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Abstract: The observed loss in regioselectivity displayed in a number of cycloaddition reactions between electron-deficient al­
kynes and some well-known hetero-l,3-dipoles is attributed to a unique long-range attraction between the primary carbon 
HOMO of the dipoles and the "secondary" adjacent atom LUMO of the electron-withdrawal group on the acetylenes. This 
primary-secondary interaction counterbalances the primary-primary preference which dominates for the olefinic cycloaddi­
tions. It is found to be of comparable magnitude to the primary interactions when the dipolarophile is a triple-bonded species 
as a result of its delocalized LUMO distribution and favorable overlap in the cycloaddition transition state. The highly delocal-
ized nature of the LUMOs of electron-deficient alkynes was established with the aid of ab initio ST0-3G and valence-electron 
CNDO/2 and MIND0/3 calculations performed on cyanoacetylene and acrylonitrile. Contrary to the semiempirical results, 
the ab initio calculations predict the proper ionization potential stabilization for each of the cyano-containing species compared 
to their parent hydrocarbons. 

Introduction 
Frontier molecular orbital theory has been used highly 

successfully to explain the relative rates and regioselectivity 
of 1,3-dipolar cycloaddition reactions.2-5 By a careful con­
sideration of F M O characteristics in terms of energies and 
calculated orbital distributions it has been possible to account 
for a myriad of experimental findings. The elegant "general­
ized" frontier orbital approach of Houk represents a highly 
predictive application in this area.2 A number of alternative 
methods6 ,7 have been formulated including the more quanti­
tative procedure developed by Bastide et al.8 Encouragingly 
ab initio calculations on Diels-Alder and 1,3-dipolar reaction 
surfaces support the applicability of the frontier orbital con­
cept.9 '10 

The vast majority of experimental observations on cy­
cloaddition reactions can be understood by an assessment of 
the frontier orbital characteristics of the reacting atomic 
centers or primary orbitals. However, the importance of sec­
ondary orbital interactions is known and in some cases can alter 
the expected regioselectivity dramatically." These nonbonding 
forces also allow a rationalization for the high degree ofexo-
endo stereoselectivity12 which prevails in many cycloadditions. 
The significance of secondary orbital contributions is not 
surprising in light of the long-range bonding properties dis­
played by ir orbitals13 which are manifested in charge-transfer 
complexes.14 

In this paper, we propose an additional long-range attractive 
interaction between primary and secondary orbitals. By con­
sideration of this stabilization force, it is possible to offer a 
consistent explanation for a number of experimental results 
in which well-known hetero-l,3-dipoles react with substituted 
alkynes and yield different regioisomeric distributions than 
are found for the corresponding alkenes. It will be shown that 
primary-secondary orbital attractions cannot be neglected 
when the dipolarophile is a triple-bonded compound as a result 
of its highly delocalized L U M O electronic distribution, and 
the opportunity for highly favorable overlap offered in the 
transition state. 

Discussion 

There are a number of examples8 0 '1 5 - 1 8 in the literature in 
which it has been observed that substituted alkynes display 

different regiochemistry than the analogous substituted alkenes 
in 1,3-dipolar cycloadditions. Houk has offered theoretical 
interpretations for two cases involving nitrile oxides and ni-
trones.2b For each dipole, reduced regioselectivity was observed 
when electron-deficient acetylenes were the dipolarophile. The 
latter system has been treated in some detail using N-tert-
butylnitrone (1), acrylonitrile (2), and cyanoacetylene (3) as 

C(CH3)3
 1J 

^ + C(CH3)3 

/ \ _ 100% 

j = _ CN CN CN 

Q° + v° 
i i 
C(CH3)3 C(CH3), 
50% 50% 

models in conjunction with C N D O / 2 calculations.2c Experi­
mentally a ~50:50 mixture is formed with the latter dipolar­
ophile, while only the 5 isomer is observed with the double-
bonded species. Similar trends are obtained with the methyl 
ester derivatives.17 In order to explain these findings it was 
assumed that normal dipole HO-dipolarophile LU control 
favored neither isomer and that an inverse dipole LU-dipo-
larophile HO interaction was significant for the olefins whose 
ionization potentials tend to be ~0 .8 eV lower than the cor­
responding triple-bonded compounds.20 

The importance of the inverse orbital interaction in the 
above reactions can be questioned from both an experimental 
and theoretical viewpoint. It has been observed that the reac­
tion rate of nitrone cycloadditions is strongly accelerated by 
electron-withdrawing groups on the dipolarophile, and ni-
troethylene, which is expected to have a higher ionization po­
tential than methyl propiolate, reacts with /V-fm-butylnitrone 
and produces solely the 5 isomer.17 Also the best assessments 
of the frontier orbital gaps for the reaction of N-tert-buty\n\-
trone with acrylonitrile indicate that the dipole HO-dipolar-
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Table I. Ionization Potentials (IP) and Electron Affinities (EA) 

molecule ab initio 

-8 .78 
-9 .10 
-9 .52 
-9 .82 
-5 .66 
-5 .47 

'HOMO. eV 
CNDO/2 

-16.03 
-14.46 
-17.54 
-15.24 
-11.45 
-10.99 

MINDO/3 

-10.10 
-9 .84 

-10.77 
-10.18 

-9 .33 
-9 .13 

ab initio 

8.63 
6.11 

10.79 
6.52 
6.86 
7.13 

eLUMO. eV 
CNDO/2 

5.34 
3.43 
7.46 
4.21 
3.26 
3.14 

MINDO/3 

2.09 
1.24 
3.20 
1.72 
1.00 
1.07 

experime 
IP 

10.52 
10.92 
11.40 
11.6 

8.64* 

:ntala 

EA 

- 1 . 5 
~ 0 

~ 0 

- 0 . 5 * 

ethylene 
acrylonitrile 
acetylene 
cyanoacetylene 
nitrone 
iV-methylnitrone 

" Reference 2a. * Results for N-tert-

Table II. Frontier Orbital Coefficients 

atom* 

ca 
Cp 
^-cyano 

N 

atom* 

ca 
Cp 
^cyano 
N 

atom 

C 
N 
O 

ab initio 

0.752 
-0.592 
-0 .322 

0.471 

ab initio 

0.651 
-0.460 
-0.491 

0.630 

ab initio 

0.698 
0.115 

-0.718 

•butylnitrone (ref 2a). 

CLUMO 
CNDO/2 

0.657 
-0.540 
-0.298 

0.434 

CLUMO 
CNDO/2 

0.569 
-0.412 
-0.451 

0.550 

CHOMO 
CNDO/2 

0.680 
0.150 

-0.713 

2. 

3. 

1. Acrylonitrile 

MINDO/3 

0.669 
-0.569 
-0.290 

0.380 

. Cyanoacetylene 

MINDO/3 

0.575 
-0.440 
-0.460 

0.513 

A'-Methylnitrone 

MINDO/3 

0.717 
0.308 

-0.612 

ab initio 

0.451 
0.277 
0.096 
0.176 

ab initio 

0.325 
0.169 
0.201 
0.305 

ab initio 

0.495 
0.014 
0.490 

normalized ( C 2 L U M O ) " 
CNDO/2 

0.432 
0.292 
0.089 
0.188 

normalized ( C 2 L U M O ) " 
CNDO/2 

0.324 
0.170 
0.203 
0.303 

normalized ( C 2 H O M O ) " 
CNDO/2 

0.463 
0.023 
0.514 

MINDO/3 

0.448 
0.324 
0.084 
0.144 

MINDO/3 

0.331 
0.194 
0.212 
0.263 

MINDO/3 

0.514 
0.095 
0.375 

" Mulliken analysis was performed on ab initio results to obtain "normalized" data. See ref 30. * The Ca is the unsubstituted primary carbon 
atom and the Cp is the substituted primary carbon atom. 

ophile LU orbital difference is smaller by at least 2.5 eV. An 
energy gap difference of ~1 eV has been offered as a cutoff 
point for the neglect of the less important FMO interaction.20 

Furthermore, inspection of the calculated CNDO HO coef­
ficients of iV-?ert-butylnitrone which are given in ref 2c reveals 
identical values for carbon and oxygen. Because of the greater 
overlap generated by -K orbitals of a carbon atom relative to 
oxygen, one could interpret the observed alkene results in terms 
of conventional dipole HO-dipolarophile LU control. 

Also, application of the quantitative approach which has 
been formulated by Bastide et al.8 leads to a similar prediction 
in that the 5 isomer should dominate independent of the 
number of unsaturated bonds in the electron-poor dipolaro-
phile. Therefore the observed behavior of the acetylenic species 
in yielding isomer mixtures when reacted with N-tert-b\xiy\-
nitrone can be considered as being unexpected, and not readily 
explainable. 

Computational Results. In order to understand the above 
experimental findings from a theoretical viewpoint, we began 
by investigating in detail the orbital properties of select alkenes, 
alkynes, and nitrones. Acrylonitrile, cyanoacetylene, and the 
unsubstituted and N-methylnitrone were employed as models. 
These molecules were characterized at the ab initio STO-3G19 

and the valence-electron CNDO/220 and MINDO/321 levels 
employing standardized geometries.22 Relevant theoretical 
data are presented in Tables I and II. For the dipolarophiles 
both semiempirical methods predict incorrectly that the ad­
dition of a cyano function to its parent hydrocarbon will de­
crease the ionization potential (i.e., less bonding). This 
shortcoming of the CNDO/2 parametrization has been noted 

previously.23'24 Encouragingly not only do the ab initio cal­
culations yield the proper qualitative trends but the predicted 
quantitative stabilization for each of the cyano-containing 
species is reproduced quite satisfactorily. Regarding electron 
affinities all of the methods predict a reduced EA for 3 com­
pared to 2. We are not aware of any quantitative data in this 
area but available Diels-Alder kinetic results,25 UV spectral 
data,26 and reduction potentials27 can be interpreted to mean 
that electron-deficient alkynes and alkenes have similar elec­
tron affinities. Ab initio calculations at the 4-3IG basis level28 

support this contention.29 Significant to this discussion, all 
three theoretical techniques predict that the LU levels of each 
cyano-containing compound are highly asymmetric with the 
unsubstituted carbon atom displaying a substantially greater 
coefficient. In fact, as shown in Table II, the normalized 
LUMO coefficients30 generated by all the methods are re­
markably similar. 

For the parent nitrone and its A'-methyl derivative, each 
theoretical approach predicts that these compounds should 
display substantially lower ionization potentials and compa­
rable EAs to the reported dipolarophiles, which is in good 
agreement with experimental data.2a The ab initio and 
MINDO/3 results show that the HOMO-electron population 
on the carbon atom is equal to or greater than that on oxy­
gen. 

Thus, if one attempts to assess the preferred regioisomer 
from the primary orbital coefficients of the dominant dipole 
HO-dipolarophile LU interaction, the 5 isomer is favored for 
both the cyanoacetylene-nitrone and acrylonitrile-nitrone 
reactions. However, one significant calculational difference 
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Figure 1. Orbital mixing diagrams for acrylonitrile and cyanoacetylene 
constructed from ab initio orbital energies. 

between the LUMO characteristics of 2 and that of 3 is the 
degree of orbital derealization displayed by the alkyne. 
Whereas all the MO approaches predict that ~25% of the 
electron density is on the cyano function of acrylonitrile in this 
key orbital, this number grows to ~50% for the triple-bonded 
compound (Table II). The enhanced LU orbital delocalization 
on cyanoacetylene can be understood by construction of an 
orbital mixing diagram employing ethylene, acetylene, and 
hydrogen cyanide as the components for the cyano-containing 
dipolarophiles. The results of such an operation using the 
STO-3G data are displayed in Figure 1. The LUMO of HCN 
is of lower energy than the LUMO of acetylene; consequently, 
the LUMO of cyanoacetylene will have more cyano character 
than acetylenic character. Conversely, the LUMO of HCN 
is of higher energy than the LUMO of ethylene; thus, the 
LUMO of acrylonitrile will have mainly ethylenic charac­
ter. 

Transition State Interactions. If these observations are in­
corporated into a molecular orbital model for the 1,3-dipolar 
cycloaddition transition state, the importance of a unique 
bonding interaction between the cyano carbon of cyano­
acetylene and the primary orbital of the nearest approach atom 
of the nitrone is revealed. The two possible concerted attacks 
of cyanoacetylene and acrylonitrile on N-methylnitrone are 
schematically illustrated in Figures 2 and 3, respectively. The 
key dipole HO-dipolarophile LU orbitals are included. These 
transition states were derived by assuming that in order to 
maximize the primary 2po--2p<r overlaps, the approach of the 
interacting species will be such that the unsaturated carbon 
atoms of the dipolarophiles will be nearly symmetrically sit­
uated above the dipole. Furthermore, geometrical changes in 
the molecular species will be small at the transition state which 
can be expected to occur at a molecular separation of 2-2.5 A. 
These basic assumptions are consistent with ab initio potential 
energy calculations for diazomethane with ethylene and a 
number of other dipolarophiles including acrylonitrile10 as well 
as the Hammond postulate.31 As shown in Figure 2 a signifi­
cant attractive interaction between the 2p7r cyano carbon or­
bital and the approach 2px orbital of the nearest terminal ni­
trone atom can occur. In fact, if standard bond distances and 
angles are employed and the dipole is projected onto the plane 
of cyanoacetylene, then the distance from the nearest terminal 
atom of the nitrone to the cyano carbon (r = 0.86 A) is only 

LUMO Dipolarophile 
o t t o 

C — r. O '" N 

4 0 0 * 

HOMO D l p o l i 

Figure 2. The HOMO dipole-LUMO dipolarophile interaction in the 
concerted addition of A'-methylnitrone to cyanoacetylene. 

LUMO Dipolarophile C 

HOMO Dipole 

Figure 3. The HOMO dipole-LUMO dipolarophile interaction in the 
concerted addition of TV-methylnitrone to acrylonitrile. 

slightly greater than that to the adjacent acetylene carbon (r 
= 0.52 A). A similar operation for acrylonitrile yields con­
siderably greater asymmetric values (1.29 and 0.45 A) for the 
primary-secondary and primary-primary distances, respec­
tively. 

Regiochemical Implications. It is necessary to include the 
primary-secondary attraction in addition to standard pri­
mary-primary in an electron-deficient triple-bonded com­
pound. In general when the dipole has the same atom as its 
primary centers, the primary-secondary orbital interaction 
will have nearly the same degree of added stabilization for each 
concerted attack and thus will not alter regiochemistry com­
pared to alkene behavior, significantly. However, as a result 
of differing long-range bond characteristics of heteroatoms 
(e.g., Tec > TCN > Tco). the primary-secondary interaction 
can contribute to the transition state energies in a dispropor­
tionate fashion for 1,3-dipoles which have asymmetric primary 
centers. Therefore in the cycloaddition reactions involving 
nitrones and electron-poor acetylenes, we attribute the ob­
served loss in regioselectivity to the fact that the C-C pri­
mary-secondary attraction will be substantially larger than 
the C-O contribution since at long distance YCC > Yco,32 

thereby counterbalancing the primary-primary orbital pref­
erences which dominate in the corresponding olefins. 

Primary-secondary orbital interactions can be expected to 
affect the orientation preference of other asymmetric oxy-
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gen-containing 1,3-dipoles such as nitrile oxides. Experimental 
data on formonitrile oxide reacting with methyl propiolate and 
methyl acrylate2b are in agreement with this concept. However, 
the alternative argument, that the influence of dipole LU-
dipolarophile HO control causes the isomer distributional 
changes, appears highly consistent with estimated orbital 
energies and experimental results for a wide variety of reac­
tions.21' Thus in this class of dipoles it is not necessary to con­
tribute any unique role to primary-secondary orbital inter­
actions. 

Similarly regiochemical differences have been observed 
frequently between diazoalkanes reacting with disubstituted 
electron-poor alkenes and alkynes.8c For example, methyl 
cinnamate (5) combines with diazoethane (4) to yield solely 

C6H5 CO,CHj 

N-/ " 
5 

C B H O 

C2H5N2 

4 

CH: 

CO2CH3 

• N 

H 

100% 

C 6H 5—ss— co.,CH,, C6H5 CO2CH3 

6 \ / 

" CH3-^Vf 
H 

40% 

CCCH3 

CH; 

C6H5 

60% 

the 3-substituted species whereas /3-phenylmethyl propiolate 
(6) produces a 40:60 mixture of the two possible isomers. 
Primary-secondary orbital interactions offer a consistent ra­
tionale for these reversals in which dipole HO-dipolarophile 
LU control would be expected.33 

The fact that no regiochemical reversals have been found 
between diazoalkanes and monosubstituted electron-deficient 
double- and triple-bonded compounds can be attributed to the 
larger difference in the magnitude of the primary orbital 
coefficients of the monosubstituted dienophiles as compared 
to the 1,2-disubstituted dienophiles. This larger difference in 
coefficient magnitudes allows the primary orbital interactions 
to dominate in the monosubstituted cases. Furthermore, the 
lack of reversal in these cases as compared to the nitrones can 
also be attributed to the enhanced differential in the primary 
orbital coefficients of the diazoalkanes.5 

These findings suggest that similar interactions could be 
important in determining regioselectivities for Diels-Alder 
cycloadditions involving electron-deficient alkynes and alkenes 
reacting with dienes which contain a primary heteroatom. 
Little experimental data of this nature are known; it has been 
reported that crotonic acid and the corresponding ethyl ester 
of a,(3-acetylenic acid form cycloadducts with the a,/3-unsat-
urated carbonyl o-methide quinone but the structures of the 
products were not established.34 One problem we envision in 
assessing the importance of the primary-secondary interactions 
in Diels-Alder cycloadditions is the need to ensure dienophile 
LU-diene HO control. This is a nontrivial consideration since 
standard dienes which contain a desirable heteroatom such as 
oxygen display high ionization potentials and high electron 
affinities (e.g., IP acrolein ~11 eV; EA acrolein ~1.3 eV).2a 

Thus, reactions involving heterodienes which are substituted 

with electron donors appear to offer the best opportunity to test 
the significance of these proposed interactions in Diels-Alder 
cycloadditions. 

Conclusion 

Extension of FMO principles reveals long-range bonding 
interactions between primary and secondary orbitals in cy-
cloaddition reactions. These forces will stabilize one of the two 
possible transition states by a disproportionate amount when 
a primary heteroatom is involved. This difference becomes 
substantial when the heteroatom has very short-range bonding 
characteristics such as oxygen. When this is combined with the 
finding that electron-deficient alkynes have highly delocalized 
LUMOs, it is possible to understand the unexpected product 
distributions observed in a number of 1,3-dipolar cycloaddi­
tions involving electron-poor acetylenes. Furthermore, the 
effect of the primary-secondary interactions is most significant 
when the difference in the primary orbital coefficients on either 
of the reaction species is small. 
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will be substantially less than suggested in Figures 2 and 3 and will be much 
longer ranged in character than the primary-primary transition state in­
teractions. For example, 

I. Introduction 
The dilute aqueous solution of methane is a system of 

prominent interest in molecular liquids as the prototype of a 
nonpolar molecular solute dissolved in liquid water. Moreover, 
a detailed knowledge of the structure of the methane-water 
solution at the molecular level can provide leading information 
on the interaction of water with dissolved hydrocarbon chains 
in general and thereby contribute to the theoretical basis for 
understanding the role of water in maintaining the three-
dimensional structural integrity of biological macromolecules 
in solution. 

We report herein new theoretical studies of the methane-
water intermolecular interaction and Monte Carlo computer 
simulations of the dilute aqueous solution of methane under 
canonical ensemble conditions, with temperature T, volume 
V, and number of particles N specified and constant. All 
simulations are based on pairwise potential functions repre­
sentative of ab initio quantum mechanical calculations of the 
intermolecular interactions. 

Our analysis of solution structure is developed in terms of 
quasicomponent distribution functions in a manner consistent 
with a previous analysis of liquid water structure contributed 
from this laboratory. Perturbations of water structure by dis­
solved methane are developed in terms of difference quasi-
component distribution functions. This study forms an integral 
part of a series of theoretical investigations on the solvation of 
prototype biomolecular functional groups and solvent effects 
on noncovalent biomolecular processes currently underway in 
this laboratory. 

II. Background 
General backgrounds on solutions of nonpolar solutes in 

water have been recently reviewed by Franks1 and Ben-Nairn.2 

Early important work on this system is due to Eley3 and Frank 
and Evans.4 Methane has been identified as a "structure 
maker" in aqueous solution in the language of Frank and 
Wen.5 The nature of structural changes in solvent water by 
dissolved hydrocarbons has for some time been discussed in 

(33) The LUMO secondary orbital coefficients are similar in magnitudes in /3-
phenylmethyl propiolate. However, the secondary orbital coefficients in 
the next LUMO are large and only the primary-secondary interaction in­
volving the carbomethoxy group will be bonding in the interaction of this 
MO with the HOMO of the dipole. No reversals are predicted in these cases 
if only the primary orbital coefficients are considered. 

(34) K. Hultzch, Angew. Chem., 60, 179 (1948). 

terms of water clathrate formation6 based on work by Glew7 

f and analogies drawn from a number of hydrate crystal struc­
tures of nonpolar species,8 known to involve water clathrate 
cages of order 20 and 24. 

' ' Early computer simulations of the methane-water system 
were reported by Dashevsky and Sarkisov.9 Recent important 
theoretical studies of the methane-water system are the ab 

o r initio molecular orbital calculations of the methane-water 
,e. pairwise interaction energy by Ungemach and Schaefer10 and 
e s the Monte Carlo computer simulation on the dilute aqueous 

solution in the isothermal-isobaric ensemble by Owicki and 
s_ Scheraga11 (OS). The OS simulation was based on the 
gr water-water potential discussed below and a potential function 
e r representative of the Ungemach-Schaefer calculations for the 
ne methane-water interaction. Due to limitations in the potential 
^i functions, the density of the system in these calculations turned 
,e. out to be somewhat lower than that observed at 25 0C; still 
n e analysis of the results gave the best quantitative theoretical 

evidence of structuration of vicinal water in the solution to date 
0f and the calculated average methane-water coordination 
n t number of 23 is consistent with water clathrate contributions 
^ to the solution structure. 
•'g. Theoretical studies of the methane-water solution require 
jj. an accurate description of the structure of the pure solvent, 
.al liquid water, as a point of departure. The structure of liquid 
0f water has been the subject of two recent Monte Carlo computer 
. t s simulations, one from this laboratory using the canonical 
j n (T, V1N) ensemble12 and the other by Owicki and Scheraga in 

the isothermal-isobaric (T,P1N) ensemble.13 Both calculations 
are based on the analytical pairwise potential function for the 
water-water interactions representative of ab initio quantum 
mechanical configuration interaction calculations,14 known 

in to give reasonable agreement with experimental data on the 
i.2 oxygen-oxygen radial distribution function.15 The calculated 
nk radial distribution functions of liquid water are seen to be very 
re sensitive to electron correlation effects in the intermolecular 
id potential function.12 

by The individual papers contain considerable additional details 
in on the structure of water from different but mutually com-
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Abstract: Statistical thermodynamic computer simulations on the dilute aqueous solution of methane at 25 0C under canonical 
ensemble conditions are reported. The calculations employ the Monte Carlo-Metropolis method based on potential functions 
representative of ab initio quantum mechanical calculations. Calculated partial molar internal energies and radial distribution 
functions are presented. The results are analyzed for the statistical state of the system in terms of quasicomponent distribution 
functions for coordination numbers and binding energies and difference quasicomponent distribution functions. The local solu­
tion environment of methane is directly identified with a composite of distorted, defective pentagonal dodecahedral clathrate 
contributions. The structure of solvent water involves an increase in four-coordinate contributions as compared to pure 
water. 
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