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The 351.1 nm photoelectron spectrum of imidazolide anion has been measured. The electron affinity (EA) of

the imidazolyl radical is determined to be 2.6£30.006 eV. Vibrational frequencies of 95515 and 1365

=+ 20 cn! are observed in the spectrum of #& ground state of the imidazolyl radical. The main features
in the spectrum are well-reproduced by Fran€ondon simulation based on the optimized geometries and
the normal modes obtained at the B3LYP/6-3#1G(d,p) level of density functional theory. The two vibrational
frequencies are assigned to totally symmetric modes wit€@nd N-C stretching motions. Overtone peaks

of an in-plane nontotally symmetric mode are observed in the spectrum and attributed to Fermi resonance.

Also observed is the photoelectron spectrum of the anion formed by deprotonation of imidazole at the C5
position. The EA of the corresponding radical, 5-imidazolyl, is 1.990.010 eV. The gas phase acidity of
imidazole has been determined using a flowing afterglow-selected ion MBe520s = 342.6+ 0.4 and
AacidH208 = 349.74 0.5 kcal moft. From the EA of imidazolyl radical and gas phase acidity of imidazole,
the bond dissociation energy for the-Il bond in imidazole is determined to be 95+10.5 kcal mot™.
These thermodynamic parameters for imidazole and imidazolyl radical are compared with those for pyrrole
and pyrrolyl radical, and the effects of the additional N atom in the five-membered ring are discussed.

Introduction The imidazole ring is found in the side chain of the amino
. . i acid, histidine. The interaction of the histidine residue with other
Recent interest in a homonuclear polynitrogen compound, components in biological systems (e.g., protein residues, metal
pentazolide (N°),'”7 as a high energy density material has centers, etc.) influences or governs protein conformations and,

prompted us fo initiate a systematic investigation of the (herefore, their properties. Thus, histidine has often been the
properties of its isoelectronic species: five-membered catbon 5.5 of attention in studies of enzyme structures.

nitrogen heterocyclic compounds. Previously, we reported a
photoelectron spectroscopic study of pyrrolide anion, which
contains one N atom in the five-membered rfrifhe electron
affinity (EA) of pyrrolyl radical was experimentally determined,
and combined with the NH bond dissociation energy (BDE)

of pyrrole in a thermochemical cycle, the gas phase acidity of
pyrrole was accurately derived. The vibrational structure and
potential energy surface of the electronic ground state of pyrrolyl
were also studied. Continuing this investigation, we explore five-
membered heterocyclic compounds containing two N atoms.
Depending on the arrangement of the two N atoms in the ring,
two isomers are possible, imidazole and pyrazole. The two N o
atoms are not directly bonded to each other in imidazole, while ~ ©On the other hand, there have been few reports on histidinyl
they are adjacent in pyrazole. In this paper, we discuss radical in biological systems. Its relatively high reduction

imidazole, and our studies on pyrazole will be reported in Potentiat* may prevent its direct involvement in redox pro-
forthcoming paper:1° cesses. However, a few systems have recently been reported

where oxidation of histidine may be important. For instance,
H H cross-linkage between tyrosine and histidine has been found in
| | the active site of cytochrome oxidase€>2° In studies on

H N H H N H covalently linked phenol-imidazole model compou#deis? it
\ﬂ/ \&7/ has been found that there is appreciable electronic interaction

Histidine can be compared with tyrosine, which contains
phenol. Tyrosine has been extensively studied because of its
active role in many enzymatic reactions; e.g., oxidation gdH
to O, in photosystem IL12 reduction of Q to H,O in
cytochromec oxidase!®14 conversion of nucleotide to deoxy-
nucleotide in ribonucleotide reducta$estc. An oxidized form
of tyrosine, tyrosyl radicalgara-substituted phenoxyl radical),
is a key intermediate in these redox processes, and many
spectroscopic studies can be found in the literature for tyrosyl
radical as well as for phenoxyl radical, e.g., EBR? IR,18
resonance Ramadii; 22 photoelectron spectroscopyetc.

N between the two components in the radical form, which renders
H H H it some imidazolyl character. Another system is Cu,Zn-super-
pyrrole imidazole oxide dismutase (SOD). This enzyme has been the focus of

intense investigation with respect to a fatal motor neuron disease,
I . ; 34
" Part of the special issue “Jack Simons Festschrift" familial amyotrophlc lateral sclerosis (ALS‘j’. A consensus .
*To whom correspondence should be addressed. (V.M.B.) E-mail: Nas been emerging that SOD aggregation has a causal relation
veronica.bierbaum@colorado.edu. (W.C.L.) E-mail: wcl@jila.colorado.edu. to the toxicity of the diseas& 3¢ However, the aggregation
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mechanism is still under serious debate. Aberrant chemistry haskinetic energy (eKE). Subtraction of the eKE from the laser
been studied in relation to the aggregation of the enzS/ife. photon energy (3.531 eV) sets the energy scale of the spectra
A possible pathway to the aggregation has been proposed, whichto electron binding energy (eBE). Calibration of the absolute
involves oxidation of histiding?4°Histidinyl radical itself has energy scale is made with the known EA of | at8r#fin the
been detected by spin-trap electron spin resonance (ESR)measurements of the photoelectron spectrum of iodide anion.
measurements when SOD is treated witfOklor peroxyni- Also, the energy scale is corrected for an energy compression
trite 4142 factor determined by measuring the photoelectron spectra of
Information on the properties of the imidazolyl radical will O~ and S in addition to . A rotatable half-wave plate is
be useful in understanding these biological processes. ESRinserted into the laser path before the build-up cavity to change
spectra of imidazolyl have been reported, which elucidate the the angle §) between the electric field vector of the laser beam
unpaired electron spin density of the electronic ground state of and the photoelectron collection axis. Photoelectrons have
the radical® However, the vibrational structure of imidazolyl —angular distributions accordingb
has not been reporté¢d We have measured the photoelectron
spectrum of imidazolide anion, presented in this paper, which
reflects the transition between the anion ground state and the
imidazolyl ground state. Certain vibrational modes of imidazolyl
appear in the spectrum, following the FrangBondon principle. ~ where oy is the total photodetachment cross sectiéris the
This paper represents the first experimental observation of theanisotropy parameter, arfp(cos 0) is the second Legendre
vibrational modes of imidazolyl. polynomial. The measurements at the magic angle {$4.7
We have also measured the gas phase acidity of imidazoleProvide spectra free from the angular dependence. The anisot-
using a FA-SIFT. From the gas phase acidity and the EA of ropy parameter was determined by measurements of the
imidazolyl, we have derived the \H BDE of imidazole for photoelectron counts @ = 0 and 90.
the first time using a thermochemical cycle. The' N BDE is Flowing Afterglow-Selected lon Flow Tube (FA-SIFT)
a fundamental physical property of imidazole, which may be Measurements.The gas phase acidity of imidazole has been
useful in understanding the thermodynamics of biological Measured using a tandem FA-SIFT instrument that has also been
reactions of histidine. The ©H BDE of phenol in tyrosine is  described previousl§:52To establish the acidity of imidazole,
essential to the discussion of catalysis in photosysteth II. the forward k) and reversek) rate constants were measured
We first present the photoelectron spectrum of imidazolide. & 298 K for proton transfer reactions between imidazole
Electronic structure calculations at the B3LYP/6-314G(d,p) ~ (CsHaN2) and a reference acid, 2-methyl-2-propanethiol [gfaH
level of density functional theory (DFT) have been performed CSHI. The ratio of the rate constants gives the proton transfer
for the analysis of the spectrum. FrargRondon simulation ~ €quilibrium constankequi (= kik).
based on the results of the DFT calculations satisfactorily

explains the main features of the spectrum. Appearance of CH N, + (CH3)3CSH=I§*— CH.N, + (CH).CS  (2)
overtone peaks of a nontotally symmetric mode is attributed to ke

e v oo e e EIOSEEN The reactant arions 6 o (CHCS | are generate
Spectr o .~ In the source flow tube using hydroxide deprotonation of the
identified to be a C5 deprotonated species. Gas phase acidity di s The | | d and ini d
measurements for imidazole are presented next. These experigorrespon Ing neutrals. The lons are mass selected and injecte
mental findinas are discussed in the final sectioﬁ into the second flow tube at low injection energies in order to
9 ' minimize fragmentation. The reactant anions are thermally
equilibrated with the helium buffer gas (0.5 Torr) before

undergoing proton transfer reactions with an added neutral

Negative lon Photoelectron Spectroscopyltraviolet nega- reagent. Depletion of the reactant ion signal is recorded with
tive ion photoelectron spectra of imidazolide have been obtainedthe detection quadrupole mass filter, and the reaction rate
with a photoelectron spectrometer that has been described inconstants were determin€t?? The acidity of imidazole is
detail previously*s-47 but a brief overview is given here. Atomic ~ determined from the equilibrium constant via the expression:
oxygen anion (O) is formed by microwave discharge of He
buffer gas 0.5 Torr) in the presence of a trace amount of  AacidG206(CsHaN2) = AyidGred (CH3)sCSH] + RTIn Ko
oxygen in a flowing afterglow source. The"Qeacts with (3)
methane to produce hydroxide anion (HOImidazole (Sigma,

99%) is introduced downstream via a stream of helium flowing ~ Here, AacidGood (CH3)sCSH] = 346.2 + 0.2 kcal mot? is
through a crystalline sample heated t6%0 °C. The HO derived from a proton transfer equilibrium constant between
deprotonates imidazole to generate imidazolide anion. Collisions (CH3)sCSH and HS®3 with a precise acidity of kB recently
with the helium buffer gas thermalize the ions. The anions are determined by threshold ion-pair production spectrosc4gy.
extracted from the flowing afterglow region, accelerated to 736 For the forward reaction of ££i3N,~ + (CH3)sCSH, the neutral
eV, and focused for mass selection into a Wien velocity filter. reagent is added through each of the multiple inlets located
The mass selected ions are refocused, decelerated to 35 eVdownstream along the flow tube. Depletion of thgHegN, ™ ion

and crossed with a 351.1 nm photon beam from a cw argon ion signal is measured as a function of the inlet position, i.e., the
laser in an external build-up cavity with a circulating power of reaction distance. The measured (overall) rate constant is
approximately 100 W. A typical imidazolide beam current is reproducible to within 5% (one standard deviation). The rate
150 pA. Photoelectrons collected in a direction perpendicular constant also has absolute (systematic) error ba#s26P%6. In

to the ion and laser beams are focused, passed through dhis reaction, significant adduct formation occurs concurrently
hemispherical energy analyzer with-82 meV resolution, and  with proton transfer. The branching ratio of proton transfer to
imaged onto a position sensitive detector. Spectra are obtainedadduct formation is accurately determined after correction for
by measuring photoelectron counts as a function of electron mass discrimination effects between the two productsg4Cl$-

1(6) = 2211 + FP(cos)] @

Experimental Methods
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900 a TABLE 1: Peak Positions and Assignments for
400 . Photoelectron Spectrum of Imidazolide
700 4 peak peak position (cmt)® assignmerst
-g 600 4 a 0 0
8 b 9554+ 15 6L
§ 7 c 1365 20 3id
% 40 d 1575 30 182¢
B 200 e 19254+ 25 63
- f 2325+ 30 368
9 2695: 45 e
1001 h 2890+ 55 3hge
0 cetemm s R [ 3265+ 50 3565
34 33 32 31 3.0 29 28 27 26 25 24

aPeak labels used in Figure ARelative to the origin (peak aj See

. . . Figure 2 for schematic representation of the normal motiEsrmi
Figure 1. Magic angle photoelectron spectrum (351.1 nm) of imida- ,a5onance paif. Fermi resonance pair.

zolide anion. The points are the experimental data, and the blue curve
is a 15 meV fwhm FranckCondon simulation based on the optimized TABLE 2: B3LYP/6-311++G(d,p) Optimized Geometries

Electron Binding Energy (eV)

geometries and normal modes obtained from the B3LYP/6+31G- for Imidazolide and Imidazolyl @
(d,p) calculations. N1
He ~ N\ M

and [GH3N; +(CHs3)3sCSH]. The relative detection sensitivity co 2 imidazolide imidazolyl
is determined by back-to-back measurements of isomeric
reactions: imidazolide anioft (CHz)sCSH vs pyrazolide anion C4—N3
+ (CHs)sCSH. The latter reaction is sufficiently exoergic and H/
produces the proton transfer product quantitatively with respect 'A, ’B, ‘B, ‘A,
to the depletion of the reactant anighThe rate constant for N i N a5 130 T 1330 T 13398
proton transfer is determined from the overall rate constant and
branching ratio. NI1-C5 and N3—C4 1.3708 1.3172 1.3794 1.4428

In the reverse reaction of 84N, + (CH3)3CS, a solid C4-C5 1.3917 14744 | 13634 | 1.3383
sample of imidazole is heated to about’®8Dand sublimed into

. . C2—H 1.0860  [1.0816 | 1.0751 | 1.0804

a stream of helium at a regulated but unknown concentration.
The imidazole/He mixture is then introduced into the SIFT flow C4-H and C5—H 1.0847 | 1.0825 | 1.0765 | 1.0779
tube for subsequent reaction. Calibration of the imidazole /N1-C2-N3 11630 |116.03 | 105.61 | 11531
concentration and measurement of the reverse rate constant is
performed as follows: Given a constant flow of imidazole in <C2-N1-CSand ZC2-N3-C4 | 102.69  1103.10 | 111.23 | 103.64
the second flow tube, semilogarithmic depletions are measured /N1-c5-C4 and ~N3-C4-C5 109.16 |108.88 | 105.96 | 108.70
alternately for SIFT-injected HOand (CH)3;CS™ ions in order
to extract the relative reaction rates. On the basis of an <N!-CZHand ZN3-C2-H 121.85 12198 | 12720 | 12235
assumption that the exoergic proton transfer reaction between £N1-C5-H and ZN3-C4-H 121.65 | 123.00 | 121.05 | 119.98

imidazole and HO proceeds at 90% efficiency with respect to
the calculated collision rate constant (5.25107° cm?® s71),

the absolute rate coefficient for imidazote (CHz)3CS is
determined. This assumption is justified by a separate measure
ment of an analogous reaction of pyrreteHO™ (k = 2.66 +
0.04 x 109 cm? s~1) in comparison with the calculated collision
rate constant (2.95% 107° cm?® s™1). The uncertainty in the
imidazole+ (CH3)sCS™ reaction rate constant is estimated from

the uncertainties in the measurement/calibration procedures andg,, photoelectron spectrum. Becke's hybrid three-parameter

in the evaluation of the collision rate constants. functionaf® and the correlation functional of Lee, Yang, and
The collision rate constants for imidazole and pyrrole are Parf! (B3LYP) were employed with the 6-3%tG(d,p) basis

calculated using the parametrized trajectory collision rate ges2 armonic vibrational frequencies were calculated at

theory’ from the polarizabilitie®® of 7.15 x 1024 and 8.03x ; ; : Lo
S stationary points obtained by geometry optimizations and are
24 ﬁ%
100 cm3 and E|eCt”.C.d'p°|e momernsof 3.8 and 1.74 D, . used without scaling. All of the calculations were carried out
respectively. The collision rate constant for the forward reaction with the Gaussian 03 suite of prografs.

is similarly calculated from the polarizability (11.2 1072 The DFT calculations predict that the electronic ground state
c)>* and dipole moment (1.66 B)of (CH3).3CSH'. Thes_e ratt 4 imidazolide is1A4, WhiFI)e the ground state of imi%azolyl is
constants are used to compute the reaction efficiencies. 2B,. The optimized geometries are given in Table 2, and the
harmonic vibrational frequencies are shown in Table 3. Using
these results, FranelCondon factors were calculated for
Photoelectron Spectra.The 351.1 nm (3.531 eV) magic transitions from théA; imidazolide to the’B; imidazolyl with
angle photoelectron spectrum of imidazolide is shown in Figure the PESCAL prograrf*65 Figure 1 shows a 15 meV fwhm
1 (solid points). The most intense peak (peak a) is assigned asGaussian line shape convolution (blue line) of the raw Franck
the band origin, and the EA of imidazolyl is determined to be Condon factors. The simulation reproduces the observed
2.613+4 0.006 eV. Several peaks are observed to higher eBE, spectrum reasonably well. The DFT calculations also predict

aBond lengths are in units of A, and bond angles are in units of
degrees.

Tepresenting vibrational levels of imidazolyl. Table 1 gives the
energies of the observed peaks relative to the origin. Angular
distributions of photoelectrons have been measured, and the
anisotropy parametef5) for the main peaks is about0.3.

DFT calculations were performed to make assignments of

Results
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TABLE 3: B3LYP/6-311++G(d,p) Harmonic Vibrational
Frequencies (cn?) for X 'A; Imidazolide and X 2B;
Imidazolyl@

mode symmetry imidazolide imidazoly!
1 a 3172 3231
2 3147 3218
3 1443 1436
4 1254 1313
5 1184 1166
6 1086 982
7 935 919
8 =Y 777 874
9 666 560
10 b 809 867
11 734 756
12 696 511
13 0} 3145 3205
14 1466 1523
15 1304 1289
16 1231 1188
17 1100 1016
18 931 780
@ Frequencies are unscaled.
| | I
N PN N
\ ‘b\% 'ij ~./
4 C—Ca C—¢C /C—C
~7 N~ /N 7N
H H H /4 H
/

a; mode (v3), 1436 cm™ b, mode (v;g), 780 cm™
N-C stretch

a; mode (vg), 982 cm’!
C-C stretch
Figure 2. Relative atomic displacements and harmonic frequencies

of the normal modes for XB; imidazolyl evaluated at the B3LYP/6-
311++G(d,p) level of theory.

N-C-N asymmetric stretch

an EA of 2.592 eV, which is in good agreement with the

J. Phys. Chem. A, Vol. 109, No. 50, 20061507

TABLE 4: Cubic Force Constants (cnt?) for X 2B;
Imidazolyl and Geometry Displacement ParametersK, in
Dimensionless Normal Coordinates for X?B; Imidazolyl — X
1A; Imidazolide, and X 2B; — (B) 2A, Imidazolyl Evaluated
at the B3LYP/6-311++G(d,p) Level of Theory

a modei Dinnn Digis K (?Bi—'Aj) K (B1— 2Az)
1 148 10 0.036 0.075
2 758 7 0.031 0.081
3 25 209 1.249 2.768
4 33 44 0.376 1.094
5 23 48 0.322 0.026
6 18 100 0.919 1.488
7 8 58 0.534 1.322

factor for these overtones originates from a large change in the
corresponding vibrational frequencies between the initial and
the final states of the electronic transition. In the imidazolide
system, however, there is no significant Fran€london factor

for either 211 or 2v1g, @s can be seen in the simulation in Figure
1.

Alternatively, overtone peaks can gain intensity from Fermi
resonancé&® The Fermi resonance mixes two vibrational levels
of the same vibrational symmetry, and the extent of mixing is
larger when the energy separation of the two unperturbed
vibrational levels is smaller. Peak d is located very close to
peak ¢ whose FranekCondon factor is very large according
to the simulation. The two peaks are separated by er#90
cml. The mixing of the two levels takes place through
anharmonic coupling. DFT methods have recently been applied
to a number of molecules for anharmonic calculati$ig?
Numerical differentiation of the analytic second derivatives is
implemented in Gaussian 03 program packageobtain cubic
force constants. The cubic force constants foPByemidazolyl
are calculated at its stationary point with respect to Cartesian
coordinates, and they are transformed into the basis of the
dimensionless normal coordinates. Table 4 shows cubic force
constants involving the;anodes and';; or v1g. The calculated
cubic force constants fowg, v1g, v1g) and (3, v11, v11) are 209

experimental value. Thus, we assign the observed spectrum toand 25 cm?, respectively. A simple X 2 matrix is set up for

the2B; ground state of imidazolyl. This assignment is consistent
with the hyperfine structures of imidazolyl radical observed in
aqueous solutiof?

The Franck-Condon simulation allows assignments of the
observed vibrational peaks. The first vibrational peak (peak b)
is a totally symmetric (§ C—C stretching modeg). The next
peak (peak c) is another emode with N-C stretching motion

each anharmonic coupling to evaluate the corresponding Fermi
resonance mixing, using the DFT harmonic frequencies. The
mixing betweervs and 2/1gis about 10%, and the concomitant
energy shift is 19 cmt. On the other hand, the mixing o

and 21, is less than 1%, and the energy shift is less than 1
cm~L. These DFT calculations suggest that the Fermi resonance
effects are much larger for; and 21 despite the larger

(v3). Atomic displacements for these normal modes obtained separation of the energy levels. Therefore, we propose that peak

from the DFT calculations are schematically depicted in Figure
2. The overtone of the €C stretching mode (&) and the
combination of the €C stretching and N-C stretching modes

d is 2v15 borrowing intensity from the FranekCondon factor
of v3 (peak c) through the Fermi resonance. Likewise, the Fermi
resonance effects operate for peaks g and h, which correspond

(v + ve) appear in the spectrum as peaks e and f, respectively.to 2v3 andvs + 2v1g, respectively.
Even though the main features of the spectrum are reproduced To the lower eBE side of the origin peak a in Figure 1, weak
satisfactorily, there are some discrepancies between the observeghotoelectron signals are detected as shown in Figure 3. The

spectrum and the FranelCondon simulation. For example, a

intensity of these photoelectron signals is much lowet %)

small shoulder to the higher eBE side of peak c is observed than that of peak a in Figure 1, whose leading edge appears in

(peak d). This feature is absent in the Fran€ondon simula-
tion. The intensity ofvs (peak c) is overestimated in the
simulation, so arevs + vg (peak f) and 23 (peak Q).
Furthermore, the vibrational frequency of is overestimated
in the DFT calculations, while the DFT frequencyigfmatches
the observed vibrational energy level very well.

Reviewing the DFT harmonic frequencies f@&; imidazolyl

Figure 3. The peak at2.45 eV has been identified as an 1165
+ 45 cnt hot band of imidazolide, whose vibrational tem-
perature is about 450 K. This hot band of broad line width
consists of several totally symmetric modes of imidazolide (see
Table 3). However, the other peaks apparent in Figure 3 cannot
be hot bands of imidazolide. The assignment of théBXstate

of imidazolyl in Figure 1 is well-established, as described above.

in Table 3, peak d may correspond to the overtone of either a Therefore, the photoelectrons observed at lower eBE than those

by mode (211) or a b mode (21g). Even quanta of nontotally

for the X 2B, state cannot originate from 1-imidazolide anion.

symmetric modes are symmetry-allowed, and they can be When O was used instead of HOas a reactant in the flow

observed in the spectrum. Generally, a nonzero Fra@gndon

tube to synthesize imidazolide anion, we detected the photo-
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TABLE 5: B3LYP/6-311++G(d,p) Optimized Geometries

. % for 5-Imidazolide and 5-Imidazolyl?
14 = | H
' |
12 4 .
£ " .a N1 H
é’ 10 4 s : - C5/ \CZ/ 5-imidazolide S-imidazolyl
c .‘ f
% 8 .- i IAl ZA.
E ! t & C4—N3
] E LR
- :
“1 )
NI-C2 1.3766 1.3683
i 2 N3 1.3166 1.3154
0 = . T T . T . . " N3-C4 1.3960 1.3843
27 26 25 24 23 22 21 20 1.9 1.8 1.7 C4—C5 1.3996 1.3630
Electron Binding Energy (eV)
) ) ) C5-NI 1.4056 1.3701
Figure 3. Portion of the 351.1 nm magic angle photoelectron spectrum NI=H 1.0066 10074
of the anions produced from the imidazeteHO™ reaction. The solid ' ’
points are the experimental data, the blue curve is simulation of C2-H 1.0839 1.0791
5-imidazolide detachment, and the red curve is simulation of 2-imi- C4-H 1.0841 1.0759
dazolide detachmgnp The FraﬁelZ_ondon simulation (15 meV fv_vhm) IN1-C2N3 11036 11112
uses the EAs, optimized geometries, and normal modes obtained from
the B3LYP/6-31#-+G(d,p) calculations. The peak aR.45 eV is the £C2-N3-C4 103.94 10720
hot band of imidazolide, and the intense origin peak of 1-imidazolide ZN3-C4-C5 114.96 107.47
grows in at>2.5 eV. £CA-C5-NI 08.95 108.51
H Z£C5-N1-C2 111.79 105.71
i Q BexoH® 124.54 127.83
Hegs oM o AN 4 - 40.6 keal mol™! <H-NI-C2 : :
\Q/ +HO — C§©72 +HO  (exp. - 40.6£0.5) ZH-C2-N1 123.75 123.22
A Ja S ZH-C4-C5 126,34 129.98
H H
T aBond lengths are in units of A, and bond angles are in units of
N1 degrees.
— M7 N2+ HO 0.5 keal mol™! g
=4 kcal mol?® for the C2, C4, and C5 positions, respectively. As
W y © shown in Figure 4, HO deprotonation of imidazole is slightly
N exothermic at C2 and C5, but it is quite endothermic for C4
H\C(G)\Cz/*' +HO 4142 keal mol’! pleprotonation. The deprotonation enthalpy of hydroxyl raéical
W/ is AaciH208 = 382.70 + 0.10 kcal motl, and the DFT

PR calculation results suggest that deprotonation at all of the carbon
sites of imidazole by O is endothermic.

Franck-Condon simulations for photodetachment from 2-im-
idazolide and 5-imidazolide were carried out, and the results
are shown in Figure 3. The DFT calculations predict the ground
states of the corresponding radicals todstates {A") with
EAs of 1.749 and 1.986 eV for 2-imidazolyl and 5-imidazolyl,
respectively. It is evident that the Frare€ondon profiles for
the two species are quite distinct and that the simulation for
electron spectrum of imidazolide, virtually identical with that 5-imidazolide is in excellent agreement with the observed
shown in Figure 1; however, the peaks as shown in Figure 3 spectrum. Thus, it is concluded that a minor pathway of HO
were not observed. Because H@ a stronger base tham(3* reaction with imidazole is deprotonation at the C5 position, and
it is possible that deprotonation of imidazole may take place photodetachment from 5-imidazolide leads to the formation of
not only at the nitrogen site but also at a less acidic carbon site X 2A’ state of 5-imidazolyl radical, which appears in Figure 3.
when HO is used. In this case, detachment from the carbon- The DFT optimized geometries of the anion and the radical are
deprotonated anion may lead to the observation of the photo-given in Table 5. The FranekCondon simulation helps to
electron spectrum in Figure 3. identify the origin peak, and the EA of 5-imidazolyl is

The energetics of deprotonation at all sites of imidazole was determined to be 1.992 0.010 eV. An extensive vibrational
explored with DFT calculations, and the results are shown in progression with a frequency of 98970 cnt? is observed in
Figure 4. The DFT calculations predidcidH29s to be 349.6 the spectrum. The simulation predicts that two in-plane ring
kcal moi for the N1 position, in excellent agreement with an  bending modes with harmonic frequencies of 859 and 931 cm

H

I
N1
—»ch/ \c2/H +H,0 -1
- 2.4 kcal mol
1S
Wooo
Figure 4. B3LYP/6-31H-+G(d,p) reaction enthalpies for proton
transfer reactions at different positions of imidazole. A literature value
is used for the deprotonation enthalpy ofCH(see ref 55).

experimental value of 349.% 0.5 kcal mof?! (vide infra).
Combined with a reported deprotonation enthalpy ofOH
(AacidH208 = 390.274 0.03 kcal mot?),55 the enthalpy of HO
reaction with imidazole to yield imidazolide and,® is
calculated to be-40.6 kcal mot? (cf. experimental value is
—40.64 0.5 kcal mof1). The DFT calculations find the other

are active in the photoelectron spectrum. This vibrational
progression reflects large differences in the angles of the five-
membered ring between the ground states of the anion and the
neutral, particularly thé1C4—C5—N1 angle (Table 5).

Gas Phase Acidity For reactions of imidazolide with (G-
CSH and imidazole with (CJsCS-, the overall rate constants

protons in imidazole to be much less acidic. The calculated (kovera) including proton transfer and adduct formation were

deprotonation enthalpiedacidHz2gs are 389.8, 404.4, and 387.9

measured to be 3.04 0.61 x 10 °cm3 st and 2.60+ 0.70
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TABLE 6: Thermochemical Parameters for Imidazole and
Imidazolyl@

EA (imidazolyly 2.613+ 0.006 eV

AacidG2eg(imidazoley 342.64 0.4 kcal mot?
AacidGaog(imidazoley 342.84 2.0 kcal mot?
Aaciceg(imidazole} 23.8 cal mott K1

AacidH20g(imidazoley 349.74 0.5 kcal mot?
AacidHo(imidazole) 348.4+ 0.5 kcal mot*
Do(imidazoley 95.14 0.5 kcal mot?
AiHaeg(imidazolyly’ 76.2+ 0.6 kcal mot?

a Acidities and bond enthalpies are associated with theHN
hydrogen and N-H bond, respectively? Experimentally determined
in the present study.Ref 72.9 Derived from DFT calculation [B3LYP/
6-311++G(d,p)] using unscaled vibrational frequencieBerived from
AacidGaog(imidazole) and thermal correctiohDerived fromAacidH208
(imidazole) and thermal correctiohDetermined with EA(imidazolyl)
and AxcidHo(imidazole) through a thermochemical cycle (see eq 7 in
the text)." Derived from AsHaeg(imidazole) andDo(imidazole) and
thermal corrections (see eq 8 in the text).

x 1072 cm® s71, respectively, where the uncertainties represent
absolute error bars. Not only is the overall reaction of imida-
zolide with (CH;)3CSH slower than the reverse reaction, but it

proceeds primarily via adduct formatior98%). This indicates

J. Phys. Chem. A, Vol. 109, No. 50, 20061509

cm?® s must represent exclusively the proton transfer reaction
between 1-imidazolide and (GHCSH.

The reverse reaction of imidazole with (gkCS™ proceeds
exclusively via proton transfer(99%) with negligible adduct
formation. The proton transfer rate constant is essentially the
same as the overalk = 2.60+ 0.70 x 10°° cm® sL. The
reaction efficiency amounts to 87% of the collision rate constant
(3.00 x 10° cm?® s1). The gas phase acidity difference,
AAacidGoodimidazole — (CH3)sCSH], is derived from the
forward and reverse rate constants-e&6 + 0.3 kcal mof ™.
BecauseaidG2og (CH3)3sCSH] = 346.24 0.2 kcal mof?, the
gas phase acidity\acidG2og(imidazole), is determined as 342.6
+ 0.4 kcal mot™. This experimental value of the gas phase
acidity of imidazole is in excellent agreement with a previous
FT-ICR measuremeft’3 of 342.8+ 2.0 kcal mof?, which
incorporates recent changes in the acidity sétl€able 6
summarizes the thermochemical information determined for
imidazole and imidazolyl.

Discussion

Electronic Structure of 2B; Imidazolyl. As mentioned in

that the forward direction is endoergic in the proton transfer the Introduction, our research is directed at understanding how
equilibrium. Using a reasonable assumption that the adductssuccessive substitution of an N atom for & & group affects
originate from the endoergic fraction of the Boltzmann thermal the properties of five-membered cyclic compounds. Previously,
energy distribution, the overall rate constant can be partitoned We studied pyrrolide anion and the corresponding radical,
into the effective rate constant for proton transfer= 6.4 + pyrrolyl, which have one N atom in the rirfgThe C; axis of

1.9 x 10712 cnm® s°%, with the uncertainty representing both ~ Pyrrolide and pyrrolyl runs through the N atom. Of the two

the absolute error bars in the overall rate measurement and thdlighest occupied molecularorbitals, the borbital has a large

counting statistics of the minor proton transfer product. The
proton transfer efficiency is only 0.35% with respect to the
collision rate constant of 1.88 107° cnm® s,

As discussed above, a very small amount of 5-imidazolide
anion was observed as a minor product of Heprotonation

contribution from tle N p orbital, while the aorbital has no
direct contributions from ta N p orbital because the N atom
lies on thewr-node. The N atom participation stabilizes the b
orbital, which explains that the ground state of pyrrolyl is the
2A, state. The term energy of tH8; state is expected to be

of imidazole in the photoelectron spectroscopic measurements.~0.5 €V although it is a transition state due to the strong
Assuming an identical photodetachment cross-section for the Vibronic coupling with the’A; state?

two isomers, 1-imidazolide and 5-imidazolide, the amount of

With the arrangement of the two N atoms, igaxis runs

5-imidazolide produced in the photoelectron spectroscopic through the C2 atom for imidazolide and imidazolyl. Conse-
apparatus would be less than 1% of 1-imidazolide anions. If a quently, the aorbital is mainly composed of &N p orbitals,

significant portion ofn/z67 ions were 5-imidazolide in the SIFT
apparatus, then analysis of ion reaction with 8SH would
need to take account of the isomer contamination.

Our experimental findings, however, indicate that formation
of 5-imidazolide in the SIFT apparatus is negligible. Collision-
induced dissociation (CID) of imidazolide was performed by

but the h orbital has only minor contributions from the N p
orbitals (see Figure 5). Thus, the arbital is more stabilized
than the h orbital in imidazolide. Photodetachment from the
highest occupied molecular orbital (i.e4, drbital) leads to the
formation of the?B; ground state of imidazolyl. The angular
distribution parameter, was found to be-0.3 for the main

increasing the ion injection energy and observing the fragmenta- features of théB, imidazolyl (Figure 1). A negativg value is

tion upon collision with helium in the second flow tube. The

typical for photoelectrons in this range of kinetic energy when

CID measurements used the same condition for the ion detachment takes place frammolecular orbital$:2374

formation in the flowing afterglow source as the kinetics

Because of the large effects of the two N atoms on the a

measurements. The CID energy dependence shows no evidencerbital, the extent of stabilization of the arbital relative to

for the 5-imidazolide isomer, which is nearly 40 kcal mbl

the b orbital in imidazolyl is much larger than the corresponding

higher in energy than 1-imidazolide (see Figure 4). On the basis situation in the pyrrolyl system. The DFT calculations predict
of the detection sensitivity, the upper bound is estimated to be that the term energy of th#\, state of imidazolyl is 0.95 eV2

3% for the abundance of 5-imidazolide.
Kinetics measurements for the imidazolide (CHz)sCSH

reaction also show no sign of the presence of 5-imidazolide.

While 5-imidazolide anions are expected to deprotonates(&<H
CSH at nearly every collision (1.88 1072 cm? s71), ~6 times
faster than the observed overall decay (3040710 cm? s7%),

Indeed, the lowest excited state is calculated to bestate, the

B, state, with a term energy of 0.84 eV (Figure’SEither

our laser photon energy is not sufficient for detachment to these
excited states or the kinetic energy of the photoelectrons may
be too low (<0.15 eV) for efficient detection. It should be
mentioned that the DFT calculations show that the two excited

there was no faster decaying component in the imidazolide states vibronically couple with each other strongly, and as a

depletion plot nor prompt formation of the product ion,

(CH3)sCST, in the early stage of the kinetics. The rate of

formation of (CH)3;CS™ was constant over the entire course of
the reaction kinetics well beyond the time scale for 5-imidazolide
depletion. Thus, the assigned rate constant 4649 x 10712

result, the correspondin@, stationary points are saddle points.
The EA increases as the number of N atoms in the five-
membered ring increases. The EAs of cyclopentadiergH{C
pyrrolyl (NC4H,), and imidazolyl (NC3H3) are 1.812+ 0.00576
2.1454 0.0108 and 2.613+ 0.006 eV, respectively. The highest
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_1er1 vz + 2v1g (peak h) will have even stronger mixing thag(peak
% b c) and 215 (peak d), which could explain comparable intensities
Ay for peaks g and h. It should be noted that the DFT frequency of
‘1’32 vg reproduces the observed peak position (peak b) very well.
v O This C—C stretch fundamental is not expected to have any
"™ 980 4o significant Fermi resonance effects.
LN P —1»133 %, Table 4 shows cubic force constants fqg (quadratic) and
° _ﬂ_a, each amode (linear) of imidazolyl. A particularly large cubic
Q - i force constant is found fors, ®31513= 209 cnTl, which is
b2(0) /'W—C“{ -1—b1 much larger than the second largest ofrg,g18= 100 cnt?.
LS #_b ) This large magnitude of the anharmonici®z 1515 may be
] related to vibronic coupling between tP@; and the?A, states.
. #Faz The HerzbergTeller expansion up to second-ordef’is
ax(m) R,

Vo) 2
. O Eqy oH 1 JoH
\8/‘ ” V.=V, + z E/i‘_‘lpi °‘+_Z i‘_
- Ul 24 Ulyo,2

W H&xz -
jtbl EH% IPKD}JK s

]
by 1, 0Q,
fo 3 T Q.2 (4)

Figure 5. Three highest occupied molecular orbitals of imidazolide,

and the schematic representation of electron photodetachment fromHere, the reference is taken atCa, geometry. The last term
imidazolide to form three electronic states of imidazolyl radical. Only - represents the vibronic coupling effects on the quadratic force
X 2B, state is observed in the photoelectron spectrum (Figure 1). constants. For the vibronic coupling between #Be and the

A, states, normal modes of lsymmetry will make nonzero
matrix elements in the last term. When the potential energy
surface of the?B; state is expressed in this expansion form, it
is evident that the effects of vibronic coupling on tP;

occupied molecular orbitals of pyrrolide »(eorbital) and
imidazolide (hk orbital) are not mainly composed N p orbitals.
However, the inductive effects of the N atoms in the ring
stgbilize these orbitals significantly; hence, the EA increases potential energy surface near its equilibrium geometry are
with the number of N atomg. marginal because of the relatively large denominator in the last

The I_:ran_cIeCondon profile of the photoelectron spectrum term. The DFT calculations show that th&, state lies 1.9 eV
shown in Figure 1 reflects the geometry change fro!ﬁAx higher in energy than théB; state at the’B; equilibrium
imidazolide to X2B; imidazolyl. In Table 2, the most noticeable geometry
change between the two equilibrium geometries is the- @4 Th : : : .- .

. e large cubic force constanb, is explicitly written

(or equivalently N3-C4) bond length and the CG4C5 bond g 318,18 PIctty
length. Indeed, the two;amodes active in the photoelectron

spectrum¥3 andve) are the N-C stretching mode and the<C PEY; 3 [ 52
stretching mode, as shown in Figure 2. D;1518= 90.90,.90. = 0. 5 (5)
The appearance ofvgs and its combination band (peaks d 3718718 3\0Qyg

and h) was attributed to Fermi resonance withThis Fermi
resonance, at least to some extent, explains the discrepancie
between the observed spectrum and the Fra@indon
simulation. It should be remembered that our FranCkndon
simulation was carried out with a harmonic assumption; that
is, it does not take into account anharmonic effects, such as
Fermi resonance. As noted in the results section, the intensity
of v3 (peak c) is overestimated in the FrancBondon simula-
tion. Whenvs is in Fermi resonance withig, their characters
are mixed. With the cubic force constant in Table 4, the extent Q=JQ +K (6)

of mixing is calculated to be 10%. Becausggdoes not have

an appreciable FranelCondon factor in the absence of the Here, Q" and Q are matrices for the normal coordinates of
Fermi resonance, this mixing should result in the decrease ofthe imidazolide and imidazolyl ground states, respectivkly,
intensity forvs, while 2v1g gains intensity fronvs. Thus, the a matrix for Duschinsky rotation of the two sets of normal
discrepancy in the peak c intensity between the simulation and coordinates, anH is a column vector representing the geometry
the observed spectrum in Figure 1 should be reduced by thedisplacement between the two states. The components &f the
anharmonic effects. In addition, with the energy orderingof  vector for all of the amodes of theB; imidazolyl are shown

and 215 as found in the DFT calculations (see Table 3), the in Table 4. The largest displacement takes place algngnd
Fermi resonance lowers thg energy level, while 25 is raised. the magnitude of the displacement is 1.249 in dimensionless
Lowering of v3 also alleviates the discrepancy found between units. The second largest value ig, 0.919. These large
the DFT harmonic frequency and the observed peak position. displacements manifest themselves in the photoelectron spec-
The same logic applies to the overestimation of the intensities trum (Figure 1) as vibrational progression for these modes.

as well as the energy levels of peakig (+ vg) and peak g In the same way, th& vector can be calculated for the
(2v3). The Fermi resonance coupling matrix element is larger geometry shift from théB; ground state to théA, excited state

for higher vibrational quantum numbers. Thusg §eak g) and of imidazolyl, and its components are shown in Table 4. The

g’his cubic force constant is a gradient of the quadratic force
constant for the pmode,v1g, along the totally symmetric mode,
vs. As seen in eq 4, the;g quadratic force constant depends on
the vibronic coupling between théB; and the?A, states.
Consequently, the cubic force constabg, 1515 can exhibit the
dependence of the vibronic coupling on tiemotion.

In the Franck-Condon simulation shown in Figure 1, the
parameters of the following equation are calculdted
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geometry shift along; is by far the largest, 2.768, between As introduced earlier, elucidation of the mechanism of ALS
the two imidazolyl states. The larg€ vector component for has recently been an active research topic in the field of
the N—C stretching mode is not surprising as Table 2 shows biological chemistry. Information on oxidative reactions in Cu,-
that the N:-C5 (N3—C4) bond length is quite different between Zn—SOD is important in understanding their possible participa-
the 2B; and the?A, states. Let us assume that sy and?A, tion in the development of toxicity. The peroxidase reaction of
states have identical normal modes (i.e., parallel modes) andCu,Zn—SOD has been studied in this conték¢> The observa-
that the potential energy surface is harmonic. Thenktkector tion of the histidinyl radical suggests that the oxidizing agent,
represents the slopes of tP&; potential energy surface along possibly OH radical, reacts with one of the coordinating
the a modes at the equilibrium geometry of th# state. Under imidazole rings of the histidines at the metal center. The OH
this assumption, the energy separation betweefBhand the radical reactions with pyrrole and imidazole can be expressed
%A, states changes by0.6 eV as the geometry shifts along the as formal H-atom abstraction reactions:
vz mode by one dimensionless unit. Figure 2 shows the
schematic representation of theg mode. This mode is !
asymmetric NCN stretching. The corresponding mode in pyr- w1 o AN,
rolyl was found to be responsible for strong vibronic coupling <oH+ &C_)Cé — <\34(;)04 +H0

\ \

between théA, and the?B; states Taking the magnitude of / .
the vibronic coupling matrix as 0.15 eV, which represents S o Aully =235+ 02 keal mol™ (9)
moderately strong vibronic coupliri§; 3 the quadratic coupling H
constant for ther;g mode of imidazolyl changes by 90 cfas Y /NI1\ .
the energy separation decreases from 1.9 to 1.3 eV. Thus, itis,,,, ‘Cisz’ . ‘C§®72’ “H,0
reasonable that the vibronic coupling betweenBgand the Ca=N3 Ca—N3
2A, states contributes to the relatively large anharmonicity, H H A Hy=-22.4%0.5 keal mol” (10)
which causes the Fermi resonance effects.
Imidazole N—H Bond Thermodynamics. The N—-H BDE With the N—H BDE of imidazole, the reported \H BDE
of imidazole, Do(CsHsNo—H), is derived in the following  of pyrrole, and the ©H BDE of H;0,* we can calculate the
thermochemical cycle: enthalpies of the two reactions, as indicated above. The two
reaction enthalpies are similar and moderately exothermic.
Do(CsH3N,—H) = A, iHo(C3H3N,—H) + EA(CSHN,) — However, in aqueous solutions, the two reactions have quite
IE(H) (7) different characters. In neutral agueous solutions, the OH radical
reaction with pyrrole leads to the formation of pyrrolyl radical,
Here, EA(GH3Ny) is the imidazolyl EA,AacidHo(CsH3sN2— while the product of the OH reaction with imidazole is the OH

H) is the imidazaé 0 K N—H deprotonation enthalpy, and IE-  adduct; no formation of imidazolyl is observed at gHL043.86.87

(H) is the ionization energy of the hydrogen atom (13.59844 Solvation effects (e.g., hydrogen bonding) on the reactants and
eV). The experimentally determined gas phase acidity, the 298 products are not expected to change the enthalpies of the two
K deprotonation free energycidGa09), is converted to the 298  reactions significantly.

K deprotonation enthalpyAxcidH29g), Using the deprotonation The most probable explanation of the difference in the two
entropy evaluated from the DFT calculationg\acidH2o8 reactions is related to the charge transfer character of the reaction
(imidazole)= 349.7+ 0.5 kcal mot™. The 0 K deprotonation  processes. Tripathi discussed direct electron transfer and adduct-
enthalpy QacidHo) is obtained from the 298 K deprotonation mediated electron transfer mechanisms of OH radical reactions
enthalpy QacidH299) by subtracting the contributions of integrated  with aromatic compounds in his resonance Raman stéitig

heat capacities, which are also evaluated from the DFT demonstrated that the electron transfer processes take place more
calculations: AacidHo(imidazole) = 348.4 4+ 0.5 kcal mot™. efficiently with those aromatic compounds with lower IEs.
With this acidity value and the experimental EA value substi- Similarly, charge transfer from pyrrole to OH radical may be
tuted in eq 7, te 0 K N—H BDE of imidazole is derived to be effective, considering the relatively low IE of pyrrole, 8.23 &V,
Do(CsHsN2—H) = 95.1 + 0.5 kcal moft. Subsequently, the  or alternatively, the EA of pyrrolyl, 2.145- 0.010 eV8 This

heat of formation of imidazolyl radicalAH29e(C3H3Ny), is charge transfer should be accompanied by deprotonation in the

determined from the following relation: formation of pyrrolyl radical. On the other hand, the IE of
imidazole is 8.78 e\?? and the EA of imidazolyl is 2.613

AtHped C3H3N) = AfHpee( CsHyN,) + DH,o(CoHaN,— 0.006 eV. Thus, one more N atom in the ring makes removal

H) — AH,q4(H) (8) of a negative charge from imidazole more difficult, and the OH
radical simply adds to the imidazole ring. A charge transfer
where AfH29¢(C3HaN>) is the heat of formation of imidazole  aspect of the OH radical reactions with aromatic compounds
andAsH,9g(H) is the heat of formation of hydrogen atom. Using has also been considered in a recent kinetics study in acetonitrile
thermodynamic information from the DFT calculations, the solutions?® The OH radical reaction with imidazole has also
N—H BDE value from above, and a reported heat of formation been studied theoreticalf.

of imidazole AfH299(C3H4N2) = 31.84 0.1 kcal mof1],”* we A recent DFT stud$? shows that the NH BDE of imidazole
obtain AfHzgg(C3H3N2) = 76.2 £ 0.6 kcal mofL. All thermal is calculated to be 121 kcal md| which is clearly erroneous.
corrections used were computed using unscaled vibrationaln this work, the authors apparently used-atate of imidazolyl
frequencies. as the bond dissociation asymptote. e state correlates
The N—H BDE of imidazole, 95.1 0.5 kcal mot?, is very diabatically with the ground state of imidazole as thefbond
close to the N-H BDE of pyrrole8493.924 0.11 kcal mot™. is stretched within the molecular plane. Adiabatically, however,

In terms of eq 7, the increase in EA from the pyrrole to the the2B; ground state of imidazolyl is the correct asymptote to
imidazole system is approximately canceled by the decrease inderive the N-H BDE. Moreover, their acidity value differs from

the acidity. There is no significant effect of the additional N ours by~7 kcal mol?, even though the same DFT method
atom in the five-membered ring on the- BDE. and the same basis set were used in their study. As demonstrated
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earlier, our DFT value of the acidity is in excellent agreement 11 and 12 show hypothetical proton transfer between pyrrole
with the experimental value. It is possible that there are some and imidazole:
systematic errors in their derivation of thermodynamic param-

eters. ! @ " @
i i cls N3

Imidazole C—H Bond Thermodynamics. The C-H BDE

of heteroaromatic compounds is a key subject in the discussion @c“/”,, H\CZO\“/H \°§©\7“/H+H\°§©\7"/H

of combustion process®$4 or transition metal catalysf§: 98 d‘ \ \, LN, d“‘cs

Blank et al. determined the€H BDE of pyrrole in photof-

ragment translational spectroscopic measurenfétswever, AraGog =—9.3 £ 0.6 kcal mol’ 11
because the NH BDE of pyrrole determined in the same study

is not accurate (see ref 84), their value of the L BDE is " @ T

questionable. No definitive experimental values on theHC dy W N .
BDE of heteroaromatic compounds have been reported in the”‘“@\“’ e OW" ‘CZOC‘*’" "*2@\64
—

literature. M }*1—05 "1—°5 N1—°%
The photoelectron spectrum shown in Figure 3 definitively " B
indicates that HO abstracts the proton at the C5 position. When ArxnG298 =—7.6 kcal mol (12)

the reagent was changed from H@ O~, the photoelectron
spectrum as shown in Figure 3 was not observed, and only the Reaction 11 is proton transfer from imidazole to pyrrolide,

photoelectron spectrum of 1-imidazolide (Figure 1) was ob- yielding imidazolide and pyrrole. From the experimental gas
served. These results could indicate that the acidity of imidazole phase aciditie& the free energy change £5x,Goos = —9.3 +

at the C5 position is bracketed by those efHand OH radical. 0.6 kcal mot™ for this reaction. Taft and co-workers explained
The gas phase acidities 0£@ and OH radical aré\acidGzos = the thermodynamics of this reaction with respect to aza-
383.68+ 0.02 and 376.8@ 0.20 kcal mot?, respectively>7t substitution effect$273 They assigned 8.5 kcal mdi to the

The DFT calculations preditkaciGaos = 342.5 kcal mot?! stabilization energy of the imidazolide anion due feaza
for N—H of imidazole. This compares very well with our substituent. Qualitatively, the same argument applies to the
experimental valueAacidGzos = 342.6+ 0.4 kcal mofl. For deprotonation at the C5 position of imidazole. Reaction 12 is

the acidities at the carbon site8,idG29s = 381.9, 396.2, and  proton transfer from imidazole to 2-pyrrolide (illustrated as
380.2 kcal mot! are predicted for the C2, C4, and C5 positions 5-pyrrolide) with 5-imidazolide and pyrrole as products. In the
of imidazole, respectively. These calculations support the idea product anion, 5-imidazolide, the lone-pair electron lobe at the
that the proton at C5 of imidazole is more acidic thai©Hbut C5 position is accompanied by the N lone-pair electron lobe at
less acidic than OH radical. As discussed earlier, the observedthe 5 position, analogous to the situation in imidazolide. This
photoelectron spectrum of 5-imidazolide had very low intensity. $-aza substituent can stabilize 5-imidazolide relative to 2-pyr-
The majority of HO ions abstract protons at the N1 position rolide where there is no aza substituent present. The DFT
of imidazole, which is much more exothermic than deprotona- calculations predicAnnGzes = —7.6 kcal mof? for reaction
tion at the C5 position (see Figure 4). The DFT calculations 12, which may represent the aza substitution effects. Carbon
show that it is energetically possible for HQo deprotonate  acidities of azines have been discussed in the samée®ay.
imidazole at the C2 position; however, there is a very small  The acidity of imidazole at the C2 position is less than that
driving force for this reaction to take place, which probably at the C5 position, because deprotonation at C2 produces a
explains the absence of photoelectron signals from 2-imidazolide repulsive interaction between the lone-pair electron lobes at C2
(see Figure 3). and N372 This situation contrasts with an imidazole isomer,
It is very difficult to accurately determine the acidity of imidazol-2-ylidene, where the C2 lone-pair electron lobe is
protons in the presence of more acidic protons in the sameflanked by two N-H groups’®*192The inductive effects of the
molecule. The photoelectron spectrum measurements serve abl—H groups, together with the mesomeric effects of the
acidity bracketing experiments for this system. From the gas 7-System, stabilize the singlet carbefié.
phase acidities of ¥ and OH radical AacidG29s = 380 + 4
kcal mol? is evaluated for the 5-position of imidazole. With ~ Conclusion
the thermochemical properties calculatgd at .the DFT level of  pe photoelectron spectrum of imidazolide, produced by HO
theory, Do(C5—-H) = 119+ 4 kcal mol is derived from the  geprotonation of imidazole in helium buffer gas, has been
thermochemical cycle (eq 7). measured, and the EA of imidazolyl is determined to be 2.613
Previously, we measured the photoelectron spectrum of + 0.006 eV. Franck Condon simulation based on the B3LYP/
pyrrolide® The same ion precursor, HQwas used to depro-  6-311++G(d,p) calculations for the electronic ground states of
tonate pyrrole, but only the photoelectron spectrum of nitrogen- the anion and neutral reproduces the observed spectrum reason-
deprotonated pyrrolide was observed. The DFT calculations give ably well. Two vibrational frequencies of 955 15 and 1365
AacidG208 = 387.8 and 397.6 kcal mot at the C2 and C3 4+ 20 cn 2 are active in the spectrum and identified to be totally
positions of pyrrole, respectively. Thus, it is most probable that symmetric modes with €C stretching and NC stretching
the protons at the C2 and C3 positions are less acidic th@n H  motion, respectively, of XB; imidazolyl. The latter mode,
and that deprotonation does not take place at carbon sites ofhowever, mixes with an overtone of an in-plane asymmetric
pyrrole when HO is used. stretching mode through Fermi resonance. Proton transfer rate
As the DFT calculations suggest in pyrrole, an adjacentiN coefficients for the imidazolide reaction with (GHCSH and
group makes a €H more acidic. However, the acidity of its reverse reaction have been measured in a FA-SIFT. From
pyrrole at the C2 (or equivalently C5) position is lower than these reaction rate coefficients, the gas phase acidity of
that of imidazole at the C5 position. This comparison indicates imidazole is determined to bAacidG29s = 342.6 £ 0.4 kcal
that the addition of one more N atom in the five-membered mol™%, in good agreement with a reported value but with
ring results in a significant increase of the acidity. Reactions increased precision. With the EA of imidazolyl and the gas phase
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acidity of imidazole, the NH BDE of imidazole is derived
using a thermochemical cycl®y(CsHsNo—H) = 95.1+ 0.5
kcal mol .
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