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Abstract: An ultraviolet photoelectron (PE) spectrometer apparatus that utilizes a tuneable 50 W CW CO2 laser as a
directed heat source was used to study the vacuum pyrolysis of diazoacetophenone (1a) and itsp-methyl, p-methoxy,
p-chloro, andp-nitro analogues1b, 1c, 1d, and1e. Analysis of the pyrolysate with He(I) ultraviolet PE spectroscopy
shows that at a laser power level of 26 W (500 ± 50°C)1a, 1b, 1c, and1d, cleanly yield the corresponding
phenylketenes2a, 2b, 2c, and2d, respectively, the products of the Wolff rearrangement of the incipient ketocarbenes.
Of this group of highly reactive ketenes, which cannot be isolated in the condensed phase at ambient temperature, only
2a has been the subject of a previous PE spectroscopic study. But our work indicates that the sample of2a prepared in
the earlier study was impure. The low volatility ofp-nitrodiazoacetophenone (1e) thwarted our attempts to generate2e
and obtain its spectrum. Calculations at semiempirical (AM1) and ab inito (HF/6-31G(d)) levels of theory established
that the diazoacetophenones prefer to adopt twistedsyn conformations. That the calculated ionization potentials
(HAM/3 and Becke3LYP/6-31+G(d)//HF/6-31G(d)) of1a–1d and the synthesized PE spectra of1a, 1b, and1c
correlate well with the PE spectroscopic data supports this finding. Shifts observed in the three low-energy ionizations
of ketenes2b, 2c, and2d induced by thepara-substitution can be related to the character of the corresponding
occupied molecular orbitals of phenylketene (2a).

Key words: diazoacetophenones, phenylketenes, He(I) photoelectron spectroscopy, thermolysis, quantum chemical calcu-
lations.

Résumé: On a fait appel à un spectromètre photoélectronique (PE) ultraviolet, qui utilise comme source de chaleur un
laser à CO2 de 50 W ajustable et à VC, pour étudier la pyrolyse sous vide de la diazoacétophénone (1a) et de ses
analoguesp-méthyl-, p-méthoxy-,p-chloro- etp-nitro- (1b, 1c, 1det 1e). L’analyse des pyrolysats par spectroscopie PE
ultraviolette à He(I) montre que, à une puissance de laser de 26 W (500 ± 50°C), les composés1a, 1b, 1cet 1d
conduisent proprement aux phénylcétènes correspondants, soit les produits2a, 2b, 2cet 2d respectivement, qui
correspondent aux produits de réarrangement de Wolff des cétocarbènes qui se forment. De ce groupe de cétènes
hautement réactifs qui ne peuvent pas être isolés sous forme condensée à la température ambiante, seul le composé2a
avait fait l’objet d’une étude antérieure par spectroscopie PE. Les résultats obtenus au cours de ce travail indiquent
toutefois que le composé2a préparé antérieurement n’était pas pur. La faible volatilité de lap-nitrodiazoacétophénone
(1e) nous a empêché de générer le produit2e et d’en obtenir un spectre. Des calculs théories aux niveaux
semiempirique (AM1) et ab initio (HF/6-31G(d)) ont permis de déterminer que les diazoacétophénones adoptent
préférentiellement les conformationssyn déformées. Le fait que les potentiels d’ionisation calculés (HAM/3 et
Becke3LYP/6-31+G(d)//HF/6-31G(d)) pour les composés1a–1d et que les spectres PE synthétisés des produits1a, 1b
et 1c donnent une excellente corrélation avec les données de spectroscopie PE est en accord avec cette conclusion. Les
déplacements observés dans les trois ionisations de faible énergie des cétènes2b, 2c et 2d sont induits par les
substituants enpara et on peut les relier au caractère des orbitales molécules occupées correspondantes du
phénylcétène (2a).

Mots clés: diazoacétophénones, phénylcétènes, spectroscopie photoélectronique He(I), thermolyse, calculs théoriques
par chimie quantique.
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To facilitate the preparation and detection of highly reac-
tive transients in the gas phase, we developed a He(I) ultra-
violet photoelectron (PE) spectrometer-CW CO2 laser appa-
ratus and used it successfully to study the vacuum pyrolysis
of 6,6-dihalobicyclo[3.1.0]hexanes (1), 1,2,3-benzotriazines (2),
4-diazoisochroman-3-one (3), and 4-diazoisothiochroman-3-
one (4), 11-oxatricyclo[6.2.1.02,7]-undeca-2,9-diene (5), and
2,2-dimethoxy-5,5-dimethyl-∆3-1,3,4-oxadiazoline (6). To
widen our research in this field, we undertook a study of the
vacuum pyrolysis of diazoacetophenone (1a), p-

methyldiazoacetophenone (1b), p-methoxydiazoaceto-
phenone (1c), p-chlorodiazoacetophenone (1d), and p-
nitrodiazoacetophenone (1e) that are potential precursors of
ketocarbenes and the correspondingpara-substituted
phenylketenes, which are the Wolff rearrangement products
(7). Only a limited number of ketenes which cannot be iso-
lated in the condensed phase at ambient temperature have
been studied in the gas phase with PE spectroscopy (5, 8–
13), and there is comparatively little experimental data avail-
able on the vacuum pyrolysis ofα-diazocarbonyl com-
pounds (see, for example, ref.14) in contrast to the large
body of work that has been accumulated on the
photochemistry of this class of compounds (14–21). Given
that a wide variety of diazocarbonyl compounds can be syn-
thesized (14) and, as our studies have shown, easily
pyrolyzed in the gas phase, we expected PE spectroscopic
and calculational studies to provide fundamental information
on aspects of the electronic structure and reactivity of this
group of compounds and the products derived from the in-
cipient ketocarbenes (4, 5). We undertook a study of1a, 1b,
1c, 1d, and1e specifically (i) to gain information about the
nature of the frontier molecular orbitals (MOs), (ii ) to study
the conformational properties of these compounds in the gas
phase, (iii ) to establish whether our instrument is generally
useful for preparing and studying ketenes in the gas phase
(five new para-substituted phenylketenes were to be pre-
pared), and (iv) to determine the effect of thepara-substitu-
ents on the ionization potentials of2a with the goal of char-
acterizing its highest occupied molecular orbitals. This paper
documents the results of a PE spectroscopic study of the py-
rolysis of diazoacetophenones1a, 1b, 1c, and1d and a com-
putational study of the conformational properties and molec-
ular orbitals of this group of compounds, the nitro analogue
1e, and the corresponding ketenes (Scheme 1).

Fig. 1. Optimized structures of (a) 1a–1e obtained with AM1 and (b) 1a–1d obtained with HF/6-31G(d).

Fig. 2. Potential energy surface (AM1) of1a for the torsion of
N5C—C5O and phenyl—C5O dihedral angles.



Calculations
Calculations at the semiempirical level of theory were

carried out with AM1 of HyperChem 4.0 (22), AMPAC 2.0
(23), or MOPAC 6.0 (24), with the latter two programs run-
ning on IBM RS/6000 model 320H, 350, and 530 comput-
ers. An RMS gradient of 0.02 was used to obtain optimized
geometries with HyperChem 4.0, and the keyword PRECISE
was used in the case of AMPAC and MOPAC calculations to
tighten the convergence criteria. Ab initio HF (25) and
Becke3LYP (26) calculations were carried out with
GAUSSIAN 94 (27) running on IBM RS/6000 model 350,
530, 39H, and SP2 and SGI R10000 Impact computers. Opti-
mized geometries were shown to be minima by frequency
calculations; total energies are uncorrected for zero-point ener-
gies. Thesemiempirical method HAM/3 (28) was used to
compute the ionization potentials. The acronyms

HAM/3//AM1 and HAM/3//HF/6-31G(d) indicate that HAM/3
calculations were carried out on AM1 and HF/6-31G(d) op-
timized equilibrium geometries, respectively. Synthetic
spectra were calculated from the MO results with a FOR-
TRAN program PESPEC (29). Spectra were synthesized
from the 10 lowest IPs (HAM/3), with a Gaussian convolu-
tion of 0.4 and the temperature set at 300 K. Graphical rep-
resentations of the computationally determined eigenvectors
(AM1//HF/6-31G(d)) were plotted from HyperChem 4.0.

PE spectroscopic studies
The locally built PE spectrometer-CW CO2 infrared laser

apparatus (the laser is used as a directed heat source) em-
ployed in this study is described in our earlier publications
(1–5). To obtain the PE spectra of the diazoacetophenones
(1a, mp 51–52;1b, mp 57–58;1c, mp 87–88;1d, mp 115–
116; 1e, mp 116–117°C), which were prepared by estab-
lished methods (30), a 20 mg sample was placed in a bottle-
shaped quartz reaction vessel that was inserted into the tip of
a heated probe. The temperature was slowly ramped up (a
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Compound ∆Hf ∆∆Hf ET (hartrees) ∆ET (kJ mol–1)

syn-1a 221.42 –490.141 659a

anti-1a 232.55 11.13 –490.135 222a 16.88
syn-1b 188.87 –529.179 538
anti-1b 199.95 11.08 –529.173 039 17.05
syn-1c 60.54b –604.023 915
anti-1c 72.68 12.13 –604.017 046 18.02
syn-1d 192.67 –949.041 019
anti-1d 205.06 12.38
syn-1e 240.75
anti-1e 253.05 12.30
2a 72.22 –381.274 201
2b 40.25 –420.311 107
2c –85.40b –495.153 149
2d 42.55 –840.173 832

a The total energies obtained with the keyword TIGHT are identical within 10–6 hartrees to the values given.
b The stereoisomer with the methoxy group orientatedanti to the C5O group is marginally higher in energy (1c: ∆Hf = 61.17 kJ

mol–1; 2c: ∆Hf = –85.23 kJ mol–1) than the correpondingsyn isomer.

Table 1. The AM1 heats of formation∆Hf (kJ mol–1) and HF/6-31G(d) total energiesET of two conformations of
diazoacetophenones1a–1e and of phenylketenes2a–2d.

Dihedral

Compound N5C—C5O phenyl—C5O

syn-1a 4.1(2.2)b(1.6)c 31.6(17.0)b(17.3)c

anti-1a 179.9(165.2)b(165.2)c 58.6(36.8)b(36.7)c

syn-1b 4.1(2.1)b 30.0(15.0)b

anti-1b 173.4(164.6)b 53.9(35.1)b

syn-1c 4.3(1.7)b 31.3(10.3)b

anti-1c 172.1(163.3)b 52.3(32.2)b

syn-1d 2.9 35.9
anti-1d 178.9 81.2
syn-1e 2.4 38.1
anti-1e 175.7 60.3

aUnless stated otherwise the values listed were calculated with AM1.
bCalculated at the HF/6-31G(d) level of theory.
cCalculated at the HF/6-31G(d) level of theory with the keyword

TIGHT.

Table 2. Selected calculateda dihedral angles (degrees) of two
conformations of diazoacetophenones1a–1e.

Scheme 1.



maximum temperature of 80°C was used) until a suitable
source pressure in the region of (3 × 10–3)–(8 × 10–3) Torr (1
Torr = 133.3 Pa) was obtained. In the case of1b, 1c, and1d,
which exhibited low volatilities, N2 was used as a pressure
make-up gas to improve the signal to noise.2 Consequently,
vertical expansions of the spectra were required in the re-
gion of 8–15 eV.

Spectra were obtained by averaging 20–35 scans and cali-
brated with the 15.6 eV band of N2. Linearity of the scale
was ensured through calibrations with methyl iodide (9.54
and 10.16 eV) and O2 (12.30 eV) performed prior to the ex-
periments. Vertical ionization potentials are accurate to ±
0.05 eV. Pyrolyses of the diazoacetophenones were carried
out in a hot zone 1–2 mm in length obtained by focusing the
laser beam (power levels of 26, 42, and 47 W were used) on
the tip (2–3 mm inner diameter) of the bottle-shaped quartz
sample vessel. Due to the very low volatility of1e we were
not able to obtain its spectrum and study its pyrolysis even
in the presence of the pressure make-up gas. Hatched bands
in the PE spectra are due to traces of H2O (12.6 eV) and a
shadow peak (13.6 eV) of N2.

Calculations

1. Conformational properties of diazoacetophenones and
phenylketenes

Figure 1(a) shows the AM1 optimized geometrical struc-
tures of thesyn forms of 1a–1e. The gas-phase torsional po-
tential energy surfaces of1a, 1b, and 1c were calculated
with AM1 by varying the N5C—C5O and phenyl—C5O
dihedral angles from 0° to 180° in 15° increments. At the
AM1 level, 1a prefers a twistedsyn rather than ananti con-
formation of the N5C—C5O group, and the conformer
with the N5C—C5O and phenyl—C5O dihedral angles
fixed at 90° is the highest energy species. Because the po-
tential energy surfaces of1a–1c exhibit very similar topolo-
gies we report only the surface obtained for
diazoacetophenone (1a) as Fig. 2. That the surfaces of1b
and 1c (not shown) are virtually identical to the surface of
1a indicates that1a, 1b, and1c have similar conformational
properties in the gas phase. That twistedsynconformers are
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1a HAM3b IP 8.60 9.09 9.53 9.60 11.74 11.96 12.33 12.72 13.22 13.83
HAM3c IP 8.72 9.47 9.58 9.66 11.87 12.15 12.49 13.10 13.68 13.88
B3LYPd –ε 6.87 7.21 7.41 7.47 9.82 10.17 10.24 11.37 11.61 12.01

IPe 8.8 9.1 9.3 9.4 11.7 12.1 12.1 13.3 13.5 13.9
1b HAM3b IP 8.41 9.07 9.24 9.39 11.39 11.86 12.14 12.46 12.71 12.90

HAM3c IP 8.55 9.28 9.36 9.38 11.51 11.98 12.19 12.82 12.95 13.34
B3LYPd –ε 6.77 7.05 7.27 7.34 9.62 9.89 9.96 10.85 11.49 11.88

IPe 8.6 8.9 9.1 9.1 11.4 11.7 11.8 12.7 13.3 13.7
1c HAM3b IP 8.28 8.75 8.95 9.43 10.84 11.27 12.05 12.24 12.43 12.64

HAM3c IP 8.35 8.77 9.28 9.42 10.95 11.46 12.33 12.45 12.83 12.91
B3LYPd –ε 6.46 6.80 7.16 7.43 9.13 9.32 10.24 10.63 10.87 11.32

IPe 8.2 8.5 8.9 9.1 10.8 11.0 11.9 12.3 12.6 13.0
1d B3LYPd –ε 7.00 7.25 7.51 7.77 8.93 9.46 10.32 10.76 11.04 11.69

IPe 8.8 9.1 9.3 9.6 10.7 11.3 12.1 12.6 12.8 13.5
2a HAM3b IP 8.17 9.36 10.19 11.99 12.03 12.27 13.35 13.80 14.04 14.21

B3LYPd –ε 5.97 7.15 8.20 9.62 9.86 10.47 11.45 11.74 12.14 12.55
IPe 7.9 9.1 10.1 11.5 11.8 12.4 13.4 13.6 14.0 14.5

2b HAM3b IP 7.93 9.20 9.83 11.73 11.84 12.10 12.56 13.01 13.54 13.74
B3LYPd –ε 5.79 7.07 7.93 9.43 9.66 10.18 10.63 11.23 11.61 11.65

IPe 7.7 9.0 9.8 11.3 11.6 12.1 12.5 13.1 13.5 13.6
2c HAM3b IP 7.67 9.17 9.33 11.13 11.25 12.15 12.21 12.60 13.25 13.35

B3LYPd –ε 5.52 7.15 7.46 9.11 9.35 10.03 10.48 10.68 11.48 11.81
IPe 7.4 9.1 9.4 11.0 11.3 11.9 12.4 12.6 13.4 13.7

2d B3LYPd –ε 6.08 7.53 7.97 8.70 9.68 10.18 10.47 11.18 11.75 12.15
IPe 7.9 9.3 9.8 10.5 11.5 12.0 12.3 13.0 13.6 14.0

aTwisted syn conformers.
bAt the HAM/3//AM1 level of theory.
cAt the HAM/3//HF/6-31G(d) level of theory.
dAt the Becke3LYP/6-31+G(d)//HF/6-31G(d) level of theory.
eOrbital energies shifted uniformly, so that the HOMO energyd equals the calculated first IPv as given in Table 4.

Table 3. Calculated vertical ionization potentials IP (eV) and orbital energiesε (eV) for diazoacetophenonesa 1a–1d and phenylketenes
2a–2d.

2 Although He(I) PE spectra of1a, 1b, and1d already have been reported by Modelli et al. (31) they are presented again for two reasons:
(i) the spectra reported earlier contain bands of nitrogen — and along with these, bands of further products — due to decomposition of the
compounds, and (ii ) the different analyzer transmission functions of the spectrometers used in the previous and in this study lead to PE
spectra that differ in intensities of the bands. As we planned to record pyrolyses spectra, knowledge of the actual appearance of the spectra
of the starting compounds taken with our instrument was essential.



the low-energy structures in the cases of1d and 1e as well
indicates that the diazoacetophenones which are the subject
of this study prefer to adopt twistedsynconformations in the
gas phase.

At the AM1 level, the twistedsyn isomers of1a–1e (the
N5C—C5O twist angles are 4.1, 4.1, 4.3, 2.9, and 2.4°; the
phenyl—C5O dihedral angles are 31.6, 30.0, 31.3, 35.9,
and 38.1°, respectively) are 11.08–12.38 kJ mol–1 lower in
energy than the twistedanti isomers (Table 1). Thesynand
anti isomers of1a, 1b, and1c were also studied at the HF/6-
31G(d) level of theory. Selected geometrical parameters are
collected in Table 2, and the optimized equilibrium geome-
tries of thesyn isomers of1a–1d are displayed in Fig. 1(b).
At the HF/6-31G(d) level, we find that the twistedsyn iso-
mers of1a, 1b, and1c are 16.88, 17.05, and 18.02 kJ mol–1

lower in energy than the twistedanti isomers, and the
N5C—C5O and phenyl—C5O twist angles are

approximately one-half the values calculated with AM1
(Table 2). This is most likely a result of the fact that the ab
initio calculations more accurately recover the stabilizing
phenyl—C5O–π interaction, which would act to decrease
the twist angle. When the geometries of thesynandanti iso-
mers of 1a were reoptimized — the geometries obtained
with the default convergence limits were used as input — at
the HF/6-31G(d) level of theory with the keyword TIGHT to
tighten the convergence criteria, the total energies (ETs) ob-
tained were identical within 10–6 hartree toETs calculated
with the default convergence limits, and the geometries dif-
fered little from the input geometries (Table 2). These re-
sults are in accord with published experimental data: 1,4-
bisdiazo-2,3-butanedione adopts a bis-syn conformation in
the solid state (32), and variable-temperature solution1H
NMR studies in the temperature range of +30 to –40°C
showed that diazoketones of the type RCOCHN2 (R5H,
CH3, C2H5, t-C4H9, C6H5CH2, CH3O, and C2H5O) adoptsyn
and anti conformations with thesyn forms being preferred
(33). In the case of1a, 1c, and1e, single stereoisomers iden-
tified as thesyn forms were detected down to –40°C, but
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Fig. 3. The He(I) PE spectra of (a) 1a, (b) the pyrolysate of1a
obtained at a laser power level of 26 W, and (c) the pyrolysate
of 1a obtained at a laser power level of 42 W. The
HAM/3//AM1 (vertical solid lines) and HAM/3//HF/6-31G(d)
(vertical broken lines) calculated IPs are given in (a) for 1a and
(b) for 2a.

Compound IP

1a 9.10 9.6a 11.86
1b 8.78 9.00 9.19 9.41 11.62
1c 8.71 9.12 9.6b 11.01
1d 9.14 9.33 9.59 9.78 11.24
2a 8.23 9.34 10.41 11.78
2b 8.22 9.36 10.17 11.38
2c 7.91 9.22 9.56 11.09
2d 8.29 9.25 9.74 10.55

aConsists of three overlapping bands.
bConsists of two overlapping bands.

Table 5. Selected experimental vertical ionization potentials IP
(eV) of diazoacetophenones1a–1d and phenylketenes2a–2d.

Number of
electrons

B3LYP/6-31+G(d)//HF/6-31G(d)

Total energy IPv
1a N –493.149 931 8.81

N–1 –492.826 329
1b N –532.468 968 8.56

N–1 –532.154 406
1c N –607.677 699 8.17

N–1 –607.377 936
1d N –952.745 171 8.75

N–1 –952.423 728
2a N –383.668 080 7.93

N–1 –383.376 646
2b N –422.986 065 7.68

N–1 –422.703 768
2c N –498.192 693 7.36

N–1 –497.922 314
2d N –843.263 383 7.94

N–1 –842.971 686
a Twisted syn conformers.
b Single-point energy calculations on the optimized molecule (N

electrons) geometries.

Table 4. Total energies (hartrees) of diazoacetophenonesa 1a–1d
and phenylketenes2a–2d (N electrons) and their radical cationsb

(N – 1 electrons) as well as derived first vertical ionization
potentials IPv (eV).



N5C—C5O and phenyl—C5O twist angles were not de-
termined (33).

Phenylketenes2a–2e are found to adopt planar conforma-
tions with AM1, in accordance with previous findings for2a
(13). This also holds at the ab initio level,2a–2e are planar
with HF/6-31G(d). The AM1 heats of formation and ab in-
itio total energies of2a–2e are listed in Table 1. According
to AM1, the 90° conformation of2a is destabilized by 9.04
kJ mol–1.

2. Ionization potentials
We have repeatedly demonstrated that the use of calcu-

lated ionization potentials (IPs) instead of orbital energies
for the interpretation of PE spectra leads to excellent corre-
lations between theory and experiment (2–4, 6, 34). This is

especially important where a good agreement between
absolute energy values is needed, as is the case for highly
reactive or transient species which are generated in the PE
spectrometer itself. The semiempirical HAM/3 method gives
IPs directly, and both semiempirical and ab initio optimized
geometries can be employed. The HAM/3//AM1 and
HAM/3//HF/6-31G(d) results for diazoacetophenones1a–1c
are given in Table 3. Although AM1 and HF/6-31G(d) ge-
ometries for1a–1c are distinctly different, IP values from
the two levels of theory differ little. We therefore report
HAM/3//AM1 results only for phenylketenes2a–2c. Be-
cause HAM/3 is not parameterized for chlorine, we also use
the routine we developed in previous publications (6, 34):
orbital energies calculated with the hybrid HF/DFT
Becke3LYP method3 are shifted uniformly so that the
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Fig. 5. The He(I) PE spectra of (a) 1c, (b) the pyrolysate of1c
obtained at a laser power level of 26 W, and (c) the pyrolysate
of 1c obtained at a laser power level of 42 W. The
HAM/3//AM1 (vertical solid lines) and HAM/3//HF/6-31G(d)
(vertical broken lines) calculated IPs are given in (a) for 1c and
(b) for 2c.

Fig. 4. The He(I) PE spectra of (a) 1b, (b) the pyrolysate of1b
obtained at a laser power level of 26 W, and (c) the pyrolysate
of 1b obtained at a laser power level of 47 W. The
HAM/3//AM1 (vertical solid lines) and HAM/3//HF/6-31G(d)
(vertical broken lines) calculated IPs are given in (a) for 1b and
(b) for 2b.

3 The successful application of the Koopmans’ theory-like (35) interpretation of orbital energies obtained at the DFT level of theory in PE
spectroscopic studies of numerous compounds has been shown and commented on (6, 34, 36–38).



HOMO energy equals that of the calculated first vertical
ionization potential IPv. The IPv is determined from the en-
ergy difference between the neutral (N electrons) and its
radical cation (N – 1 electrons, geometry of the neutral) ob-
tained using Becke3LYP/6-31+G(d)//HF/6-31G(d) (Ta-
ble 4). Orbital energies and ionization potentials derived
from the shift are reported in Table 3 for1a–1d and2a–2d.
This level of theory is sufficient as could be concluded from
virtually identical IPvs and orbital energies of2a–2d ob-
tained with Becke3LYP/6-31+G(d)//Becke3LYP/6-31+G(d)
(not given).

Photoelectron spectroscopic studies

1. Experimental PE spectra
The spectrum of1a (20 mg; source pressure 2.2 × 10–3

Torr) displayed as Fig. 3(a) was obtained at a probe temper-
ature of 50°C. The vertical solid lines and vertical broken
lines on the spectrum correspond to the 10 lowest
HAM/3//AM1 and HAM/3//HF/6-31G(d) IPs (values in Ta-
ble 3), respectively, and show that the experimental spec-
trum of this diazoacetophenone can be reproduced nicely
with HAM/3. Figure 3(b) is a display of the spectrum of the
pyrolysate of1a obtained at a laser power of 26 W (~500 ±
50°C). Based on the 1:1:1 relative intensities of the bands at
8.2, 9.3, and 10.4 eV and excellent correlation between the
experimental vertical IPs and the IPs of phenylketene (2a)
calculated with HAM/3//AM1 (vertical solid lines), the
conversion of1a to 2a is complete at a laser power level of
26 W. The IPs for1a and2a calculated with Becke3LYP/6-
31+G(d)//HF/6-31G(d) (Table 3, compare to experimental
IPs in Table 5) give an equally good representation of both
spectra and therefore support this. That there was no signifi-
cant change in the spectrum of the pyrolysate (Fig. 3(c)) and
no CO (it exhibits a sharp band at 14.01 eV (39)) was
formed when the laser power was increased from 26 W to
42 W (~850 ± 50°C) indicates that the loss of CO from2a is
subject to a high activation energy.4 This observation is in
keeping with the results of our previous calculational study
(5). The spectrum of2a obtained in this study differs to
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Fig. 7. (a) Synthetic partial PE spectrum (from HAM/3//AM1
IPs) and (b) torsional potential (AM1) of2a.

Fig. 6. The He(I) PE spectra of (a) 1d, (b) the pyrolysate of1d
obtained at a laser power level of 26 W, and (c) the pyrolysate
of 1d obtained at a laser power level of 42 W. The
Becke3LYP/6-31+G(d)//HF/6-31G(d) (vertical solid lines)
calculated IPs are given in (a) for 1d and (b) for 2d.

4 A comprehensive computational study of the decomposition of1a, 1c, and1e (loss of nitrogen) and2a, 2c, and2e (loss of CO) as well as
the rearrangement of the ketocarbenes derived from1a, 1c, 1d, and 1e will be the subject of a following publication. As shown in
Scheme 1, the pyrolyses of the diazoacetophenones are expected to proceed via the respective intermediate ketocarbenes, even though
thermolysis spectra provide no evidence for this. Alternatively, extrusion of nitrogen and rearrangement could be a concerted process.



some degree from the published spectrum of phenylketene
that was prepared by the zinc-induced dechlorination of 2-
chloro-2-phenylacetyl chloride (13). While we find the rela-
tive areas of the first three bands to be 1:1:1 (Fig. 3(b)) in
line with HAM/3//AM1 and Becke3LYP/6-31+G(d)//HF/6-
31G(d) (Table 3) results, the relative areas of the first three
bands of the previously published spectrum are
approximately 1:2:1, an indication that phenylketene was not
the sole product of the dechlorination reaction.

The spectrum of1b (20 mg; probe temperature 65°C), ob-
tained with nitrogen added as a make-up gas to maintain the
total pressure in the source at 3 × 10–3 Torr, is displayed
along with the HAM/3//AM1 and HAM/3//HF/6-31G(d) IPs
as Fig. 4(a). Again, HAM/3 values mirror experimental IPs.
Figure 4(b) is a display of the spectrum of the pyrolysate of
1b obtained at a laser power of 26 W and the calculated IPs
of ketene2b. As in the case of the unsubstituted ketene2a,
the experimental IPs in this spectrum are accurately repro-
duced by the computed values for2b, which shows that1b

cleanly yieldsp-methylphenylketene (2b). The IPs for1b
and 2b calculated using Becke3LYP (Table 3) agree with
this finding. Figure 4(c) displays the PE spectrum of the
pyrolysate of 1b obtained at a laser power of 47 W
(>900°C). That spectra in Figs. 4(b) and 4(c) are virtually
identical and no CO is formed indicates that the activation
energy for decarbonylating ketene2b, as in the case of2a, is
significantly higher than the activation energy for loss of ni-
trogen from the respective diazoacetophenones.

Figure 5(a) displays the PE spectrum of1c obtained at a
probe temperature of 76°C along with its HAM/3//AM1 and
HAM/3//HF/6-31G(d) IPs. As in the case of1b, N2 was
used as a make-up gas to maintain the source pressure at 3 ×
10–3 Torr. HAM/3 once more correctly predicts the experi-
mental spectrum. The spectra displayed as Figs. 5(b) and
(c) were obtained when1c was pyrolyzed at laser power lev-
els of 26 and 42 W, respectively. These spectra show that1c
cleanly affordsp-methoxyphenylketene (2c), which does not
undergo pyrolysis at a nozzle-tip temperature in the region
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Fig. 8. (a) Synthetic partial PE spectrum (HAM/3//AM1), (b) surface for the torsion of the phenyl—C5O dihedral angle (AM1),
(c) synthetic spectrum (HAM/3//HF/6-31G(d)), (d) torsional potential (HF/6-31G(d)), and (e) angular dependences of the four lowest
HAM/3//HF/6-31G(d) IPs of1a.



of 850 ± 50°C. Again, HAM/3 and Becke3LYP IPs for1c
and2c do not differ much, which shows the validity of our
Becke3LYP approach.

Figure 6(a) displays the PE spectrum of1d obtained at a
probe temperature of 55°C with N2 added as a make-up gas
to maintain the source pressure at 3 × 10–3 Torr. Fig-
ures 6(b) and (c) display spectra of the pyrolysate of1d
obtained at laser power levels of 26 and 42 W, respectively.
As HAM/3 is not parameterized for chlorine, Figs. 6(a) and
(b) include the 10 lowest ionization potentials of1d and2d
as calculated with Becke3LYP/6-31+G(d)//HF/6-31G(d) and
described above. As expected from the encouraging results
of the pyrolyses of1a–1c with respect to this approach, the
correlation between predicted spectra (vertical bars) and ex-
perimental spectra is excellent. These spectra show that1d
yields p-chlorophenylketene (2d), which also appears to be
stable at a nozzle-tip temperature in the region of 850 ±
50°C. The spectrum in Fig. 6(c) also exhibits a feature at
7.8 eV. A calculational study onp-chlorophenyloxirene,
which is a second rearrangement product from the
ketocarbene derived from1d, at the Becke3LYP/6-
31+G(d)//HF/6-31G(d) level of theory established that the
five lowest IPs of this compound should be 7.5, 9.6, 9.9,
11.0, and 11.7 eV. While the calculated first IP forp-
chlorophenyloxirene is close to the first IP in the pyrolysis
spectrum, at this point we cannot say with certainty whether
it actually is a pyrolysis product of1d.5

The low volatility of 1e thwarted our attempts to obtain
its spectrum and study its pyrolysis. Even heating a rela-
tively large sample (40 mg) of1e at 94°C near its melting
point of 116°C in a 4 mmouter diameter tube inserted into
the probe did not yield an acceptable spectrum. Selected ex-
perimental vertical ionization potentials of the
diazoacetophenones1a–1d and the corresponding ketenes
are collected in Table 5.

2. Synthesis of PE spectra
We have already demonstrated in several previous studies

that PE spectra synthesized from torsional potential energy

surfaces and the angle dependence of ab initio or
semiempirical orbital energies as well as IPs calculated with
HAM/3 using PESPEC correlate well with experimental
spectra and can be used to obtain information about the
conformational properties of molecules in the gas phase (29,
40–42). Additional support for this finding is seen in the ex-
cellent correlation between the experimental spectrum of
phenylketene (2a) given in Figs. 3(b) and (c) and the synthe-
sized spectrum displayed as Fig. 7(a). The synthetic spec-
trum of 2a (with a Gaussian convolution of 0.4, temperature
is 300 K) was obtained from the AM1 potential energy sur-
face for the rotation of the ketene group given in
Fig. 7(b) and the angle dependence of the 10 lowest
HAM/3//AM1 ionization potentials (not shown).

While Modelli et al. (31) do not offer an interpretation of
the spectra of1a, 1b, and1d with respect to orbital interac-
tions or conformational considerations, for1a Vorob’ev et
al. (43) report only weakπ–π interactions both in the
heterobutadiene group due to a large energy gap between in-
teracting MOs and between diazo group and phenyl ring be-
cause of inefficient spatial overlap. Figure 8(a) is the PE
spectrum of diazoacetophenone (1a) synthesized from the
angle dependence of the HAM/3//AM1 IPs (not shown) and
the AM1 potential energy surface displayed as Fig. 8(b) that
corresponds to the 0–180° trajectory (the N5C—C5O di-
hedral angle is fixed at 0°) of Fig. 2. The synthetic spectrum
recovers the general features of the experimental spectrum.
Figure 8(c) is the synthetic spectrum of1a obtained from the
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Fig. 9. The four highest occupied molecular orbitals of1a. Fig. 10. (a) Synthetic partial PE spectrum (HAM/3//HF/6-
31G(d)) and (b) surface for the torsion of the phenyl—C5O
dihedral angle (HF/6-31G(d)) of1b.

5 While from the first IPp-chlorophenyloxirene is a likely candidate, it will only be present in the pyrolysis gas mixture if there is a reason-
able barrier to the reverse reaction, the ring opening of the three-membered ring to give the ketocarbene. Calculations for the rearrangement
of ketocarbenes derived from diazoacetophenones1a, 1c, and1e to the corresponding oxirenes have shown no significant barrier.4



HF/6-31G(d) torsional potential (Fig. 8(d)) and the angular
dependence of 10 HAM/3//HF/6-31G(d) IPs of which four
are displayed in Fig. 8(e). Even though the rotational barrier
at this level of theory is substantially higher than the AM1
barrier and the twistedsyn conformer is only marginally
lower in energy than the planar structure, the synthetic spec-
trum closely resembles the one obtained from the AM1
potential energy surface. This result derives from the fact
that the low-energy IPs show a low sensitivity to the twist
angle in both cases, as can be seen in Fig. 8(e). An explana-
tion for this is given by the corresponding molecular orbitals
(Fig. 9), which show that phenyl and diazoketo groups are
present as separate units that do not interact at this energy
level, a fact that was hinted at by Vorob’ev et al. (43).

According to Becke3LYP/6-31+G(d)//HF/6-31G(d),6 the
HOMO is a π-type orbital with coefficients mainly on the
diazo group (πC5N), HOMO – 1 is aσ-type orbital, which
represents an oxygen lone pair (nO), and HOMO – 2 and
HOMO – 3 are mostly phenylπ-type MOs (π) with small
coefficients on the oxygen atom. This orbital sequence is in
accord with the one given by Modelli et al. (31), while
Vorob’ev et al. (43) giveπC5N > π > nO > π from MNDO
calculations. Thus in1a, which can be considered to be the
parent of this class of compounds, the low lying occupied
MOs of the carbonyl group effectively function as an insula-
tor for phenyl and diazo moieties.

Figure 10(a) displays the synthetic spectrum of1b ob-
tained from the torsional potential obtained at the HF/6-
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Fig. 11. (a) Synthetic partial PE spectrum (HAM/3//AM1), (b) surface for the torsion of the phenyl—C5O dihedral angle (AM1),
(c) synthetic spectrum (HAM/3//HF/6-31G(d)), (d) torsional potential (HF/6-31G(d)), and (e) angular dependences of the four lowest
HAM/3//HF/6-31G(d) IPs of1c.

6 Even though there is “no physical relevance” to Kohn–Sham orbitals, we have found eigenvectors obtained at the Becke3LYP/6-
31+G(d)//HF/6-31G(d) level of theory to be similar to those computed with HF/6-31G(d)//HF/6-31G(d) or AM1//HF/6-31G(d). Yet for a
number of diazoketones and diazo acyl esters containing an aromatic ring the predicted orbital sequence differs at the above-mentioned lev-
els of theory. In a following paper (44) we will show that in these cases the orbital sequence as determined with the Becke3LYP method
should be taken. For this reason, the orbitals displayed in Fig. 9 are arranged according to the Becke3LYP/6-31+G(d)//HF/6-31G(d) calcu-
lated sequence.



31G(d) level (Fig. 10(b)) and the HAM/3//HF/6-31G(d) IPs
(not shown). The torsional dependence of the IPs as well as
the corresponding molecular orbitals are similar to what we
found for 1a. On the whole, the general features of the ex-
perimental spectrum are reproduced in the synthethic spec-
trum with reasonable accuracy even though there is base-
line separation of one band from three overlapping bands.
Figure 11(a) is the synthetic spectrum of1c obtained from
the AM1 potential energy surface shown as Fig. 11(b).
While the general features of band structure correlate with
the PE spectrum, the relative intensities of the peaks of the
low-IP band are at variance with the experimental data. On
the other hand, the synthetic spectrum of1c (Fig. 11(c)) ob-
tained from the HF/6-31G(d) torsional potential (Fig. 11(d))
and the angular dependence of 10 HAM/3//HF/6-31G(d)
ionization potentials of which four are displayed in
Fig. 11(e) closely resembles the experimental spectrum. In
contrast to1a and 1b, the HOMO of1c is a phenylπ-type
orbital that is raised in energy above theπC5N because of a
substantial coefficent on the methoxy oxygen atom. This
antibonding combination (π–) is followed by πC5N, nO, π,
and the corresponding bonding combination (π+). As a con-
sequence of this change in orbital sequence a phenylπ-type
orbital (π–) and theπC5N are closer in energy in1c than the
respective orbitals in1a, which results in electron density on
the diazo group being mixed into the HOMO of1c. Despite
the presence of electron density on diazo group and aromatic
ring, it is clear from Fig. 11(e) that the rotation of the ring
does not affect the HOMO energy significantly, which again
shows the insulating effect of the low-lying carbonyl
orbitals. Our study shows that when compared to spectra
synthesized on the basis of torsional potentials obtained at
the HF/6-31G(d) level, experimental PE spectra provide

support that diazoacetophenones1a–1d prefer twistedsyn
conformations in the gas phase.

Substituent effects on ionization potentials of
phenylketenes

Figure 12 displays the HOMO, HOMO – 1, and HOMO – 2
of phenylketene (2a) obtained at the AM1//HF/6-31G(d)
level. The HOMO is aπ-type MO characterized by substan-
tial antibonding mixing of the ketene and phenylπ systems,
with the latter exhibiting a largepz coefficient at C-4. The
HOMO – 1 is apure phenylπ-type MO, which does not mix
with the keteneπ system and which has nopz component at
C-4. The HOMO – 2 is thebondingπ-type MO that, like the
HOMO, has contributions from the ketene and phenyl
groups. Nevertheless, it has a largerpz coefficient at C-4
than the HOMO. The nature of these frontier MOs indicates
that the HOMO and HOMO – 2 should be affected more
strongly than HOMO – 1 bypara-substituents, which inter-
act with the phenyl ring viaπ conjugation. That this is the
case is seen in the PE spectra of2a (Figs. 3(b) and (c)), 2b
(Figs. 4(b) and (c)), and2c (Figs. 5(b) and (c)), and the data
in Table 5, which clearly show that HOMO and HOMO – 2
are destabilized by the introduction ofπ donors at C-4. That
HOMO – 2 appears to be more sensitive to substitution at C-
4 is a consequence of the size of thepz component at C-4
and its proximity in energy to the other filled orbitals of
lower energy with which it interacts.

The gas-phase thermolysis of diazoacetophenones1a–1d
at a laser power level of 26 W (500 ± 50°C) gave the corre-
sponding phenylketenes2a–2d, which do not decompose at
higher laser power levels. A comparison of our PE spectrum
of 2a with the one published earlier indicates that the sample
prepared in the previous study was impure. The low volatil-
ity of 1emade the recording of its PE spectrum and the gen-
eration of 2e impossible. According to AM1 and HF/6-
31G(d) calculations, diazoacetophenones prefer twistedsyn
conformations in the gas phase. This is supported by excel-
lent correlations between calculated ionization potentials of
1a–1d at the HAM/3 and Becke3LYP/6-31+G(d)//HF/6-
31G(d) levels of theory as well as simulated PE spectra of
1a–1c and experimental spectra.
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