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We carried out a theoretical study of the radical [3+ 2] cycloaddition reaction of NCO+ RCCH (R) H,
CH3, F, Cl, CN), which produced a five-membered ring heterocyclic oxazole. An asynchronous two-bond
formation mechanism was found, which led to a certain regioselectivity in the products when the substituted
alkyne was used as a reactant. The preferable reactive sites of RCCH in various substituents are calculated
by employing the Fukui functions and HSAB theory, and the results are in good agreement (except R) F)
with the calculated energy barriers of the transition states in the potential energy surfaces. The N atom of
NCO attacks the unsubstituted carbon atom of RCCH first, followed by the ring closure of the O atom with
the other carbon atom to form the substituted oxazole. The order of the calculated first transition barriers
(uts1) in the substituted alkynes (RCCH) is R) H > F > CN > Cl > CH3, and that for the second transition
barriers (uts2), R) H > CH3 > CN > Cl > F. The reason for the decreased transition barriers of the
substituted alkynes is analyzed.

Introduction

A number of oxazole-containing products continue to attract
interest, and they are important in synthesis1 and in biology.2

For instance, they are used as auxiliaries in the form of latent
carboxylic acid group equivalents3 (triamide, ester, w-cyano
anhydride) and aza diene components in Diels-Alder reactions
with acetylenes and alkenes4 to give furans and pyridines in
synthesis. The oxazole ring systems are common structural
motifs in a number of biologically active molecules5 in biology.
These five-membered heterocyclic ring systems originate in
nature as a consequence of peptide modifications containing
serine, threonine, and cysteine side-chain residues and are the
products of cyclodehydration and redox reactions.6 The oxazole
molecule may be formed via a [3+ 2] cycloaddition mechanism
in the mixture of NCO plus RCCH. It is shown in Scheme 1
that this [3+ 2] cycloaddition is asynchronous, not like the
Diels-Alder or 1,3-dipolar [3+ 2] cycloaddition reaction7 in
which the two-bond formation is concerted. On the contrary, it
proceeds in two steps: first the addition of an NCO radical to
a carbon of RCCH, giving rise to an intermediate, followed by
a ring closure, finally yielding the oxazole radical.

Several previous theoretical studies on the polarizabilities and
structure of oxazole have been reported.8 In this paper, we
studied theoretically a series of NCO addition reactions to
several substituted alkynes to form substituted oxazoles and
discussed the regioselectivity exhibited by this type of reaction.
Although charge transfer and HOMO-LUMO interactions
(frontier molecular orbital, FMO, approach) are commonly used
to understand the regioselective nature of a reaction,9 occasion-
ally the validity of this simple approach is inadequate. Therefore,
we also applied DFT (density functional theory) -based reactivity
descriptors such as Fukui functions and local softness,9,10which
were generally proved to be successful in the prediction and

interpretation of regioselectivity in various types of electrophilic
and nucleophilic reactions.11-15

Computational Methods

We carried out the quantum mechanical calculations by using
the Gaussian 98 program package.16 The stationary points on
the potential energy surfaces for the NCO+ RCCH reactions
were optimized mainly by density functional theory with the
Becke three-parameter hybrid method and the Lee-Yang-Parr
correlation functional approximation (B3LYP).17-18 Basis sets
with increasing accuracy of polarized split-valence and diffuse
functions for heavy and hydrogen atoms 6-31++G** were used
in the calculations. Vibrational analysis was carried out at the
same level of theory to characterize the optimized structures as
local minima or transition states. Zero-point energy (ZPE)
correction was performed at the B3LYP/6-31++G** level. To
obtain more reliable energies, coupled cluster calculations with
single and double excitations and an evaluation by the perturba-
tion theory of triple contributions CCSD(T)19 were carried out
for those geometries optimized at the B3LYP/6-31++G** level,
denoted as CCSD(T)/6-31++G**// B3LYP/6-31++G**. In-
trinsic reaction coordinate (IRC)20 calculations were also
performed to confirm the connection between the transition state
and the designated intermediates. The reason that we adopted
this level and basis set was that we applied it to calculate the
activation energy of a similar reaction of NCO+ C2H6 f
HNCO + C2H5, and it yielded a satisfactory result (3.68 kcal/
mol, or 15.38 kJ/mol) in good agreement with the experimental
data (15.2( 0.4 kJ/mol).21 Therefore, we are confident of the
data calculated at this level for this type of reaction. Atomic
charges are calculated from natural population analysis (NPA)
by using the NPA options in the program.

Results and Discussion

This section has three parts to describe the roles of the
reactants, the structural variation, and the energetics of the* Corresponding author. E-mail: jjh@scc.ntnu.edu.tw.
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species on the potential surfaces, the potential profiles, and the
use of Fukui functions to explain the regioselectivity.

A. Roles of NCO and RCCH in the Reaction.Our first
step in studying this reaction was to classify the roles of NCO
and RCCH in the reaction. In Diels-Alder [4 + 2] or 1,3-dipolar
cycloadditions, the alkene or alkyne was recognized as an
electrophile, and the other reactant, diene or 1,3-dipole, as a
nucleophile. However, we found a quite different result by
applying FMO theory22 to the NCO+ RCCH reaction. The
energies of both the HOMO and LUMO of NCO and RCCH
(R ) H, CH3, F, Cl, and CN) were calculated, respectively,
and the values of HOMO(NCO)- LUMO(RCCH) together
with HOMO(RCCH)- LUMO(NCO) were evaluated. The data
were shown in Table 1. It is clear that in almost every case of
RCCH (except R) CN) the value of HOMO(RCCH)-
LUMO(NCO) is smaller than the corresponding HOMO(NCO)
- LUMO(RCCH) value. According to the frontier orbital
theory, the HOMO of RCCH is more likely to interact with the
LUMO of NCO because these two frontier orbitals are much
closer as compared to the other pair. Therefore, the NCO
molecule may provide the unoccupied orbital to RCCH and be
considered as an electrophile, and the RCCH molecule, as a
nucleophile. Furthermore, this tendency is more enhanced by
the substitution of R (in RCCH) with an electron-donating group
(such as CH3). This effect may be understood as the electron-
donating group enriching the electron density of HOMO and
thus heightening the role of being a nucleophile of RCCH
compared with an electron-withdrawing group (such as F, Cl,
or CN). However, in any substituent (regardless of either
electron-donating or -withdrawing properties, except for R)
CN), the HOMO of RCCH is closer to the LUMO of NCO

compared with the unsubstituted HCCH. To be certain of the
roles of NCO and RCCH in the reaction, we also applied the
Mulliken DA (donor-acceptor) theory.23,24 As shown in the
following drawing,

we arbitrarily denote the NCO radical as D and the alkyne as
A. Thus, D+A- and D-A+ represent the charge-transfer
configurations from D to A and A to D, respectively. We
employed B3LYP/6-31++G** to calculate the adiabatic IE
(ionization energy) and EA (electron affinity) for both NCO
and RCCH, and the results are shown in Table 2. The
corresponding experimental IEs of HCCH and HCC-CN, being
11.40 and 11.60 ev,25 respectively, are also presented in
parentheses as a comparison with the calculated values. The
charge-transfer energies of D+A- and D-A+ are calculated as
D+A- ) IE NCO - EA RCCH and D-A+ ) IE RCCH - EA NCO,
respectively. As shown in Table 2, the charge-transfer energies
of D-A+ are much smaller than those of D+A-, which implies
that the process of charge transfer from an alkyne molecule to
NCO is more likely to occur. Besides, the scattering of the
D-A+ values within a small range in the Table also reasonably
represents the substitution effect from the substituted alkynes.

SCHEME 1

TABLE 1: Differences (in au) between HOMO and LUMO
Energies of NCO and the Substituted Alkynes

structure HOMOa LUMOa
∆E[HO(HCCR)-

LU(NCO)]
∆E[HO(NCO) -

LU(HCCR)]

NCO -0.34246b -0.01441b

HCCH -0.29707 0.00391 0.28266 0.34637
HCC-CH3 -0.27239 -0.00842 0.25798 0.33404
HCCF -0.29698 -0.01245 0.28257 0.33001
HCC-Cl -0.28385 -0.01117 0.26944 0.33129
HCC-CN -0.32053 -0.07055 0.30612 0.27191

a Frontier orbital energies taken from the B3LYP/6-31++G** level.
b The values of HOMO and LUMO are the MO energies of alpha (R)
orbitals. The assignment of HOMO isπ, and that of LUMO isσ.

TABLE 2: Calculated Ionization Energies (IE)a, Electron
Affinities (EA) a, and Charge-Transfer Energies
Corresponding to the States (D+A- and D-A+)b of NCO
Attack on the Unsubstituted Carbon Atom of HCCRc

structure IE EA D+A- D-A+

NCO 13.55 3.55
HCCH 11.14 (11.40)d -0.82 14.37 7.60
HCC-CH3 9.97 -0.69 14.23 6.42
HCCF 11.02 0.10 13.45 7.48
HCC-Cl 10.31 0.44 13.11 6.76
HCC-CN 11.24 (11.6)d 0.42 13.13 7.70

a B3LYP/6-31++G** adiabatic ionization energies (IE) and electron
affinities (EA) of NCO and alkynes in eV.b Charge-transfer energies
of D+A- and D-A+ states calculated according to the following
equations. D+A-) IE NCO - EA RCCH; D-A+ ) IE RCCH - EA NCO.c D
represents NCO, and A represents HCCR.d The corresponding experi-
mental IEs of HCCH and HCC-CN, respectively, from ref 24.
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An inspection of these data shows that it is satisfactory to believe
that the NCO radical exhibits an electrophilic property toward
the addition of RCCH.

B. Structural Parameters and Energetics Data.1. NCO
+ HCCH. The stationary geometries, including the reacting
complex, transition states, and products, calculated at the
B3LYP/6-31++G** level of theory are drawn in Figure 1. HR
represents the reacting complex; Hts1, the first transition state;
Hin, the intermediate; Hts2, the second transition state; and Hp,
the final product (where H is added as a prefix to stand for
unsubstituted alkyne HCCH). The relative potential energy
diagram of each species calculated at CCSD(T)/6-31++G**//
B3LYP/6-31++G** is drawn in Figure 2. Two-bond formation
in this cycloaddition process is not synchronous, but one forms
after the other. Each bond formation has one transition state
(Hts1 or Hts2), and between the two transition states, there is
one stationary intermediate (Hin). Because it acts like a radical
addition, the NCO radical (where the unpaired electron is located
primarily on the N atom) first attacks one of the carbon atoms
of alkyne molecule by consuming 3.96 kcal/mol as an energy
barrier to reach Hts1. The N‚‚‚C distance decreases from 2.638
to 2.182 Å together with the increase in the carbon-carbon
triple bond from 1.213 to 1.226 Å. After passing the barrier, a
substantial heat of energy was released (ca. 24 kcal/mol) for a

further decreased N‚‚‚C distance to 1.406 Å associated with a
further stretched C-C bond to 1.320 Å in Hin. The process
may go on to form a five-membered ring heterocyclic product.
In that case, it took about 36 kcal/mol for Hin to reach Hts2,
but the net barrier is only 12.03 kcal/mol from the reacting
complex (HR). The multiple bonds of both N-C and C-O in
the NCO part of Hin were further stretched (N-C bond
lengthens from 1.211 to 1.262 Å, and the C-O bond lengthens
from 1.178 to 1.212Å) to gain the approach of the O‚‚‚C distance
to 2.088 Å in the second transition structure Hts2. The O‚‚‚C
distance keeps on approaching as well as the stretching of the
C-C bond; finally the oxazole product (Hp) was reached, and
a net heat of energy (ca. 20 kcal/mol) was released. We
concluded that this cycloaddition reaction has a two-step
mechanism: the N‚‚‚C bond forms first, followed by the O‚‚‚
C bond, which is quite different from the concerted two-bond
formation in the Diels-Alder [4 + 2] and 1,3-dipolar cyclo-
additions.

2. NCO+ HCC-CH3 (Methyl Substitution). The substitution
effect was studied. The calculated stationary geometries of the
species on the potential energy surface were drawn in Figure
3, and the corresponded energy profiles, in Figure 4. We
prefixed the letter M to R, ts1, ts2, and so forth to represent the
methyl-substituted species. The existence of the substituent
distinguishes the two carbons of the alkyne molecule, which
provides the regioselectivity in this cycloaddition reaction. The
NCO may either attack the methyl-substituted carbon and follow
the path through Mts1, Min, and Mts2 to form Mp or strike the
other unsubstituted carbon atom and subsequently pass through
uMts1, uMin, and uMts2 finally to form uMp. u was prefixed
to represent the species produced from the attack via the
unsubstituted carbon atom. It is obvious from Figure 4 that there
is regioselectivity; that is, NCO prefers to attack the unsubsti-
tuted carbon atom (barrier uMts1< Mts1, uMts2< Mts2). By
comparing the structure of uMts1 and Mts1, we found that the
N‚‚‚C1 bond length (2.226 Å) is longer than the N‚‚‚C2 bond
length in Mts1 (2.133 Å) by 0.093 Å. Clearly, uMts1 is a
transition structure at an earlier stage than Mts1, which means
that uMts1 is closer to the reacting complex (MR). And
according to the Hammond postulate, this process (via uMts1)
would not only have a lower energy barrier but would also
release more heat to reach the followed product. (uMin is more
stable than Min.) A similar principle can be applied to the
O‚‚‚C2 bond length in uMts2 (2.120 Å), which is longer than
the O‚‚‚C1 bond length (in Mts2, 2.094 Å) by 0.026 Å; therefore,
the barrier of uMts2 is smaller than that of Mts2, and that of
uMp is also lower than that of Mp. By analyzing the first-stage
transition structure of the unsubstituted alkyne (Hts1), we also
found that the N‚‚‚C bond length (2.182 Å) was shorter than
the corresponding N‚‚‚C1 bond length in uMts1 (2.226 Å) by
0.044 Å and that in the second-stage transition structure the
O‚‚‚C bond length in Hts2 (2.088Å) was also shorter than the
corresponding O‚‚‚C2 bond length in uMts2 (2.120 Å) by 0.032
Å, indicating that both transition structures uMts1 and uMts2
are situated at relatively earlier locations on the reaction
coordinates than the corresponding Hts1 and Hts2, respectively.
Therefore, this result might well (from the Hammond postulate)
explain the outcome of smaller energy barriers in both first and
second stages (by 2.44 kcal/mol, and 1.85 kcal/mol, respectively)
of the approach of NCO to the unsubstituted carbon atom in
the methyl-substituted alkyne than in HCCH.

3. NCO+ HCCX (X) F, Cl, CN).The calculated stationary
geometries on the potential surfaces are similar to those in Figure
3 with the methyl group replaced by the fluorine, chlorine, and

Figure 1. Calculated geometric structures of the transition states (Hts1,
Hts2), intermediate (Hin), and product (Hp) of the NCO+ HCCH
reaction optimized at the B3LYP/6-31++G** level.

Figure 2. Schematic potential energy profile showing the two-step
addition of NCO to HCCH. The relative energies (kcal/mol) are
obtained at CCSD(T)/6-31++G**//B3LYP/6-31++G**.
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cyanide group, respectively. All of the related structure param-
eters are listed in Table 3. These three different substituents
show diverse regioselectivity in the process of cycloaddition.
In fluorine substitution (HCCF), the NCO is more favorable to
attack the substituted carbon atom. The relative energy barrier
of ts1 (2.49 kcal/mol) is smaller than the uts1 (3.05 kcal/mol)
shown in Figure 4. This is quite different from the other two
substituents (Cl and CN) in which the NCO still prefers to attack
the unsubstituted carbon atom. The energy barriers of ts1 in
both Cl and CN are 4.60 and 5.56 kcal/mol, respectively; those
in uts1 of Cl and CN are 1.67 and 1.79 kcal/mol. Obviously,
the barriers increase by almost 3 times for NCO to attack the

substituted carbon atom, but it is only about twice (2.93 in ts1
and 1.52 kcal/mol in uts1) in the methyl substituted alkyne. The
N‚‚‚C1 distance (symbolized as r1 in Table 3) in uts1 of F
substitution (2.247 Å) is shorter than that in ts1 (2.295 Å) by
0.048 Å; therefore, it obeys the Hammond postulate, and the
transition energy of uts1 is a bit higher than ts1. The same
parameters (r1) in both the Cl and CN substitutions of uts1
(2.290 and 2.243 Å, respectively) are much longer than those
in ts1 (2.167 and 2.089 Å). As a consequence, the transition
energy of uts1 in each case is much lower than that in ts1. A
similar argument can be applied to explain the energy barriers
of second transition states (uts2 and ts2) correlated to the O‚‚
‚C distance (symbolized as r6 in Table 3) in these three different
substituents. The reason for the opposite outcome of transition
energy in F substitution may be rationalized by the fact that in
the transition structure of ts1 there is a strong repulsion between
the fluorine atom and the nitrogen because of a much shorter
C-F bond and much more intense charge density in the F atom
as compared to that in the Cl- and CN-substituted counterparts.
Therefore, the N‚‚‚C distance may be longer in ts1(2.295 as
compared to 2.247 Å in uts1), which means that ts1 is situated
at an earlier location than the corresponding uts1 in their reaction
coordinates. Beyond that, our NBO (natural bond orbital)
calculation also revealed that there was a strong interaction (or
back-donation, as you may call) between the lone-pair orbital
(approximated to sp2 character) of the F atom and the lone-pair
orbital (unsaturated) of the C1 atom (also approximated to sp2

character), but it was not shown in the Cl- or CN-substituted
counterpart. This interaction energy stabilized the ts1 more than
the uts1 of the F-substituted alkyne, which was probably due

Figure 3. Calculated geometric structures of the transition states (uMts1, uMts2), intermediate (uMin), and product (uMp) for the attack of NCO
on the unsubstituted carbon atom of HCCR. Those for the attack on the substituted carbon atom are symbolized as Mts1 and Mts2 (transition
states), Min (intermediate), and Mp (product). All are calculated at the B3LYP/6-31++G** level.

Figure 4. Calculated schematic potential energy profiles for the NCO
+ RCCH reaction, where R) H, M(CH3), F, Cl, and CN. The relative
energies (kcal/mol) are obtained at the CCSD(T)/6-31++G**//B3LYP/
6-31++G** level.
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to the smaller dihedral angle of∠CNCC in ts1, 15.8°, which is
closer to 0° to enhance the interaction; howeer, it was 54.1° in
uts1, which deviated further from a plane structure and hence
decreased the orbital interaction.

C. Asynchronism in Addition. In this section, we apply the
Fukui function26 to prove the regioselectivity. The hard and soft
acids and bases (HSAB) principle has been very useful in
explaining the behavior of many chemical systems.6-13 The
extrapolation of the general behavior “soft likes soft” and “hard
likes hard” locally, together with the idea that the larger the
value of the Fukui function, the greater the reactivity, is also a
very useful approach to explaining the chemical reactivity of a
wide variety of systems.27 Clearly, the determination of the
specific sites at which the interaction between two chemical
species is going to occur is of fundamental importance to the
determination of the path and the products of a given reaction.
The object of this part of the work is to introduce the Fukui
function, to calculate the hardness and softness of an atom in a
molecule, and to show through these quantities that a greater
value of the Fukui function indeed implies greater reactivity
and that the HSAB principle may be invoked as a criterion to
determine the reactive sites of two interacting species. The Fukui
function f(r) is defined10 either as the first derivative of the
chemical potential (µ) with respect to the external potentialV(r)
at a constant number of electronsN or as the first derivative of
the electronic densityF(r) with respect to the number of
electronsN at constant external potentialV(r).

BecauseF(r)as a function ofN has slope discontinuities, it
provides the following three reaction indices.

Yang and Mortier28 later definedf(r) in a more condensed form.
The condensed Fukui functions of an atom, sayk, in a molecule
with N electrons are defined as

whereqk is the electronic population of atomk in a molecule.
In density functional theory, hardness (η) and softness (s) are
defined as

TABLE 3: Calculated Structural Parametersa of Stationary Geometriesb of NCO + HCCR at the B3LYP/6-31++G** Level

f(r) ) [ δu
δV(r)]N

) [∂F(r)
∂N ]V

f -(r) ) [∂F(r)
∂N ]V

governing electrophilic attack

f +(r) ) [∂F(r)
∂N ]V

governing nucleophilic attack

f 0(r) ) 1
2
[f +(r) + f -(r)] for radical attack

fk
+ ) [qk(N + 1) - qk(N)] for nucleophilic attack

fk
- ) [qk(N) - qk(N - 1)] for electrophilic attack

fk
0 )

[qk(N + 1) - qk(N - 1)]

2
for radical attack

2η ) (∂2E

∂N2)
V

) (∂u
∂N)

V
) 1

S
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where the global softnessS is simply defined as the inverse of
the global hardnessη. The local softnesss(r) can be defined as

Therefore,s(r) can be written as

In our calculation for a system ofN electrons, independent
calculations were made for the corresponding (N - 1), N, and
(N + 1) electron systems with the same geometry. A natural
population analysis (NPA) yieldsqk(N - 1), qk(N), andqk(N +
1) for the predicted possible reacting sites of NCO and RCCH
molecules, and the Fukui function is calculated as a difference
in population betweenN andN + 1 or N andN - 1 electron
systems. The result is listed in Table 4. The N atom in NCO
emerges as the soft center, and the unsubstituted carbon atom
(C1) always appears at a much higher value of the calculated
Fukui function in each substituted alkyne. We chose thef 0 value
for comparison because the reaction is more characteristic of a
radical addition. Ga´zquez et al.26 pointed out in his derivation
of the equation of interaction energy in terms of the local
softness and the condensed Fukui function of an atom in the
molecule that the largest value of the Fukui function is, in
general, associated with the most reactive site. As a conse-
quence, from our calculated data in Table 4, it is not too difficult
to explain why the preferable reactive site usually occurs on
the unsubstituted carbon atom (C1) in most of the substituted
alkynes, although the F-substituted one is an exception. How-
ever, the Fukui function of C2, 0.352, is still competitive with
that of C1, 0.394. The possible explanation for this exception
was raised in the previous section.

Summary

We have shown in this study the asynchronism of two-bond
formation in [3+ 2] cycloaddition and the regioselectivity of
radical attack on the substituted alkynes, which can be inter-
preted using DFT-based reactivity descriptors. The frontier
molecular orbital theory also provides a good scheme for
understanding the role of NCO, acting as an electrophile, in
the reaction, which is different from the role of dienes or dipolar
molecules as nucleophiles in Diels-Alder or 1,3-dipolar cy-
cloaddition reactions. The calculated energy barrier of the second
step in this two-step cycloaddition reaction is usually much
larger than that of the first step. In addition, the energy barriers
in both steps are smaller for the substituted alkynes compared
with those of the unsubstituted counterpart.
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