditions Ran oy (1)
1= p2 >=<
R———R R1,25 R21

(i) R? = H; conditions = A or Cu(l)
(i) RZ=Hor alkyl ; conditions = Ru(ll)

R
\ —
e o
conditions R~N* \‘IN (2)
R'—=N —N
R'®

(i) R = H, alkyl or aryl; conditions = A
(i) R = none; conditions = (1) Zn(ll) or H* then
(2) H:0

Scheme 21. Representative 1,3-dipolar cycloaddition reac-
tions used in click chemistry.

Adv. Synth. Catal. 2006, 348, 2337-2361


www.asc.wiley-vch.de

Theories of 1,3-Dipolar and Diels—Alder Cycloadditions

REVIEWS

lenes,®" is the main reaction of click chemistry

(Scheme 21, 1i). Recently, Sharpless et al. reported
ruthenium-catalyzed cycloadditions between organic
azides and monosubstituted, as well as disubstituted
alkynes, that form 1,5-disubstituted 1,2,3-triazoles and
1,4,5-trisubstituted 1,2,3-triazoles, respectively
(Scheme 21, 1ii)."* Catalysis of reactions between or-
ganic nitriles and azide salts by magnesium,!'*
zinc!™ and proton*! (Scheme 21, 2ii) sources have
also been studied.

While the mechanisms of the uncatalyzed versions
of these reactions are well established,*! the mecha-
nisms by which adducts are formed by catalysis are
less evident. The Scripps group, in an effort to eluci-
date the mechanisms of the uncatalyzed and catalyzed
versions of these 1,3-dipolar cycloadditions, has relied
on DFT methods to investigate the several possibili-
ties involved in each of the acid-, zinc- and copper-
catalyzed processes.

DFT calculations on the uncatalyzed reactions be-
tween nitriles and organic azides reveal that the reac-
tion proceeds by a concerted [342] mechanism.!'*
Calculations predict that the barriers for reactions of
methyl azide with electron-deficient and electron-rich
nitriles range from 18 kcalmol™ to 35 kcalmol ™!, re-
spectively, and predict the preference for the forma-
tion of 1,5-disubstituted adducts over 2,5-disubstituted
adducts, in excellent agreement with experiment.

Three mechanisms were considered for fast forma-
tion of 1-tetrazoles from reactions involving anionic
azides and nitriles: the uncatalyzed process, and
Lewis acid catalysis by proton sources,*! and zinc
salts.”¥”! Only mechanisms identified as being most
probable are presented here.

The barriers for the uncatalyzed reactions of the
azide anion with electron-rich nitriles are almost iden-
tical to the barriers for 1,3-dipolar cycloadditions in-
volving neutral methyl azide. However, the activation
barriers of reactions of the azide anion with electron-
deficient nitriles are lowered by as much as
13 kcalmol™ in comparison with the organic azide.
The most likely mechanism for acid catalyzed cyclo-
addition of azide anion to organic nitriles involves ac-
tivation of the nitrile by proton sources proceeding
from the eight-membered TS shown in Scheme 22,
leading to the formation of intermediate P. Zinc catal-

ysis is similar, but is predicted to involve prior activa-
tion, by zinc, of a bound nitrile molecule, followed by
cycloaddition with a free azide anion.”

Two possible mechanisms for the copper-catalyzed
reactions of organic azides with terminal acety-
lenes!™*! may involve either concerted addition of the
azide to the m-complexed alkyne, or concerted addi-
tion of the azide to the copper-acetylide complex
(Scheme 23a and b, respectively). DFT calculations
reveal that the activation enthalpies for these concert-
ed processes are comparable to activation enthalpies
for the uncatalyzed, concerted variant. Alternatively,
the mechanism may involve stepwise addition of the
azide to the copper-acetylide complex followed by
attack of the distal nitrogen to C2 of the acetylide re-
sulting in the formation of a 6-membered metallacycle
(Scheme 23c). Ring contraction results in the exother-
mic formation of the 5-membered triazolyl copper
complex, that affords the 1,2,3 triazole after protona-
tion. The activation enthalpy for the rate-determining
step of this process, formation of the 6-membered
metallacycle, is 11 kcalmol ™' lower than the barrier
for the uncatalyzed cycloaddition, corresponding to a
10° acceleration in the rate of the reaction.

The stepwise mechanism adequately accounts for
formation of 1,4-disubstituted adducts from the azide.
Furthermore, investigations demonstrate that copper-
catalyzed cycloadditions of acetylenes with other di-
polarophiles, such as isoxazoles, may also involve this
stepwise process.['*"l

The ruthenium-catalyzed reactions of azides with
disubstituted alkynes (Scheme 21, 1ii),l"*” illustrates
that catalysis of 1,3-dipolar cycloadditions may not
only involve coordination of Lewis acids to the nitro-
gen atom of the nitrile, or formation of metal-acety-
lide complexes from terminal acetylenes as general
mechanisms. Evidently, while copper-acetylides are
preformed from terminal alkynes, formation of metal-
lo-alkyne m-complexes may be the preferred mecha-
nism in ruthenium catalyzed cycloadditions. These
findings expand the scope of reactants and catalysts
that may be used in these 1,3-dipolar cycloaddition re-
actions, and suggest new frontiers in the catalysis of
1,3-dipolar cycloadditions.

In connection with the results from the Scripps
group, Kuznetsov et al. reported computational inves-

Scheme 22. Mechanism for formation of 5-tetrazoles from anionic azides and nitriles catalyzed by the ammonium cation, as

predicted by B3LYP.
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Scheme 23. Possible mechanisms in the copper-catalyzed 1,3-dipolar cycloadditions of organic azides and terminal acety-

lenes.

tigations on reactant activation in Pt(II)- and Pt(IV)-
catalyzed cycloadditions of cyclic nitrones with nitriles
to form oxadiazoline cycloadducts (Scheme 24). The
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Scheme 24. Platinum-catalyzed 1,3-dipolar cycloadditions of
activated nitrones with organic nitriles.

investigators found that activation enthalpies for cy-
cloadditions of Pt-bound nitriles with nitrones were
considerably reduced in comparison with the corre-
sponding uncatalyzed reactions.!'*’)

5 Conclusion

This review has discussed the application and perfor-
mance of conceptual theories and quantitative quan-
tum mechanical methods to the study of mechanism,
reactivity, and selectivity of 1,3-dipolar and Diels—
Alder cycloadditions. Conceptual DFT can be effec-
tive at understanding the nucleophilicity and electro-
philicity of reactants and atomic sites of molecules,
and when the HSAB principle is applied, leads to pre-
diction of regiochemistry. The applications of configu-
ration mixing models in cycloadditions have been dis-
cussed. The applications of recently developed highly
accurate quantum mechanical methods such as CBS-
QB3, G3, G2MS, G2MP2 all give essentially the same
values for barrier heights and reaction energetics for
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cycloadditions. DFT and ab initio methods vary in
their ability accurately predict barriers and reaction
energetics, depending on the test set used. Applica-
tions of computations to the study of solvation effects,
organocatalysis and metal catalysis on the rates of
1,3-dipolar and Diels—Alder cycloadditions conclude
the review.
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