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Five aryliminopropadienones 4a-d have been synthesized by flash vacuum thermolysis (FVT) by using two
different precursors in each case. These compounds were deposited at 50 K at a pressure of ca. 10-6 mbar
together with three different nucleophiles, namely, trimethylamine (TMA), dimethylamine (DMA), and
diethylamine (DEA), in order to study their reactions as neat solids during warm-up by FTIR spectroscopy.
The reaction with TMA showed that a zwitterionic species (5 and/or 6) was formed in all the cases. With
DMA and DEA, an R-oxoketenimine and/or an imidoylketene (7 and 8 or 9 and 10) was formed as the final
product. In addition, several bands were observed, which can be assigned to zwitterionic intermediates (11 or
12). Optimized structures and vibrational spectra for all products were calculated at the B3LYP/6-31G(d)
level of theory by using the polarizable continuum model (ε ) 5).

Introduction

The formation of zwitterionic intermediates has been estab-
lished in the reactions of carbon suboxide (C3O2) with trim-
ethylamine (TMA) and dimethylamine (DMA).1 This results
from the nucleophilic attack of the amine on a CdO group of
the cumulene.2

We have now examined the reactivity of several C3O2

analogues, viz. the iminopropadienones R-NdCdCdCdO.
Most iminopropadienones are not stable at room temperature
and have only been studied at cryogenic temperatures by using
matrix isolation IR spectroscopy.3 However, some iminopro-
padienones are isolable at room temperature, and this has
allowed the recording of 13C NMR spectra in several cases.4

They are mostly generated by flash vacuum thermolysis (FVT)
from precursors such as 1,3-dioxane-4,6-diones (Meldrum’s acid
derivatives) and isoxazolopyrimidinone derivatives.3-5 We have
investigated the reactivity of the iminopropadienones with
different amines, viz. DMA, diethylamine (DEA), and TMA.

Experimental Section

Synthesis of Precursors. The iminopropadienones 4a-d
were synthesized from two types of precursor, the Meldrum’s
acid derivatives 1a, b, d, e, and the isoxazolopyrimidinones5

2a-e. In the case of 2-pyridyliminopropadienone 4c, the
Meldrum’s acid derivative is not obtainable, and the
chloropyridopyrimidinone3d 3 was used as an alternative precur-
sor. The Meldrum’s acid precursors were synthesized by the
reaction of 5-(bismethylthiomethylene)-2,2-dimethyl-1,3-
dioxane-4,6-dione3a-c,e with the respective arylamine, viz.
aniline,3a,b 2,6-difluoroaniline,5 and 3- and 4-aminopyridines.

The isoxazolopyrimidinones 2a-e were synthesized from the
corresponding carboxaldehyde by adapting standard protocols.5-7

Full details of all new compounds are given in the Supporting
Information document.

FVT and Matrix Isolation. The iminopropadienones were
produced by FVT as described in Scheme 1. The precursors
were sublimed at ca. 100 °C and pyrolyzed at 700 °C under a
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constant pressure of ca. 10-6 mbar to generate the corresponding
iminopropadienones. These compounds are not stable enough
to be isolable at room temperature. The products of pyrolysis
were deposited together with different amines in Ar gas on a
CsI window cooled to 50 K in a cryostat at a pressure of ca.
10-6 mbar. Each amine, DMA, DEA, and TMA, was previously
mixed with Ar in a gas bulb in the ratio 1:350, and this mixture
was used as a carrier gas during the FVT reaction. The deposited
neat solids comprised mixtures of the pyrolysis products
(iminopropadienones and byproducts) and the amine. Because
of the low pressure and excess of Ar used, little reaction took
place in the gas phase prior to deposition. Because of the
deposition temperature of 50 K, Ar was not condensed. After
recording the initial IR spectrum, the solid was warmed from
50 to 200 K at a rate of 2 K/min in order to induce mobility of
the compounds. The ensuing reactions were monitored by FTIR
spectroscopy.

Computational Details

Calculations were performed by using the Gaussian 03
package8 with the B3LYP9 density functional method and the
6-31G(d)10 basis set, together with the PCM SCRF approach.11

The application of a solvent field is justified by the fact that
the reactions investigated herein take place in an amine matrix
which certainly stabilizes reactive intermediates. Dielectric
constants between 5 and 40 have often been used for the study
of related systems.12 In this paper, we used a dielectric constant
of 5, a value close to those of liquid TMA (2.5), DMA (6.3),
and DEA (3.7). The exact value of ε has only a minor effect on
the appearance of the calculated IR spectra and a negligible
effect on the calculated energies.11 The harmonic frequencies
were calculated after geometry optimization at the same level
of theory, and all frequencies were scaled by a standard factor
of 0.9613.13

Results and Discussion

The pyrolysis of the precursors involves the generation not
only of the iminopropadienones but also of the byproducts

characteristic of each precursor (Scheme 1). Therefore, we first
examined the potential reactions of these byproducts with the
amines. In the case of the Meldrum’s acid derivatives 1, FVT
produces iminopropadienones, CO2, and acetone (Scheme 1).
Acetone did not give any reaction with DMA, DEA, and TMA
at the pressure (10-6 mbar) and temperatures (50-200 K) used.
However, alkylammonium alkylcarbamate ions formed by
reaction of CO2 with the amines can be observed in the spectra;
they are characterized by bands growing around 1550, 1400,
and 1340 cm-1 region14 (see the Supporting Information). These
compounds do not give rise to any bands in the spectral window
relevant for the iminopropadienones and the reaction products.
In the case of the isoxazolopyrimidinones 2, HNCO and HCN
are produced at the same time as the iminopropadienones
(Scheme 1). In contrast to HNCO, the HCN did not show any
reactivity. In solid phase, HNCO has strong and characteristic
bands at 2252 and 2259 cm-1 when it is in an environment of
solid NH3.15,16 It is well-known that HNCO reacts with NH3

even at low temperature to produce OCN-, which is easily
identified by a band at 2165 cm-1 in solid alkali cyanates or at
2151 cm-1 when embedded in solid NH3.15,16 Consequently, in
all our spectra arising from FVT of isoxazolopyrimidinones, a
band appears between 2162 and 2156 cm-1 during warm-up of
the deposited products. We ascribe this band to OCN- embed-
ded in a matrix of the amine. A large excess of amines was
used in order to examine the iminopropadienone reactivity.

Reaction with TMA. The unsubstituted phenyliminopropa-
dienone 4a was generated from two different precursors, the
Meldrum’s acid derivatives 1a and the isoxazolopyrimidinone
2a. 4a was deposited with TMA at 50 K. 4a is characterized3

by two bands at 2228 and 2193 cm-1 (from 1a) and at 2237
and 2183 cm-1 (from 2a; see Figure 1). This difference in
wavenumbers is probably due to the differences in the matrix
environments of each deposited compound. When 2a was used
as a precursor, a band was observed at 2161 cm-1 because of
the formation of the cyanate anion OCN- arising from the
reaction between HNCO and TMA (see discussion above,15,16

Figure 1). In Figures 1 and 2, combination bands of TMA are

Figure 1. Phenyliminopropadienone (4a) from 2a with TMA deposited at 50 K and recorded at (a) 50 K, (b) 80 K, (c) 90 K, (d) 100 K, (e) 110
K, (f) 120 K, (g) 130 K, (h) 140 K, (i) 150 K, and (j) 160 K.
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also observable at 2075 and 2095 cm-1. When the temperature
was increased, at 80-90 K, a new band grew at 2112 cm-1; at

the same time, the bands of 4a were decreasing. The new band
was growing until ca. 110 K and then decreased when the
desorption of all the species began. This 2112 cm-1 band is
ascribed to the formation of a zwitterion 5a or 6a (Scheme 2)
based on the SCRF calculations.

For each iminopropadienone, two different zwitterions, 5 and
6 (Scheme 2), corresponding to the nucleophilic attack of the
TMA (and DMA, compounds 11 and 12) on the CdO and NdC
carbon atoms, were optimized in a simulated solvent field. As
shown in Figure 1 and Table 1, the predicted frequencies of
the harmonic vibrations allow the assignment of the bands
around 2112 cm-1 to one of the zwitterions 5 or 6. In all cases,

Figure 2. Difluorophenyliminopropadienone from 1b with TMA deposited at 50 K, then recorded at (a) 50 K, (b) 70 K, (c) 80 K, (d) 90 K, (e)
100 K, and (f) 140 K.

SCHEME 2

Figure 3. Phenyliminopropadienone (4a) from 2a with DMA deposited at 50 K, then recorded at (a) 100 K, (b) 120 K, (c) 140 K, and (d)
200 K.
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the calculated values for the TMA addition at the CdO end (5)
are closer to the experimental values, except for 6b, which
possesses a distorted structure and hence gives a smaller value
for the CdCdN vibration. Although it is not possible to
determine with absolute certainty, these data are a strong
indication for the formation of a zwitterion resulting from CdO
addition.

The difluorophenyliminopropadienone 4b was generated from
the precursors 1b and 2b and deposited with TMA at 50 K. No
reaction took place at this temperature. 4b is characterized3 by
three bands at 2255, 2229, and 2193 cm-1 when using 1b as
the precursor (Figure 2) and a broadband centered at 2228 cm-1

when using 2b (see Supporting Information). When the tem-
perature of the matrix was increased to ca. 70 K, a new band
appeared at 2114 cm-1 (when using 1b as the precursor) or
2112 cm-1 (when using 2b as the precursor), see Table 1.

Intensities of bands due to 4b decreased at the same time. The
2112-2114 cm-1 band was growing until ca. 140 K and then
decreased because of desorption of all the species in the matrix.
When 2b was used as precursor, a second band was growing at
2152 cm-1; this is shown in the Supporting Information and is
ascribed to the formation of the OCN- ion formed by reaction
between HNCO and TMA.

An analogous experiment was carried out with iminopropa-
dienone 4b and pyridine. Here, a new band at 2112 cm-1

appeared on warming to ca. 70 K. This type of experiment has
been performed previously with C3O2 and pyridine;1,17 in the
case of the reaction of C3O2 with TMA,1 a zwitterion was clearly
observed experimentally between 2129 and 2082 cm-1, and its
structure was corroborated by SCRF calculations.

TMA was deposited with all three pyridyliminopropadienones
4c-e at 50 K. The reactions with 4c, 4d, and 4e gave rise to
products with characteristic bands at 2117, 2115, and 2113 cm-1,
respectively (all the spectra are shown in the Supporting
Information). The experimental and calculated frequencies for
the zwitterions (5 or 6) resulting from reaction of 4a-e are
reported in Table 1.

Reaction with DMA and DEA. Iminopropadienone 4a was
deposited with DMA at 50 K. The resulting IR spectrum showed
bands belonging to both compounds. 4a is characterized3 by
two bands at 2244 and 2184 cm-1 from precursor 1a and at
2242 and 2186 cm-1 from 2a. When the temperature was
increased to ca. 100 K, a new band started growing at 2032
cm-1, and at the same time, the intensities of bands due to 4a

TABLE 1: Experimental and Theoretical Main Bands Obtained after Reaction of Iminopropadienones 4 with TMA and DMAa

experimental frequencies (cm-1) theoretical frequencies (cm-1)

starting
iminopropadienone 4 iminopropadienone 4

species formed in
reaction with TMA

intermediate species
formed with DMA

zwitterions 6
and 12 from nucleophilic

attack on CdN

zwitterions 5
and 11 from nucleophilic

attack on CdO

4a from 1a 2228 (s) 2112 (s) 2172 (6a) 2118 (5a)
4a from 2a 2237 (s) 2112 (s)
4b from 1b 2229 (s) 2114 (s) 2116 (6b) 2124 (5b)
4b from 2b 2228 (s) 2112 (s)
4c from 3 2230 (s) 2116 (m) 2172 (6c) 2128 (5c)
4c from 2e 2237 (s) 2117 (s)
4d from 1d 2221 (s) 2115 (s) 2171 (6d) 2127 (5d)
4e from 1e 2222 (s) 2113 (s) 2144 (6e) 2127 (5e)
4a from 1a 2228 (s) 2112 (s) 2150 (12a) 2123 (11a)
4b from 1b 2229 (s) 2114 (s) 2097 (12b) 2126 (11b)
4c from 3 2230 (s) 2116 (m) 2115 (12c) 2127 (11c)
4d from 1d 2221 (s) 2115 (s) 2145 (12d) 2125 (11d)
4e from 1e 2222 (s) 2113 (s) 2113 (12e) 2128 (11e)

a Theoretical frequencies with B3LYP/6-31G(d) obtained by using an SCRF method with ε ) 5 and a scaling factor of 0.9613. Intensities: s,
strong; m, medium; w, weak.

TABLE 2: Experimental and Theoretical Main Bands Obtained after Reaction of Iminopropadienones 4 with DMAa

experimental frequencies (cm-1) theoretical frequencies (cm-1)

starting
iminopropadienone 4

iminopropadienone
4

species formed in
reaction with DMA ketene 8

ketenimine
7

4a from 1a 2244 (s) 2032 (m) 2120 (8a) 2039 (7a)
4a from 2a 2242 (s) 2033 (m)
4b from 1b 2231 (s) 2142 (m),2131 (m)/2039 (m) 2123 (8b) 2043 (7b)
4b from 2b 2236 (s) 2144 (s)/2043 (m), 2027 (m)
4c from 3 2231 (s) 2124 (s)/2032 (m) 2124 (8c) 2047 (7c)
4d from 2d 2226 (s) 2134 (w) /2034 (w) 2124 (8d) 2039 (7d)
4e from1e 2223 (s) 2127 (m)/2033 (w) 2127 (8e) 2045 (7e)
4e from 2e 2229 (s) 2130 (m)/2027 (w)

a Theoretical frequencies with B3LYP/6-31G(d) obtained by using an SCRF method with ε ) 5 and a scaling factor of 0.9613. Intensities: s,
strong; m, medium; w, weak. In the reactions of 4b-e with DMA, two sets of growing bands were observed, indicating that both ketene and
ketenimine are formed.

SCHEME 3
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decreased (Figure 3, Table 2). The new peak reached its
maximum intensity at 120 K, and it is ascribed to the ketenimine
7a (Scheme 3) because analogous ketenimines with similar
absorptions have been observed.3,12 During the warm-up, a shift
from 2032 to 2042 cm-1 is seen, probably due to a phase change.

Compound 4a was also deposited with DEA at 50 K, giving
rise to bands at 2228 and 2193 cm-1 when generated from
precursor 1a and at 2235 and 2186 cm-1 from 2a. At 100 K, a
new ketenimine band grew in at 2032-2033 cm-1 depending
on the precursor. This is ascribed to 9a. The main experimental
and calculated bands for the ketenimines 7 and 9 and ketenes
8 and 10 are listed in Tables 2 and 3. The experimental values
are in good agreement with the calculated bands and support
the formation of ketenimines 7a and 9a.

The difluorophenyliminopropadienone5 4b was deposited
with DMA by using the same conditions as those reported
above for 4a. Compound 4b is characterized by a double
band at 2264 and 2231 cm-1 when formed from the
Meldrum’s acid derivative 1b and a broad band at 2236 cm-1

when derived from the isoxazolopyrimidinone 2b. Two other
important bands appear between 2156 and 2130 cm-1 in all
matrices arising from depositions of 4b and DMA. They are
assigned to the ketene 8b, formed in a gas-phase reaction
between 4b and the amine (see Supporting Information).
Moreover, in the spectrum arising from deposition of 4b
(from 2b) with DEA, analogous bands at 2143 and 2130 cm-1

indicate a gas-phase reaction forming ketene 10b (Figure 4,
Scheme 3). It should be noted that the formation of ketene
and/or ketenimine in the gas phase has only a bearing on the
thermodynamics and not on the kinetics, because it is known
that imidoylketenes and R-oxoketenimines of these types
interconvert with low energies of activation (e45-50
kJ/mol).12c,d Thus, the present low temperature studies are
necessary in order to determine which species are formed
first.

Annealing of the matrix containing 4b and DEA to 100 K
caused a new band to grow at 2039 cm-1, and a new shoulder
appeared at 2113 cm-1 (Figure 4). This latter band continued

TABLE 3: Experimental and Theoretical Main Bands Obtained after Reaction of Iminopropadienones 4 with DEAa

experimental frequencies (cm-1) theoretical frequencies (cm-1)

starting iminopropadienone 4 iminopropadienone 4 species formed in reaction with DEA ketene 10 ketenimine 9

4a from 1a 2228 (s) 2109 (w)/2033 (m) 2118 (10a) 2039 (9a)
4a from 2a 2235 (s) 2033 (m)
4b from 2b 2236 (s) 2143 (w), 2041 (w) 2121 (10b) 2042 (9b)
4c from 3 2226 (s) 2126 (s), 2037 (m)/2015 (m) 2122 (10c) 2048 (9c)
4d from 1d 2226 (s) 2140 (w)/2116 (m)/2035 (m) 2120 (10d) 2038 (9d)
4d from 2d 2224 (s) 2149 (m)/2120 (w)/2028 (m)
4e from 1e 2224 (s) 2152 (w)/2113 (w)/2036 (w) 2124 (10e) 2045 (9e)

a Theoretical frequencies with B3LYP/6-31G(d) obtained by using an SCRF method with ε ) 5 and a scaling factor of 0.9613. Intensities: s,
strong; m, medium; w, weak. In the reactions of 4a-e with DEA, two sets of growing bands were observed, indicating that both ketene and
ketenimine are formed. For 4b-d, bands ascribed to zwitterions were also observed (2113-2116 cm-1, see text).

Figure 4. Difluorophenyliminopropadienone (4b) from 1b with DEA deposited at 50 K and recorded at (a) 50 K, (b) 80 K, (c) 100 K, (d) 110 K,
(e) 120 K, (f) 130 K, (g) 140 K, (h) 150 K, (i) 200 K, and (j) 240 K.
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growing till 130 K and then began to decrease. The results from
the TMA experiment (vide supra) suggest that the 2113 cm-1

species is a zwitterion analogous to 5 or 6 (11 or 12, Scheme
4, Table 1). The 2039 cm-1 band continued to grow till 140 K
and is ascribed to the formation of ketenimine 9b in the matrix.
When 4b was deposited with DMA, this ketenimine band was
weakly present already in the deposition spectrum at 50 K,
indicating the formation of ketenimine 7b (minor) along with
ketene 8b (major) in the gas-phase reaction (see Scheme 3).
This ketenimine band grew strongly from 110-120 K onward
and indicates the preferential formation of ketenimine 9b in the
matrix.

Upon deposition of 3-pyridyliminopropadienone 4d with
DMA or DEA, the appearance of weak bands at ca. 2140 and
2035 cm-1 indicates the formation of small amounts of both
ketene and ketenimine in a gas-phase reaction (Figures 5 and
6). In the deposition with DMA, the ketenimine band at 2034
cm-1 was observed to grow from ca. 100 K as a result of a
reaction of DMA with 3-pyridyliminopropadienone 4d (2226
cm-1) in the matrix (Figure 5). The band of 3-pyridylimino-
propadienone decreased as the 2034 cm-1 band increased, and
the latter is assigned to ketenimine 7d. A similar reaction was
observed with DEA, and the resulting ketenimine 9d had a band
at 2035 cm-1 when 4d was generated from the Meldrum’s acid

Figure 5. 3-Pyridyliminopropadienone (4d) from 1d with DMA deposited at 50 K, recorded at (a) 50 K, (b) 80 K, (c) 100 K, (d) 120 K, (e) 130
K, (f) 140 K, (g) 150 K, (h) 160 K, and (i) 180 K.

Figure 6. 3-Pyridyliminopropadienone (4d) from 1d with DEA deposited at 50 K, then recorded at (a) 50 K, (b) 90 K, (c) 100 K, (d) 110 K, (e)
120 K, (f) 130 K, (g) 140 K, (h) 150 K, and (i) 160 K.
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derivative 1d (Figure 6) and at 2028 cm-1 when 4d was
generated from the isoxazolopyrimidinone 2d. In Figure 6, a
band is seen to grow at 2116 cm-1 from 90 K onward. This
band is in the range of the zwitterions 5 and 6 (11 and 12,
Scheme 4). At 110 K, it reached maximum intensity and then
began to decrease. At the same time, the ketenimine band at
2035 cm-1, assigned to 9d, continued to grow till 120 K.

2-Pyridyliminopropadienone 4c was codeposited with DMA
at 50 K (Figure 7) and characterized by a strong band at 2231

cm-1. Interestingly, an intense band at 2124 cm-1 corresponding
to the ketene 8c was also present. This is ascribed to a gas-
phase reaction between 2-pyridyliminopropadienone and DMA,
and a growth of this band was observed during the annealing
process until 110 K. In addition, a weak band at 2028 cm-1

was also growing between 80 and 100 K and corresponds to
ketenimine 7c. The intensity of 4c was seen to decrease at the
same time. The fact that both ketene and ketenimine products
are observable indicates that the reactivities of the CdO and

Figure 7. 2-Pyridyliminopropadienone (4c) from 3 with DMA deposited at 50 K, recorded at (a) 50 K, (b) 80 K, (c) 100 K, (d) 130 K, (e) 140
K, (f) 150 K, and (g) 180 K.

Figure 8. 4-Pyridyliminopropadienone (4e) from 1e with DMA deposited at 50 K, recorded at (a) 50 K, (b) 80 K, (c) 100 K, (d) 130 K, (e) 140
K, (f) 150 K, and (g) 180 K.
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CdN subunits in 4c are of the same order of magnitude. The
normal reactivity5 should lead to preferential reaction with the
CdO carbon and hence formation of ketenimine 7. The electron-
withdrawing 2-pyridyl group may increase the electrophilicity
of the NdC carbon, causing more of the abnormal reaction
product to form, as has been seen in the preparative experi-
ments.19

Codeposition of 4-pyridyliminopropadienone 4e (from 1e)
with DMA at 50 K resulted in a strong band at 2223 cm-1,
due to 4e, and a weaker band at 2127 cm-1 (Figure 8).
Analogously to the case of 2-pyridyliminopropadienone, the
weak band at 2127 cm-1 grew during the annealing process,
and it is ascribed to the ketene 8e. At 100 K, a ketenimine
band at 2033 cm-1 was also observed. These observations
again indicate that the electron withdrawing effect of the
4-pyridyl group may activate the NdC carbon toward
nucleophilic attack.

When 4e was deposited with DEA, a large structured band
at 2127 cm-1 began to grow around 110 K (see Supporting
Information). This is in the ketene region and is ascribed to the
formation of 10e. A band at 2113 cm-1 was also observed
around 110 K and disappeared totally at 120 K, whereas the
2127 cm-1 band stayed till 160 K. As described above, the band
at 2113 cm-1 corresponds to a zwitterionic intermediate (11 or
12, Scheme 4). At 110 K, another band appeared at 2036 cm-1,
which corresponds to the formation of ketenimine 9e. The main
observed and calculated bands are correlated in Tables 2 and
3. Importantly, iminopropadienone 4e appears to form ketenes
(8e and 10e) much more readily than ketenimines (7e and 9e).

Close inspection of the data presented in Table 1 indicates
that the intermediates formed in the reactions with secondary
amines derived from the addition to the CdO end of the
molecule, in accordance with the findings for the TMA addition.

Conclusion

Preparative scale experiments have revealed that the
iminopropadienones RNdCdCdCdO usually react with
nucleophiles and bisnucleophiles, first, on the more electro-
philic CdO carbon and, second, on the CdN carbon.
However, exceptions were noted for the 2,6-difluorophenyl
derivative 4b and the 2-pyridyl derivatives 4c, where
significant amounts of additional products derived from the
alternative mode of attack (first CdN, second CdO) were
isolated and characterized.5,18

The present experiments provide direct evidence for
nucleophilic attack on both the CdO and CdN moieties in
iminopropadienones. The iminopropadienones 4a-e isolated
at low temperatures in amine matrices react with amines
(TMA, DMA, DEA) at 70-90 K to form zwitterions 5 and/
or 6 and 11 and/or 12 observable in the IR spectra at ca.
2110-2117 cm-1. A clear distinction between the two types
of zwitterion cannot be made, but the data are in good
agreement with calculations for preferred attack on the CdO
bonds to form ketenimine-type zwitterions. In the reactions
with secondary amines (DMA and DEA), the formation of
imidoylketenes 8(10) predominates in the gas-phase reactions,
except in the case of 4a, whereas the formation of oxoketen-
imines 7(9) predominates in the matrix reactions. Notably,
the 2,6-difluorophenyl, the 2-pyridyl, and the 4-pyridyl
substituent in 4b, 4c, and 4e, respectively, appear to activate
the CdN moieties toward nucleophilic attack, resulting in
the preferred formation of ketenes 8(10) in the reactions with
secondary amines in low temperature matrices.19

The formation of a zwitterion analogous to 5 or 6 (cf. Scheme
2) was also observed in the reaction of 4b with pyridine. In

some cases (4b, 4d, and 4e), zwitterion intermediates 11 and/
or 12 (2113-2116 cm-1) were also observed in the reactions
with the secondary amines, particularly DEA. These species
disappeared again at 110-120 K, whereas bands due to
ketenimines 7 (9) continued to grow. Thus, zwitterions 11 and
12 are assumed to be intermediates in the formation of
ketenimines 7(9) and ketenes 8(10) as indicated in Scheme 4.

Detailed computational studies relating to these reaction
pathways are described in a separate paper.19
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