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The thermal decomposition of azidoacetone {CABCHN3) was studied using a combined experimental and
computational approach. Flash pyrolysis at a range of temperatures1296 K) was used to induce thermal

decomposition, and the resulting products were expanded into a molecular beam and subsequently analyzed
using electron bombardment ionization coupled to a quadrupole mass spectrometer. The advantages of this

technigue are that the parent molecules spend a very short time in the pyrolysis ze86 (&) and that the

subsequent expansion permits the stabilization of thermal products that are not observable using conventional
pyrolysis methods. A detailed analysis of the mass spectra as a function of pyrolysis temperature revealed the

participation of five thermal decomposition channéls.initio calculations on the stable structures and transition

states of the azidoacetone system in combination with an analysis of the dissociative ionization pattern of
each channel allowed the identity and mechanism of each channel to be elucidated. At low temperatures

(296—-800 K) the azide decomposes principally by the loss pfd\yield the imine (CHCOCHNH), which

can further decompose to GEIO and CHNH. At low and intermediate temperatures a process involving the
loss of N, to yield CHLCHO and HCN is also open. Finally, at high temperatures {8050 K) a channel

in which the azide decomposes to a stable cyclic amine (C@QH) (after loss of N) is active. The last
channel involves subsequent thermal decomposition of this cyclic amine to ketg€®@@and methanimine
(H2CNH).

1. Introduction nitrene RCH;N) rearranges to the imine for’lRCHNH) by
a 1,2 H-atom shift synchronous with the nitrogen elimination
or whether the singlet nitrene is first formed followed by a 1,2
H-atom shift is still a matter of debate in the literatdifel®

The second type of dissociation mechanism proposed by Dyke
and co-workers involved the formation of cyclic transition states
in which a proton or an alkyl group is transferred from a remote
site in the molecule to the electron deficient N atom. The first
molecule for which this mechanism was proposed was 2-azi-
doacetic acitiwhere the mechanism shown in Scheme 1 was

The decomposition of azides with the release ppkbvides

the basis of their use in a large number of applications. For
example, due to the exothermicity of its decomposition and
liberation of gaseous Nsodium azide is commonly used in
automobile air-bagsCovalent organic azides, on the other hand,
are extensively used in peptide chemistry, combinatorial chem-
istry, and heterocyclic synthesisFurthermore, azides are
increasingly used in chemical vapor deposition for the generation
of nitride films3 Therefore, a detailed understanding of their proposed

decomposition is of great_ |.nterest. . . In their experiments the simultaneous ejection of ahd
The thermal decomposition of a range of organic azides hasformation of CQ led the authors to conclude that the above

been extensively studied by Dyke and co-worketsusing mechanism was the most important decomposition pathway. No
pyrolysis in Po_mb'”‘?‘“on with UV. photoelectron SPECLroscopy  gyigence was found for the formation of iminia a 1,2 H-atom
and a matrix-isolation IR technique together wib initio shift

molecular orbital 'methods. .Two principal mechanisms pf Subsequently, this mechanism type was also proposed to
thermal decomposition were invoked by these authors, the first explain the decomposition products of ethyl azidoacetate (N
of which involved the loss of Nwith the formation of the imine CH,COOE)S methyl azidoformate (COOMe)® and ethyl
(RCH2N3d_t; RCHI\II(H +dN2). T%Z}Techanlslm W?]s orfllgmallly azidoformate (NCOOEL)8 Clearly in the case of the latter two
proposed by Bock and Dam to explain the thermal 5100 les the 1,2 H-atom shift is not possible as there is no
decomposition of a series of alkyl azides. Whether the singlet hydrogen atom on the carberto the azido group. On the other
hand, the experimental results on the thermal decomposition of
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residence time of the parent molecule in the pyrolysis zone (20 2
30us) together with the internal cooling of the nascent thermal I| .I|| S
products on their exit from this region through a supersonic M P - o
expansion. Therefore, in the case of pyrolysis of organic m/z

molecules, which proceedsia stepwise mechanisms, it is  Figure 1. Electron impact spectra of room temperature azidoacetone
possible to isolate intermediate thermal decomposition productsat an electron energy of 100 eV.

that are not observed using conventional oven techniques,

providing a more detailed insight into the mechanisms involved. the split valence plus polarization 6-31G(d) basis set. The hybrid
These aspects are demonstrated in this work by the study ofB3LYP functional was chosen because of its ability to accurately
azidoacetone. This molecule was chosen because both mechadescribe the geometries of transition stéfdsomerization and
nisms outlined above have been invoked to account for the dissociative transition states were optimized using the analytic
various pyrolysis products observédand therefore provides  gradient procedure and the combined synchronous transit and
the ideal testing ground for the method. This study also contains quasi-Newton (STQN) methdd. All transition states were

an extensive computational analysis of the dissociation mech-confirmed to be true transition states by performing a frequency
anisms to provide further information on the competing analysis on the relevant geometry to demonstrate that there was
decomposition channels. only one imaginary frequency for each struture.

Single-point G3(MP2)//B3LYP calculatioffswere also per-
formed on all of the structures identified, resulting in energies
that approximate a QCISD(T,FC)/G3MP2large//B3LYP/6-31G-
(d) calculation. This composite method involves a frequency
analysis at the B3LYP/6-31G(d) level to take into account the
zero point energies, a single-point energy calculation using the
multireference QCISD(T) method to estimate the effects of
correlation and an MP2/G3MP2Large calculation to estimate
dthe effects of a limited basis set. This method was chosen as a
compromise between minimizing CPU time and maximizing
the accuracy of single-point calculations capable of comparing
energies of stable, transition state and radical structures.

2. Experimental Section

Azidoacetone was prepared as described in ref 5. The
measurements were carried out using a molecular beam ap
paratus (at the University of Roma “La Sapienza”) that has been
described in detail previously.Briefly, a mixture d 1 % Na-
CH,COCH; seeded in Helium carrier gas was passed through
a piezoelectrically activated pulsed val¥eoperated at a
repetition rate of 100 Hz. The gas mixture was then expande
through a resistively heated SiC tube (length 23 mm) inducing
the thermal decomposition of the molecule under examination.
At the exit of the SiC tube the gas undergoes a free jet
expansion, resulting in internal cooling of the thermal decom- .
position products, which are thus stable to further dissociation 4- Results and Analysis

during their flight time to the electron impact ionizer. The 4.1. Electron Impact Mass Spectra of Room Temperature

product gas jet is then doubly skimmed and flies a distance of Azidoacetone.Figure 1shows the electron impact mass spec-
40 cm to a differentially pumped home-built electron bombard- {rym of azidoacetone with an electron energy of 100 eV. This
ment analyzer. Liquid nitrogen cooling of the analyzer allowed spectrum was recorded following expansion of the target
the background pressure in the ionization chamber to be held yolecule through the SiC tube with no heater current and
at <1.0 x 10+ mbar, thus minimizing the effect of ionization  therefore at a temperature of 296 K. The contribution to the
of the background gas. The ionizer was operated at an electronspectra due to electron impact ionization and dissociative
energy of 100 eV and the resulting ions were mass analyzedignization of the background gas was subtracted by recording
by coupling to a quadrupole mass spectrometer (Extrel 150- mass spectra under identical conditions in which the molecular
QC) and a Daly type ion counter. beam was prevented from entering the ionization region by a

Electron impact mass spectra were recorded as a function ofpeam plock. The spectra are also corrected for the transmission
the heating current passed through the SiC tube. To be able toyrve of the quadrupole mass spectrometer.

convert the electrical power applied to the SiC tube to
temperature, the velocity of a neat Helium jet was measured asqqctron energy of 70 eV. The resulting spectrum was almost
a function of the electrical power passing through_the SiC_tub_e. identical to that shown in Figure 2 with only very minor
These measurements were performed by inserting a spinningyiterences due to slightly increased fragmentation at the higher
slotted disk (200 Hz) into the molecular beam and measuring g|ectron impact energy as would be expected. Comparing the
the flight time for a "slice” of the He atoms in the beam. The ,hi7ati0n pattern obtained in this work to that observed by
velocity of a supersonic ideal atomic gas jet can be related t0 b arte et al2! shows that there are significantly less light
the temperature of the sourc_ee(, the tezmperature of .the fragments in the present work. Indeed, the above authors noted
pyrolysis tube)via the expressiol = (Mv*/SR), whereT is in their discussion that their electron impact spectra were likely
the source temperatursyis the mass of gas; is the velocity 5 pe modified by the contribution from the ionization of thermal
of the beam, an® is the gas constar. decomposition species. In contrast, the spectrum shown in this
work was obtained by a free jet expansion of the parent molecule
at room temperature, and therefore no thermal decomposition

Ab initio calculations were carried out using the GaussianO3W occurs prior to ionization. Furthermore, the parent molecules
program?® The geometries of stable structures were optimized are internally cold when they reach the ionization region due
at the hybrid B3LYP density function®llevel of theory using to the expansion properties of the supersonic jet.

A mass spectrum was also recorded with the more standard

3. Computational Details
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Figure 2. Intensity of thenmyz = 99 peak in the mass spectrum of a1, (D)
pyrolyzed NCH,COCH; as a function of the pyrolysis temperature. 800 £~ b”Icm(’I‘)
= — fit J .
The main peaks in the spectra an&z = 15, 28, 43, and 99, I 6004 Ry
which can be easily related to the fragmentation channels shown &
in the inset of Figure 1 where channel a yietdg = 15 ions, 400
channel bm/z = 43 fragment ions, and channelndz = 28
fragment ions. 2001 iR
4.2. Analysis of Mass Spectra as a Function of Pyrolysis 0_._‘,_A+_*_+ﬁ~* B-8.5.5.6-0

Temperature. A series of mass spectra were recorded with an T I I I I I I I I I
electron energy of 100 eV in which the temperature of the SiC 400 600 800 10/00 1200400 600 800 1°/°° 1200
tube was varied by changing the current flowing in the tube Figure 3. Fits tx::stl;:::r-atﬁre dependl;y:::]zs‘;the;lepinIt<ensity of the
Lrg;ncr%etg i2n.5trﬁ; ngi)fr[i)r?leorlz?ieﬁt-ioisw\}\?e tZﬁofA‘/’gg r?kt\:tnthis m'z = () 71, (b) 56, (¢) 55, and (d) 54 peaks in the mass spectra of

’ > the thermal decomposition products of azidoacetone (see text). It should
current range corresponds to a temperature range of the SiGye noted that the fitted curves in (a) and (b) reproduce exactly the
tube from 296 to 1250 K. This temperature will be the same experimental data and are therefore not shown in those plots.
for all internal degrees of freedom of the molecules if thermal ) ) o
equilibrium is reached during the residence time of the molecules Of these peaks increase but in characteristic ways for each mass.
inside the hot region (2630 us). Under our conditions it is The bold lines in Figure 3 present an illustration of '[.hIS behavior
likely that the rotational and translational degrees of freedom for themz = 71, 56, 55, and 54 peaks. We consider that the
will reach equilibrium due to their fast relaxation rates. The last three of these ion peaks are due to dissociative ionization
vibrational relaxation rates, on the other hand, are slower, andfragmentation of the neutral mass 71 thermal products produced
therefore, it could be possible that the residence time in the hotin the pyrolysis of azidoacetone (see discussion). It can be seen
region is not sufficient to reach thermal equilibrium for these that them/z= 71 peak initially increases very slowly but then
degrees of freedom. In this case the temperature measured byapidly beginning at 800 K and the/z = 56 peak increases
the neat helium beam calibration will represent an upper limit rapidly starting from 300 K but then decreases in intensity at
for the vibrational temperature. It should be noted that it is the higher pyrolysis temperatures.

vibrational energy that drives the dissociation processes and in These observations can be explained if it is concluded that
this context we will continue to use the term “thermal there are two thermal decomposition processes that yield two

decomposition” to describe these processes. distinct mass 71 fragments: one channel that starts to operate
Figure 2 shows a plot of the intensity of th#z = 99 peak at low temperatures and the other at higher temperatures. The

as a function of the temperature of the pyrolysis tube. From different temperature dependencies of the varfolzpeaks can

this figure it is clear that the number of parent molecules then be explained by varying contributions of the two channels

surviving the passage through the pyrolysis region decreasesdue to their characteristic dissociative ionization patterns in the

rapidly with temperature due to thermal decomposition of the €l€ctron impact ionizer. These concepts can be expressed in

azide. Furthermore, it can be seen that at pyrolysis temperaturegnathematical form as follows:

>1100 K no parent azide molecules survives. thermal

_|C c
decomposition of the parent molecule is complete. Conversely, 171(T) = 172{T) + 174(T) 1)
the intensity of the peaks corresponding to lower masses increase c c

due to the larger number of thermal decomposition products l56(T) = @sel 714T) + bsgl72(T) 2

reaching the detector. . )

Indeed, it was possible to remove the contribution of the Wherelz(T) andls«(T) represent the intensity of the/z = 71
dissociative ionization of the unpyrolysed parent molecule to and 56 peaks as a function of the pyrolysis temperatfiygT)
the total mass spectrum at each pyrolysis temperature. This wasind 15,(T) are the basis sets that describe the intensity
done by normalizing the spectrum in Figure 1 to the relative behavior of the two thermal dissociation channels producing
intensity of them/z = 99 peak and subtracting the resulting mass 71 fragments as a function of the pyrolysis temperature
spectrum from the total mass spectrum at each pyrolysis andase andbse are the coefficients that describe the probability
temperature. In this way, it was possible to obtain the mass of dissociative ionization fragmentation of the two channels to
spectrum of the thermal decomposition products as a functionthe m/z = 56 ion. To determine thdz%a(l‘) and I?lb'l'), the
of the pyrolysis temperature. At room temperature no thermal experimental temperature variations of the intensity ofrtte
decomposition occurs and, therefore, the intensity of the peaks= 71 and 56 peaks were fit by means of a genetic algorithm to
in the mass spectrum corresponding to the thermal decomposithe above formulas and the results of these fits are shown in
tion products is zero. With increasing temperatures the intensity Figure 3a,b.
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Pyrolysis Temp. / K Therefore, the intensity variation of the'’z = 44 peak was

Figure 4. Basis sets extracted from the fitting process that best describe ta!<en to be the _baS's set for the dependence of the 'r,‘tens't)/ of
the intensity dependence of the thermal decomposition process of thethis channel with the pyrolysis temperature. The intensity
azidoacetone producing parent thermal products of masses 71 (a) andehavior of thewz peaks 12, 13, 14, 15, 16, 26, 27, 28, 29, 40,
(b), 44 (c), 43 (d), and 42 (e) (see text for details). 41, 42, and 43 were then fit in a global manner to the following
formulas with a genetic algorithm:

Having extracted the intensity behavior of the two decom-
position channels (shown in Figure 4a,b) it was then possible | =a,IS + b, IS +c 1T + d.,15(T) +
to fit the intensity behaviors of thevz = 52, 53, 54, and 55 (D) = aul7idT) i) wlaa(T) M 43(12
peaks using the analogous expression for those masses: eulsAT) (4)

| =allS +b.1S 3 where the free parameters in the fitting process are the
u(T) = aul7dT) wl726(T) ®) parametersay to ey describing the dissociative ionization
fragmentation pattern of each channel and the basis sets

wherely(T) represents the intensity of tiz = M peaks as a describing the temperature variation of the thermal dissociation

function of the pyrolysis temperature amag and by are the .
coefficients that describe the dissociative ionization fragmenta- C(E‘a””e's produglng mass 43, and 42 produdfy(m) a,nd,
tion patterns of the two channels. Therefore, this fitting process !4(T)- A gIoEaI fit of all experimental temperature variation
yields theay andby, coefficients corresponding to each of these Patternsm’z = 12—43 in which eachm'z peak was weighted

masses. An example of these fits are shown in Figure 3c,d for by its intensity was performed. Figure 5 shows a selection of
the m/z = 55 and 54 peaks, respectively. these fits for the most intense/z peaks, and the basis sets

Clearly, the thermal products of these two channels can alsoo_lescribing the temperature variation of the thermal decomposi-
fragment to lower masses in the ionizer. However, following tion channels producingvz = 44, 43, and 42 fragments are

the measurements of Dyl al5 who observed CECHO (m/z shown in Figure 4ee, respectively. Finglly, the fragmentation
— 44) and CHCO (m/z = 42) and also postulated the formation Patterns for each thermal decomposition channel, for all

a mass 43 fragment, we consider that three other channelg?roducts of a given channel) obtained in the form of aheto
yielding thermal deomposition products with masses of 44, 43, & coefﬂc[ents are plotted in Figure 6 where the heawe_st parent
and 42 (which correspond to the GEHO, CHCO, and Ch- fragment intensity of each channel have been normalized to 1.
CO product channels, respectively; see Discussion) are also
active in addition to the two channels with mass 71 parent
fragments. At this point it was assumed that thie = 44 peak 5.1. Thermal Decomposition Channels Yielding Fragments

in the mass spectrum can only be observed as a direct thermalvith Mass 71.The formation of thermal decomposition products
product of the pyrolysis of the azidoacetone (and thus not as aof 2-azidoacetone with mass 71 corresponds to the loss.of N
result of dissociative ionization of the mass 71 products in the From the above results it is clear that there are two distinct
ionizer). channels that produce mass 71 fragments with significantly

5. Discussion
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The high temperature mechanism (see Figure 4b), on the other

60 @ *e parent m/z =71 hand, shows a completely different fragmentation pattern in the
40 ionizer (Figure 6b), in particular with a very intense parent peak.
20+ | This suggests that this fragment is more stable to dissociative
0feeele ol 1 paeets - ionization with respect to the imine, as may be expected for
. ®) parent m/z = 71 the cyclic mass 71 fragment in which at least two bonds must

the rangem/z = 50-56 are relatively more intense. This can
0 , . || || B mn be explained by the fact that dissociative ionization processes
© that lead to these masses involve the initial loss of neutral NH,

| be broken to produce the lower mass ions. Also, the peaks in

Intensity relative to parent peak

7 parent m/z = 44 CHp, or O. In all of these cases either two bonds or a double
o bond must be broken and hence less energy is available for
27 subsequent decomposition of the ions produced in these
0fle _ L — f t processes. This leads to a relatively large intensity of these peaks
61 @ for this channel. Furthermore, inspection of Figure 6b reveals
4 parent m/z = 43 that 'z = 42 and 29 peaks are prominent in this spectrum.
24 This is consistent with dissociative ionization of the cyclic
odal. . lh, wl : : fragment by breaking the carbetwarbon bondx to the carbonyl
©) group and the diametrically opposite nitrogezarbon bond,
7 parent m/z = 42 yielding two fragments of masses 42 amu ¢Ci) and 29 amu
(CHyNH), which is analogous to the thermal decomposition
0d e A v ! . . . shown in the second step of Scheme 3.
10 20 30 40 50 60 70 To corroborate these conclusio@as, initio calculations were
m’z performed on the stable structures and transition states involved

Figure 6. Dissociative ionization pattern for the thermal decomposition i the thermal decomposition of azidoacetone. The geometries

processes of azidoacetone in which the heaviest parent fragment masse, . _
are (2) and (b) 71, (C) 44, (d) 43, and (e) 42 amu. These patterns Wereéf these states were optimized at the B3LYP/6-31G(d) level

obtained with an electron energy of 100 eV (see text). and then high accuracy single-poir_n energy calculations were
performed on each geometry using the G3(MP2)//B3LYP

SCHEME 2 composite method (see the section on computational details).
o) The resulting energies and optimized geometries are shown in

H)%g( Figures 7 and 8, respectively. As can be seen from Figure 8a,b,

CH,COCHN  —— |, NT H o CH,cO+CHNH the ground state azidoacetone exists in two conformers that can
d be differentiated by whether the azide group is gauche (Figure

8a) or anti (Figure 8b) to the carbonyl group. The energy
different dissociative ionization patterns in the ionizer. Although difference between these structures is very small (0.4 kcal/mol),
Dyke et al’ did not directly observe any thermal products with and a relaxed scan on the PES of the molecule while varying
mass 71, they proposed a multistep process in which the firstthe NNCC dihedral angle followed by a G3(MP2)B3 single-
step consists of the formation of the nitrene by loss ef N point energy calculation on the transition state structure showed
that the barrier to interconversion between the gauche and anti
CH,COCH,N; —~ CH,COCHN + N, ®) forms is 3.9 kcal/mol. Therefore, even at low temperatures there

As a possible explanation of their observation of L& and s a free .|nterchange between these structures. ]
CH,NH, they suggested that the nitrene could decompose Following the loss of Mthe most stable structure, which can
through a strained cyclic intermediate into ketene and metha- 0€ assumed by the remaining moiety, is the imine form (Figure
nimine (see Scheme 2). Sq,d). The imine can also exist in two conform_er structures, in
Furthermore, they suggested a second channel in which thethis case, depending on whether the NH group is gauche (Figure
initially formed nitrene rearranges to the corresponding imine 8¢) or anti (Figure 8d) with respect to the carbonyl group. Again
via a 1,2 H-atom shift followed by a radical chain reaction that the energy difference between these two structures is small (0.8
could produce the other thermal products observed in their kcal/mol) and a relaxed scan of the PES followed by optimiza-
study: CHCHO, CHNH, HCN, CO, etc. tion of the geometry of the resulting transition state and a G3-
From the results of the present study it seems clear that indeedMP2)B3 calculation of its energy revealed a barrier of 4.8 kcal/
both of these channels are operative with one of the channelsmol for the gauche anti interconversion. The energies of the
being dominant at low temperatures whereas the other is openMine structures plus molecular nitrogen are more than 50 kcal/
at higher temperatures. Examination of the dissociative ioniza- Mol more stable than the parent azide, and therefore, the
tion patterns of the two channels helps to identify the nature of decomposition is a strongly exothermic process.
the fragments. The channel producing mass 71 fragments that The most stable transition state identified between the azide
dominates at low temperatures exhibits strong dissociative and imine forms is that shown in (Figure 8g) and is referred to
ionization, as can be seen from the mass spectrum for thisas TS1 in Figure 7. An intrinsic reaction coordinate (IRC)
channel illustrated in Figure 7a, where the parefztpeak can calculation was performed at the B3LYP/6-31G(d) level to
be seen to be very weak with respect to the = 15, 42, and ensure that this TS is indeed the state that connects the desired
43 peaks. This strongly suggests that this channel correspondseactants and products. Initially as the breakingNNbond is
to formation of the imine where the/z = 43 and 15 fragment  elongated the potential energy increases until the transition state
ions could be formed by simple cleavage of the carboarbon is reached, as expected. At this point, however, further elonga-
bondsa to the carbonyl group, as illustrated by the fragment tion of this N—=N bond is concurrent with movement of one of
patterns a and b shown in Scheme 3. the H atoms on the carbon atom nearest the terminal nitrogen
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of theory there is no minimum in the potential energy path 4 )
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The next transition state to consider is one in which a
hydrogen atom is transferred from a more remote site in the
molecule to the electron deficient terminal nitrogen atom formed
by the loss of M. This type of mechanism, originally proposed
by Dyke et al,>8 provides another way in which the singlet (g)
nitrene that would result from direct loss of the, Nan be
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stabilized Ab initio calculations on the cyclic structure suggested

by Dykeet al>®revealed a surprisingly stable structure for the
four-membered ring (see Figure 8e) that is almost 40 kcal/mol

more stable than the parent azide. The transition state that links (l) S

this cyclic state to the parent azide was also identified and is J ‘ #
referred to in this work as TS2 (see Figure 8h). Again an IRC - S
calculation was performed to confirm that this transition state 9
connects the parent azide to the cyclic structure. It can be seen

that this TS consists of a five-membered ring in which the H

atom in the process of being transferred from the;@kbup to > O
he N atom is shared between these two arouns. The sin Ie—the stable molecules and transition states shown in Figure 7. (a) and
t . ; . group ) 9 (b) are the gauche and anti conformers of the azidoacetone. (c) and (d)
point energy calculation on this TS resulted in a barrier height are the gauche and anti conformers of the imine produced after loss of
of 42.6 kcal/mol. N, from the azidoacetone. (e) is the cyclic structure that can result
At this point it would seem quite clear that the calculations from ring close after loss of Nfrom the azidoacetone, and (f) is the
can provide a qualitative explanation for the two thermal €nol structure resulting from keto-enolization of the parent. (g), (h),
decomposition channels resulting in two different mass 71 (i), and (f) represent the structures of transition states TS1, TS2, TS3,
products. The channel that is open at low temperatures corre-and TS4, respectively.
sponds to the decomposition through the TS1 state (barrierdecomposition through TS2 (barrier height 42.6 kcal/mol)
height 36.4 kcal/mol) to form the imine, and the mechanism leading to the cyclic state. This result is consistent with the
that opens at higher temperatures is a result of thermal conclusions made on the dissociative ionization patterns of these

Figure 8. Optimized geometries (at the B3LYP/6-31G(d) level) of
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Figure 9. Transition state geometries optimized at the B3LYP/6-31G- b)
(d) level (see text for details). ( TS6
SCHEME 4 M NH
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HH -
_— H . . . .
9 ] o A CH,CHO + HCN + N, could give rise to a mass 43 fragment (§¥CH,). This
N\ + N\ + . . . . .
NIy Q,N$N mechanism involves the migration of the methyl moietyo

the carbonyl group to the terminal N atom (after loss @j,N
yielding simultaneously By CO, and CHNCH,. A computa-
two channels. Both of these thermal fragments are relatively tional search for the transition state involved in this mechanism
stable to further fragmentation; however, with an increase in as not successful, and therefore, this mechanism cannot be
temperature, the imine and cyclic structure can further decom- excluded as a possible open channel.
pose, resulting in a decrease in the efficiency of both channels  The final thermal decomposition channel to be explained is
at high temperatures, as will be discussed in the following that which yields the mass 42 fragment. The most plausible
section. identity of this fragment is ketene ¢2CO), which would be

5.2. Thermal Decomposition Channels Yielding Fragments  formed with the partner fragment methanimine QH).
with Masses 44, 43, and 42 amuExamination of the  However, there are a number of mechanisms that can yield these
temperature dependence of the lower mass fragment channel$ragments. As mentioned above, the temperature dependence
(see Figure 4) reveals certain similarities between the behaviorsof this channel is similar to that of the thermal decomposition
of the m/z 43 andm/z 71a (which from the above discussion channel that proceeds through TS2. Indeed, the cyclic amine
has been identified as the imine channel) channels andthe  can decompose by cleavage of two bonds passing through the
42 andm/z 71 b (identified as the cyclic fragment channel) transition state shown in Figure 8i and is denoted as TS3 in
channels. These similarities can be rationalized by consideringthis work. The height of the barrier leading to these products is
the possible fragmentation mechanisms of the two mass 7113.3 kcal/mol with respect to the parent azide. We propose that
thermal fragments (see below). The temperature behavior of thethis mechanism accounts for the production of ketene and
mass 44 channel, on the other hand, appears to be different frormethanimine; however, it is necessary to examine the other
all of the other processes in that it gradually rises at low possible mechanisms that can lead to these products (illustrated
temperatures and then plateaus in the range from 900 to 120Gn Scheme 5) before this conclusion can be considered the only
K. These observations suggest that the thermal decompositionyalid one.
process yielding mass 44 fragments proceeds through a transition The first of these mechanisms (see Scheme 5a), which
state that is independent of the transition states leading to massnvolves as the first step a keto-enolization of the azidoacetone,
71 fragments. Indeed, Dyket al>® suggested a single-stage was suggested by Dyket al56 as a possible source of ketene
three-body decomposition in which a 1,2 H-atom shift takes and methanimine. Optimization of the transition state structure
place from the Chigroupa to the carbonyl group to the carbon  for keto-enolization (TS4) and calculation of its energy yielded

atom of the carbonyl group, yielding GBHO, HCN, and N. a barrier height of 66.2 kcal/mol for this process. This barrier

This mechanism is shown in Scheme 4. is much higher than those of TS1, TS2, and TS5, and therefore,
The search for a transition state consistent with such a it can be concluded that this channel is not operative.

mechanism yielded the structure shown in Figurei @3, TS5. The second mechanism (shown in Scheme 5b), which

The height of the potential energy barrier of this transition state, involves the fragmentation of the imine through TS6 (see Figure
calculated at the G3(MP2)B3 level, is 37.6 kcal/mol, which lies  9b), was also investigated from a computational point of view.
between the barrier heights of transition states TS1 and TS2.In this case the barrier height calculated using the same
This result explains the intermediate temperature behavior of proceedure as that used for the other transition states was found
this channel with respect to the temperature dependence of theo be 31.6 kcal/mol, which is 7.4 kcal/mol higher than the
channels proceeding through TS1 and TS2. asymptotic energy of the radical decomposition channel yielding
The similarity of the temperature variation of the mass 43 CH;CO and CHNH. Therefore, it is clear that the imine
channel to that of the low temperature mass 71 channel suggestslecomposition occurs preferentialiia the radical channel. As
that the initial step in the formation of the mass 43 fragment is a result it can be concluded that the mass 42 channel takes place
the formation of the imine. To explain these observations we by successive passage through TS2 and TS3.
propose that the identity of the mass 43 thermal fragment is  Having identified the nature of the channels involved in the
the CHCO radical formed by further thermal decomposition thermal decomposition we can now proceed to a discussion of
of CH3COCHNH. The partner fragment in this decomposition the temperature dependence of each channel. In particular, we
is also a radical: CHNH. A relaxed potential energy scan at concentrate on the “linked” channelse., the mechanisms
the B3LYP/6-31G(d) level in which the relevant carbararbon proceeding through TS1 (to form the imine) followed by
bond was progressively lengthened revealed that there is noradical-radical dissociation and that which involves successive
barrier in the exit channel of this process. The energy of the passage through TS2 an TS3. At room temperature no thermal
asymptote of this channel lies at 24.2 kcal/mol with respect to decomposition takes place but as soon as the temperature is
the parent azide. Dyket al> suggested another mechanism that raised some molecules decompose by passage through TS1.
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However, temperature is not the only variable that needs to berespect to the residence times in this study{30us), explains
considered in this case but also the position within the pyrolysis why the mass 71 fragments were not observed in that work.
tube at which the decomposition event takes place. At low
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why at high temperatures the intensities of the imine products Supporting Information Available: Complete ref 20.
decrease to nearly zero (see Figure 6a) and that of the radicalCartesian coordinates and absolute energies of all optimized
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