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The 351.1 nm photoelectron spectrum of the vinyldiazomethyl anion has been measured. The ion is generated
through the reaction of the allyl anion with N2O in helium buffer gas in a flowing afterglow source. The
spectrum exhibits the vibronic structure of the vinyldiazomethyl radical in its electronic ground state as well
as in the first excited state. Electronic structure calculations have been performed for these molecules at the
B3LYP/6-311++G(d,p) level of theory. A Franck-Condon simulation of the X˜ 2A′′ state portion of the
spectrum has been carried out using the geometries and normal modes of the anion and radical obtained from
these calculations. The simulation unambiguously shows that the ions predominantly have anE conformation.
The electron affinity (EA) of the radical has been determined to be 1.864( 0.007 eV. Vibrational frequencies
of 185( 10 and 415( 20 cm-1 observed in the spectrum have been identified as in-plane CCN bending and
CCC bending modes, respectively, for the X˜ 2A′′ state. The spectrum for the A˜ 2A′ state is broad and
structureless, reflecting large geometry differences between the anion and the radical, particularly in the CCN
angle, as well as vibronic coupling with the X˜ 2A′′ state. The DFT calculations have also been used to better
understand the mechanism of the allyl anion reaction with N2O. Collision-induced dissociation of the structural
isomer of the vinyldiazomethyl anion, the 1-pyrazolide ion, has been examined, and energetics of the structural
isomers is discussed.

Introduction

We have recently studied the thermodynamic properties of
nitrogen-containing, five-membered compounds, pyrrole,1 imi-
dazole,2 and pyrazole,3 to better understand the effects of N
atoms on these properties. These studies are motivated by
interest in nitrogen-rich compounds as possible high energy-
density materials.4-10 In the reaction of the hydroxide ion (HO-)
with imidazole, we find that HO- is sufficiently basic that a
proton can be abstracted not just from the N-H site, the most
exothermic reaction pathway, but also from the C5 position of
imidazole.2 Thus, the reaction produces two structural isomers
of the imidazolide ion, i.e., 1-imidazolide and 5-imidazolide.
The same observation has been made for the HO- reaction with
pyrazole.3 These findings allow us to discuss the structural
dependence of the ion energetics and the effects of the N atoms
on the energetics.

These structural isomers maintain the five-membered cyclic
form. Another question involves how the energetics changes
when this cyclic structure is ruptured. In the present study, we
address this issue in the case where two N atoms are contained
in the ring.

The reactivity of carbanions toward nitrous oxide (N2O) in
the gas phase has been studied by DePuy and co-workers.11-13

Bierbaum et al. have found that the reaction of the allyl anion
with N2O leads to formation of the vinyldiazomethyl anion.11

This and subsequent investigations have determined the rate
coefficient of the reaction, the minor reaction products, and the
branching ratios at room temperature.11-13 The vinyldiazomethyl
anion is a structural isomer of the pyrazolide and imidazolide
ions (Figure 1). Its reactivities with carbon dioxide (CO2),
carbonyl sulfide (COS), and carbon disulfide (CS2) have been
studied,14 but the structure and energetics of the vinyldiazom-
ethyl anion are not well-known.

In this article, we report the photoelectron spectrum of the
vinyldiazomethyl anion. Electronic structure calculations on the
ion and the neutral radical generated through photodetachment,
the vinyldiazomethyl radical, have been performed at the
B3LYP/6-311++G(d,p) level of density functional theory
(DFT). Spectral simulations have been attempted using the
results of the DFT calculations. The observed spectrum has been
well reproduced, and the simulation unambiguously indicates
that the ions produced in the flow tube are predominantly
E-conformers. The mechanism of the reaction of the allyl anion
with N2O has been studied through DFT calculations. CID of
the 1-pyrazolide and 1-imidazolide ions has also been carried
out to address the stability of these ions. The energetics of the
vinyldiazomethyl anion will be discussed in comparison with
these stable structural isomers.

Experimental Section

The ultraviolet anion photoelectron spectrometer has been
described in detail elsewhere.15-17 A microwave discharge of
helium buffer gas (∼0.4 Torr) containing a small amount of
oxygen (O2) produces atomic oxygen ion (O-) in the flowing
afterglow ion source. A trace amount of propene is added
downstream in the flow tube, reacting rapidly with O- to form
HO-. HO- reacts with propene to form the allyl anion
(C3H5

-).18 A trace amount of N2O is added further downstream
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to convert C3H5
- to the vinyldiazomethyl anion (C3H3N2

-).11

These reactions take place in a flow tube at room temperature,
or in a flow tube cooled by a flow of liquid nitrogen such that
the ion temperature can be decreased below room temperature
through collisions with the cold helium buffer gas. The anions
are extracted from the flow tube into a differentially pumped
region, accelerated to 735 eV, and focused into a Wien velocity
filter for mass selection. The mass-selected ion beam is
refocused, decelerated to 35 eV, and overlapped with a laser
beam in a high-vacuum build-up cavity to photodetach electrons.
The output of a continuous wave (CW) argon ion laser
(351.1 nm, 3.531 eV) is amplified in the cavity with a circulating
power up to 100 W. A typical beam current is 100 pA for the
vinyldiazomethyl anion.

Photodetached electrons emitted into a small solid angle
perpendicular to both the ion and laser beams are collected and
focused into a hemispherical energy analyzer with a kinetic
energy resolution of 8-10 meV. The energy analyzed photo-
electrons are magnified onto the microchannel plates for
amplification and imaged onto the position sensitive detector.
Photoelectron spectra are recorded as the electron kinetic energy
(eKE) of the analyzer is scanned. The spectra are presented as
a function of electron binding energy (eBE), which is equal to
the difference between the laser photon energy (3.531 eV) and
eKE. The absolute kinetic energy is calibrated by measuring
the photoelectron spectrum of O-, an ion for which the electron
binding energy is very accurately known.19,20 A small (<1%)
energy scale compression factor15 is taken into account by
measuring the photoelectron spectrum of W-, and utilizing the
well-known term energies of the excited states of the W atom.21

A rotatable half-wave plate is inserted into the laser beam path
before the build-up cavity to control the angle (θ) between the
electric field vector of the laser beam and the photoelectron
momentum vector. The intensity of the photoelectrons depends
on θ according to22

whereσ0 is the total photodetachment cross section,â is the
anisotropy parameter, andP2(cos θ) is the second Legendre
polynomial. Measurements at the magic angle (54.7°) provide
spectra free from the angular dependence. Theâ value is
determined by measuring the relative photodetachment cross
section at several values of the collection angle,θ, and fitting
the data to the form in eq 2.

Collision-induced dissociation (CID) of the pyrazolide and
imidazolide ions has been studied using a tandem flowing
afterglow-selected ion flow tube (FA-SIFT) instrument.23,24

These ions were synthesized in the source flow tube through
the reaction of HO- with pyrazole and imidazole. Following
mass-selection with a SIFT quadrupole mass filter, the ions were
injected into the second flow tube containing helium (∼0.5 Torr)
at different injection energies (10-80 eV lab energy). CID takes
place upon collision of the ion with the helium buffer gas in
the vicinity of the injection orifice. Multiple collisions can occur
during excitation and dissociation of the ion under the experi-
mental conditions. The reactant and product ions were analyzed
using a detection quadrupole mass filter at the end of the second
flow tube. By measuring CID of CF3- and CCl3- and comparing
the results with those reported in the literature,25 CID threshold
energies determined experimentally were semiquantitatively
calibrated to those corresponding to single-collision conditions.

All the electronic structure calculations were performed at
B3LYP/ 6-311++G(d,p) level26-28 using the Gaussian 03
program package.29 The thermodynamic quantities evaluated
with the DFT calculations are reported with zero-point energy
corrections taken into account under the harmonic assumption.
Harmonic frequencies were used without scaling.

Results and Discussion

A. Photoelectron Spectrum of the Vinyldiazomethyl
Anion. The 351.1 nm photoelectron spectra of the vinyldiaz-
omethyl anion are shown in Figure 2a. The ions were synthe-
sized in a flow tube at room temperature. The spectra were taken
at θ ) 0°, 54.7°, and 90°. The observed spectrum consists of
two parts. In the region of electron binding energies (eBE)
between 1.8 and 2.3 eV, relatively well-resolved vibronic peaks
are present. However, in the region of eBE above 2.5 eV, the
spectral profile is broad and structureless. The intensity of this
second portion of the spectrum is considerably enhanced relative
to that of the lower eBE portion forθ ) 0°, and suppressed for

Figure 1. Structure of the vinyldiazomethyl anion, 1-pyrazolide, and
1-imidazolide ions.

I(θ) )
σo

4π
(1 + âP2(cosθ)) (2)

Figure 2. Photoelectron spectra (351.1 nm) of the vinyldiazomethyl
anion. The ions were synthesized in a flow tube at room temperature
(a) and in a flow tube cooled with liquid nitrogen (b). Theθ values
are 54.7° (black), 0° (red), and 90° (blue).
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θ ) 90°. The â values are determined to be 0.50( 0.10 and
0.10 ( 0.10 for the higher and lower eBE portions of the
spectrum, respectively. The distinct angular dependence of the
photodetachment efficiency strongly suggests that the two
portions represent different electronic states of the vinyldiaz-
omethyl radical, with electron photodetachment coming from
two different orbitals of the anion.

It is relevant at this point to recall the photoelectron
spectroscopic study of the diazomethyl anion.30 The photoelec-
tron spectrum exhibited transitions to both the electronic ground
state (X̃2A′′) and the first excited state (A˜ 2A′) of the diazom-
ethyl radical, with the X˜ 2A′′ portion of the spectrum character-
ized by a sharp, intense origin peak accompanied by a few,
very small, resolved vibrational peaks; the A˜ 2A′ portion of the
spectrum was quite broad with some vibrational peaks super-
imposed. Theâ values are-0.8 and 0.0 for the X˜ 2A′′ and Ã
2A′ states, respectively, a trend analogous to that seen for the
vinyldiazomethyl anion. Thus, it is most likely that the two
portions of the spectrum in Figure 2 represent the ground and
first excited states of the vinyldiazomethyl radical.

To further analyze the spectrum, we have carried out
electronic structure calculations at the B3LYP/6-311++(d,p)
level of theory. Table 1 summarizes the optimized geometries
of the ground state of theE-vinyldiazomethyl anion and the
ground and first excited states of theE-vinyldiazomethyl radical.
All the stationary points were located withCs symmetry.
Harmonic frequency analysis shows that the potential energy
surfaces of the ground states of both the anion and the neutral
radical have minima at the corresponding optimized geometries,
while the excited-state of the radical is a transition state with
an imaginary frequency for the out-of-plane CCN bending mode.
The calculations predict the electron affinity (EA) of the
E-vinyldiazomethyl radical to be 1.869 eV and the term energy
of the first excited-state to be 0.496 eV. The calculated EA value
matches the eBE for the most intense peak in the lower eBE
portion of the spectrum in Figure 2, while the energy separation
between the intense peak and the onset of the broad feature
observed in the higher eBE portion of the spectrum is
significantly larger than the calculated term energy for the first
excited state.

B. Spectral Simulation.We have attempted to simulate the
spectrum for the radical ground state based on the results of
the DFT calculations of the optimized geometries and harmonic
frequency analysis for the ground states of the anion and the
radical, using thePESCAL program.31,32 Simulations were
performed for the photoelectron spectrum of the vinyldiazom-

ethyl anion produced in a flow tube cooled with liquid nitrogen.
Figure 2b shows the spectrum taken under such conditions. The
cooling reduces the vibrational (as well as rotational) temper-
ature of the ions, which results in diminished contributions from
vibrationally excited ions to the photoelectron spectrum. Con-
sequently, the observed spectrum is better resolved. The
simulation provides the relative intensities of individual vibronic
transitions, which are displayed as sticks in Figure 3a. These
transitions were convoluted with a Gaussian function with a
full-width at half-maximum of 14 meV. The solid line in Figure
3a represents the simulated spectrum, while the observed
spectrum is shown as dots. A vibrational temperature of 150 K

TABLE 1. B3LYP/6-311++G(d,p) Optimized Geometries forE-Vinyldiazomethyl Anion, E-Vinyldiazomethyl Radical,
Z-Vinyldiazomethyl Anion, and Z-Vinyldiazomethyl Radicala

E-anion E-radical Z-anion Z-radical

X̃ 1A′ X̃ 2A′′ Ã 2A′ X̃ 1A′ X̃ 2A′′
NN 1.1690 1.1507 1.1903 1.1671 1.1503
NCR 1.2654 1.2815 1.2072 1.2670 1.2803
CRCâ 1.4243 1.4184 1.3987 1.4298 1.4205
CâCø 1.3629 1.3586 1.3459 1.3668 1.3609
CâH 1.1009 1.0906 1.0902 1.0925 1.0853
CøHR 1.0853 1.0834 1.0812 1.0864 1.0839
CøHb 1.0858 1.0836 1.0823 1.0861 1.0848
∠NNCR 173.23 170.02 178.68 173.15 169.88
∠NCRCâ 121.14 122.34 173.01 121.95 123.84
∠CRCâCø 127.42 121.15 127.24 130.16 126.01
∠CRCâH 116.86 119.94 113.35 114.10 115.32
∠CâCøHa 121.01 121.27 119.85 120.86 121.01
∠CâCøHb 121.22 120.58 122.24 121.91 121.78

a Bond lengths are in units of angstroms, and bond angles are in units of degrees. See Figure 1 for the drawings of the molecular structures. In
both conformers, CRCâCøHa dihedral angle is 180° while CRCâCøHb dihedral angle is 0°.

Figure 3. Simulations of the photoelectron spectrum of the vinyldia-
zomethyl anion. Sticks represent relative positions and intensities of
vibronic transitions from the X˜ 1A′ E-vinyldiazomethyl anion (a) and
Z-vinyldiazomethyl anion (b) to the X˜ 2A′′ states of the corresponding
radicals. The solid lines are Gaussian convolutions of the transitions
with a full width at half-maximum of 14 meV. A vibrational temperature
of 150 K was assumed for the anions in the simulations. Dots are the
experimental data, shown in Figure 2b, obtained at the magic angle.

8376 J. Phys. Chem. A, Vol. 111, No. 34, 2007 Ichino et al.



was assumed for the anion in the simulation. The simulated
origin peak is set to match the position and intensity of the
observed peak a in Figure 3a. The simulation reproduces the
observed spectrum very well. Thus, peak a represents the 0-0
transition from the vibrational ground level of X˜ 1A′ E-
vinyldiazomethyl anion to that of X˜ 2A′′ E-vinyldiazomethyl
radical, and the EA of theE-vinyldiazomethyl radical is
determined to be 1.864( 0.007 eV. The DFT-calculated value,
1.869 eV, is in good agreement with the experimental value.
The Franck-Condon simulation also helps identify the vibra-
tional peaks. Peak b represents the fundamental level of the
in-plane CCN bending mode of the X˜ 2A′′ radical with a
frequency of 185( 10 cm-1. There are two vibronic transitions
largely contributing to peak c. One is the fundamental level of
the in-plane CCC bending mode, and the other is the overtone
level of the CCN bending mode. The energy separation of the
two transitions is not sufficiently large to be resolved in our
measurements. The peak position relative to peak a is 405(
15 cm-1, but the fundamental vibrational frequency of the CCC
bending mode may be slightly higher than this value. Peak d
(605 ( 15 cm-1) is primarily composed of a combination of
the CCN bending and CCC bending modes. From the positions
of peaks b, c, and d, the fundamental vibrational frequency of
the CCC bending mode of the X˜ 2A′′ radical is determined to
be 415( 20 cm-1. Also, peak j likely represents the funda-
mental level of the asymmetric CNN stretching mode with a
frequency of 1860( 30 cm-1. Peak a*, located to the lower
eBE side of peak a, is a hot band transition from a vibrationally
excited level of the anion to the vibrational ground level of the
radical. The simulation indicates that it corresponds to the
excitation of the in-plane CCN bending mode of the anion, and
its fundamental vibrational frequency is determined to be 160
( 15 cm-1. The observed peak positions and their assignments
are summarized in Table 2. The lower panel b in Figure 3 is a
simulation for a different conformer of the vinyldiazomethyl
anion, as discussed extensively in Section C.

In contrast to the X˜ 2A′′ state portion of the spectrum, the
higher eBE portion of the spectrum is broad and structureless
(Figure 2). Comparison to the photoelectron spectrum of the
diazomethyl anion30 suggests that photodetachment to A˜ 2A′
E-vinyldiazomethyl radical accounts for this portion of the
spectrum, and we present arguments below to support this
conclusion.

The onset of the broad feature of the spectrum occurs about
0.7 eV above the origin of the X˜ 2A′′ state. While this separation
is significantly larger than the DFT evaluated term energy of
∼0.5 eV, it is consistent with the considerable geometry
difference between the X˜ 1A′ anion and the A˜ 2A′ radical. Table
1 shows that the CCN angle is 121.14° for the anion, but it is
173.01° for the Ã 2A′ radical. Such a large geometry change
makes it certain that Franck-Condon overlap between the initial
anion nuclear wave function and the nuclear wave function for
the vibrational ground level of the A˜ 2A′ radical is negligibly
small. Such observations have been made for the photodetach-
ment from, for example, the coinage metal trimer anions33 and
CuH2

-.34 Consequently, relatively large Franck-Condon over-
lap is possible only for highly vibrationally excited levels of
the Ã 2A′ radical. Indeed, the potential energy of the A˜ 2A′
radical at the anion geometry is calculated to be 0.45 eV higher
than that at its stationary point geometry shown in Table 1. In
other words, the DFT calculations evaluate the vertical detach-
ment energy to be 2.816 eV. The maximum of the broad feature
of the spectrum in Figure 2 is located around an eBE of 2.8
eV. Thus, the DFT calculations support the conclusion that the
broad spectral profile represents the A˜ 2A′ radical.

Our DFT calculations indicate that the harmonic vibrational
frequency for the in-plane CCN bending mode of the A˜ 2A′
radical is 96 cm-1. The shallow potential energy well along
this coordinate together with possible significant anharmonicity
and contributions from the other modes might also provide an
explanation for the structureless broad profile of the spectrum.
Another important aspect is the vibronic coupling between the
X̃ 2A′′ and Ã 2A′ states. It is again relevant to refer to the
unsubstituted diazomethyl system.30 The X̃ 2A′′ and Ã2A′ states
of the diazomethyl radical form a Renner-Teller pair; they are
degenerate at the linear geometry. In the case of the vinyldia-
zomethyl radical, the vinyl group prevents symmetrically
enforced degeneracy. However, the DFT calculations predict
that the potential energy of the X˜ 2A′′ state is only 53 meV
below that of the A˜ 2A′ state at the equilibrium geometry of
the Ã 2A′ state. Along the out-of-plane coordinates these two
states can be coupled with each other, and consequently there
are many vibronic levels contributing to the A˜ 2A′ state portion
of the spectrum.35 Such an effect certainly can broaden the
spectrum, as observed, for example, in the photoelectron
spectrum of pyrrole.36

C. Conformation of the Vinyldiazomethyl Anion. In the
preceding section, the vibronic feature observed in the X˜ 2A′′
state portion of the spectrum is well explained through the
Franck-Condon simulation. It should be noted, however, that
the vinyldiazomethyl anion can also assume aZ conformation
with respect to the CCCN nuclear configuration (Figure 1).
Indeed, our DFT calculations find a local minimum for theZ
conformer. The calculations predict that theZ conformer lies
2.1 kcal mol-1 higher in energy than theE conformer. It is not
clear how accurately the DFT calculations can provide energetic
information. Some fraction of the ions synthesized in the flow
tube might have theZ conformation. DFT calculations were
also performed for theZ-vinyldiazomethyl radical. The EA of
the Z-radical is evaluated to be 1.873 eV. This value is also
very close to the eBE of peak a (Figure 3a).

We have found that the spectral simulation can give a
definitive answer to this question. Figure 3b shows the results
of the simulation for the transition from X˜ 1A′ Z-vinyldiazom-
ethyl anion to X̃2A′′ Z-vinyldiazomethyl radical. Clearly, the
spectral simulation fails to reproduce the observed vibronic
features. Comparison of the simulations for theE and Z

TABLE 2. Peak Positions and Assignments for the
Photoelectron Spectrum ofE-Vinyldiazomethyl Anion

peaka
peak position

(cm-1)b assignmentc

a* -160( 15 131
0

a 0 00
0

b 185( 10 130
1

c 405( 15 120
1 and 130

2

d 605( 15 120
1 130

1 and 110
1

e 810( 40
f 1035( 70
g 1240( 35
h 1425( 30
i 1660( 35
j 1860( 30 40

1

k 2045( 25
l 2250( 35

a Peak labels used in Figure 3a.b Relative to the origin peak (peak
a). c The ν4 mode is the NNC asymmetric stretching,ν11 is the NNC
bending,ν12 is the CCC bending, andν13 is the NCC bending modes.
All these modes are in-plane (a′) modes.
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conformers shown in Figures 3a and 3b unambiguously indicates
that the vinyldiazomethyl anions produced in the flow tube are
predominantlyE conformers.

The two conformers can be converted to each other through
rotation around the CRCâ bond (Figure 1). The transition state
has been located for this conversion process in the DFT
calculations, and it is 5.9 kcal mol-1 higher in energy adiabati-
cally than theZ-anion ground state. If thermal equilibration is
achieved at 150 K, then the population of theZ-anion would
be about 0.1% according to the energetics predicted by the DFT
calculations. Thus, the energetic information obtained from the
DFT calculations is at least consistent with the conclusion,
drawn from the spectral simulation, that the ions are predomi-
nantlyE conformers. It should be noted that B3LYP/6-31+G-
(d) calculations provide energetics of conformers ofo- and
m-ethynylstyrene that is consistent with results of a spectroscopic
study by Zwier and co-workers.37

Comments on the difference in the Franck-Condon overlap
between the two conformers displayed in Figure 3 will be given
here. The simulated spectrum for theZ-anion is characterized
by a vibrational progression for the in-plane CCC bending mode.
This mode is also active in the simulated spectrum for the
E-anion. However, the low frequency in-plane CCN bending
mode is active in theE-anion spectrum but not in theZ-anion
spectrum. The DFT calculations yield harmonic frequencies of
186 and 158 cm-1 for the CCN bending mode of theE-radical
andZ-radical, respectively.

Generally, activation of a vibrational mode upon electronic
transition results from a significant geometrical difference
between the initial and final states along the normal coordinate.
This explanation is appropriate for the CCC bending coordinate.
Photodetachment from theE-anion brings about a decrease in
the CCC angle from 127.42° to 121.15° according to the DFT
calculations (Table 1). The corresponding change for theZ
conformers is from 130.16° to 126.01°. The significant changes
in the bond angle results in the appearance of the vibrational
peaks for the CCC bending mode in the simulations of both
conformers.

The similar arguments, however, seemingly fail to explain
the difference in the simulations of the two conformers with
respect to the CCN bending mode. The DFT calculations predict
that the CCN angle changes from 121.14° (anion) to 122.34°
(radical) for theE conformers, while the corresponding change
for theZ conformers is from 121.95° to 123.84° (Table 1). The
magnitude of the bond angle change is small and comparable
for the two systems, or it is larger for theZ conformers, but the
vibrational peaks for the CCN bending mode appear only in
the E conformer simulation.

This discussion is oversimplified, however, since what really
matter are the normal coordinate displacements involving all
of the nuclei.38 Our calculations show that the magnitude of
such displacement is 1.150 for theE conformer and 0.054 for
theZ conformer, along the CCN bending normal coordinate in
dimensionless units. This difference in the magnitude of the
displacement results in distinct spectral simulations as shown
in Figure 3.

This difference can be understood qualitatively as follows.
For the transitions from X˜ 1A′ E-vinyldiazomethyl anion to X˜
2A′′ E-vinyldiazomethyl radical, the geometry changes involve
a decrease in the CCC angle, an increase in the CCN angle,
and a decrease in the CNN angle (see Table 1 as well as
discussion given above). Displacement along the CCN bending
normal coordinate inevitably translates the terminal C atom (as
well as the attached H atoms) and N atom significantly. The

geometry changes induced by photodetachment from theE anion
are in phase with the overall nuclear displacements along the
CCN bending coordinate. Therefore, the vibrational peaks for
the CCN bending mode are relatively active in the simulation,
as shown in Figure 3a. On the other hand, in the case of theZ
conformers, the geometry shifts of the terminal C and N atoms
for the detachment process are in opposite directions, so that
they are out of phase with the overall nuclear displacements
along the CCN bending coordinate. Instead, the CCC bending
mode, coupled with the CNN bending mode, is totally in phase
with the geometry shifts, which manifests itself in the simulation
in Figure 3b.

Franck-Condon simulations have also been performed for
the spectrum of the vinyldiazomethyl anion synthesized in the
flow tube at room temperature. The vibrational temperature of
the anion is assumed to be 300 K in the simulations. Figure 4a
shows the results of the simulation for theE-vinyldiazomethyl
anion. As before, the simulated spectrum is set to match the
observed origin peak a. The quality of the fit is good, but some
discrepancy in the relative intensities of peaks a and b is
noticeable. According to the DFT calculations, the free energy
difference between the two conformers is 1.9 kcal mol-1 at 300
K, corresponding to an equilibrium population ratio of 0.962:
0.038 for theE- andZ-conformers. Figure 4b displays the results
of the simulation with both conformers taken into account with
this ratio. The transition dipole moments for the detachment
from the two anions were assumed to be identical. It was also
assumed that the EAs of theE- and Z-radicals are the same.
The relative intensity of peak b is somewhat reduced in the
simulation, and the simulated spectrum in Figure 4b appears to
better fit the observed spectrum than does the simulation in

Figure 4. Simulations of the photoelectron spectrum of the vinyldia-
zomethyl anion shown as solid lines. A vibrational temperature of 300
K was assumed in the simulations. The simulations represent detach-
ment from the X̃1A′ E-vinyldiazomethyl anion exclusively (a) and from
both E- and Z-vinyldiazomethyl anions with 0.962:0.038 population
ratio (b) to theX̃ 2A′′ states of the corresponding radicals. Dots are the
experimental data, shown in Figure 2a, obtained at the magic angle.
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Figure 4a. Therefore, the spectrum of the anion produced at
room temperature may contain nonnegligible contributions from
the Z-vinyldiazomethyl anion.

The present work clearly demonstrates that the Franck-
Condon profiles of the photoelectron spectra can provide useful
experimental information for insight into conformations of
organic molecules. It should be mentioned that recent advance-
ments in high-resolution gas-phase spectroscopic techniques
have prompted a number of experimental studies addressing
conformational structure of neutral organic molecules.37,39-47

There are also a few experimental studies directly exploring
chemistry specific to conformational isomers of anions in the
gas phase. Squires and co-workers studied reduction of cyclic
ketones by pentacoordinate silicon hydride ions.48,49 They
explored the diastereoselectivity of the reactions through CID
of the reaction product ions. They have also found a significant
difference in the gas-phase acidity between the diastereoisomers
of 2-tert-butyl-1,3-dithian-5-ol.50 A conformational dependence
of ion energetics was also the main issue in an experimental
study of the gas-phase acidities of lactones by Brauman and
co-workers.51 Chou and Kass stereospecifically synthesized
1-propenyl ions and studied their reactivity toward N2O.52 They
found quite different distributions of the product ions between
the E andZ conformers.

Roemer and Brauman synthesized the propionaldehyde eno-
late ions stereospecifically and measured their photodetachment
spectra.53 They concluded that the EAs of theE- andZ-enolate
radicals are 1.619( 0.007 and 1.73( 0.01 eV, respectively,
based on the threshold behaviors. Their experimental approach
is qualitatively different from ours in that they know the ion
structure beforehand because of the synthesis method. This
technique would not be effective for identification of the
stereoisomers in cases where the electron binding energies are
very similar. The EAs of the two conformers of the vinyldia-
zomethyl radical evaluated by the DFT calculations differ only
by 4 meV.

Vibronic profiles of the photoelectron spectra are more
informative with respect to identification of conformational
structures, as described in this article. Indeed, Continetti and
co-workers adopted the same approach in their study of the
propionaldehyde enolate ions.54 They generated the ions by
seeding a mixture of N2O and propanol in Ar in a pulsed
discharge ion source. Thus, they did not know a priori the
conformation(s) in which the ions were synthesized. They
determined the ratio of the two conformers from the spectral
simulations. However, the quality of the spectral fitting was
only fair. Two issues might have compromised their spectral
analysis. One is that the level of the electronic structure
calculations employed in their study, CASSCF/6-311++G(d,p),
may not be adequate for the spectral simulations. The other issue
is that their spectrometer has a limited energy resolution that,
together with some uncertainty of the vibrational temperature
of the ions, makes it difficult to achieve accurate spectral
simulations. The present work is free from these minor
problems. The ions are cooled in the flow tube, the vibronic
peaks are well resolved, and the quality of the spectral simulation
is excellent.

D. Electronic Structure of the Vinyldiazomethyl Anion.
The EA of theE-vinyldiazomethyl radical, 1.864( 0.007 eV,
is larger than that of the unsubstituted diazomethyl radical,30

1.685( 0.006 eV, by 0.18 eV. Since electron photodetachment
to the X̃ 2A′′ state removes an electron from theπ molecular
orbital of the ion, it seems that there is significant delocalization
of the π molecular orbital. While there is minimal vibrational

activity observed in the photoelectron spectrum for X˜ 2A′′
diazomethyl radical, the photoelectron spectrum for X˜ 2A′′
E-vinyldiazomethyl radical exhibits prominent vibrational peaks
principally associated with the in-plane CCN and CCC bending
modes. A modest vibrational progression along the CCC bending
mode has been observed in the photoelectron spectrum of the
allyl anion.18 The fundamental vibrational frequency of the CCC
bending mode of X˜ 2A′′ E-vinyldiazomethyl radical, 415( 20
cm-1, determined in the present study, is very close to that for
the allyl radical, 425( 10 cm-1.18 The progression of the CCC
bending mode for the vinyldiazomethyl radical spectrum,
however, is not as extensive as that observed in the allyl radical
spectrum. The small vibrational peaks observed in the photo-
electron spectrum of the diazomethyl anion represent the in-
plane CNN bending and CNN asymmetric stretching modes of
the diazomethyl radical.30 As discussed earlier, peak j in Figure
3a corresponds to the CNN asymmetric stretching mode of X˜
2A′′ E-vinyldiazomethyl radical. Our Franck-Condon overlap
calculations reveal a small intensity for the transition to the
fundamental level of the CNN bending mode as well, but it is
overwhelmed by the transition to the combination level of the
in-plane CCN bending and CCC bending modes, which mainly
accounts for peak d (Figure 3a).

The π electron delocalization can also be recognized from
the assessment of the stabilization energy due to the vinyl group
for the diazomethyl anion. McAllister and Tidwell used the
following isodesmic reaction and calculated the stabilization
energy for the vinyldiazomethane to be 1.4 kcal mol-1 at the
MP2/6-31G(d) level.55,56

A similar reaction can be set up for the corresponding anion.

We estimate the stabilization energy for theE-vinyldiazom-
ethyl anion to be 7.6 kcal mol-1 at the B3LYP/6-311++G-
(d,p) level.57

When the DFT geometry of theE-vinyldiazomethyl anion is
compared with that of the diazomethyl anion, we find minimal
differences in the bond lengths of the diazomethyl group
between the vinyl-substituted and unsubstituted anions. The
calculated CN and NN bond lengths are 1.2654 and 1.1690 Å,
respectively, for theE-vinyldiazomethyl anion (Table 1), while
the corresponding values for the diazomethyl anion are 1.2672
and 1.1758 Å. The CC bond length of the vinyl group is
calculated to be 1.3629 Å, but the CRCâ bond length is 1.4243
Å for the E-vinyldiazomethyl anion. The CC bond length for
the allyl anion is calculated to be 1.3942 Å. These considerations
indicate that there is only modest delocalization over the vinyl
group in the vinyldiazomethyl anion.

E. Energetics of the Vinyldiazomethyl Anion and Its
Structural Isomers. In solution, vinyldiazomethane thermally
cyclizes to form 3H-pyrazole followed by tautomerization to
1H-pyrazole.58,59The cyclization requires an out-of-plane rota-
tion of the vinyl group, with a substantial energy barrier for
the process. An activation energy for the cyclization has been
experimentally determined to be 22.6 kcal mol-1,60 which
electronic structure calculations predict very well.61 The cy-
clization process itself is calculated to be about 5 kcal mol-1

exothermic,61 but the overall exothermicity from vinyldiaz-
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omethane to 1H-pyrazole is about 31 kcal mol-1 according to
B3LYP/6-311++G(d,p) calculations.

Our DFT calculations suggest that the vinyldiazomethyl anion
is 39.9 kcal mol-1 higher in energy than the 1-pyrazolide ion.
In our photoelectron spectroscopic measurements, we have
observed no evidence of formation of the 1-pyrazolide ion in
the reaction of the allyl anion with N2O in the flow tube. The
rate coefficient of this reaction has been measured to be 1.1×
10-11 cm3 s-1, which corresponds to a reaction efficiency of
0.012.13 In this reaction, about 70% of the product ions are the
vinyldiazomethyl anions, but HO- (20%) and the allenyl anion
(10%) have also been detected as minor products.13 DFT
calculations have been performed to survey the mechanism of
the reaction of the allyl anion with N2O, which is summarized
in Figure 5.

As the allyl anion encounters N2O, a terminal C atom of the
ion bonds to the terminal N atom of N2O. Formation of the
adduct ion (adduct A) provides energy stabilization of 29.2 kcal
mol-1.62 A proton attached to the CR atom can then be
transferred to the O atom. This proton transfer must overcome
an energy barrier of 18.8 kcal mol-1. This transition state,
however, is still 10.4 kcal mol-1 more stable than the initial
reactants. The CH bond length is 1.4449 Å while the OH bond
length is 1.1977 Å at the transition state. Concomitant with the
proton transfer is elongation of the NO bond. The NO bond
length of adduct A is 1.2842 Å, but it becomes 1.362 Å at the
transition state, and it is 1.6293 Å in the final form of the adduct
ion (adduct B). Thus, adduct B has the character of HO- bonded
to the terminal N atom of vinyldiazomethane. This proton-
transfer process is almost thermoneutral.

As HO- dissociates from adduct B, it can abstract the proton
from the CR atom, the most acidic proton of vinyldiazomethane.
The resulting vinyldiazomethyl anion complexed with H2O lies
43.5 kcal mol-1 below the initial reactants.63 Because of the

large exothermicity, adduct B probably encounters little energy
barrier along this reaction pathway. Dissociation of the complex
leads to the final products, which is the major reaction pathway
with an overall exothermicity of 29.9 kcal mol-1. Alternatively,
proton abstraction can take place at the Câ atom. The energy of
the complex of the 1-diazomethylvinyl anion with H2O is
22.9 kcal mol-1 below the initial reactants and only 5.3 kcal
mol-1 above adduct B.63 In the isolated 1-diazomethylvinyl
anion, N2 can dissociate easily because the energy barrier for
the N2 dissociation is only 2.3 kcal mol-1.64 The transition state
energy shown in Figure 5 is estimated by adding the energy
barrier for N2 elimination from the isolated anion to the energy
of H2O complexation with the 1-diazomethylvinyl anion.
Therefore, when theâ proton is abstracted within the complex,
it leads to formation of the allenyl anion, N2, and H2O. The
overall exothermicity of this reaction path is 40.0 kcal mol-1.
A similar mechanism is likely to operate for N2 elimination in
the reaction of the allyl anion derived from cycloheptene with
N2O.12 The other reaction path observed experimentally is most
probably simple dissociation of HO- from adduct B. The
exothermicity of this reaction path is only 3.0 kcal mol-1.

The reaction scheme illustrated in Figure 5 rationalizes the
experimental findings. The inefficiency of the reaction can result
from the proton-transfer process following the formation of
adduct A. The branching ratio is determined by the acidity of
the reaction intermediate, vinyldiazomethane. Thus, the vinyl-
diazomethyl anion is the major product ion, even though
formation of the allenyl anion is much more exothermic overall.
There is no reasonable reaction pathway available for cyclic
product ion formation. Cyclization of vinyldiazomethane within
the ion-molecule complex is unlikely because of the large
energy barrier mentioned above. If deprotonation occurred at
the terminal C atom of vinyldiazomethane, then cyclization to
form the 1-pyrazolide ion would be an almost barrierless 1,5-

Figure 5. Energy diagram for the reaction of the allyl anion with N2O predicted with B3LYP/6-311++G(d,p) calculations. The values represent
the 298 K enthalpies of the intermediate and final product states relative to that of the reactant state in units of kcal mol-1. The energy levels of
the 1-pyrazolide ion and its CID products are also shown for comparison.
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electrocyclization.59 However, proton abstraction by HO- from
the terminal C atom is about 6 kcal mol-1 endothermic, so
reaction along this pathway is unlikely. It should be noted that
1,5-electrocyclization to form the 1-pyrazolide ion has been
reported for the reaction of the diazomethyl anion with ac-
rolein.65

We have performed CID measurements for the structural
isomers of the vinyldiazomethyl anion, the 1-pyrazolide and
the 1-imidazolide ions, to address their stability. Figure 6 shows
the results of the measurements. The major product ions for
the CID of the 1-pyrazolide ions arem/z40 ions. Minor product
ions atm/z 26 andm/z 39 are also observed. It is assumed that
the m/z 40 ion is the cyanomethyl anion (H2CCN-, path a),
which is the most stable [C2H2N]- species. This fragmentation
reaction is endothermic by 26 kcal mol-1.66

The m/z 26 ion is presumably the cyanide ion, which is
formed by the most energetically favorable pathway (path b).
The results suggest that the nascent fragmentation product
complex is relatively short-lived such that proton-transfer
equilibrium is not established within the complex. Them/z 39
ion is most probably the allenyl anion (H2CCCH-, path c).

CID of the 1-imidazolide ion also yieldsm/z 40 ions as the
major product, but the 1-imidazolide ion is less susceptible to
CID than the 1-pyrazolide ion under the same experimental
conditions (Figure 6). The estimated CID threshold energy for

the fragmentation of the 1-imidazolide ion to H2CCN- and HCN
is 3.1 eV, compared to 2.4 eV for the corresponding fragmenta-
tion process for the 1-pyrazolide ion.67 The minor product ions
at m/z 26 andm/z 50 are assigned to be the cyanide ion and
cyanoacetylide ion, respectively.

We have also investigated whether CID of the 1-pyrazolide
ion leads to ring-opening without fragmentation. We used acidity
bracketing to compare the reactivity ofm/z 67 ions at different
SIFT injection energies. The anions were injected at 20 eV (lab
energy) where negligible fragmentation was observed, and at
70 eV where only a small fraction (10%) of the ions survived.
Under both conditions, them/z 67 ions exhibit essentially the
same reactivity. The ions were bracketed in acidity between
(H3C)3CSH (∆acidG298 ) 346.2( 0.2 kcal mol-1)68-70 and CH3-
SH (∆acidG298 ) 351.6( 0.4 kcal mol-1).1 These results are
consistent with the gas-phase acidity of pyrazole, 346.4( 0.3
kcal mol-1.3 The DFT calculations predict that the gas-phase
acidity of vinyldiazomethane is 354.8 kcal mol-1. Thus, once
the ring-structure of the 1-pyrazolide ion is broken by CID,
fragmentation ensues. The vinyldiazomethyl anion is 39.9 kcal
mol-1 higher in energy than the 1-pyrazolide ion according to
the DFT calculations. Therefore, isomerization of the 1-pyra-
zolide ion to the vinyldiazomethyl anion is 14 kcal mol-1 more
endothermic than the fragmentation path a (reaction 5). Thus,
the fragmentation is more favorable energetically.71

The aromaticity of five-membered, N-containing, heterocyclic
compounds has been analyzed in various ways.72,73 Schleyer
and co-workers used a homodesmotic reaction to derive the
aromatic stabilization energy of pyrazole as 23.7 kcal mol-1

with MP2(fc)/6-311+G(d,p) calculations.74

A similar reaction can be considered for the 1-pyrazolide
ion.74

We have used B3LYP/6-311++G(d,p) calculations to esti-
mate the aromatic stabilization energy of the 1-pyrazolide ion
to be 28.9 kcal mol-1. Thus, the aromaticity of the five-
membered ring greatly enhances the stabilization of the cyclic
form of the isomer, relative to the vinyldiazomethyl anion.

Conclusion

We have measured the 351.1 nm photoelectron spectrum of
the vinyldiazomethyl anion. The ion was synthesized by the
reaction of the allyl anion with N2O in helium buffer gas in a
flowing afterglow ion source. The EA of the vinyldiazomethyl
radical is 1.864( 0.007 eV. The Franck-Condon analysis of
the spectrum has been performed using the results of B3LYP/
6-311++G(d,p) calculations. The simulated spectra for theE
andZ conformers of the ion are distinct from each other, and
the observed spectrum can be reproduced by a simulation for
the E-vinyldiazomethyl anion. The fundamental vibrational
frequencies of 185( 10 and 415( 20 cm-1 have been
identified as the in-plane CCN and CCC bending modes of the
X̃ 2A′′ E-vinyldiazomethyl radical, respectively. The observed
spectrum also displays a broad, structureless profile in the higher

Figure 6. Relative yields of the ions produced from collision-induced
dissociation of the 1-pyrazolide ion (a) and 1-imidazolide ion (b) as a
function of SIFT injection energy.
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eBE region. This portion of the spectrum corresponds to electron
detachment producing the A˜ 2A′ state of the radical. The DFT
calculations also predict that the CCN angle of the A˜ 2A′
equilibrium geometry is much larger than that of the anion
geometry, which, together with the vibronic coupling with the
X̃ 2A′′ state, explains the broad, structureless feature of the
spectrum.

Further DFT calculations have been carried out to understand
the reaction mechanism of the allyl anion with N2O, and the
energetics of the vinyldiazomethyl anion has been discussed in
comparison to a structural isomer, the 1-pyrazolide ion. CID
measurements were also conducted for the 1-pyrazolide and
1-imidazolide ions to further explore the ion energetics. We have
recently studied the reaction of HO- with 1H-1,2,3-triazole,
which contains three N atoms in the five-membered ring, with
flowing afterglow-selected ion flow tube measurements, pho-
toelectron imaging spectroscopic measurements, and flowing
afterglow-photoelectron spectroscopic measurements. This
reaction not only leads to simple deprotonation, but also induces
fragmentation and ring-opening of the triazole. The reaction
mechanism and ion energetics for this system will be discussed
in comparison with the vinyldiazomethyl anion system, in a
subsequent publication.75
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