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Abstract – The 1,3-dipolar cycloaddition (1,3-DC) reactions of ethene and 

[60]fullerene with nitrile oxides, RCNO, have been studied in the gas phase, using 

DFT method at the B3LYP/6-31G(d) level. Energetics, thermodynamic and kinetic 

parameters have been determined at room temperature so as to investigate the effect 

of electron-withdrawing and electron-releasing substituents attached to the nitrile 

oxides on the 1,3-DCs. These parameters have been interpreted in terms of group 

electronegativity and reactivity indices. An atypical behavior has been observed for 

the 1,3-DC involving FCNO as it has some pseudodiradical character.

INTRODUCTION 

Since the discovery of buckminsterfullerene, C60, more than two decades ago by Kroto et al.1 and its 

synthesis by Krätshmet et al.,2 fullerene chemistry has become one of the most vigorously developing 

fields in organic chemistry. [60]Fullerene-based derivatives have attracted particular attention of 

researchers from both experimental and theoretical point of views. Due to the great diversity of 

functionalizations of the C60 spheroid,3 these [60]fullerene-based materials have found applications 

ranging from non-linear optics to extreme hardness, molecular electronics and superconductivity.4 For 

instance, functionalized C60 compounds offer wide opportunities for the creation of new nanocarbons 

with potential application in biological,5 material science6 and medicinal chemistry.7 C60 has also been 

functionalized by organometallic reagents.8 Very recently, Podolski et al.9 reported the development of 
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drugs based on C60 which are becoming increasingly important as they act on the key molecular 

mechanisms at the early stage of Alzheimer’s disease. 

 

C60 is an electron deficient polyolefin and it is known to undergo various types of reaction such as 

reduction, halogenation, radical addition, nucleophilic addition, mono- and polycyclic addition.10 

However, in the 1990s, several studies revealed that the most employed and straightforward procedures 

for functionalization of C60 are cycloaddition reactions.11 Of particular interest is the 1,3-dipolar 

cycloaddition (1,3-DC) which plays an important role in the preparation of functionalized C60 

compounds.12 Suzuki et al.13 showed that C60 is a reactive dipolarophile by carrying out a systematic 

experimental investigation of its reaction with substituted diazomethanes. Since then, various 1,3-dipoles, 

such as azomethine ylides, diazo compounds, azides, nitrile oxides, nitrile ylides, nitrile imines, 

pyrazolinium ylides and carbonyl ylides have been reported to react with C60.
3,11,14  

 

1,3-DCs have been used to synthesize [60]fullerene-fused heterocycles and these reactions have been the 

subject of several experimental and theoretical studies.15 C60 reacts with various nitrile oxides providing a 

series of fulleroisoxazolines with diverse substitutents. These fulleroisoxazolines show appealing 

chemical, electrochemical and photochemical properties.16 During the last years, several experimental 

reports on the 1,3-DC of substituted nitrile oxides to C60 have appeared.17 The parent fullereneisoxazole 

(R = H) was synthesized by heating a mixture of C60 and chlorooximidoacetic.17e NMR spectroscopy 

showed that a single isomer was obtained resulting from addition across a [6,6] ring fusion.17e  

Furthermore, nitrile oxides bearing different substitutents such as alkyl, aryl and other bulky substituents 

were also added to C60 and the structures of the cycloadducts (CAs) were established by X-ray diffraction 

analysis.17c-e  The reactions of some simple nitrile oxides with C60 have also been modeled and studied 

theoretically by Kavitha and Venuvanalingam18 at the B3LYP/6-31G(d,p)//AM1 level. Although there 

was controversy over the concerted or stepwise nature of these mechanisms, they found that the closed 

[6,6] adducts are the most stable and a concerted mechanism is followed; the stepwise mechanism is 

higher in energy than the corresponding concerted one.  

 

In order to have a better insight into the 1,3-DC of unsubstituted (HCNO) and substituted nitrile oxides 

(RCNO), with electron-releasing (ER) substitutents (R = Me and Et) and electron-withdrawing (EW) 

substituents (R = F, Cl, Br, NC, CN and NO2), with C60 (Scheme 1), we report a systematic DFT study, 

by means of B3LYP/6-31G(d) computations. We have also studied, for comparison, the 1,3-DC of these 

nitrile oxides to ethene. Energetics, thermodynamic and kinetic parameters of these reactions are 

investigated. In addition, the features of the reaction mechanism such as synchronicity, nature of 
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transition state structure (TS), charge transfer (CT), analysis of the reactivity indices and the rate 

constants of these 1,3-DCs are also taken into consideration. The results obtained are critically analyzed 

and discussed. 
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Scheme 1. Model reactions for the 1,3-DC of RCNO with ethene and C60 

RESULTS AND DISCUSSION 

ENERGETICS  

Table 1 lists the relative gas phase energies for the 1,3-DC of nitrile oxides with ethene and C60. 1,3-DC can 

occur at [6,6] or [5,6] bond of C60 and can form closed and open CAs. Therefore, the reaction can proceed 

through four types of additions; closed [6,6], closed [5,6], open [6,6] and open [5,6]. Also, each of these 

modes of addition can follow either concerted or stepwise pathways. However, only the closed [6,6] 

pathway is taken into consideration as it leads to the most stable CA as supported by various studies.18 
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Table 1. Relative energiesa (kJ mol-1) including ZPE computed at 298.15 K and 1 atm for the gas phase  
reactions of RCNO with ethene and C60 

R H Me Et F Cl Br NC CN NO2 
RCNO + H2C=CH2 

TS 55.7 58.2 56.9 6.5 30.5 36.6 49.7 31.3 16.2 
CA -166.7 -160.4 -159.6 -270.7 -214.7 -201.1 -167.4 -205.3 -239.9

RCNO + C60 
TS 51.6 49.5 48.1 5.8 29.7 32.6 53.8 32.9 17.5 
CA -104.9 -101.3 -100.7 -207.9 -148.4 -139.6 -98.2 -138.0 -166.1

a Relative to RCNO + ethene or RCNO + C60. 
 

An analysis of Table 1 allows some noteworthy features to be observed. For the reaction of RCNO + 

ethene, the activation energy increases in the following order R = F < NO2 < Cl < CN < Br < NC < H < 

Et < Me and R = F < NO2 < Cl < CN ≈ Br < Et < Me < H < NC for the reaction of RCNO + C60. 

Additionally, the reaction energy for the formation of the CAs increases in the order R = Et < Me < H < 

NC < Br < CN < Cl < NO2 < F for the reaction of RCNO + ethene and R = NC < Et < Me < H < CN < 

Br < Cl < NO2 < F for the reaction of RCNO + C60. The activation energies are higher for the reaction 

with ethene than with C60, except for R = NC, CN and NO2. Similarly, the 1,3-DCs of substituted nitrile 

oxides with ethene are more exothermic than with C60. In general, the presence of ER groups on the 

1,3-dipole increases the activation energy compared to the EW groups. On comparing the unsubstituted 

nitrile oxide (R = H) with those attached to ER groups, it can be found that they have comparable 

activation energy. In addition, for the reaction of C60, the activation energy decreases slightly from R = 

Me to Et due to an increase in nucleophilicity. However, based on the relative energies with respect to 

their reactants, the CAs bearing an alkyl substituent are slightly less stable than one with unsubstituted 

nitrile oxide (R = H). Conversely, the presence of an EW substituent on the nitrile oxide decreases the 

activation energy relative to the parent nitrile oxide. Moreover, the activation energy drastically decreases 

when R = F. The same trend is observed with the relative energy for both ethene and C60. 

 

We have attempted to correlate the predicted activation energy with electronegativity of the substituent on 

the nitrile oxides based on the Pauling electronegativity scale and ‘super-atom’ approximation.19 Figure 1 

displays the group electronegativity of the substituents while Figure 2 illustrates the activation energy 

against the nitrile oxides. It can be observed that the predicted activation energy is inversely proportional 

to the group electronegativity. Moreover, FCNO is the most electronegative dipole followed by 

O2NCNO and as a result, a similar trend is noted for the activation energy, whereby the activation energy 

for the 1,3-DC of FCNO with both ethene and C60 is lowest followed by the 1,3-DC of O2NCNO. On 

comparing the cyano and isocyano substituents, it can be found that the cyano substituent has lower 

activation energy compared to the isocyano substituent and this can be explained by the higher 

electronegativity of the isocyano group20 compared to the cyano group, as shown in Figure 1. The same 
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variation is observed on considering the relative energy of these two substituents. 

 

Figure 1. Group electronegativity of the substituent on the nitrile oxides 
 

 

Figure 2. Activation energy for the 1,3-DC of nitrile oxides with ethene and C60 

 
The thermodynamic parameters namely activation enthalpies and activation Gibbs free energies as well as 

the reaction enthalpies and reaction Gibbs free energies computed at 298.15 K and 1 atm are gathered in 

Table 2. The activation enthalpy increases in the following order R = F < NO2 < Cl < CN < Br < NC < 

H < Et < Me for RCNO + ethene and R = F < NO2 < Cl < CN < Br < Et < Me < H < NC for RCNO + 

C60 and this is in conformity with the activation energies. In addition, the reaction enthalpy follows the 
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same trend as the relative energy calculated in Table 1, thereby indicating that these 1,3-DCs are 

exothermic processes.  

 
Table 2. Relative enthalpiesa (∆H, in kJ mol-1), free energies (∆G, in kJ mol-1) and entropies (∆S, in J 

mol-1 K-1) computed at 298.15 K and 1 atm for the TSs and CAs involved in the gas phase 
reactions of RCNO with C60 

R  H Me Et F Cl Br NC CN NO2 
RCNO + H2C=CH2 

∆H
TS 49.7 54.2 53.2 3.8 26.8 33.2 46.1 27.4 13.8 
CA -175.6 -167.8 -166.2 -278.0 -221.9 -207.9 -173.7 -212.5 -246.4

∆G 
TS 96.5 99.8 102.2 48.0 73.1 64.0 81.4 59.3 61.9 
CA -124.1 -114.4 -110.0 -223.2 -167.8 -169.6 -135.1 -174.3 -188.3

∆S 
TS -156.8 -153.0 -164.4 -148.1 -155.2 -103.3 -118.5 -107.0 -161.3
CA -172.6 -179.0 -188.7 -183.7 -181.6 -128.4 -129.4 -128.3 -195.5

RCNO + C60

∆H 
TS 49.0 49.1 48.1 6.2 29.6 32.8 53.9 32.5 18.0 
CA -110.8 -105.2 -103.4 -211.5 151.7 -142.3 -101.0 -141.5 -169.1

∆G 
TS 98.0 98.0 100.7 52.7 79.5 67.5 92.5 67.6 72.7 
CA -52.2 -44.9 -40.3 -150.5 -90.7 -96.9 -52.6 -95.8 -101.5

∆S 
TS -125.0 -164.0 -176.3 -155.9 -167.4 -116.2 -129.4 -117.6 -183.4
CA -157.3 -202.3 -211.8 -204.4 -204.7 -152.3 -162.6 -153.4 -227.0

a Relative to RCNO + ethene or RCNO + C60. 

 
GEOMETRICAL PARAMETERS OF TRANSITION STATES 

The geometries of the TSs for each 1,3-DC are presented in Figures 3-4. An analysis of the lengths of the 

two forming bonds at the TSs indicates that these reactions are asynchronous concerted processes. The 

length of the C–O forming bond is longer than the C–C bond, suggesting that the formation of C–C bond 

is more advanced than the C–O bond. The values of the lengths of the two forming bonds at the TSs are 

in the range of 2.351 – 2.644 Å and 2.228 – 2.543 Å for the C–O and C–C forming bonds, respectively, 

for reaction with ethene and in the range of 2.365 – 2.761 Å and 2.118 – 2.401 Å for the C–O and C–C 

forming bonds, respectively, for the reaction with C60. The degree of asynchronicity of the 1,3-DCs can 

be determined by considering the difference between the lengths of the two forming bonds such that ∆d = 

[d(C–O) – d(C–C)].21 Table 3 reports the degree of asynchronicity, ∆d, of the TSs. Overall, the TSs 

display varying degrees of asynchronicity depending on the substituent present on the nitrile oxide. 

Greater asynchronicity is observed for the 1,3-DC of nitrile oxide with C60 than with ethene, which is due 

to the polarity of both the 1,3-dipoles and dipolarophiles. Moreover, a comparison of the ∆d for these 
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1,3-DCs indicates that ∆d is largest when R = NO2 and hence, it is the most asynchronous. On the other 

hand, the more synchronous TSs arise from the reaction of MeCNO and EtCNO with C60. It can be 

concluded that presence of an EW group on the nitrile oxide forms CA through more asynchronous TSs 

(R = NO2), while the presence of an ER group on the nitrile oxide affords more synchronous TSs (R = 

Et). 

 

Table 3. d at the TSs arising from the 1,3-DC of RCNO with ethene and C60 
R H Me Et F Cl Br NC CN NO2 

RCNO + H2C=CH2 
∆d 0.18 0.12 0.10 0.04 0.11 0.11 0.13 0.07 0.28 

RCNO + C60

∆d 0.43 0.23 0.25 0.34 0.28 0.33 0.34 0.31 0.49 
 

 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Optimized geometries of the TSs involved in the 1,3-DCs between nitrile oxides with ethene 

 
Figure 4. Optimized geometries of the TSs involved in the 1,3-DCs between nitrile oxides with C60 
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BOND ORDER AND CHARGE TRANSFER 

The Wiberg bond indices22 have been computed to follow the nature of the cycloaddition process using 

NBO analysis. The bond order (BO) analysis of the TS arising from the 1,3-DCs of ethene and C60 with 

substituted nitrile oxides shows asynchronicity of the bond formation processes. The BO values of the 

two forming bonds at the TSs for the 1,3-DCs are reported in Table 4. 

 

The BO values for the C–C forming bond at the TSs are larger than those for the C–O bond. For the 

1,3-DCs with C60, while the C–C BO values increase relative to the reactions with ethene, the C–O BO 

values decrease, indicating that the TSs are more advanced and more asynchronous. Thus, for the reaction 

with ethene the BO values range from 0.15 to 0.30 and 0.12 to 0.22 for the C–C and C–O forming bonds, 

whereas for the reaction with C60 they range from 0.17 to 0.33 and 0.08 to 0.18 for the C–C and C–O 

forming bonds, respectively. It is noteworthy that the presence of an EW group on nitrile oxide results in 

a low BO value for both the C–O and C–C bond formation processes.  

 
 
Table 4. Wiberg bond orders of the TSs involved during the 1,3-DCs of nitrile oxides with ethene and C60 

 RCNO + H2C=CH2 RCNO + C60 

 CO CC CO CC 
HCNO 0.21 0.30 0.14 0.33 
MeCNO 0.22 0.30 0.18 0.32 
EtCNO 0.22 0.29 0.18 0.32 
FCNO 0.12 0.15 0.08 0.17 
ClCNO 0.17 0.22 0.13 0.25 
BrCNO 0.19 0.24 0.13 0.27 
NCCNO 0.20 0.26 0.14 0.30 
CNCNO 0.17 0.22 0.12 0.25 
O2NCNO 0.13 0.19 0.08 0.24 

 

 

The electronic nature of these 1,3-DCs is evaluated by analyzing the CT at the TSs. The natural atomic 

charges are shared between the nitrile oxides and the dipolarophiles, ethene and C60, and these data are 

shown in Table 5. For the reactions with ethene, the natural population analysis gives a negligible CT, 

which takes place from ethene to the nitrile oxides. These low CTs point out non polar processes with 

some pseudodiradical character.23 It is to be noted that CT increases slightly with the EW character of the 

substituent. The 1,3-DCs with C60, also present very low CT; however, at these cycloadditions, the flux of 

the electron density depends on the nature of the substituent present on nitrile oxide. Thus, while for the 

ER Me and Et groups the CT fluxes towards C60, for the EW CN and NO2 groups the CT fluxes towards 

the nitrile oxide. 
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Table 5. Charge transfer (CT, in e), dipole moment (DM, in Debye) and imaginary frequency (IF, in 
cm-1) of TSs 

R H Me Et F Cl Br NC CN NO2 
RCNO + H2C=CH2

CT -0.02 -0.01 -0.01 -0.02 -0.04 -0.05 -0.08 -0.05 -0.07 
DM 2.462 3.250 3.310 1.465 1.788 2.009 2.542 1.588 2.322 
IF -406.3 -407.4 -389.2 -170.8 -304.9 -319.5 -367.8 -301.6 -241.7

RCNO + C60 
CT 0.05 0.08 0.08 0.01 0.01 0.02 -0.05 -0.02 -0.07 
DM 2.127 3.222 3.489 1.364 1.584 1.960 2.997 1.797 3.121 
IF -400.3 -388.6 -361.3 -137.4 -301.9 -326.2 -371.6 -301.7 -229.0

 

All TSs have only one imaginary vibrational frequency, corresponding to the atomic motion along the 

direction of the newly forming bonds. The values for the imaginary frequencies, in the range 409.1i – 

170.8i cm-1 and 400.3i –137.4i cm-1 for the 1,3-DCs with ethene and C60, respectively, are reported in 

Table 5. The imaginary frequency values for the ER substituted nitrile oxides are slightly lower than for 

the EW substituted ones. These low values indicate that these processes are associated with heavy atom 

motions and are also related to the earlier TSs. It is noteworthy that the TSs bearing fluorine have the 

lowest imaginary frequency. 

 

REACTIVITY INDICES 

Recent studies24 carried out on cycloaddition reactions have shown that the reactivity indices defined 

within the conceptual DFT are powerful tools for establishing the polar character of such reactions. Table 

6 shows the static global properties, namely electronic chemical potential (), chemical hardness (), 

global electrophilicity (), and global nucleophilicity (), of C60, ethene and the substituted nitrones. 

 

Table 6. Electronic chemical potential (), chemical hardness (), global electrophilicity (), and global 
nucleophilicity (), in eV, of C60, ethene and substituted nitrile oxides 

     
C60 -4.61 2.76 3.84 3.13 
O2NCNO -5.97 4.70 3.79 0.80 
FCNO -4.92 5.05 2.40 1.67 
NCCNO -5.26 6.09 2.27 0.82 
CNCNO -4.84 5.96 1.96 1.30 
ClCNO -4.26 5.98 1.52 1.87 
BrCNO -4.15 5.83 1.48 2.06 
Ethene -3.37 7.76 0.73 1.87 
HCNO -3.40 7.94 0.73 1.75 
EtCNO -2.91 7.51 0.56 2.46 
MeCNO -2.90 7.66 0.55 2.39 
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The electronic chemical potential of C60 is  = -4.61eV. On the other hand, for the nitrile oxides the 

electronic chemical potential ranges from  = -2.90 eV for MeCNO to  = -5.97 eV for O2NCNO. 

Therefore, it is expected that in a polar process the flux of the CT depends on the nature of the substituent 

present on nitrile oxide. The electrophilicity of C60,  = 3.84 eV, allows for the classification of this 

species as a strong electrophile within the electrophilicity scale.24a On the other hand, a high 

nucleophilicity value,  = 3.13 eV, is predicted for C60 and thus, it is classified as a strong nucleophile 

within the nucleophilicity scale.25 Ethene has low electrophilicity and nucleophilicity values,  = 0.73 eV 

and  = 1.87 eV. Therefore, it is expected that ethene does not participate in polar processes, in clear 

agreement with the low CT found in these 1,3-DCs.23 

 

The electrophilicity of the substituted nitrile oxides ranges from  = 3.79 eV for O2NCNO to  = 0.55 

eV for MeCNO. A good correlation can be found between the EW or ER character of the substituent and 

the electrophilicity of the corresponding nitrile oxide. Thus, while O2NCNO is the most electrophilic, 

MeCNO is the poorest electrophilic nitrile oxide. The nucleophilicity of the nitrile oxides ranges from 

2.39 to 0.80 eV. In general the increase of the electrophilic character of the nitrile oxides can be related 

with the decrease of the nucleophilic one. 

 

Analysis of the CT at the TSs of the 1,3-DCs with C60, indicates that they take place with a low polar 

character. In spite of this behavior, if the faster reaction, FCNO, and the slowest one, NCCNO, are 

discarded of the series, a reasonable correlation is found between the electrophilicity of nitrile oxides 

RCNO and the activation energy of the 1,3-DC with R2 = 0.87 as illustrated in Figure 5. In addition, 

considering the electronic chemical potential of C60, we can explain the change of the flux of the CT on 

the 1,3-DC reactions included in Figure 6 (see Table 5); O2NCNO (-5.97 eV) < NCCNO (-5.26 eV) < 

C60 (-4.61 eV) < ClCNO (-4.26 eV) < BrCNO (-4.15 eV) < HCNO (-3.40 eV) < EtCNO (-2.91 eV) 

< MeCNO (-2.90). Thus, while for the 1,3-DCs with; O2NCNO and NCCNO the charge fluxes from C60, 

to these nitrile oxides, for the rest the charge fluxes towards C60. 

 

At this stage, it is interesting to comment on the 1,3-DCs with FCNO. The cycloadditions of this nitrile 

oxide with ethene and C60 are the fastest reactions, in spite of being less electrophilic than O2NCNO. On 

the other hand, these reactions show the lowest CT, pointing to non polar processes. These behaviors 

suggest that the 1,3-DCs of FCNO can take place through earlier TSs with some pseudodiradical 

character,26 which could be favored by the presence of the fluorine atom.  
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Figure 5. Plot of the activation energies (∆E, in kcal/mol) associated with the 1,3-DCs of some 

substituted nitrile oxides with C60 versus the electrophilicity  of the nitrile oxides 
 

 

Although C60 has larger electrophilicity and nucleophilicity values than ethene (See Table 6), the 

comparable relative energies and the low CT for 1,3-DCs of these dipolarophiles with the RCNO series 

indicate that, like ethene,23 the 1,3-DCs of C60 have non polar character. Despite of its pseudodiradical 

character, C60 appears to have some response to the electrophilic/nucleophilic behavior of RCNOs as 

shown in Figure 5. 

 
RATE CONSTANTS 
The rate constants for the second order elementary step, k1 for the 1,3-DCs of the nitrile oxides with 

ethene and C60 are reported in Table 7. Our calculations show that k2 >> k-1 and thus, from equation (2), 

the effective rate constant kef is same as k1. On comparing the 1,3-DC with ethene and C60 with nitrile 

oxides it is found that the larger rate constants, k1, are associated with ethene. The rate constant increases 

in the order Et < Me < H < NC < Cl < Br < NO2 < CN < F for the reaction between RCNO with ethene 

and Et < H < Me < NC < Cl < NO2 < CN < Br < F for the reaction between RCNO with C60. Thus, the 

reaction with FCNO is fastest compared to reaction with the other nitrile oxides. In general, the variations 

in the rate constants can be rationalized in terms of activation energies. It is important to note that there is 

a good agreement with the values of the k1 calculated from equations (3) and (6).  

 

 

NO2

CN

Cl

Br

H

Me

Et

R2 = 0.87

0

10

20

30

40

50

60

0.0 1.0 2.0 3.0 4.0

A
ct

iv
at

io
n 

en
er

gy
, k

J 
m

ol
-1


 

HETEROCYCLES, Vol. 84, No. 2, 2012 729



 

 
 

Table 7. Rate constants, k1, of the 1,3-DCs of nitrile oxides with ethene and C60 
RCNO RCNO + H2C=CH2 RCNO + C60 

 k1
a k1

b k1
a k1

b 

H 1.90 2.20 1.02 1.18 
Me 4.95 × 10-1 5.74 × 10-1 1.04 1.19 
Et 1.86 × 10-1 2.12 × 10-1 3.45 × 10-1 3.88 × 10-1 
F 6.01 × 10+8 6.17 × 10+8 8.82 × 10+7 9.75 × 10+7 
Cl 2.39 × 10+4 2.60 × 10+4 1.82 × 10+3 1.98 × 10+3 
Br 9.38 × 10+5 1.03 × 10+6 2.28 × 10+5 2.51 × 10+5 
NC 8.34 × 10+2 9.42 × 10+2 9.44 10.68 
CN 6.26 × 10+6 6.79 × 10+6 2.22 × 10+5 2.41 × 10+5 
NO2 2.19 × 10+6 2.31× 10+6 2.77 × 10+4 2.91 × 10+4 

a k1 calculated from equation (3) 
b k1 calculated from equation (6) 

COMPUTATIONAL METHOD 

Gas phase full geometries optimizations have been carried out with the Gaussian 03 suite of programs,27 

at the Becke’s28 (B3) and the correlation functional by Lee-Yang-Parr’s29 (LYP) density functional with 

the 6-31G(d) basis set.30 Harmonic vibrational analysis was performed to verify each minimum on the 

potential energy surface. Every stationary point identified was characterized by the number of negative 

eigenvalues of their Hessian matrix; 0 for minima and 1 for any true TS. The imaginary frequencies also 

exhibit the expected motion and this was assigned by means of visual inspection and animation using 

CYLVIEW program.31 The reported electronic energies include zero-point energies (ZPE) corrections. 

Further, the intrinsic reaction coordinate32 (IRC) path was traced, at the same level of theory, to ensure 

that the TSs led to the expected reactants and products. Natural bond orbital (NBO) analysis was 

performed on the electronic structures of the critical points according to Weinhold and coworkers33 as 

implemented in Gaussian 03.  

The global electrophilicity index, , is given by the following simple expression,34 = (2/2), in terms 

of the electronic chemical potential  and the chemical hardness . Both quantities may be approached in 

terms of the one electron energies of the frontier molecular orbital HOMO and LUMO, H and L, as   

(H + L)/2 and   (L - H), respectively.35 Recently, we have introduced an empirical (relative) 

nucleophilicity index, N based on the HOMO energies obtained within the Kohn-Sham scheme,36 and 

defined as N = εH(Nu) - εH(TCE). Tetracyanoethylene (TCE) is chosen as reference as it presents the lowest 

HOMO energy in a large series of molecules already investigated in the context of polar cycloadditions. 

This choice allowed us conveniently to handle a nucleophilicity scale of positive values.37  

 

The rate constant, calculated at 298.15 K, is predicted according to the following equation (1):  
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The effective rate constant corresponding to the formation of CAs can, thus, be calculated as: 

݇ = భమ
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The rate constant of each step is calculated based on the conventional transition state theory38 (TST) 

equations: 
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where kB is Boltzmann’s constant; h is Planck’s constant, T is the temperature; R is the ideal gas constant; 

κ is the transmission coefficient and is taken to be 1; ΔHº is the relative enthalpy, ΔH≠ is the activation 

enthalpy while ΔSº and ΔS≠ are the relative and activation entropies, respectively.  

 

In addition, k1, has also been calculated with the Wigner tunneling coefficient38c,39 according to the 

standard Eyring TST as: 

݇ଵ = ߁ ಳ்

ℎ
ொೄேಲ

ொభொమ
ݔ݁ ቀെ

∆ாೌ

ோ்
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where NA is the Avogadro’s number; QTS, Q1 and Q2 are the total partition functions of TS, 1 and 2, 

respectively and ΔEa is the activation energy for the cycloaddition. The values of the rate constants are 

calculated at standard conditions (T = 298.15 K and p = 101325 Pa). 

CONCLUSIONS 

The 1,3-DCs of nitrile oxides with ethene and C60, yielding fulleroisoxazolines, have been studied using 

DFT computations at the B3LYP/6-31G(d) level. The influence of EW and ER substituents on the 

reactivity has been determined in the closed [6,6] pathway in the gas phase. The activation energies for 

the reaction of RCNO + ethene follow the order R = F < NO2 < Cl < CN < Br < NC < H < Et < Me 

which is in agreement with the reaction RCNO + C60, R = F < NO2 < Cl < CN < Br < Et < Me < H < 

NC with only NC misplaced. These predicted activation energies are inversely proportional to the group 

electronegativity of the substituent. The calculated thermodynamic parameters are also in line with the 

activation energy. The geometrical parameter and BO analysis reveal that the TSs are concerted and 

asynchronous. Moreover, the presence of an EW group on the nitrile oxide results in more asynchronous 

TSs and the more ER group go through more synchronous TSs. On comparing the reaction of substituted 
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nitrile oxides with ethene and C60, it can be found that the predicted activation energy and asynchronicity 

have larger value with C60 than with ethene. In spite of the low CT found in these 1,3-DCs, a good 

correlation between the electrophilicity of the nitrile oxides and the activation energy of the reaction is 

found; the increase of the electrophilicity of RCNO accelerates the reaction towards a C60 to nitrile oxide 

CT process. Finally, the 1,3-DCs of FCNO, via the less polar TSs, are the fastest reactions. This behavior 

can be associated with some pseudodiradical character of the cycloaddition, raised by the presence of 

fluorine substituent. Apart from these, we have the computed structural parameters40 of the CAs for the 

reactions of RCNO with ethene and C60. We have also predicted the IR spectrum of these CAs.40 We 

look forward that these aforementioned data will be helpful to experimentalists in their attempts for the 

synthesis and characterization of these novel compounds. 
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