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Figure 2. Four regioisomers of the co-oligomer A (R = (CH2^C=C— 
Et). 

that A and B consist of one CO2 molecule plus two diyne molecules 
and two CO2 molecules plus three diyne molecules, respectively. 
The co-oligomer A exhibits 16 13C NMR absorptions with almost 
equal intensities (Figure lb) assignable to the C = C bonds of the 
2-pyrone ring, which indicates that A is composed of nearly equal 
amounts of four regioisomers shown in Figure 2. Homo-
polymerization of 1 without CO2 gave methanol-insoluble polymers 
(35%, Mn = 180O)5 whose 13C NMR spectrum (Figure Ie) is quite 
different from those of copolymers. 

Agreement of a pattern of the 13C NMR C = C absorptions of 
copolymers 2 almost free from the C = C absorptions of homo-
polymers with those of co-oligomers A and B (Figure 1) indicates 
that alternating copolymerization of CO2 with 1 occurs to produce 
poly(2-pyrone) 2,6 and its repeating unit7 corresponds to the 
structure of the 2-pyrone ring of A. 

The alternating copolymerization of diynes with CO2 depends 
upon the relative reactivity of inter- to intramolecular cyclization 
of diynes. Thus, the reaction of 3,9-dodecadiyne and CO2 under 
the standard reaction conditions of Table I produced a corre
sponding bicyclic 2-pyrone2 fused with a six-membered ring as 
a main product (~40%) together with a small amount of polymers 
(-10%). 

1,7-Cyclotridecadiyne (3), a cyclic diyne, also underwent facile 
alternating copolymerization with CO2 to produce poly(2-pyrone) 
48 with a unique ladder structure (eq 2, Table I). Copolymers 
4 are white powders.9 They show a solubility similar to that of 
the copolymer 2. Formation of alternating copolymers 47 from 
CO2 and 3 is demonstrated by agreement of a pattern of the 13C 
NMR C = C absorptions of 4 (Figure Ig) free from the C = C 
absorptions (Figure Ih) of methanol-insoluble homopolymers5 of 
3 (22%, Mn = 840) with that (Figure If) of a co-oligomer C 
composed of one CO2 molecule and two molecules of the diyne 
3.10 

The TGA curve for the copolymer 2 or 4 run under nitrogen 
shows a rapid weight loss around 420 0C. 

The present study suggests that numerous unprecedented 
poly(2-pyrones) can be prepared by changing the structure of 
diynes, for example, RC=C(CH 2 ) m C=CR (m>l,m< 2). 
Their preparations, characterizations, and reactions utilizing a 
variety of chemical reactivities of the 2-pyrone ring4 are interesting 
further subjects. 
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(5) A structure of the homopolymer has not been determined at the present 
time. As to the structure of acetylene oligomers, see, for example, ref 3a. 

(6) The copolymers 2 produced at 90 °C in THF-MeCN show no 13C 
NMR C=C absorptions of homopolymers of 1. The copolymers 2 produced 
in THF without MeCN show weak but distinct 13C NMR C=C absorptions 
of homopolymers of 1 along with those of the 2-pyrone ring. 

(7) Orientation of 2-pyrone rings along the polymer chain is reasonably 
assumed to be random. 

(8) The copolymers 4 obtained in THF alone exhibit negligible 13C NMR 
C=C absorptions of homopolymers of 3. 

(9) The copolymers 2 and 4 did not show satisfactory elemental analysis 
results. It was found that ashes were formed after combustion analyses of the 
copolymers. This finding suggests that nickel salts contaminate the co
polymers, which was further confirmed by X-ray fluorescence analysis. Their 
removal by washing chloroform solutions of the copolymers with water or 
dilute hydrochloric acid was unsuccessful. 

(10) One regioisomer among four possible regioisomers. 
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In hetero-Diels-Alder reactions, we have discovered that the 
interactions of lone pairs on N or O with ir systems can exert 
powerful stereochemical control. The n-ir repulsion which causes 
this phenomenon should be very important in controlling stereo
chemistry in many complexation and reactivity events as well. 

Hetero-Diels-Alder reactions are often key steps in stereose
lective syntheses of natural products.12 To learn about the 
transition structures of such processes, we investigated reactions 
of 1,3-butadiene with formaldehyde, formaldimine, diazene, and 
nitrosyl hydride with ab initio quantum mechanical methods. 
Geometry optimizations were performed at the RHF level using 
GAUSSIAN 86 and 88.3 Structures were fully optimized with the 
3-21G basis set, followed by vibrational frequency calculations. 
MP2/6-31G* calculations on 3-2IG geometries were performed 
to evaluate the activation energies. A concerted, but nonsynch-
ronous, reaction mechanism was presumed. The RHF/3-21G 
transition structure for the reaction of butadiene with ethylene 
is very similar to those at higher levels of theory, including 
MCSCF.4 The MP2/6-3IG* activation energy for this reaction 
is about 10 kcal/mol lower than the experimental value,5 but 
substituent effects are reproduced well.6 Predicted activation 
energies for hetero-Diels-Alder reactions are given in Table I, 
and transition structures are shown in Figure 1. 

The transition structure for the reaction of butadiene with 
formaldehyde, 1, resembles that for the reaction of butadiene with 
ethylene,42 with a 0.08 A shorter C-C forming bond. The C6-O1 

bond is 0.14 A shorter than the C2-C3 bond, differing from 
MINDO/3 predictions.7 Our results reflect the shorter C-O than 
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Table I. Calculated Energies (kcal/mol) of the Hetero-Diels-Alder Transition Structures with Respect to Reactants" 

dicnophile 

ethylene 
formaldehyde 
formaldimine, exo H 
formaldimine, cndo H 
rran.5-diazcne 
m-diazene, exo H 
ra-diazene, endo H 
nitrosyl hydride, exo H 
nitrosyl hydride, endo H 

TS 

1 
2 
3 
4 
5 
6 

7 
8 

3-21G 

35.9^ 
32.5 (-3.4) 
36.4 (+0.5) 
31.1 (-4.8) 
29.5 (-6.4) 
39.9 (+4.0) 
27.4 (-8.5) 
27.3 (-8.6) 
19.8 (-16.1) 

3-21G+ZPE* 

38.3d 

35.9 (-2.4) 
39.4 (+1.1) 
34.4 (-3.9) 
33.0 (-5.3) 
42.7 (+4.4) 
30.6 (-7.7) 
31.0 (-7.3) 
23.6 (-14.7) 

6-31G* 

43.CT 
46.0 (+3.0) 
48.1 (+5.1) 
43.8 (+0.8) 
45.3 (+2.3) 
56.0(+13.0) 
44.6 (+1.6) 
45.4 (+2.4) 
37.4 (-5.6) 

MP2/6-31G* 

17.6' 
20.9 (+3.3) 
20.1 (+2.5) 
15.2 (-2.4) 
9.0 (-8.6) 

17.6 (0.0) 
6.0 (-11.6) 
9.9 (-7.7) 
1.8 (-15.8) 

A£rin' 

-43.11* 
-34.2 
-38.0 

-38.8 

-50.2 

"Energies relative to the reaction of butadiene with ethylene are in parentheses. 'Corrected for zero-point energies. '3-2IG energies. ' 'Reference 
5a. 'Reference 5b. 
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Figure I. Computed transition structures for reactions of butadiene with 
heterodienophiles. All arc numbered in the same fashion as 1. For 1. 
2. and 3. both side and top views arc shown. 

C-C single bond lengths, since the geometry of the butadiene 
moiety indicates that the C2-C1 bond is more fully formed than 
the C6-O, bond in 1. The MP2/6-31G* activation energy is 3.3 
kcal/mol higher than that for the reaction of butadiene with 
ethylene. Experimentally, formaldehyde does not react with 
1,3-butadiene.8 

Why is formaldehyde less reactive than ethylene, even though 
it has a lower LUMO energy? One factor is the lower exo-
thermicity of the reaction (Table I); another is the repulsive 
interaction of an oxygen lone pair with the butadiene filled JT 
orbitals, particularly at C4 and C5. The top view of 1 shows that 
the formaldehyde is somewhat twisted with respect to the buta
diene moiety, increasing the distance from the endo lone pair to 
C4 and C5, but significant n-ir repulsion is still present in the 
transition state.'' 

Two diastereomeric transition structures, 2 and 3, were found 
for the reaction of formaldimine with butadiene. Structure 3 is 
predicted to have a 4.9 kcal/mol lower activation energy than 2, 
highly favoring the exo lone pair. This is considerably larger than 
the endo preference for Diels-Alder reactions of substituted 
ethylenes.610 With A'-methylformaldimine, the preference for 
the exo lone pair is still 4 kcal/mol." Experimentally, acyclic 

(7) (a) Le. I.; Han. E. S.: Choi, J. Y. / . Compul. Chem. 1984, 5. 606. 
(8) Grcsham, T. L.; Stcadman. T. R. J. Am. Chem. Soc. 1949. 71. 737. 
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state has been suggested: Coxon, J. M.; Grice, S. T.; Maclagan, R. G. A. R.; 
McDonald. D. Q. J. Org. Chem. 1990, 55, 3804. 
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imines with similar C- and N-substituents give products with the 
C-substituent exo. Presumably, the N-substituent is endo in the 
transition state.2c'12 

The forming N,-C6 bond is shorter than the forming C2
-C3 

bond in both 2 and 3. In 3, the attraction of the imino hydrogen 
to the ?r electrons and relief of lone pair, ir repulsion causes 
shortening of the N,-C6 bond. There is significant twisting be
tween butadiene and formaldimine in both structures. The 
C6-N1-C2-Cj dihedral angle is -27° in 2 and 20° in 3. In 2, the 
nitrogen lone pair is endo, where it interacts with T orbitals at 
C4 and C5 of butadiene; twisting relieves this repulsion to some 
extent. Constraining the C6-N]-C2-C3 dihedral angle to 0° 
destabilizes 2 by 2.6 kcal/mol and 3 by 1.7 kcal/mol. 

Azo compounds containing electron-withdrawing groups are 
extremely reactive dienophiles used extensively in organic syn-
thesis.2613 Diazene exists in cis and trans forms, the trans being 
6-7 kcal/mol more stable.14 Transition structure 4 is very a-
synchronous. The exo-lone-pair effect is reflected in the forming 
bond lengths and by a 21° twisting of the dienophile with respect 
to butadiene. Structures 5 and 6 are the exo and endo transition 
structures for cis-diazene. The asymmetry of these structures 
results from optimization of the repulsive (5) or attractive (6) 
interactions, and symmetry constraint raises the energies by 0.2 
and 1.4 kcal/mol, respectively. The exo-lone-pair effect causes 
6 to be 12 kcal/mol more stable than 5! Structure 4 is between 
5 and 6 in energy, having one exo and one endo lone pair. 

The exo (7) and endo (8) transition structures of butadiene with 
nitrosyl hydride are nearly synchronous and are predicted to have 
very low activation energies. The 8 kcal/mol endo preference is 
again caused by n - r repulsion in 7, indicated by a 0.14-A 
lengthening of the N2-C3 forming bond in 7 vs 8 and a twisting 
of the C6-Ni-O2-C3 d'ihedral angle, which is -21.9° in 8 and 11.7° 
in 7. This large calculated endo preference could be useful in 
designing reagents for enantioselcctive Diels-Alder reactions. For 
example, it has been reported that some chiral a-chloro nitroso 
compounds undergo Diels-Alder reactions with very high enan-
tioselectivities.15 

Further theoretical studies are in progress to investigate the 
effects of lone-pair, x interactions on other reactions. 
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