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N-Methyl-1,3,5,2-trioxazinane, a possible spontaneous ignition sensitiser†
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N-Methyl-1,3,5,2-trioxazinane (or N-methyl-2,4,6-trioxa-
piperidine), by analogy with s-trioxane, should decompose
thermally into MeNO + 2CH2O; this substance does not
appear to have been made, but molecular orbital calculations
show that it should be almost as stable as s-trioxane.

Nitrogen dioxide, from the thermal decomposition of alkyl
nitrates, sensitises the spontaneous ignition of fuel in a diesel
engine;1 likewise, so does formaldehyde, from the thermal
decomposition of s-trioxane.2 Synergy occurs between CH2O
and NO2, so that if both are released simultaneously, the
ignition quality of the fuel is even more enhanced. The
efficiency of 2-ethylhexyl nitrate as a sensitiser of diesel-fuel
ignition arises because following its dissociation into NO2 and
an alkoxy radical, a fraction3 of these radicals goes on to
eliminate CH2O. However, with increasing legislative pressure
to minimise NOx emissions,4 strategies for increasing the ratio
of CH2O/NO2 formation could be beneficial.

An obvious choice is the thermal decomposition of phenethyl
nitrate [eqn. (1)], not only giving the desired

PhCH2CH2ONO2? PhCH2CH2O +
NO2? PhCH2 + CH2O + NO2 (1)

products in equal amounts, but yielding also benzyl radicals,
which are powerful ignition sensitisers.5 The hoped-for ad-
vantage, however, does not materialise in engine measure-
ments6 because in the temperature range of interest (ca.
650–800 K), phenethyl nitrate7 decomposes an order of
magnitude more slowly than does 2-ethylhexyl nitrate3a

(phenethyl nitrate: k = 5.0 3 1013e235,600/1.987T s21;
2-ethylhexyl nitrate: k = 2.5 3 1015e237,500/1.987T s21).

N-Methyl-1,3,5,2-trioxazinane, by analogy with the thermal
decomposition of s-trioxane into three CH2O molecules (or
other symmetrically substituted alkyltrioxanes into three alde-
hyde molecules),8 should yield two CH2O molecules and
MeNO, the latter decomposing rapidly to give NO and thence
NO2 in the presence of excess oxygen [eqn. (2)].

Thus, we explored a parallel set of GAUSSIAN 94 molecular
orbital calculations9 for these two molecules. Their equilibrium
geometries were found at the RHF/6-31G** level of theory, as
were the transition states for the concerted dissociations [eqns.
(3) and (4)], with key energies further

(CH2O)3? 3CH2O (3)

MeNO(CH2O)2? MeNO + 2CH2O (4)

refined at the MP2 and/or MP4 levels. All characteristic
structures were verified by harmonic vibration analysis, and by
demonstrating that equivalent structures could be found by non-
local density functional calculations; in the case of s-trioxane,
all of the reported structures were duplicated with both the
B3LYP and BHandHLYP functionals, but for brevity only the
latter results are presented. Also, for the N-methyl-1,3,5,2-tri-
oxazinane molecule, because of its increased size and complex-

ity, slightly less demanding levels of approximation were used,
and extensive searches were made for both singlet and triplet
configurations to eliminate the possibility of a lower energy
path for the breakup or structural rearrangement. The results of
these calculations are collected together in Tables 1 and 2.

For s-trioxane, the minimum energy configuration is, as
expected, in the chair form, with C–O and C–H bond lengths
each within 1% of 1.40 and 1.08 Å, respectively, in all levels of
approximation. Also, there is always a local minimum for the
(CH2O)2 configuration, with bond lengths approximately 1%
longer than in s-trioxane. The transition state for the dissocia-
tion was characterised by an imaginary vibrational degree of
freedom which corresponds precisely to a concerted dissocia-
tion into three CH2O molecules. At the energy maximum, the
C–O bonds now alternate between 1.25 and 1.90 Å in length,
compared with the calculated C–O distance in formaldehyde
itself of ca. 1.20 Å. Concerted dissociations of six-membered
ring compounds into three identical fragments, viz. 1,3,5-triaza-

Table 1 RHF/6-31G** energies for the reaction systems (CH2O)3 ?

3CH2O and MeNO(CH2O)2? MeNO + 2CH2O

Systema Symmetry E/a.u.b zpe/a.u.b

CH2O C2v 2113.8697 0.0290
(CH2O)2 D2h 2227.7374 0.0689
‡(CH2O)3 C3 2341.5580 0.0989
(CH2O)3 C3v 2341.6649 0.1079

MeNO Cs 2168.8344 0.0471
‡MeNO(CH2O)2 Cs 2396.5941 0.1242
MeNO(CH2O)2 C1 2396.5021 0.1163

a ‡ Signifies the transition state. b 1 a.u. = 2IH = 27.2 eV = 627.5
kcal mol21 = 2625.5 kJ mol21.

Table 2 Density functional, MP2 and MP4 estimates of energy differences
in the (CH2O)3 and MeNO(CH2O)2 reaction systems

Systema E/a.u.b zpe/a.u.b DE0/a.u.b

BHandHLYP/6-311+G**

3CH2O 2343.4202 0.0828 +0.0434 (+27)
‡(CH2O)3 2343.3937 0.0944 +0.0815 (+51)
(CH2O)3 2343.4841 0.1033 0

BHandHLYP/6-311G*

MeNO + 2CH2O 2398.6663 0.1008 +0.0206 (+13)
‡MeNO(CH2O)2 2398.6392 0.1195 +0.0664 (+42)
MeNO(CH2O)2 2398.6981 0.1120 0

RMP2/6-31G**//RHF/6-31G**

‡(CH2O)3 2342.5221 0.0989 +0.0783 (+49)
(CH2O)3 2342.6094 0.1079 0
‡MeNO(CH2O)2 2397.6463 0.1242 +0.0619 (+39)
MeNO(CH2O)2 2397.7161 0.1163 0

RMP4/6-311G**//RHF/6-31G**

‡(CH2O)3 2342.7541 0.0989 +0.0717 (+45)
(CH2O)3 2342.8348 0.1079 0

a ‡ Signifies the transition state. b 1 a.u. = 2IH = 27.2 eV = 627.5
kcal mol21 = 2625.5 kJ mol21. Figures in parentheses in kcal mol21.
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cyclohexane ? 3H2CNNH, trinitro-1,3,5-triazacyclohexane ?
3H2CNN–NO2 and sym-triazine ? 3HCN, have been studied
previously by molecular orbital methods.10

The thermochemical results for dissociation into three CH2O
molecules are typical of what one can expect at the present time
for a reaction with unequal numbers of reactants and products.
The latest thermochemical data for s-trioxane11 and for
formaldehyde12 give DH298 ~ + 33 kcal mol21, or about +30
kcal mol21 at 0 K; an alternative datum for formaldehyde13

gives values of +28 and +25 kcal mol21 respectively. The
results for 0 K from these calculations are +22, +27, +28 and
+20 kcal mol21 from the RHF, DFT, MP2 and MP4 calculations
respectively; unscaled zero point energies (zpe) are used in all
calculations.

For N-methyl-1,3,5,2-trioxazinane there are six conformers,
with the one of lowest energy being again in a chair
configuration; we did not examine the other five structures
beyond RHF/6-31G**. Again, all the C–H distances are about
1.08–1.09 Å and the lowest path to dissociation is a concerted
one, but the structure of the transition state is slightly
asymmetric; the two structures are shown in Fig. 1. Comparison
of the energies given in Table 2 would suggest that both the
enthalpy and activation energy for the dissociation into three
fragments are about 10 kcal mol21 less for this molecule than
for s-trioxane.

There have been several kinetic studies of the thermal
decomposition of s-trioxane: in the 500–800 K temperature
range, three conventional studies14 all gave activation energies
of between 47–48 kcal mol21, and frequency factors of 1014.80

to 1015.28 s21; in addition, a high-temperature shock tube
study15 gives results that extrapolate nicely into this body of
measurements. By comparison, our MP2 and MP4 results for
the activation energy at 0 K are 49 and 45 kcal mol21

respectively.
A straightforward transition state calculation16 of the rate

constant for the thermal dissociation of s-trioxane over the
temperature range 500–800 K yields an Arrhenius A factor of
1015.56 s21, and an activation energy of 52.1 or 48.1 kcal mol21,
depending upon which value of the critical energy is used.¶
These results compare favourably with the experimental ones
quoted above.

Likewise, for N-methyl-1,3,5,2-trioxazinane decomposing
into 2CH2O + MeNO, we find an Arrhenius A factor of 1015.25

s21, and an activation energy of 41.7 kcal mol21, using the
frequency data and the MP2 result for the critical energy of
activation.¶ These rate parameters are rather similar to those for
2-ethylhexyl nitrate, noted above, making this new substance an
ideal candidate for a diesel-fuel ignition sensitiser.

The close parallels between the various structures in the two
systems, and moderate acceptability of the s-trioxane results
(both for the thermochemistry and the reaction rate), tend to
suggest that the calculations on N-methyl-1,3,5,2-trioxazinane
can be accepted with a reasonable degree of confidence. Thus,
N-methyl-1,3,5,2-trioxazinane should be a stable molecule,
with an activation energy for concerted dissociation into
nitrosomethane and formaldehyde in the region of 35–40 kcal
mol21. In which case, it may seem surprising that this
heterocycle has apparently never been reported, particularly

since quite a number of examples of N,N-dialkoxy-N-alkyl-
amines or N,N-dialkoxybenzamides are known.17
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¶ The following are the vibrational and rotational constants, at the DFT-
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s-Trioxane, ground state: vibration: 298(2), 468, 555(2), 803, 1009(2),
1033, 1059, 1130(2), 1265(2), 1295, 1309, 1390(2), 1460, 1504(2), 1566(2),
1585, 3041(2), 3058, 3245(2), 3248 cm21; rotation: 0.1793, 0.1793,
0.09938 cm21.

s-Trioxane, transition state: vibration: 176(2), 276(2), 315, 461(2), 547,
911, 943(2), 1178, 1278(2), 1289, 1290(2), 1473, 1511(2), 1644, 1691(2),
3071(2), 3072, 3210(2), 3212 cm21; rotation: 0.1451, 0.1451, 0.07979
cm21.

N-Methyl-1,3,5,2-trioxazinane, ground state: vibration: 192, 251, 345,
371, 398, 512, 594, 618, 821, 888, 900, 1024, 1050, 1145, 1146, 1203, 1219,
1239, 1275, 1320, 1360, 1406, 1479, 1505, 1519, 1547, 1560, 1564, 1582,
3112, 3120, 3142, 3231, 3259, 3263, 3265 cm21; rotation: 0.1777, 0.09097,
0.06509 cm21.

N-Methyl-1,3,5,2-trioxazinane, transition state: vibration: 149, 189, 213,
253, 280, 307, 341, 488, 517, 589, 629, 975, 1036, 1067, 1141, 1214, 1257,
1290, 1309, 1347, 1456, 1474, 1493, 1504, 1546, 1550, 1639, 1667, 3066,
3114, 3138, 3177, 3226, 3227, 3286 cm21; rotation: 0.1429, 0.08135,
0.05610 cm21.
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Fig. 1 Structures of (a) the lowest energy conformer of N-methyl-
1,3,5,4-trioxazinane and (b) the transition state for dissociation. Distances
are in Å.
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