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Abstnct - Sequential pericyclic reactions between pyridine N-oxides and 

allenes were evaluated in terms of PM3 calculation. Structures corresponding 

to the perturbating system were calculated by varying the distance of the 

addends. The cycloaddition occurs via ncomplex. In the transition structure 

TSI of primary cycloaddition, the lengths of the newly created bonds of 0-C 

and C-C are 1.864 and 2.204 A, respectively. The bond between the 0 atom of 

pyridine Nuxide and the central carbon of allene is ca. 35 40 formed at TS1, 

slightly advanced than the Mher (ca. 30 8). The PM3 calculation at the UHF 

level predicts that [1,5]-sigmatropic rearrangement of the primary cycloadduct 

proceeds v i a  a transition state with a biradical character. 

In the course of our study on the l3dipolar cycloaddition between pyridine Nuxides 1 and v c o u s  

dipolarophiles, we recently reported that electron deficient allenes 2 showed markedly high cycloaddition 

reactivity toward 1 to give 23dihydmpyridine-type products 4 via the primary cycloadducts 3.l In the case of 

the reaction between 2-phenylpyridine N-oxide (la) and dimethyl 2.3-pentadienedioate (2a) afforded 2 3 -  

dihyropyridine-type product 4aa having exocyclic C=C bond. On the other hand, the reaction of 3.5- 

dimethylpyridine Nuxide i b  with phenylsulfonylpropadiene (2b) afforded a 2.3-dihydmpyridine-type 

cycloadduct 4bb having endocyclic C=C bond. The reaction of 3-methylpyridine N-oxide (lc) with 2b showed 

selective cyclization toward 2-position of lc to give 4cb1a (Scheme 1). 

As shown in Scheme 2, the reaction involves sequential pencyclic processes and a turning point in the reaction 

path. Our present interests are: 1) How does the primary cycloaddition proceed? (synchronous or 

asynchronous); 2) Why does the primary cycloaddition toward 2-position of lc preferentially occur?; 3) How 

does the [IS-sigmatropic rearrangement of 3 to 4 take place? 

The computer simulations are well suited for searching transition-state structures. However, high level ab 

initio calculations with full geometry optimization for the present reaction system are still beyond the capacity 

of presentday computers. It is well known that the MNDO family has developed with improvement of 

reprcdnctivity of the physical properties for compounds having N-N or N-0 bond and highly strained 
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compounds. In this connection, the present reaction system seems to be very suitable for elucidation of the 

scope and limitation of PM32 method. 

Scheme 1 

Scheme 2 
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On the basis of these backgrounds. we performed MNDO-PhD (PM3)= study on the model reaction between 

pyridine N-oxide (Id) and allene 2c to elucidate the mechanistic aspects. 

Mdecular Orbital Calculations The FW.32 method was used for the semiempirical SCF MO calculations 

using the MOPAC3 (vers~on 6.02) molecular orhifal package which was locally modified for Sun FORTRAN 

1.2 on a Fujitsu S-412 engineering workstation. The starting geometries of id, 2c and intermediary structures 

(3dc and 4dc) were obtained from the corresponding molecular models. The crude structures were then fully 

optimized using keyword PRECISE. The ms i t ion  state TSI for the model primary cycloaddition reaction and 

the transition state TS2 for conversion of the primary cycloadduct 3dc to the 1.5-sigmatropic rearrangement 

product 4dc wen located using the SADDLE routine4 implemented in MOPAC and refined with the NLLSQ 

method.5 

Figure 1 PM3 Results for the Perturbating System 

Primary Cyeloaddition between i d  aod Zc The PhD calculated heats of formation of i d  and 2c are 27.38 

and 47.06 kcallmol, respectively. Sum of these values is considered to be the heat of formation of the ground 

state of the reaction system. The calculation corresponding to the peItuhting system was started from the 

geometry, in which Id and 2c are located 6 A apart to give a structure with 74.37 kcallmol of heat of formation. 

Then, with varying the distance between the oxygen atom of Id and the central carbon atom of 2c, similar 
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calculations were peifonned. As depicted in Figure 1, a 0.46 kcallmol of shallow minimum was observed at a 

distance of ca 4.5 A. It is well known that cyclic planar addends are apt to form x,ncomplex such as charge- 

transfer CT complex, which stabilizes the ground-state reaction system, in the early stage on the reaction 

coordinate prior to cycloaddition.6 The calculated shallow minimum can be regarded as such a stabilization. 

At a distance of 4.25 A, the molecular complex is "uphill" movement to the transition structure. 

On the other hand, inspection of the optimized geometry of the primary adduct 3dc revealed that the N-0 bond 

in isoxazoline moiety was calculated to be 1.536 A, which is somewhat longer than normal N-0 bonds.' 

Furthermore, bond order of the N-0 bond is only 0.909. These observations suggest that the following [IS]- 

sigmatropic rearrangement readily proceeds to give 4dc through TS2. In comparison with the PM3 result, 

AM1 calculation for 3dc was performed, the N-0 bond length was calculated to be 1.367 A, which is shorter 

than the standard values.7 

Transition structure TS1 of the p r i m e  cycloaddition was located by SADDLE mutine, using the geometries 

of the ground state and the primary adduct, and fully optimized. The optimized geometry of TS1 in RHF level 

is shown in Figure 2. The activation enthalpy for the primary cycloaddition was calculated to be 40.22 

kcallmol. In the similar manner, that of the reaction of unsubstituted nitrone le with 2c was calculated to be 

34.33 kcallmole. 

Figure 2 PM3 Results for the Formation of Primary Cycloadduct 
Bond Orders are shown in Parenthesis. 
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Tablc 1. Heats of Formation and Dipole Moments of Reactants. Transition Structures, and Intermediary 

Structures. 

Structure Ahf(kcal1mol) p (D) Structure AH/(kcallmoi) p (D) 

ld+2c(4 .5A)  73.98 3.658 TS2 (RHF) 103.09 4.917 

TS1 (RHF) 114.20 2.798 TS2 (UHF) 47.26 2.220 

TSI (UHF) 113.55 2.680 4dc 12.12 1.139 

3dc 47.26 2.204 Mc 10.09 1.163 

H H 0 kNAH mNAPh 4 
t t t 

4 
eV 0 0 0 

l d  I e 11 2d  2c 
1.228 

1.115 - - 
0.424 LUMO 

LUMO 
- 

LUMO -0.269 0.121 - 0.591 - - LUMO LUMO 
LUMO 

Figure 3 FMO Energy Levels by PM3 

On the basis of the frontier molecular orbital (FMO) theory.8 the activation enthalpy is inversely proportional 

to the energy gap between HOMO and LUMO of the addends. The PM3 results for nitrones and dipolarophiles 

were shown in Figure 3. Huisgen el al. reported the kinetic study on the reaction between N-methyl-C- 

phenylnitrone (If) and methyl methacrylate (2d) and the activation enthalpy was calculated to be 15.7 

kcallmol.9 Recently, Robb e ta / .  reported that the activation enthalpy of the reaction of l e  with ethylene was 

calculated to be 11.9 kcallmol by MC-SCF caiculation.*0 However, the energy gap between HOMO of l e  and 

LUMO of 2c or ethylene is very greater than that between If and 2d, indicating that the activation enthalpy for 

l e  plus ethylene should be calculated greater. Therefore, their result is t w  small and is not immediately 

convincing from the viewpoint of kinetics and FMO theory, suggesting that high level MO calculations do not 

always give reasonable results. On the other hand, taking into account the Huisgen's experimental result and 

our result for l e  plus 2c, the method we employed can fairly reproduce the reaction. The HOMO of id is a 

little higher than that of nitrone, but the calculated activation enthalpy is about 6 kcallmol greater than the case 

of nitrone. This can be attributable to the stabilization of ground state by aromaticity." 
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In TS1. the lengths of the newly created bonds of 042  and C-C are 1.864 and 2.204 A. respectively. 

Inspections of the bond orders of TSl and the primary adduct 3dc reveals that the bond between the 0 atom of 

Id and the central carbon of 2c is ca. 35 % formed at TSl, slightly advanced than the other (ca . 3 0  8). The 

dipole moments of reactants, transition structures, and products are summarized in Table 1. In going from the 

reactants to TS1, the dipole moment somewhat decreased from 3.658 (4.5 A) to 2.798 (TS1 (Rm) Debye, 

suggesting that no significant charge separation is involved in the transition state. The UHF calculation of TS1 

gave no decrease of the activation banier. indicating that TSl does not show any hiradical character (Table 1). 

These observations suggest that the primary cycloaddition proceeds with nearly synchronous mechanism. The 

heat of reaction (AHr) for this step was calculated to be 26.72 kcallmol. In TSl, the out-of-plane bending of N- 

O bond is about 15' from the pyridine nuclei. On the other hand, the residual diene moiety in pyridine nuclei is 

almost in-plane. 

Next, mention should be made of periselectivity. As mentioned above, the cycloaddition of l c  with 2b 

predominantly occurred towards C2 of lc. which seems to be sterically unfavorable than the cycloaddition 

toward Cg (see also Scheme 1). Similar results were ohserved in the reaction of l c  with phenyl isocyanates.9 

As the simple FMO consideration did not gwe a satisfactwy prediction, two possible periselections were 

evaluated based on the calculation data about the transition states for the model primary cycloaddition of l c  

with 2c. Inspection of the calculated data revealed that the transition state cyclizing toward C2 is 0.27 kcallmol 

more stable than the other in heat of formation, supporting the experimental results. 11 

Figure 4 Transition State for the Cycloaddition of 2c toward C2 and C.5 of lc. 

Formation Pathway of the 5dc from 3dc As depicted in Scheme 2, there are formally two possible 

pathways for the formation of V from 3dc. However. thermal (131-sigmatropic rearrangement is 

symmetrically forbidden. Furthermore, taking into consideration that the reaction between 2-phenylpyridine 

N-oxide (la) and dimethyl 23-pentadienedioate (24  afforded a 23-dihydropyridine-typ product with an 

exocyclic C=C bond. the path though 11.3-sigmatropic transition state TS2 followed by hydrogen shift is 

more plausible than the other (hydrogen shift - 1 1 3 )  (Scheme 2). 
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The fully optimized geometry of TS2 is shown in Figure 5. The path from 3dc to 4dc through TS2 was 

calculated to involve 55.83 kcallmol of activation enthalpy at the RHF level, significantly greater than that for 

TS1. However, in the wurse of our study on the 13dipolar cyclcaddition reaction of pyridine N-oxides with 

dipolarophiles, we could not obtain any primary adducts at all, suggesting that the primary adducts are 

thermally labile and undergo [IS-sigmatropic r e ~ r a ~ t ~ e m e n t . ~  The PM3 calculation of TS2 at the UHF level 

revealed that the heat of formation of TS2 is 47.26 kcallmol, comparable to the one for the precursor 3dc. The 

significant stabilization of TS2 indicates that this step might involve a biradical character. The tiansition 

structure optimized at the UHF level is depicted in Figure 5. The N-0 and C3-0 bonds are 2 . 7 6  A and 2.705 

A, respectively. During the [IS]-sigmatropic rearrangement, freedom of motion of the migrating vinyloxy 

group is sterically restricted because the migrating group is comected to the reaction system and the growing 

porbifal is stabilized by resonance with the vinyl group. In such a situation, the thermally allowed orbital 

interaction may be modified. The weaken N-0 bond is considered to be cleaved into biradical to give a more 

stabilized TS. 

1.YD 
TS2 at RHF level 

Figure 5 PM3 Results for the Pathway from 3dc to 4dc. 

The barrier for the hydrogen shift (3dc - 4'dc) calculated at the RHF level is very high, 76.7 kcal/mol. 

However, The calculation at the UHF level did not give any stabilization, indicating that the hydrogen shift 

proceeds viu a heterolytic reaction pathway. 
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In conclusion, PM3 calculations suggest that the bond between the 0 atom of id and the central carbon of 2c is 

formed slightly advanced than the other bond formed. On the other hand, the formation pathway of 5dc fmm 

3dc might have a biradical character, because of the significant stabilization of TS2 at the UHF level 

calculation. 

Cartesian coordinates of the calculated structures are available from the authors upon request. 
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