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Density Functional Approach to Regiochemistry, Activation Energy, and Hardness Profile
in 1,3-Dipolar Cycloadditions
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The principle of hard and soft acids and bases has been applied in a local sense to rationalize the regiochemistry
in cycloaddition reaction of a few typical 1,3-dipoles with phosphorus-containing dipolarophiles. It has been
observed in most cases that the transition state with higher hardness is associated with lower activation energy.
The hardness profile has also been investigated for these cycloaddition reactions; while the hardness value
goes through a minimum along the reaction coordinate, its minimum does not coincide with the energy
maximum.

1. Introduction that average hardness of the products is higher than that of the
The knowledge of the specific sites of interaction between reactants for the exchange reactions. In the case of isomeriza-
two chemical species, the mechanism of transition-state forma-tion reactions, they found that hardness is minimum for the
tion, and the origin of energy barriers are of fundamental transition state. They also considered polarizability of the
importance in determining the path and products of a given system as an index and observed that the condition of minimum
chemical reaction. It has recently been found that many polarizability can in general be associated with the maximum
important chemical concepts useful for the understanding of hardness. During the course of the present study, another work
chemical reactivity (e.g., electronegativity, hardness, softness)in this direction has been published by Gazqtfemd the main
appear naturally within density functional theory (DFT)-or proposition of his work is that the activation energy of a
example, the electronegativity)f and hardnessjj,* whichhave  chemical reaction depends primarily on the difference between

!ong been providing a bettgr un(_j_erstanding of_chemical reactiv- the hardness of the initial state of a reaction and that of the
ity, have recently been identified as the first and second transition state

derivative of energyH) with respect to the number of electrons

(N) of the system. A number of local reactivity descriptors, In the present work, an attempt has been made to study
such as Fukui functions and local softness, have also beenvarious aspects of cycloaddition reactions between a 1,3-dipole
defined to extract information about the variations of chemical (henceforth referred to as 13DP) and a phosphorus-containing
reactivity from one place to the other inside a moleculehere  dipolarophile (hereafter referred to as DPh). These cycloaddi-
are numerous applications of these local reactivity descriptors tion reactions are important in synthetic organic chemistry due
for the interpretation of reaction mechanisfn&. The observed to the potential of forming many starting materials for the

regloselectl_wty In various cycloaddltlon_ reactions, e.g., Diels syntheses of P-heterocycles. The problem of primary impor-
Alder reactions, excited-state cycloaddition reactions between . . -
tance here concerns the regiochemistry of the cycloaddition.

carbonyls and alkenes, has also been expl&tdy using these . . .
local reactivity parameters and the local hard and soft acids and'Vhen a dipolarophile B and a 1,3-dipole €D=E approach
bases (HSAB) principle, recently proposed by Gazquez and each other, twp cyc]oa}dducts are in prlnC|p!e possible (Schgme
Mendez!! The beauty of this approach lies in the fact that 1)- However, in majority of cases, the reaction proceeds mainly
similar to the frontier orbital theory the predictions are made through one transition state and thus introduces regioselectivity.
from isolated molecular properties only. Recently, we have showhthat the local HSAB principle can

The success of these DFT-based reactivity descriptors for be useful for the interpretation of this observed regioselectivity
understanding reaction mechanisms strengthens the motivatiorin many cycloaddition reactions. The purpose of the present
of using them in the study of the progress of chemical reactions. study is not only the interpretation of such regiochemistry but
Itis always interesting to see how one reactivity parameter varies a|so to examine how hardness of the system changes along the
with the progress of a chemical reaction and whether it is yeaction coordinate, and thus the possibility of defining a
possible to define a reaction profile in terms of that parameter, p»qness profilén this type of reaction is discussed. In view
in the same way as an energy pFOf"e- SUCh. posybﬂmgs have of the recent work by Gazqué#an attempt has also been made
already been discussed in the literature usjngr chemical to find out lation bet tivati . d
potential () as the parameter of interédt6 All these studies © Tind out some correlation bEween activation energies an

hardness differences between the reactant and the transition state.

were mostly confined to very simple reactions such as tautom- i . i
erism, isomerization, rotation, or inversion in a molecule. It 't should be emphasized that all the earlier relevant studies

has been observed that in most of the cases the hardness of theonsidered very simple reactions such as isomerization or
system goes through a minimum near the transition structure. tautomerism, and thus it is the first attempt to examine the
Recently Ghanty and GhoShmade a similar study on the hardness profilein the case of more complex multicenter
dissociation and isomerization types of reactions and observedreactions.
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SCHEME 1
A,

2. Theory and Computational Details

The fundamental expression of DFT for the change in energy
from one ground state to another is

dE = u dN+ [p(r) du(r) dr

where u, p(r), and v(r) are the chemical potential, electron
density, and external potential of the system, respectively.
Hence botht andp(r) can be considered as a response function
to the dN anddu(r) perturbations, respectively. The first partial
derivative ofu with respect td\, the total number of electrons,

is the global hardnesg).2°

=[], (8

whereSis the global softness. Due to the discontinuity of the
energy versudl curve, one generally makes a finite difference
approximation to obtairy and S In the finite difference
approximatiorf® » and S can be written as

_ (IE — EA)
==

-1
(IE — EA)

where |IE and EA are the first vertical ionization energy and
electron affinity of the molecule, respectively.

Now coming to the local reactivity descriptors, the Fukui
function f(r) is defined as the first derivative of the electron
densityp(r) of a system with respect to the number of electrons
N at constant external potentia(r):2*

ap(r)
ftn= [ o0 [c‘w(f)

It has been arguééithat the greater the Fukui function value,
the greater the reactivity of a site. Local softngs¥is defined

as
S()_[ap(f) () [8p(f)]y[ ] =S

The condensed form of Fukui functions of an atom, kaip a
molecule withN electrons has been proposed by Yang and
Mortier:2?

fk+ =[N+ 1) — q(N)] for nucleophilic attack
f =[a(N) —q(N—1)] for electrophilic attack
=[g(N+ 1) — g(N — 1)] for radical attack

where gk is the gross electronic population of atdknin a
molecule. In view of the relatios(r) = S{r), the corresponding
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Figure 1. Two possible transition states for the cycloaddition between

1,3-dipole and dipolarophile. T;Ss the lower energy transition state,
and the reaction proceeds mainly through this transition state.

known HSAB principle, which essentially indicates that the
interaction between A and B is favored when it occurs through
those atoms having approximately equal softness values.

In this work, four 1,3-dipoles including 4NN, HCNO,
HNNN, and HCNNN, and two dipolarophiles, HCP andE+
CP, are taken for studying cycloadditions between them. The
geometries of all these molecules were fully optimized, and then
vertical ionization energies and electron affinities were calcu-
lated at the optimized geometry by followiddSCF procedure.
Theny andSwere estimated from the finite difference formula
mentioned above. The transition structures (TS) of both the
normal (TS) and reverse (T$ (see the next section for the
definition of TS) cycloadditions between all the 13DP and DPh
were also located and subsequently characterized by vibrational
frequency calculations. An intrinsic reaction coordinate (IRC)
calculation was performed to identify a few other points along
the reaction coordinate. In all cases IRC calculations were
performed near the transition structure, because it would be
increasingly difficult to estimate the hardness of the system from
the finite difference approximation when the two reactants are
far apart but still interacting. Subsequentlywas estimated
at each point along the reaction coordinate to draw the hardness
profile. All the calculations were performed by using the density
functional procedure with the B3LYP exchange correlation
functional and 6-31G(d,p) basis functions. Atomic charges were
evaluated by using the procedure of electrostatic potential driven
charges. The Gaussian-94 program packagas used for all
the calculations, and the MK option was used for the evaluation
of atomic charge.

3. Results and Discussion

As mentioned earlier, there are two possible paths, in

condensed local softness parameters can easily be calculateg@rinciple, for each [3-2] cycloaddition, and accordingly two

from the condensed Fukui function and global softness.
Gazquez and Mendé&zproposed a local version of the well-

transition states are also possible (Figure 1). The lower energy
TS is defined as Tgnormal) and the other one as {&verse).
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TABLE 1: Global Hardness (n), Global Softness §), and TABLE 2: Activation Energies (Ea in kcal/mol) of the Cy-
Local Softness Values for Nucleophilic ") and Electrophilic cloaddition Reactions between 1,3-Dipole and Dipolarophile
(s7) Attack As Calculated from the B3LYP Results. Data and the CorrespondingA Values (See Text for Definition)
Are in au
— " Eact A
molecule U S atom k) S“ s“ dipole dipolarophile TS TS An Ay
1 2
HN'NN 02% 212 W SRRt HCNO HCP 563 653 161 196
" ; ; CH;CP 739 1099 140 173
HZCNN 0195 25r & 2% O H,CNN HCP 586 692 145 463
: : CH4CP 9.47 1237 128 424
HCNO 0.262 191 N HNNN HCP 877 1112 163 1.94
| : CH4CP 12.38 1485 141 171
H3CNINN? 0.217 2.30 N 0.96 0.89 3
N2 093 118 H3CNNN HCP 794 1010 076 1.01
HCP 0.220 221 PC 104;8 _01'0818 TABLE 3: Hardness () and Polarizability (a)? of the Two
: : Transition States of the Cycloaddition Reactions between
H.C-CP 0.206 242 € 0.64 0.07 1,3-Dipoles and Dipolarophiles. Data Are in au
P 1.42 1.84
n o
Hovlvevctladr.,t.lt has bett?n observeddfrom nlwam/ stL??]lééthat tthhe . dipole dipolarophile Ts TS, Ts, TS
cycloaddition reactions proceed mainly through one path, an
thus these reactions are regiospecific or at least regioselective. HCNO HCP 01888 0.1880 6508  66.04
. . CHsCP 0.1679 0.1776 81.97 80.81
For example, in the case of 2] cycloaddition between H,CNN HCP 01700 0.1667 71.66 73.58
diazoalkenes and alkyl-substituted phosphaalkyhes)y one HsC-CP 0.1626 0.1616 87.25 88.16
cycloadduct has been formed, and in the case cERG- H,- HNNN HCP 0.1870 0.1852 66.01 66.85
CNN? the reaction proceeds mainly through the, TBigure CHCP 01754 0.1762 8129 8151
HCP 0.1813 0.1794 80.32 81.28

1), which also corresponds to the lower energy TS. It should HsCNNN
be pointed out here that there are two possible mechanisms for 2o values were calculated using 6-3#1+G(3df,2p) basis set and
these cycloadditions, namely, the concerted and the biradicaltaking the arithmetic average of the three diagonal elements of the
path. In the present work, only the concerted approach has beerPolarizability tensor.

considered.
Now to explain this observed regioselectivity, the two and 13DP considered in the present investigation. In the case

reactants, 13DP and DPh, are first classified as nucleophile orOf diazomethane and HCNO, the carbon atom has a much larger
electrophile and then the local HSAB principle is applied. softness for electrophilic attack than the terminal nitrogen or

Starting from the idea that the softnesses of the interacting atoms®XYgen atoms, respectively, whereas for the HNNN, the nitrogen
should be as close as possible, a quantity has been defined foRtom attached to the H atom has a larger softness for electro-
the regioselectivity that could be a measure of predominance Philic attack. For both dipolarophiles, HCP andGACP, the

of one approach over the other. When atomand j of a phosphorus has a larger softness for nucleophilic attack than
molecule A are involved in the formation of a cycloadduct with the carbon. Table 2 presents the activation energies corre-

atomsk and | of another molecule B, one can define the SPonding to the two possible transition structures and the
following as a measure of regioselectivity: correspondingA values estimated from the above-mentioned

expression. TSis lower in energy than the TSand the reaction
Aikl =(s— 51<)2 +(s - 3)2 proceeds mainly through £S Now, it is clear from Table 2
) that A, is consistently lower thar, for all the cycloaddition
where gs are the appropriate type of atomic softnesses; (if s rea_ctio_n; considered here. T_hu_s th_e transition state formed by
and gare electrophilic, thensnd sare obviously nucleophilic). ~ Maintaining the local HSAB principle is always lower in energy.
A can be considered as a measure how extensively the HSABThIS clearly explains the observed regioselectivity of these
principle is satisfied. The reaction path associated with lower cycloaddition reactions.
A value will be the preferred one. From the ionization energies  Table 3 records the hardness and polarizability of both the
and electron affinities of the 13DP and DPh it is observed that transition states. It is interesting to observe that in most of the
the direction of charge transfer is favorable from the 13DP to cases the lower energy ¥ 8lso has larger hardness and lower
the DPh. Similar observations were made earlier for the polarizability compared to TS In the case of HCNG- CHs-
cycloaddition between 13DP and many other types of BPh. CP, the lower energy TShas lower hardness and higher
Dipolarophiles are thus considered as electrophiles and 1,3-polarizability. As the maximum hardness principle (MAP)
dipoles as nucleophiles in these cycloaddition reactions. Henceis valid only under constant chemical and external potential,
the appropriaté\ quantities for the two types of cycloadditions  this observation does not violate the MHP. However, it is also
between 13DP (€D=E) and DPh (A4=B) defined in Figure 1 difficult to explain this observation from the parameters
are considered in the present study, and further work with enhanced
sophistication is required to explain it. From the hardness and
Ay=(Sc— S+ (s —s5)° polarizability of the transition structures, it seems that maximum
hardness is associated with minimum polarizability. This
and corroborates well with the observations of Ghanty and GHé&8h
and otherg®3! |t is also interesting to notice thatof the TS
A= (s — sg)2 + (s — SX)Z is always lower than both the reactants. According to the recent
proposition of Gazque®, activation energy is mainly determined
whereA,, and A, correspond to TSand TS respectively. by the hardness difference between the reactants and the
Table 1 shows the global hardness and softness and localransition state; the lower the difference, the lower the activation
softnesses for electrophilic and nucleophilic attack of the DPh energy. However, no general correlation between hardness
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Figure 2. Change in relative energyefs — E in au), curve |, and ) ) ) IRC )
hardness (in au), curve Il, along the intrinsic reaction coordinate near Figure 4. Change in relative energyE{s — E in au), curve |, and

the transition state (T$of the cycloaddition reaction NN + HCP. hardness (in au), curve Il, along the intrinsic reaction coordinate near
Relative energies are scaled by a factor of 10. the transition state (Tpof the cycloaddition reaction between HNNN
and HCP. Relative energies are scaled by a factor of 10.
0.205ll 0.25 ! T T T T T . L. . . .
L with the minima in the hardness profile. Comparing to the
02 i . energy profile, the minima in the hardness profile appear around
oxsp 021 three steps later (toward the product side) along the IRC.
0.19 - However, the hardness indeed goes through a minimum along
oass| 05T the reaction coordinate, and thus it is possible to define a
o1sh hardness profiléfor these types of cycloaddition reactions. It
0.1 is also interesting to observe that the general nature of the
0175 hardness profile for all three reactions is almost the same. It
007 g0sf appears that the general Hammond postulate can also be applied
0.165 \\ to thehardness profile¢the hardness of the TS being closer to
016 L 0 s . . , that of the product).
0 2 4 6 8 10 12
IRC

) ) ) ) 4. Conclusions

Figure 3. Change in relative energyefs — E in au), curve |, and ) ) o N )
hardness (in au), curve Il, along the intrinsic reaction coordinate near It is shown that regioselectivity of the cycloaddition reactions
the transition state (T$of the cycloaddition reaction HCN@ HCP. between 1,3-dipoles and dipolarophiles can be explained by

Relative energies are scaled by a factor of 10. using local softness and the local HSAB principle. The

difference and activation energy has been observed from thetransition structure formed by maintaining the local HSAB

present calculations. For a particular 13DP, activation energy Principle is invariably lower in energy, and the reaction proceeds

is always higher for the cycloadditon of GEP in comparison ~ Mainly through this TS. In the majority of cases the, Téth

to that of HCP. But hardness differences between reactants andOWer energy is also associated with larger hardness and lower

the transition structures are not always higher for,CPithan ~ Polarizability. It has also been observed that the hardness goes

HCP. Moreover, for a particular couple of 13DP and DPh, the through & minimum along the reaction coordinate, and thus it

hardness difference between the reactants and the TS williS possible to define #ardness profile The minimum in

certainly be lower for TS(associated with higher activation —hardness profilappears more toward the product side compared

energy in comparison to B which is contrary to the 10 the maximum in energy profile, in line with the general idea

proposition of Gazquez. However, we must mention that the ©f the Hammond postulate.

present study is limited only to a few systems, and to draw a . .

final conclusion, one definitely needs to study a variety of other _ Acknowledgment. We are indebted to the Fund for Scien-
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