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Abstract

The ionization of valeramide and the subsequent rearrangements and fragmentations of the cation radical are studied by
quantum-chemical calculations employing the B3LYP method, while molecular modeling techniques are used for an initial
screening of the conformational space. Ionization of valeramide involves a modest difference between adiabatic and vertical
ionization energies. Interestingly, the cation radical bears several, rather low-lying routes for unimolecular rearrangements. The
energetically preferred route involves initial�-C–H bond activation according to the well-known McLafferty rearrangement.
Other, low-lying channels proceed via�-C–H and�-C–H bond activations, respectively, leading to specific fragmentation
reactions which are analyzed in detail. Further, direct�-C–C bond cleavage of ionized valeramide is explored. The theoretical
results agree quite nicely with the experimental data presented in the preceding article as far as the relative energetic ordering of
the fragmentation channels, isotope effects, and the occurrence of H/D equilibration are concerned. However, the calculations
do not provide a straightforward mechanistic rationale for the experimentally observed variations in the branching ratios.
(Int J Mass Spectrom 214 (2002) 129–154) © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The paramount importance of amides for living
organisms has stimulated experimental research fol-
lowed by theoretical investigations on the physical
properties of the peptide bond. Structural studies of
small amides aid in a better understanding of peptide
bonds in biological molecules. Our main interest in
the subject of amides concerns the reaction mecha-
nisms of amide rearrangements upon chemical acti-
vation, electron transfer in particular, which might
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hopefully lead to a better understanding of biologi-
cal systems. As a model molecule, we have chosen
ionized valeramide, a relatively small amide with a
chain of five carbon atoms, which may mimic the
behavior of larger amides. The theoretical results
reported here are complemented by the preceding
paper on experimental studies of ionized valeramide
[1] and the subsequent paper [2] which summarizes
the results, resolves the remaining differences and ex-
ploits the consequences for the interpretation of mass
spectra of carbonyl compounds in a more general
sense.
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PII S1387-3806(01)00585-1



130 M. Semialjac et al. / International Journal of Mass Spectrometry 214 (2002) 129–154

2. Computational methods

Most calculations were performed with the GAUS-
SIAN 98 suite of programs [3]. The use of den-
sity functional theory (DFT) was a natural choice
because of the balance between accuracy and com-
putational costs. The B3LYP functional which is a
HF/DFT hybrid combining Becke’s three-parameter
semi-empirical exchange functional (B3 [4]) with
the Lee–Yang–Parr correlation functional (LYP [5])
was used throughout. It should be mentioned that the
B3LYP functional implemented in the GAUSSIAN
program is slightly different than the original formula
suggested by Becke, but since the method is actu-
ally semi-empirical, it cannot be claimed that one or
another form of the functional is clearly superior to
another [6]. Geometry optimizations were performed
with Pople’s polarized double-� 6-31G∗ basis set.
For the sake of brevity, we refrain from an explicit
discussion of all geometrical features of the various
isomers examined as well as their conformers. The
complete structures are given as Cartesian coordinates
in Appendix A.

In order to characterize the optimized structures,
frequency analysis has been performed at the same
level of theory. Minima were characterized by the
absence of imaginary vibrational modes, while the
transition structures involved one imaginary fre-
quency. Reaction pathways have been followed by
IRC calculations at the same level of theory. Because
the B3LYP/6-31G∗ calculations overestimate force
constants, the zero-point energies (ZPEs) obtained at
this level were scaled by 0.9805, which is the average
of the factors proposed by Scott and Radom [7] and
Wong [8]. The scaled ZPEs were subsequently used
in the conversion of electronic energies to relative
energies at 0 K. Further, the computed parameters
were used to determine the relative energetics at
298 K in order to acknowledge thermal contributions
in ion dissociation, where the GAUSSIAN program
uses unscaled frequencies in this formalism. In or-
der to get more reliable energetic profiles of the
reactions in question, single point calculations us-
ing triple-� basis sets with diffuse functions included

(6-311++G∗∗) were performed. Thus, relative en-
ergies of the stationary points were calculated at the
B3LYP/6-311++G∗∗//B3LYP/6-31G∗ level of the-
ory, where the ZPEs calculated with B3LYP/6-31G∗
were used in the conversion to relative energies at 0 K.

Further, an initial screening of the conformational
space of valeramide was performed with the MM2
method implemented in the Spartan program [9].

3. Results and discussion

3.1. Computational approach

As far as a viable computational approach to the
potential-energy surface (PES) of ionized valeramide
is concerned, several problems have to be dealt with
and a reasonable compromise had to be reached.
Thus, valeramide is already quite a large molecule
for advanced ab initio methods, and moreover, the
distonic ions formed as reaction intermediates de-
mand for a proper description of electron correlation.
Further, valeramide, being it neutral or charged, is a
rather flexible system for which a large number of
energetically low-lying conformers may contribute to
the chemistry observed at ambient temperature.

Superimposed to these more general aspect is a
specific problem of amides which concerns the rota-
tion around the C–N bond. Therefore, a brief survey
about previous theoretical studies of amides is in-
dicated. Formamide, the smallest amide, has been
widely studied both experimentally and theoretically.
The main interest has been focused on the planarity of
the NH2 group [10]. The microwave spectrum of for-
mamide [11] is consistent with an inversion potential
for the NH2 group with a very shallow minimum for
a non-planar structure. However, earlier experimental
investigations have suggested the presence of a planar
amide unit both in the gas phase and in the solid state
of formamide as well as substituted amides [12–14].
While a large number of theoretical calculations has
been carried out on model amides, the results are
controversial [15]. Moreover, the solvents present in
biological systems may substantially influence the
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abundance of non-planar (chiral) amides [16]. Con-
tradictory results have been published for the confor-
mational minima of acetamide, which can essentially
assume three different types of conformations:syn,
perpendicular, andanti, where we follow the terminol-
ogy proposed by Samdal [17]. B3LYP/6-311++G∗∗
and B3LYP/cc-pVTZ calculations suggest that the
anti-conformer is most stable. Helgaker et al. [18]
have tested several computational methods with dif-
ferent basis sets for the equilibrium structures of small
molecules. In these tests, the MP2/cc-pVTZ level of
theory gave a very good agreement with the experi-
mentally obtained equilibrium geometries. However,
there is still an open question whether those methods
can predict correct conformational minima and bar-
rier heights as well. Thus, in the case of acetamide
MP2/cc-pVTZ calculations predict a second stable
conformational minimum, which is of a perpendicular
form with the torsional angle of 30◦. The energy dif-
ference between theanti and perpendicular structures
amounts to only 3 cal/mol. Samdal tried and failed to
locate the transition structure (TS) connecting these
two conformers with conventional methods of geome-
try optimization [17]. For this reason, a calculation at
a fixed geometry (torsional angle of 45◦) mimicking
the transition structure has been performed and the
barrier has been estimated at about 4 cal/mol. In an
extensive conformational study on acetamide, Wong
and Wiberg found perpendicular conformation to be
the most stable one when MP2 and CISD methods
were used [19]. In summary, the methods employed
so far cannot give a clear answer whether theanti or
perpendicular conformation is the most stable one.

For an extensive ab initio study, valeramide is a
relatively large molecule, thereby imposing some re-
strictions to the computational approach applicable.
Moreover, several conformers have to be considered
of which each might give rise to particularly favorable
pathways. An appropriate computational description
of ionized valeramide and of its rearrangement reac-
tions requires, however, a reasonably solid quantum
chemical approach which is able to adequately de-
scribe closed- and open-shell species, electron delocal-
ization, hydrogen bonding, and transition structures in

particular. In these respects, DFT is very successful in
predicting physical properties of molecular systems,
including hydrogen-bonded species, with an accuracy
equal or even better than obtained by MP2 calcula-
tions [20,21], but at much lower computational costs
than higher levels of theory [22]. The present choice of
B3LYP/6-311++G∗∗//B3LYP/6-31G∗ is therefore,
considered as a proper level of theory to gain reliable
potential-energy surfaces [6]. In turn, however, the
computations at this level are already quite demand-
ing such that the potential-energy surface of ionized
valeramide cannot be explored exhaustively. There-
fore, the theoretical examination was primarily guided
by the mechanistic implications derived from the ex-
perimental studies [1] in conjunction with chemical
intuition and plausibility considerations as far as the
choice of low-lying conformations is concerned. As
far as the description of the distonic ion intermediates
is concerned, the B3LYP/6-31G∗ geometries appear
to suffice, since complete geometry optimizations of
a few key species at the B3LYP/6-311++G∗∗ level
of theory did not show large differences between the
two methods neither in geometrical parameters nor
in energetics. Accordingly, full geometry optimiza-
tions of all species were not performed at this level
because the quality of the results would not change
while the computational costs would increase con-
siderably. Of course, it is admitted frankly that the
computational approach chosen does not ensure that
all relevant conformers were covered. Nevertheless,
the reasonable agreement between theory and experi-
ment obtained after all justifies our pragmatic choice
of the theoretical approach.

3.2. Conformational analysis of neutral and
ionized valeramide

As one can infer from the work done so far on
formamide and acetamide (see above), conformational
analysis can be quite demanding even for smallest
amides. If we now turn to valeramide as the subject
of this study, it is clear that the situation is even more
complex. By analogy to the three leading confor-
mers proposed for acetamide, one can postulate the
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Fig. 1. Newman projections along the C(1)–C(2) bond of valeramide showing the possible conformations of the amide group.

existence of seven conformational minima for
valeramide (Fig. 1) which differ with respect to the
orientations of the substitutents at C(1) and C(2). In
addition, the alkyl chain of valeramide may adopt sev-
eral conformations. In combination with the different
functional group orientations, a considerable num-
ber of energetically low-lying conformers evolves.
For an initial screening, conformational analysis of
valeramide was performed with conformational search
algorithm of the MM2 force field. More than 70 con-
formers were obtained within the energy range of
only 3 kcal/mol. Accordingly, a manifold of conform-
ers is expected to be sampled in experimental studies
conducted at or above room temperature. For such a
large number of possible conformers, an explicit con-
sideration of all MM2 structures on the B3LYP level
of theory is not practical. We are mostly interested
in different orientations of the functional group, and
thus only those conformers were fully optimized at
the B3LYP level of theory (Fig. 1), while the alkyl
backbone was confined to anall-anti-conformation.
Interestingly, the most stable conformer obtained in
the MM2 calculations (similar to15) does not even
exist on the B3LYP surface, which can be attributed
to the failure of molecular mechanics to describe re-
liably hydrogen- and weak-bond interactions. On the
B3LYP level of theory, only two different conforma-

tions,11 and12, both belonging to the perpendicular
case, were located; the latter is less stable due to
steric repulsion between R and the amino group. Ge-
ometry optimizations for all the other possibilities
ended in structure11, suggesting it as the global con-
formational minimum. The failure to locate the other
conformations does, however, not explicitly indicate
that these conformers do not exist as minima on the
PES of valeramide. Therefore, a PES scan was per-
formed keeping the dihedral angleθCCCO fixed while
freely optimizing all other parameters. The results
of the scan are consistent with structure11 as the
global minimum (Table 1). The energy increase that
accompanies the changes in the dihedral angle can be
explained by contributions of at least two factors: (i)
steric repulsion between the alkyl unit (CH3CH2CH2)
and the amino group (basically hydrogen repulsions),
and (ii) stabilization caused by the interaction of one
of the C(2) hydrogens with the p�-orbital on C(1),
which compensates the positive charge emerging from
the polarized bonds to the heteroatom substituents
of C(1). The latter stabilization is most pronounced
in the perpendicular conformations in which the in-
teracting hydrogen atom forms a dihedronθHCCO

of approximately 90◦, thereby maximizing orbital
overlap. Energetic preference of this interaction also
explains why only the perpendicular conformers
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Table 1
Energetics derived from a scan of the dihedral angleθCCCO in
neutral valeramidea,b at the B3LYP/6-31G∗ level of theory

Conformerc θCCCO
b Etot

d Erel
e

14 0 −327.15421 0.11
11 30 −327.15439 0.00
16 60 −327.15393 0.29
13 90 −327.15302 0.86
15 120 −327.15246 1.21
12 150 −327.15224 1.35
17 180 −327.15222 1.36

a In these calculations,θCCCO was kept fixed, while all other
parameters were fully optimized.

b Specifically, this is the dihedral angle spanned by the atoms
O, C(1), C(2), and C(3).

c See Fig. 1.
d Total energies in Hartree; 1H = 627.51 kcal/mol.
e Energies (kcal/mol) relative to the most stable conformer11.

11 and 12 exists as minima at the B3LYP level of
theory.

Because our interest concerns the further rear-
rangements of valeramide cation-radical, rather than
locating all possible conformers of either neutral or
cationic valeramide, structure11 was chosen as a
general reference point. Nevertheless, the ambiguities
about the conformational minima of valeramide as
well as other amides (see above) cast some doubt on
the quantitative aspects of the present analysis be-
cause we cannot a priori exclude that other, hitherto
not considered conformers contribute to the chemistry
of the ionic species.

3.3. Adiabatic and vertical ionization of valeramide

Adiabatic and vertical ionization energies (IEa and
IEv) were calculated for the conformers11 and12 of

Table 2
Relative stabilities (Erel in kcal/mol) of valeramide conformers, their calculated adiabatic and vertical ionization energies (IEa and IEv,
respectively, in eV)a and their difference�IEv/a (eV)

Conformer Method Erel IEa IEv �IEv/a

11 B3LYP/6-31G∗//B3LYP/6-31G∗ 0.0 8.88 9.24 0.36
B3LYP/6-311++G∗∗//B3LYP/6-31G∗ 0.0 9.19 9.55 0.36

12 B3LYP/6-31G∗//B3LYP/6-31G∗ 1.4 8.82 9.10 0.28
B3LYP/6-311++G∗∗//B3LYP/6-31G∗ 1.0 9.15 9.43 0.28

a Note that adiabatic ionization of both conformers of neutral valeramide leads to the same structure for the ion (see text).

neutral valeramide (Table 2) [23]. However, geometry
optimizations on the cation-radical PES leads to the
same cation structure11

+• for both conformers; note
that the conformational indices used for neutral and
ionized valeramide do not coincide. The difference
between vertical and adiabatic ionization (�IEv/a) is
0.36 eV for conformer11 and 0.28 eV for conformer
12, indicating that the structural changes upon ion-
ization are slightly more pronounced in the former.
With regard to the experimentally obtained ionization
energy (IE = 9.40 ± 0.03 eV), the relatively small
�IEv/a implies that the onset for photoionization
of valeramide corresponds to adiabatic ionization.
Further, the energy difference of the conformers11

and 12 is small, such that mixtures of at least these
two conformers are likely to be sampled in the ex-
periments. The calculated energetic difference of
∼1 kcal/mol suggests a ca. 5:1 ratio of11 and 12

at 298 K. Nevertheless, due to the similarity of the
computed adiabatic and vertical IEs, the presence
of a mixture may safely be neglected in comparing
the experimental and theoretical data. Relative to ex-
periment, one notes a slight underestimation of the
adiabatic IEs, which may be attributed to a general
trend of the B3LYP approach in predicting IEs of
closed-shell organic molecules [24,25]. Upon ion-
ization, geometry changes from the perpendicular
into the distortedanti-conformation (Fig. 2), similar
to conformer15 of neutral valeramide, with the di-
hedral anglesθRCCO = 46.3◦ and θHCCO = 13.2◦.
In the cation radical, the electron deficient oxygen
atom orientates in such a manner that the stabiliza-
tion through bond delocalization from neighboring
NH2- and CH2-groups can occur, which is reflected
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Fig. 2. Optimized structures of neutral and ionized valeramide at the B3LYP/6-31G∗ level of theory. Bond lengths (Å) are given in bold,
Mulliken charges in parentheses.

in the changes of the charge distributions for neutral
and ionized valeramide. Consideration of the molec-
ular orbitals supports this picture in that the cationic
species bears orbitals which are delocalized across the
C–H and N–H bonds and the carbonyl group. The
changes in dihedral angles are the main cause of
the difference between adiabatic and vertical ion-
ization, while bond angles and bond lengths expe-
rience only minor variations. The elongation of the
C(1)–C(2) bond, e.g., is rather small withrCC =
1.529 Å in the neutral compared torCC = 1.554 Å in
the cation radical. Concerning the planarity of amino
group, the already almost planar arrangement in the
neutral (the sum of the angles around nitrogen is
358◦) becomes perfect in the cation radical11

+• due

to better overlap between orbitals including the N–H
bonds and the oxygen atom.

3.4. Unimolecular dissociations
of ionized valeramide

Detailed reaction pathways have been calcu-
lated for the five fragmentation channels of ionized
valeramide deduced from the experimental studies
(Scheme 1). For the sake of consistency, the nota-
tions of the various intermediates and products used
in [1] are adopted throughout. The C3-route corre-
sponds to the McLafferty rearrangement which is
initiated by 1,5-hydrogen transfer and followed by
C–C bond cleavage and expulsion of propene con-
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Scheme 1.

comitant with formation of the enol cation4+•. The
C2-route comprises three channels. Two of these
have initial 1,6-hydrogen transfer in common, i.e.,
the loss of C2H4 to afford the �-distonic ion 6+•

and the indirect loss of C2H5
• to form protonated

acrylamide8+ in a more complex process. The third
contributor to the C2-route is the direct loss of the
terminal ethyl group in which the main concern is the
structure of the associated product ion; this problem
is postponed to the discussion of the exit channels.
Based on the experimental findings, the C1-route is
assigned to an initial 1,4-hydrogen transfer followed
by loss of CH3

• concomitant with formation of pro-
tonated vinylacetamide12+. Finally, even though
occurrence of 1,3-hydrogen transfer, viz. keto/enol
tautomerization, has not been inferred from experi-
ment, it was included in the theoretical study as well.

In perfect agreement with the interpretation of
the experimental data, the barriers associated with
the various hydrogen migrations in the cation radi-
cal are rather small. Accordingly, internal rotations
around the C–C bonds play an important role in
that adequate conformers need to be accessed before
a particular rearrangement can occur. In fact, C–C
bond rotations may contribute to or even essentially
constitute the rate-determining steps. The structural
flexibility of valeramide and its cation radical makes
the mechanistic study rather demanding because the
rearrangements could arise from many different con-

formers. As a compromise between insight gained
and computational resources available, the role of in-
ternal rotations prior to hydrogen migration was only
investigated explicitly for the C2- and C3-routes.

3.4.1. γ -C–H bond activation (C3-route)
In the lowest-lying conformer11

+•, the distances
between the oxygen atom of the carbonyl group and
the hydrogens at C(4) are much too large for hydro-
gen migration. Rotation around the C(2)–C(3) bond
leads to conformer13

+• which is 1.5 kcal/mol higher
in energy than11

+• (Table 3). Although the absence
of imaginary modes characterizes13

+• as a real
minimum at the B3LYP/6-31G∗ level of theory, all
attempts failed to locate a barrier associated with
hydrogen migration to the distonic ion2+• (Fig. 3).
Moreover, all computed points of a continuous scan
from 13

+• to 2+•, i.e., decreasingrOH while optimiz-
ing all other parameters, were lower in energy than
the starting point13

+•. Accordingly, the barrier asso-
ciated with 1,5-hydrogen migration is rather small, if
not spurious. Inspection of the computed vibrational
frequencies reveals a low-lying mode at 89 cm−1 of
13

+• which reflects the structural changes associ-
ated with�-C–H bond activation (Fig. 4).1 Further

1 The absence of imaginary modes in13
+• may also result as

an artifact of the limited size of the grid used in the B3LYP
calculations.
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Table 3
Electronic energies (Etot, in Hartree), zero-point energies (ZPE, in Hartree), and relative energies (Erel, in kcal/mol)a of the stationary points
on the potential-energy surface of ionized valeramide

B3LYP/6-31G∗//B3LYP/6-31G∗ B3LYP/6-311++G∗∗//B3LYP/6-31G∗
Etot ZPE Erel

b Etot Erel
b,c

11
+• −326.827971 0.158796 0.0 −326.923706d 0.0

11
+•/12

+• −326.823143 0.158583 2.9 −326.919235 2.7
12

+• −326.826593 0.158765 0.9 −326.922514 0.8
11

+•/13
+• −326.821654 0.158462 3.8 −326.917911 3.5

13
+• −326.825397 0.158764 1.6 −326.921404 1.5

12
+•/14

+• −326.821097 0.158601 4.2 −326.917217 4.0
14

+• −326.824067 0.158917 2.6 −326.919870 2.5
2+• −326.851066 0.159234 −14.2 −326.952177 −17.6
14

+•/51
+• −326.821475 0.158147 3.7 −326.917193 3.7

51
+• −326.843174 0.159341 −9.2 −326.944120d −12.4

52
+• −326.831062 0.159672 −1.4 −326.933011 −5.3

53
+• −326.829377 0.158749 −0.9 −326.932492 −5.5

54
+• −326.827160 0.158382 0.3 −326.930411 −4.4

51
+•/c-5+• −326.819366 0.159789 6.0 −326.920266 2.8

c-5+• −326.821732 0.159752 4.5 −326.922196 1.6
51

+•/6+•e −326.795501 0.155755 18.5 −326.899203 13.5
53

+•/71
+• −326.809434 0.155427 9.6 −326.912865 4.8

71
+• f −326.851625 0.159665 −14.3 −326.954016 −18.5

52
+•/72

+• −326.805264 0.155389 12.2 −326.908727 7.3
72

+• −326.849834 0.159679 −13.1 −326.952205 −17.3
11

+•/73
+• −326.782132 0.154218 26.0 −326.882266 23.2

73
+• −326.854846 0.159999 −16.1 −326.957217 −20.3

11
+•/11

+• −326.819324 0.154831 3.0 −326.916779 1.9
11

+• −326.843288 0.159169 −9.4 −326.945129 −13.2
11

+•/12+e −326.793115 0.155093 19.6 −326.897284 14.3

a The lowest-lying conformer11
+• of the cation radical is used as the reference point.

b ZPEs included with a scaling factor of 0.9805.
c ZPEs taken from the B3LYP/6-31G∗//B3LYP/6-31G∗ calculations.
d Energies at B3LYP/6-311++G∗∗//B3LYP/6-311++G∗∗: 1+•, −326.923857, and51

+•, −326.9442407.
e Barrier in the exit channel (see text).
f Computed energies of neutral7: Etot(B3LYP/6-31G∗) = −327.106796H, ZPE = 0.159554H, Etot(B3LYP/6-311++G∗∗//B3LYP/

6-31G∗) = −327.221313H.

refinement might certainly be achieved with larger
basis sets in the geometry optimization combined
with the application of tighter convergence criteria.
With regard to the interpretation of the experimental
data, however, it is entirely sufficient that the con-
formational barrier associated with the formation of
13

+• is predicted to exceed the kinetic restriction im-
posed by hydrogen migration. Hence, not C–H bond
activation, but access to the appropriate conformation
of 1+• is rate-determining for the McLafferty rear-
rangement. This conclusion also provides an expla-

nation for the negligible kinetic isotope effect (KIE)
in the McLafferty route as derived from the analysis
of the experimental data [1]. The distonic ion2+• is
17.6 kcal/mol more stable than the lowest-lying con-
former of the reactant,11

+•. Bond lengths and angles
characterize structure2+• as a genuine�-distonic
ion, rather than a loose ion/dipole complex (3+•)
of the ionized acetamide enol with neutral propene.
For example, the C(2)/C(3) and C(3)/C(4) bonds in
2+• (1.540 and 1.506 Å) almost match those in11

+•

(1.530 and 1.555 Å). While there exist numerous
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Fig. 3. Potential-energy surface for the loss of C3H6 from ionized valeramide (C3-route) according to B3LYP6-311++G∗∗//B3LYP6-31G∗
calculations.

indications for the existence of ion/dipole complexes
in the chemistry of organic cation radicals [26], all
our extensive attempts failed so far to locate a genuine
minimum for 3+•, but instead always converged to
2+•. While this result should by no means dispute the
possible existence of3+•, it is entirely sufficient for
the present purpose to state that structure2+• obvi-
ously is more stable than3+•. Dissociation of2+• to
the final products4+• + C3H6 requires 24.2 kcal/mol

Fig. 4. Illustration of the movements of the hydrogen at C(4) and
the carbonyl oxygen in the low-lying 89 cm−1 mode of conformer
13

+•.

at the B3LYP/6-311++G∗∗//B3LYP/6-31G∗ level of
theory, corresponding to an overall endothermicity of
6.6 kcal/mol for the reaction11

+• → 4+• + C3H6

at 0 K. A more detailed consideration of the exit
channels is postponed to a separate section further
below.

3.4.2. δ-C–H bond activation (C2-route)
While a single C–C bond rotation is sufficient to

achieve a reactive conformation for the McLafferty
rearrangement, two rotations11

+• → 12
+• → 14

+•

(Fig. 5) are required for�-C–H bond activation which
initiates the C2-route. Similar to the McLafferty rear-
rangement, the barrier associated with hydrogen mi-
gration is rather low, and the transition structure (TS)
14

+•/51
+• is only 1.2 kcal/mol above14

+• (Fig. 6).
Again, the barrier for C–C bond rotation exceeds that
associated with hydrogen migration, but the difference
is considerably smaller for activation of the�-C–H
bonds, consistent with the small, but non-negligible
KIEs found upon deuteration at C(5) in the experimen-
tal studies. Similar to the C3-route, the�-distonic ion
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Fig. 5. Conformational changes of1+• required as a prerequisite for the access to the C2-route according to B3LYP6-
311++G∗∗//B3LYP6-31G∗ calculations.

Fig. 6. Potential-energy surface for the loss of C2H4 from ionized valeramide (C2-route) according to B3LYP6-311++G∗∗//B3LYP6-31G∗
calculations.
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51
+• is 12.4 kcal/mol more stable than11

+•. Interest-
ingly, structure51

+• appears quite congested rather
than exhibiting a more space-filling conformation. In
order to investigate, whether or not this effect is due to
an interaction between the charge and the spin centers
in 51

+•, other conformers were considered as well, in-
cluding the seemingly idealall-anti-orientation of the
C–C bonds. In the resultingall-anti-conformer54

+•,
the O–C(5) distance amounts to 6.225 Å compared
to only 2.807 Å in51

+•. Though less strained, con-
former54

+• is ca. 8 kcal/mol less stable than51
+•. As

a sum of strain and energy difference, we may there-
fore, roughly estimate that the interaction of the charge
and spin centers leads to an additional stabilization
in the order of 10 kcal/mol. A value of this magni-
tude is best rationalized by involving hydrogen bond-
ing between the radical center and the hydroxy group,
as also implied by the almost linear arrangement of
the atoms involved (αC(5)HO = 171.8◦) together with
rC(5)H = 1.806 Å. In comparison, hydrogen bonding
involving the amino group is energetically disfavored
(conformer52

+•).
Any conformer of5+• could undergo C(3)–C(4)

bond cleavage to afford the cation radical6+•

concomitant with neutral ethene. At the B3LYP/
6-311++G∗∗//B3LYP/6-31G∗ level of theory, an
overall endothermicity of 11.8 kcal/mol is predicted
for the reaction11

+• → 6+•+C2H4 at 0 K. Similar to
the�-distonic ion51

+•, the�-distonic ion6+• seems
to experience stabilization by intramolecular hydrogen
bonding because in the most stable conformer found
the hydroxy group is oriented towards the radical site
at C(3) withrC(3)O = 2.812 Å andαC(3)HO = 113.6◦;
however,rC(3)H(O) = 2.269 Å indicates that hydrogen
bonding is less efficient than in51

+•. A conformer in
which the OH group points away from the backbone
(rC(3)O = 3.019 Å) is 4.3 kcal/mol less stable than
6+• at the B3LYP/6-311++G∗∗//B3LYP/6-31G∗
level of theory.

In competition with dissociation,51
+• can isomer-

ize to the cyclic structure c-5+• where the associ-
ated TS51

+•/c-51
+• is energetically close to c-51

+•

(Table 3). The relatively low energy demand of this
degenerate rearrangement is in perfect agreement

with the pair-wise equilibration of the C(2)/C(3) and
C(4)/C(5) positions as inferred from the experimental
studies [1].

For the isomerization of the�-distonic ion5+• to the
ionized enol7+• via 1,4-hydrogen migration (Fig. 7),
a conformational change is required first. Thus, the
most stable conformer51

+• must trade-off hydrogen
bonding, giving rise to a conformer53

+• in which one
of the hydrogens at C(2) can interact with the radi-
cal site at C(5). While the barrier associated with hy-
drogen migration via TS53

+•/71
+• is not very large

(10.3 kcal/mol relative to53
+•), the resulting energy

demand in conjunction with the required conforma-
tional changes locate TS53

+•/71
+• at a relative en-

ergy of 4.8 kcal/mol above11
+•. Conformer71

+• is
18.5 kcal/mol more stable than11

+•; conformer72
+•

and the associated TS52
+•/72

+• are close in en-
ergy and primarily differ in the orientation of the
functional group relative to the backbone. Any con-
former of7+• could undergo C(3)–C(4) bond scission
to yield 8+ + C2H5

•, which requires 27.8 kcal/mol
for conformer71

+•, corresponding to an overall en-
dothermicity of 9.3 kcal/mol relative to11

+• at the
B3LYP/6-311++G∗∗//B3LYP/6-31G∗ level of theory
at 0 K.

3.4.3. β-C–H bond activation (C1-route)
1,4-Hydrogen transfer can directly proceed from

conformer 11
+•, and the associated TS11

+•/11
+•

requires only 1.9 kcal/mol (Fig. 8). The facile hy-
drogen migration can be attributed to the fact that
the resulting�-distonic ion 11

+• is 13.2 more sta-
ble than11

+•. Once more, the distonic ion formed
seems to experience stabilization via hydrogen bond-
ing, because in the computed minimum, the hydroxy
group points towards the radical site withrC(3)H(O) =
2.190 Å, rC(3)O = 2.190 Å, andαC(3)HO = 116.4◦.
Interestingly, the subsequent C(4)–C(5) bond cleav-
age of 11

+• is associated with a significant bar-
rier in the exit channel, TS11

+•/12+. For the fi-
nal products 12+ + CH3

•, an endothermicity of
8.4 kcal/mol relative to11

+• is predicted at the
B3LYP/6-311++G∗∗//B3LYP/6-31G∗ level of the-
ory at 0 K.
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Fig. 7. Potential-energy surface for the indirect loss of C2H5
• from ionized valeramide (C2-route) according to B3LYP6-

311++G∗∗//B3LYP6-31G∗ calculations.

Fig. 8. Potential-energy surface for the loss of CH3
• from ionized valeramide (C1-route) according to B3LYP6-311++G∗∗//B3LYP6-31G∗

calculations.
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3.4.4. α-C–H bond activation (keto/enol
tautomerism)

Even though theall-anti-conformer of the ionized
enol 73

+• (Erel = −20.3 kcal/mol) is most likely
the global minimum of all cationic species examined
here, the computed energy demand of 23.2 kcal/mol
associated with intramolecular keto/enol tautomerism
via 1,3-hydrogen transfer via TS11

+•/73
+• is much

higher than those of all other hydrogen migrations.
This result is not at all unexpected, since previ-
ous studies have amply demonstrated that the facile
keto/enol tautomerism known from the condensed
phase occurs intermolecularly, whereas intramolecu-
lar keto/enol tautomerism via 1,3-hydrogen migration
is associated with considerable barriers for neutral
as well as cationic carbonyl compounds [27]. In the
present case, formation of the ionized enol is indeed
more likely to occur via the much more compli-
cated, multi-step sequence11

+• → 12
+• → 14

+• →
51

+• → 71
+• → 73

+• described in the context of
the C2-route. Accordingly, we conclude that direct
keto/enol tautomerism will not contribute to the dis-
sociation behavior of ionized valeramide. The ionized
enol might be involved, however, if some neutral7
were present in the precursor, because ionization of
the enol is much easier than that of the keto, IEa(7) =
7.19 eV with B3LYP/6-311++G∗∗//B3LYP/6-31G∗.
However, at the same level of theory the neutral enol7
is computed to be 24.9 kcal/mol less stable than neu-
tral valeramide (11), such that contributions from the
enol form can be excluded rigorously at 298 K. Note
that similar stability differences have been predicted
for the keto/enol tautomers of neutral acetamide [28].

3.4.5. Exit channels
With respect to products formed upon dissociation

of ionized valeramide, two general and one specific
point need to be addressed.

The first general concern is the choice of the basis
sets in the computational study. Upon inspection of the
data compiled in Table 4, it becomes immediately ob-
vious that the dissociation enthalpies relative to11

+•

show a pronounced basis set effect. The general ten-
dency for decreasing endothermicities with the larger

basis set can be attributed to a basis set superposition
error. The deviations of�Erel are, however, not at all
uniform and most likely seem to reflect the role of
electron correlation in the various fragments. For ex-
ample,�Erel is small for the saturated, cyclic species
10+ and13+ and large for unsaturated fragments such
as4+•, 6+•, 8+, and12+. Irrespective of the precise
origin of these effects, these trends indicate that even
the larger basis set used might not suffice to describe
the exit channels within a few kcal/mol. This has to
be kept in mind as a note of caution for the entire PES
of ionized valeramide, even though the computed data
compare quite favorably with the experimental data
available. Nevertheless, we note in passing that the
use of B3LYP/6-31G∗ geometries appears adequate,
because exploratory geometry optimizations of1+•,
4+•, and 51

+• at the B3LYP/6-311++G∗∗ level of
theory led to differences of maximal 0.01 Å in bond
lengths and maximal 0.1 kcal/mol in the relative ener-
getics.

The second general aspect concerns thermal con-
tributions. In the mass spectrometric experiments
described in [1], the valeramide samples were evap-
orated at room temperature. Therefore, the relative
energies computed for 0 and 298 K are compared with
each other, where the difference�Ethermal represents
a measure for the importance of thermal contributions
(Table 5). While thermal effects hardly change the en-
ergetics associated with the intramolecular rearrange-
ments of ionized valeramide, all exit channels are
lowered by about 10 kcal/mol relative to11

+•, simply
because of entropy as two particles are formed out
of one. Hence, the slightly endothermic expulsion of
propene via the McLafferty route (E0 = 6.6 kcal/mol
at 0 K) becomes exoergic at room temperature (E0 =
−4.1 kcal/mol). Thermal contributions can thereby
explain the observation of the enol fragment4+• due
to the McLafferty rearrangement right at the onset
of photoionization as described in [1]. Moreover,
while at 0 K the indirect loss of C2H5

• as well as the
McLafferty reaction are subject to thermodynamic
control due to the exit channels, both switch to kinetic
control by the intermediate barriers at 298 K due to
the entropic gains of the associated exit channels.
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Table 4
Electronic energies (Etot, in Hartree), zero-point energies (ZPE, in Hartree), and relative energies (Erel, in kcal/mol)a of the dissociation
products of ionized valeramide

B3LYP/6-31G∗//B3LYP/6-31G∗ B3LYP/6-311++G∗∗//B3LYP/6-31G∗
Etot ZPE Erel

b Etot Erel
b,c �Erel

d

4+• −208.892507 0.073921 −208.962891e

C3H6 −117.907562 0.080097 −117.945597e

4+• + C3H6 −326.800069 0.154018 14.6 −326.908488 6.6 8.0
6+• −248.203109 0.101795 −248.283773
C2H4 −78.587457 0.051208 −78.615509
6+• + C2H4 −326.790566 0.153003 19.9 −326.899282 11.8 8.1
8+ −247.637169 0.092884 −247.717762
C2H5

• −79.157868 0.059651 −79.185027
8+ + C2H5

• −326.795037 0.152535 16.8 −326.902789 9.3 7.5
9+ −247.630846 0.094573 −247.702183
9+ + C2H5

• −326.788714 0.154224 21.8 −326.887210 20.1 1.7
10+ −247.517747 0.087524 −247.591683
10+ + C2H5

• −326.675615 0.147175 88.3 −326.776710 84.9 3.4
13+ −247.617520 0.093827 −247.689936
13+ + C2H5

• −326.775388 0.153478 29.7 −326.874963 27.3 2.4
14+f −247.577271 0.088982 −247.655572
14+ + C2H5

• −326.735139 0.148633 52.0 −326.840599 45.9 6.1
12+ −286.956919 0.121632 −287.048005
CH3

• −39.838292 0.029832 −39.855179
12+ + CH3

• −326.795211 0.151464 16.1 −326.903184 8.4 7.7

a Relative energies can only be given for the sums of fragments having the same composition as valeramide, where the lowest-lying
conformer11

+• of the cation radical is used as the reference point. This structure is best described as a complex of a OCNH2
+ cation

with ethene.
b ZPEs included with a scaling factor of 0.9805.
c ZPEs taken from the B3LYP/6-31G∗ calculations.
d Defined as�Erel = Erel(B3LYP/6-31G∗) − Erel(B3LYP/6-311++G∗∗).
e Energies at B3LYP/6-311++G∗∗//B3LYP/6-311++G∗∗: 4+•, −208.9629654, C3H6, −117.9456353.
f This structure corresponds toN-protonated�-propiolactame.

The specific aspect is the nature of the ionic
fragment generated in the direct loss of C2H5

•.
The indirect route leads to protonated acrylamide
8+, which appears to be the global minimum of
the [C3,H5,N,O]+ surface [29]. At the B3LYP/
6-311++G∗∗//B3LYP/6-31G∗ level of theory, the
corresponding exit channel8+ + C2H5

• is situated
at Erel = 9.2 and−1.8 kcal/mol at 0 and 298 K, re-
spectively, and the 0 K value is used as a reference
for the other options for C2H5

• expulsions. Four
different structures directly accessible from ionized
valeramide were studied theoretically. The energeti-
cally most stable of these direct products is the pro-
tonated aminooxetane9+, which requires that C–C

bond cleavage is assisted by simultaneous C–O bond
formation. Formation of9+ is energetically more de-
manding than that of8+ by 10.8 kcal/mol. In contrast,
direct C–C bond cleavage without formation of a new
bond leads to the high-energy isomer10+ located
75.8 kcal/mol above8+. Alternatively to assisting
C–O bond formation, C–N bond formation might
lead to 13+, i.e., N-protonated propiolactane (also
known as 2-acetidinone). Isomer13+ is, however,
7.2 kcal/mol less stable than9+ and 18.0 kcal/mol dis-
favored against8+. Finally, the computational search
also revealed a minimum14+ which is best described
as a complex of a OCNH2+ cation with neutral
ethene.
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Table 5
Relative energies (Erel in kcal/mol with 11

+• as the reference) of
several points of the potential-energy surface of ionized valeramide
and some of the relevant dissociation channels at 0 and 298 K,
respectively, and the resulting thermal contributions (�Ethermal in
kcal/mol) derived from the B3LYP/6-311++G∗∗//B3LYP/6-31G∗
calculationsa

Erel,0
b E298

c �Ethermal
d

11
+•/13

+• 3.4 4.0 0.6
21

+• −17.6 −16.6 1.0
4+• + C3H6 6.6 −4.1 −10.7
51

+• −12.5 −11.2 1.3
51

+•/6+• 13.5 14.3 0.8
53

+•/71
+• 4.7 6.2 1.5

6+• + C2H4 11.7 1.8 −9.9
73

+• −20.3 −20.1 0.2
8+ + C2H5

• 9.2 −1.8 −11.0
9+ + C2H5

• 20.0 9.6 −10.4
11

+• −13.2 −13.1 0.1
11

+•/12+ 14.3 14.6 0.3
12+ + C2H5

• 8.3 −0.3 −8.6

a Unscaled frequencies used.
b Relative energy at 0 K.
c Relative energy at 298 K including enthalpic and entropic

effects.
d Defined as�Ethermal = E298 − E0.

3.5. Comparison with literature thermochemistry

Using thermochemical databases [30] in com-
bination with selected isodesmic reactions,2 the
heat of formation of gaseous valeramide can be
estimated as�f H◦(1) = −71.3 ± 0.9 kcal/mol.
Combination with IE(1) = 9.40 ± 0.03 eV derived
from the photoionization experiments [1] leads to
�f H◦(1+•) = 145.5 ± 1.4 kcal/mol. Next, the heat
of formation of acetamide (−57.0 ± 0.2 kcal/mol)
combined with its IE (9.69 ± 0.07 eV) and the sta-
bility difference of 18.9 kcal/mol in favor of the ion-
ized enol predicted by G2 calculations [31] suggest
�f H◦(4+•) = 147.6±2.5 kcal/mol.3 In conjunction
with �f H◦(C3H6) = 4.9 kcal/mol for propene, frag-
mentation of1+• via the C3-route is therefore, pre-

2 In the isodesmic reactions, processes such as RCONH2 +
n-C4H9COOH→ RCOOH+n-C4H9CONH2 were assumed to be
thermoneutral.

3 An average error of±2 kcal/mol is assigned to the G2 calcu-
lations and used in the error estimation.

dicted to be endothermic by 7.0 ± 2.9 kcal/mol. This
figure compares nicely with the computed reaction
enthalpy of 6.6 kcal/mol (Table 4). Likewise, the heat
of formation of acrylamide,4 its proton affinity [32]
and the heat of formation of ethyl radical [33] predict
an endothermicity of 10.0± 1.6 kcal/mol for the indi-
rect loss of C2H5

• via the C2-route which compares
well with the computed figure of 9.3 kcal/mol. Litera-
ture values further suggest an endothermicity of about
10 kcal/mol5 for the loss of CH3• via the C1-route
compared to a computed value of 8.4 kcal/mol for
12+ + CH3

•. Finally, the relative energetics of the
[C2,H5,N,O]+ isomers8+, 9+, and13+ are qualita-
tively consistent with earlier computations at the HF
level [29].

4. Implications for the fragmentation behavior
of ionized valeramide

Comparing the theoretical studies reported here
with the results of the mass spectrometric experiments
presented in [1] leads to a consistent description of the
dissociation behavior of ionized valeramide. Thus, de-
spite of the limitations of the computational approach
used, the B3LYP/6-311++G∗∗//B3LYP/6-31G∗ level
of theory appears to describe the energetics of ion-
ized valeramide and its rearrangement reasonably
well. Moreover, the energetic order of the fragmen-
tation channels is the same for both approaches: loss
of propene is most facile and the indirect elimina-
tion of C2H5

• can occur at slightly higher energies,
while losses of CH3• and C2H4 as well as the di-
rect elimination of C2H5

• require elevated energies.
For a quantitative comparison, let us consider the
point of highest energy demand in each route. At
room temperature, the C3-route is subject to kinetic
control via TS11

+•/13
+• in that the access to this

pathways is determined by conformational changes
of the cation radical1+•. This situation is consistent

4 Taken from [30b]. Note that [30a] lists a misleading value.
5 No error bar is given because the estimation of the un-

known proton affinity of vinylacetamide is ambiguous. Here,
PA(vinylacetamide) = PA(acrylamide) = 208 kcal/mol was used.
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with the negligible kinetic isotope effect upon deuter-
ation of the C(4) position derived from experiment
(KIE(�-CH) = 1.01). In contrast, the indirect loss
of C2H5

• via the C2-route is controlled by three bar-
riers of similar energy demands relative to11

+• as
the reference: TS12

+•/14
+• (Erel = 4.0 kcal/mol),

TS 14
+•/51

+• (Erel = 3.7 kcal/mol), and TS
53

+•/71
+• (Erel = 4.8 kcal/mol) of which the first is a

conformational barrier while the two latter are
associated with hydrogen migrations. Involvement
of all three TSs in the overall reaction is consis-
tent with the more pronounced KIEs in this route
for both, the C(2) and the C(5) positions as de-
rived from the kinetic modeling (KIE(�-CH) = 1.3
and KIE(H/D, C2) = 1.8). The slightly larger bar-
riers of this route compared to the McLafferty re-
arrangement and the lower overall exoergicity of
the C2-route also agree favorably with the strong
preference of the C3-route in the photoioniza-
tion studies and the difference of 0.15 ± 0.07 eV
(3.5 kcal/mol) of the associated appearance energies.
According to the calculated energy profiles, loss of
C2H4 is thermodynamically controlled by the height
of the exit channel which lies ca. 6 kcal/mol above
the energy demand for loss of propene. With regard
to the expected occurrence of a kinetic shift due to
the competing C3-route as well as the uncertainties
of the computational approach, this figure is quali-
tatively consistent with a difference of 0.7 ± 0.1 eV
(16 kcal/mol) of the associated appearance energies.
The computations predict loss of CH3

• (C1-route)
to be subject to kinetic control due to TS11

+•/12+

(Erel = 14.3 kcal/mol) operative in the exit chan-
nel. This energy demand is much larger than those
of the competing channels which is in agreement
with the low abundance of CH3• elimination in the
various kinds of mass spectrometric experiments.
Nevertheless, the appearance of the [M–CH3

•]+

fragment about 1.5 ± 0.2 eV (35 kcal/mol) above
the photoionization threshold of valeramide indicates
the operation of a substantial kinetic shift in this
minor channel and/or an underestimation of the bar-
rier in the computations. Finally, the theoretical data
shed some light on the structure of the fragment ion

formed via the direct loss of C2H5
•. Experimentally,

the direct route becomes apparent at about 1 eV above
photoionization threshold. This amount of excess en-
ergy is clearly insufficient for the formation of10+

as well as14+ in the direct route, and it is therefore,
concluded that C–C bond cleavage is accompanied by
C–O and/or C–N bond formation to yield9+ and/or
13+, respectively.

As far as H/D equilibration in the dissociation of
ionized valeramide is concerned, the following con-
clusions emerge from the theoretical study. At first, the
pair-wise equilibration of the C(2)/C(3) and C(4)/C(5)
positions in the indirect loss of C2H5

• as inferred from
experiment is supported by the location of the degener-
ate TS51

+•/c-5+ below TS53
+•/71

+ associated with
1,4-hydrogen transfer from C(2) to the radical center
at C(5). Moreover, the fact that TS14

+•/51
+ is less de-

manding than TS53
+•/71

+, in particular with respect
to the preceding minima, lends support to the signifi-
cantly larger KIE associated with the latter, as derived
from the kinetic modeling of the experimental isotope
distributions obtained in the metastable ion studies.
While we have not theoretically addressed H/D ex-
change in the McLafferty route, the uncoupling of the
C2- and C3-routes deduced from the experiments is
also supported by the results of the calculations in that
the population of these two routes is primarily deter-
mined by the accessibility of the adequate conformers.
In fact, with regard to the relative stabilities of the dis-
tonic ions2+• and5+•, their mutual interconversion
via the different conformers of1+• is considered un-
likely, particularly in view of the competition by the
low-lying fragmentation channels.

While all these results agree pretty well, the theoret-
ical results provide no indication, not even a hint, for
the variations in the C3/C2 branching observed in var-
ious experiments. Thus, irrespective of basis set, tem-
perature etc., the C3-route is always clearly preferred
over the C2-route. Accordingly, at least the static pic-
ture of the calculated PES of ionized valeramide in
terms of minima and transition structures does not pro-
vide a rationale for the ca. 1:1 ratio of the C2- and
C3-channels observed in the metastable ion studies
conducted in the sector experiment.
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5. Conclusions

The theoretical study of ionized valeramide using
B3LYP leads to the construction of a potential-energy
surface for the dissociation behavior of the cation rad-
ical which is fairly consistent with the results of the
mass spectrometric studies presented the preceding
article. Thus, the calculated PES agrees with respect to
the energetic ordering of the fragmentation channels
observed and confirms the mechanistic schemes de-
rived from analysis of the labeling data. In fact, even
subtle details of the proposed fragmentation schemes,
e.g., the pair-wise equilibration of C(2)/C3(3) with
C(4)/C3(5), as well as kinetic isotope effects are
qualtitatively confirmed by theory. As far as competi-
tion between the fragmentation different channels is
concerned, the computed results agree qualitatively
with the branching ratios obtained in the photoion-
ization studies. Thus, the McLafferty rearrangement
(C3-route) has the lowest energy demand, while the
computed pathways for losses of CH3

•, C2H4, and
C2H5

•, respectively, are somewhat higher in energy,
but of comparable magnitude. Quite remarkable is
the effect of thermal contributions on the dissocia-
tion behavior, in that at 0 K all fragmentations are
thermochemically controlled by the height of the exit
channels, whereas kinetic control due to intermediate
barriers is most important at 298 K or higher tem-
peratures. The missing link between experiment and
theory concerns the unusual variations in the C3/C2

ratios observed in some of the experiments. While
the theoretical results support the idea that the exper-
imentally observed routes are uncoupled from each
other, i.e., the H-migrations from various positions

Appendix A. Cartesian coordinates of the stationary points

11 12

C −2.192153 0.056907 0.091421 C 2.114114 −0.534951 0.124909
C −0.708766 0.442367 0.055332 C 0.783562 0.208765 −0.056177
C −3.123306 1.273545 0.104409 C 3.337574 0.337627 −0.171315
C 0.227113 −0.770671 0.042353 C −0.433485 −0.674586 0.253841

(contd on next page)

occur quasi-irreversibly, none of the computed prop-
erties can explain, why a C3/C2 ratio of about 1 is
observed for metastable1+• in the sector-field instru-
ment.

In a more general sense, the computational explo-
ration of the potential-energy surface of the molecu-
lar ion of valeramide suggests that various kinds of
C–H bond activations are possible for ionized car-
bonyl compounds. Instead of a kinetic control by
the barrier associated with hydrogen migration, the
regioselectivity of C–H bond activation seems to be
determined by the accessibility of the appropriate
conformations in the parent ion as well as the energet-
ics of the associated exit channels. In fact, the present
results suggest that the prevalence of the McLafferty
rearrangement in the mass spectrometric fragmen-
tation of carbonyl compounds is not primarily due
to a particular preference of 1,5-hydrogen transfer,
but results from the favorable energy demand of the
dissociation products.
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Appendix A (continued )

C 1.692844 −0.374795 −0.135773 C −1.821306 −0.088212 −0.010619
N 2.597030 −1.205086 0.473704 N −1.946998 1.269359 0.131652
O 2.043775 0.605955 −0.775554 O −2.779070 −0.799056 −0.278143
H −2.390273 −0.564606 0.976745 H 2.123525 −1.416699 −0.530519
H −2.425101 −0.572716 −0.779576 H 2.175564 −0.918861 1.152810
H −0.470297 1.073022 0.922854 H 0.717130 0.584727 −1.087006
H −0.495075 1.052038 −0.829732 H 0.789779 1.092481 0.600302
H −4.176573 0.971265 0.123411 H 4.268499 −0.224639 −0.038305
H −2.970003 1.897218 −0.784540 H 3.376969 1.207867 0.495615
H −2.940696 1.902659 0.984192 H 3.318808 0.711043 −1.202550
H −0.035253 −1.429008 −0.799516 H −0.410711 −0.977318 1.310694
H 0.099940 −1.370111 0.953908 H −0.391379 −1.601428 −0.327559
H 3.577652 −1.056717 0.279006 H −2.841077 1.676304 −0.105728
H 2.321883 −2.079209 0.895292 H −1.148314 1.881598 0.191992

11
+• 12

+•

C −2.148100 0.259261 0.030934 C −2.081099 −0.890429 0.025456
C −0.616561 0.501806 0.141982 C −0.556795 −0.834701 0.331188
C −2.910371 1.482329 0.564603 C −2.895283 0.279735 0.566600
C 0.107611 −0.763611 −0.350929 C 0.080090 0.308949 −0.481360
C 1.652479 −0.626389 −0.252139 C 1.602946 0.418248 −0.226056
N 2.259197 −0.150884 0.813116 N 2.417186 −0.612228 −0.281146
O 2.228057 −1.044823 −1.276394 O 1.951119 1.594809 0.007760
H −2.422812 −0.635946 0.600497 H −2.414760 −1.827293 0.498595
H −2.407808 0.073952 −1.017102 H −2.239478 −1.015765 −1.052429
H −0.359206 0.722668 1.184857 H −0.096341 −1.793454 0.066525
H −0.337578 1.369217 −0.464874 H −0.406359 −0.673723 1.404068
H −3.986459 1.288401 0.471992 H −3.962647 0.096712 0.399362
H −2.676583 2.385652 −0.007168 H −2.663521 1.227262 0.064463
H −2.693834 1.669969 1.621227 H −2.745340 0.413335 1.643376
H −0.140969 −0.978921 −1.393115 H −0.372768 1.270556 −0.225967
H −0.125835 −1.660394 0.240088 H −0.010420 0.178672 −1.569459
H 3.273339 −0.104265 0.859528 H 3.416247 −0.498809 −0.133072
H 1.728564 0.164060 1.616701 H 2.066979 −1.541183 −0.484490

13
+• 14

+•

C −1.562524 −0.050752 0.598999 C 0.296024 −2.155933 −0.051881
C −0.824784 −0.545535 −0.651818 C −1.119887 −1.660363 0.280571
C −2.685965 −0.997176 1.036189 O 1.440341 1.166342 1.031913
C 0.253392 0.408654 −1.195033 C 0.686134 1.119106 0.033851
C 1.449710 0.496581 −0.218629 C −0.798208 0.934258 0.430651
N 2.281458 −0.503111 −0.031933 C −1.466699 −0.271959 −0.263866
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O 1.520423 1.602967 0.363967 N 1.078357 1.253351 −1.212368
H −1.970415 0.948996 0.403496 H 0.421479 −3.185056 0.296671
H −0.842046 0.057776 1.424658 H 0.483920 −2.149843 −1.131896
H −1.543249 −0.628077 −1.484618 H 1.071957 −1.557435 0.441627
H −0.409915 −1.548253 −0.492957 H −1.285068 −1.674866 1.365281
H −3.177614 −0.614906 1.935103 H −1.845618 −2.365221 −0.144440
H −2.301604 −1.997535 1.264366 H −1.255962 1.898208 0.163644
H −3.448284 −1.094319 0.255515 H −0.852700 0.835929 1.518864
H −0.150287 1.415136 −1.336974 H −2.538849 −0.079005 −0.087096
H 0.700884 0.088641 −2.147683 H −1.320950 −0.227521 −1.350391
H 3.057200 −0.430838 0.621124 H 0.409032 1.212085 −1.972796
H 2.172761 −1.369204 −0.548484 H 2.057359 1.397883 −1.444145

11
+•/12

+• 11
+•/13

+•

C −2.112357 −0.632760 −0.056655 C −1.942874 0.083247 0.493050
C −0.610652 −0.539868 0.398384 C −0.770782 −0.495048 −0.304286
C −3.063927 0.023753 0.942883 C −2.930043 −1.010003 0.925603
C 0.161843 0.236873 −0.680978 C 0.201992 0.603913 −0.833889
C 1.677880 0.355567 −0.339661 C 1.622531 0.431064 −0.258460
N 2.403623 −0.678917 0.025610 N 2.348130 −0.646970 −0.453567
O 2.104374 1.516934 −0.482307 O 1.994584 1.435127 0.391085
H −2.339960 −1.698757 −0.184049 H −2.457210 0.836258 −0.117371
H −2.251559 −0.181606 −1.047317 H −1.560625 0.605037 1.381212
H −0.190359 −1.541640 0.534474 H −1.129422 −1.030404 −1.197431
H −0.543100 −0.020875 1.359189 H −0.250007 −1.247471 0.301169
H −4.096896 −0.087665 0.592255 H −3.756497 −0.563099 1.486722
H −2.871330 1.097897 1.049179 H −2.450170 −1.753307 1.571793
H −2.983946 −0.438234 1.932107 H −3.354800 −1.530615 0.060560
H −0.233186 1.249200 −0.793759 H −0.152157 1.604466 −0.570146
H 0.143785 −0.243275 −1.669617 H 0.354248 0.592965 −1.922685
H 3.397444 −0.578746 0.212755 H 3.287029 −0.727080 −0.072276
H 1.992033 −1.600740 0.110125 H 1.991083 −1.418011 −1.007366

12
+•/14

+• 2+•

C −2.068236 −0.771986 −0.053528 C −1.510497 0.516386 0.598064
C −0.603184 −1.162050 −0.262098 C −1.144316 −0.713119 −0.190969
C −2.287462 0.344097 0.974346 C −2.530906 1.479113 0.090736
C 0.226147 −0.062622 −1.000087 C 0.248545 −1.288517 0.162289
C 1.396026 0.474112 −0.151597 C 1.360572 −0.318732 −0.122161
N 2.279834 −0.302824 0.432485 N 2.542410 −0.711644 −0.531185
O 1.415110 1.726156 −0.121392 O 1.197770 0.956223 0.046811
H −2.591182 −1.677824 0.284547 H 0.238075 1.143777 0.311088
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H −2.514923 −0.500793 −1.018085 H −1.374535 0.455339 1.681103
H −0.524200 −2.057982 −0.896309 H −1.205405 −0.512965 −1.267888
H −0.156909 −1.431126 0.703154 H −1.877075 −1.512571 0.008149
H −3.354483 0.552351 1.091331 H −2.507755 2.424386 0.641759
H −1.809845 1.284180 0.667786 H −3.545727 1.064451 0.224311
H −1.892691 0.066077 1.958390 H −2.414086 1.685591 −0.979207
H −0.403750 0.785898 −1.283144 H 0.436448 −2.226948 −0.367899
H 0.716840 −0.414200 −1.918935 H 0.295862 −1.514863 1.238019
H 3.056742 0.086361 0.959941 H 3.285194 −0.034186 −0.685767
H 2.214943 −1.311731 0.352846 H 2.749595 −1.691071 −0.687602

51
+• 52

+•

C 0.108989 −2.265565 0.443730 C −1.071061 −1.299823 −0.856676
C −1.219612 −1.606030 0.630702 C 0.268404 −1.529516 −0.130951
O 1.539186 0.086326 −0.107560 C −2.210848 −0.876069 0.014184
C 0.686089 1.054957 −0.214798 C 0.701419 −0.407052 0.860821
C −0.760349 0.931396 0.173301 C 0.772624 0.952635 0.246832
C −1.487726 −0.369791 −0.257837 N −0.316099 1.639005 −0.000891
N 1.168121 2.190581 −0.663466 O 1.968678 1.398662 −0.027565
H 0.593350 −2.763017 1.281076 H −1.334733 −2.249012 −1.356254
H 0.387914 −2.620564 −0.549468 H −0.944975 −0.588870 −1.685512
H 1.114705 −0.784909 0.202478 H 1.063580 −1.690419 −0.865861
H −1.379140 −1.348524 1.684559 H 0.212776 −2.439545 0.475771
H −1.995843 −2.352287 0.385080 H −3.125591 −0.510143 −0.445747
H −1.290893 1.799963 −0.228761 H −2.303877 −1.264257 1.026674
H −0.796251 1.028601 1.269039 H 1.688038 −0.635932 1.270192
H −2.556687 −0.141693 −0.210363 H −0.011003 −0.358755 1.690905
H −1.269280 −0.594518 −1.308929 H −0.321540 2.561759 −0.427383
H 0.581527 3.007982 −0.780274 H −1.221422 1.190532 0.185888
H 2.155910 2.274492 −0.890281 H 1.998783 2.281253 −0.447169

53
+• 54

+•

C −2.305132 −0.442095 0.404763 C 0.857761 −0.198104 −2.125970
C −0.840956 −0.145220 0.797724 C 0.736430 0.030278 −0.593483
C −2.833462 0.459739 −0.657785 C 2.254776 −0.035831 −2.624630
C 0.096667 −0.354163 −0.422893 C −0.713518 −0.141523 −0.118135
C 1.498701 0.041326 −0.143065 C −0.963742 0.051558 1.341737
N 2.493380 −0.819074 −0.175663 N −0.007109 0.354007 2.184852
O 1.686342 1.301093 0.150776 O −2.204169 −0.102681 1.718024
H −2.900949 −0.333220 1.327173 H 0.187641 0.511082 −2.631041
H −2.405232 −1.493097 0.106934 H 0.486346 −1.206547 −2.352620
H −0.531740 −0.797495 1.622277 H 1.094473 1.042243 −0.361784
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H −0.752894 0.890771 1.142240 H 1.391746 −0.686093 −0.080456
H −3.474942 0.083997 −1.447064 H 2.933283 −0.880721 −2.668819
H −2.754995 1.538360 −0.546275 H 2.630936 0.937657 −2.920124
H 0.067193 −1.394012 −0.763253 H −1.097057 −1.142914 −0.361042
H 3.459529 −0.570422 0.018839 H −1.388330 0.555347 −0.635767
H 2.317380 −1.789963 −0.412325 H −0.154224 0.489797 3.181453
H 2.609238 1.554123 0.346428 H 0.943256 0.463173 1.842634
H −0.271889 0.278213 −1.244003 H −2.375203 0.022117 2.672299

14
+•/51

+• c-5+•

C 1.900065 1.157401 −0.311750 C −0.224789 −1.221121 −0.434615
C 2.088128 −0.337167 −0.038979 C −1.627495 −0.775994 0.020770
O −1.084296 1.347129 0.506193 O 0.969560 −0.000612 1.389145
C −1.323312 0.164798 0.157284 C 0.721463 0.000015 0.037778
C −0.354539 −0.895776 0.716241 C −0.224810 1.221557 −0.433539
C 0.828522 −1.205077 −0.217828 C −1.627707 0.775826 0.020826
N −2.320824 −0.161809 −0.636550 N 1.947943 0.000358 −0.610696
H 2.868010 1.665701 −0.221344 H 0.152107 −2.142321 0.015798
H 1.507527 1.345327 −1.317735 H −0.149214 −1.297075 −1.522777
H 1.239312 1.657498 0.410928 H −1.856462 −1.174397 1.014105
H 2.479451 −0.478376 0.976993 H −2.374291 −1.196102 −0.660416
H 2.848915 −0.740848 −0.716272 H 0.139252 −0.000530 1.893675
H −0.997700 −1.775594 0.866081 H −0.148846 1.298839 −1.521581
H −0.014631 −0.565338 1.702166 H 0.151863 2.142256 0.018094
H 1.104160 −2.244198 0.026558 H −1.857540 1.174139 1.013997
H 0.499601 −1.225014 −1.264805 H −2.374148 1.195738 −0.660870
H −2.499373 −1.131950 −0.872102 H 2.012094 0.000479 −1.623788
H −2.948323 0.543353 −1.013962 H 2.813135 −0.000330 −0.071849

51
+•/c-5+• 71

+•

C −0.349520 1.337372 −0.200638 C 2.273649 −0.184144 −0.369638
C −1.726061 0.721247 −0.001928 C 0.922709 0.321854 −0.954558
O 1.927396 0.138057 −0.711293 C 2.357723 −0.055412 1.153156
C 0.794730 −0.104350 −0.008721 C −0.228807 −0.517068 −0.563279
C −0.210730 −1.162059 −0.516138 C −1.444861 −0.022195 −0.014847
C −1.573248 −0.822486 0.095617 N −2.449100 −0.840617 0.299160
N 1.084443 −0.129687 1.331229 O −1.538264 1.280757 0.168860
H −0.083388 1.605439 −1.224501 H 3.064433 0.406605 −0.843492
H −0.019608 2.100449 0.502419 H 2.433969 −1.224362 −0.679035
H −2.344674 0.986636 −0.867423 H 0.999134 0.268861 −2.055637
H −2.217495 1.126998 0.885701 H 0.753765 1.370509 −0.695124
H 1.785793 0.007955 −1.664391 H 3.342399 −0.373143 1.508848
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H 0.157225 −2.162938 −0.268692 H 2.208135 0.981460 1.475600
H −0.245803 −1.073902 −1.608408 H −0.165118 −1.594351 −0.703697
H −2.377477 −1.355784 −0.416731 H −3.329045 −0.517371 0.687175
H −1.617774 −1.144986 1.143166 H −2.363726 −1.840055 0.150244
H 0.377344 −0.361667 2.018527 H −2.384912 1.580551 0.547675
H 1.964569 0.256816 1.662929 H 1.608296 −0.678651 1.657432
72

+• 73
+•

C 2.101065 0.532370 −0.409304 C −1.077962 −1.112147 −1.300351
C 0.852689 0.744784 0.509283 C −1.082214 −0.074469 −0.128145
C 2.899915 −0.736089 −0.105511 C −2.276625 −0.903417 −2.229173
C −0.171191 −0.311269 0.355170 C 0.033843 −0.303020 0.815875
C −1.543098 −0.128637 0.017534 C 1.171462 0.536719 1.005749
N −2.096104 1.063374 −0.188498 N 1.353979 1.678121 0.359090
O −2.249178 −1.240445 −0.078573 O 2.141023 0.240046 1.853246
H 2.734255 1.414296 −0.263278 H −1.096502 −2.123290 −0.877602
H 1.777982 0.545416 −1.456623 H −0.138912 −1.015378 −1.857621
H 0.449077 1.751133 0.347239 H −2.026547 −0.197451 0.421702
H 1.206701 0.714041 1.553140 H −1.089100 0.941554 −0.539704
H 3.796008 −0.769020 −0.732620 H −2.248272 −1.635618 −3.042022
H 3.227997 −0.763127 0.939795 H −2.269717 0.095400 −2.679441
H 0.111606 −1.349961 0.497758 H −3.224291 −1.030725 −1.694982
H 2.333204 −1.651400 −0.310269 H 1.989963 −0.601512 2.319555
H −3.073101 1.185627 −0.431853 H 0.022953 −1.222686 1.398119
H −1.543408 1.907982 −0.099973 H 2.182887 2.236531 0.540557
H −3.190439 −1.111993 −0.298279 H 0.680475 2.023966 −0.311893

11
+•/73

+• 52
+•/72

+•

C −1.267617 −1.392147 −1.058501 C −1.379797 −1.414316 −0.741960
C −0.718752 −0.059127 −0.520876 C 0.169650 −1.383394 −0.673053
C −2.225558 −1.181545 −2.234492 C −1.851369 −1.184357 0.681625
C 0.129005 −0.210218 0.712838 C 0.529336 −0.400543 0.458980
C 1.149772 0.794614 1.089425 C 0.811381 0.987535 0.176952
N 1.111841 2.011929 1.554077 N 0.450748 1.588924 −0.951077
O 2.228781 0.137775 0.807462 O 1.404147 1.658384 1.144541
H −1.780168 −1.924994 −0.247169 H −1.751568 −2.362335 −1.146703
H −0.425877 −2.023287 −1.369778 H −1.764891 −0.622112 −1.395475
H −1.562578 0.596053 −0.228848 H 0.644552 −1.136844 −1.629684
H −0.171863 0.486649 −1.300363 H 0.554414 −2.367239 −0.390128
H −2.592892 −2.144185 −2.601081 H −2.703866 −0.535016 0.874886
H −1.729255 −0.674775 −3.069652 H −1.757524 −2.015792 1.381679
H −3.095372 −0.582787 −1.941326 H 1.183147 −0.766389 1.250352
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H 1.379184 −0.814846 0.444398 H −0.667201 −0.443383 1.021572
H −0.238277 −0.812667 1.549993 H 0.623389 2.570556 −1.137151
H 1.970845 2.530490 1.726615 H 0.027700 1.055125 −1.700567
H 0.232019 2.469183 1.768614 H 1.548235 2.604341 0.957164

53
+•/71

+• 11+•

C −1.951226 1.092651 0.797242 C −1.947050 −0.008560 −0.963257
C −1.315855 0.442813 −0.453415 C −0.905112 −0.310842 0.060838
C −1.111326 0.611328 1.963447 C −3.068389 0.907951 −0.452222
C 0.194477 0.518184 −0.178944 C 0.438468 −0.877295 −0.315460
C 1.080862 −0.528650 −0.620544 C 1.573431 −0.162532 0.378579
N 2.370837 −0.313684 −0.864151 N 2.774512 −0.668593 0.483342
O 0.570283 −1.742183 −0.713246 O 1.388455 1.018550 0.885460
H −3.004600 0.813472 0.911550 H −2.394106 −0.963974 −1.298058
H −1.907385 2.184401 0.725277 H −1.478278 0.416155 −1.862644
H −1.585153 0.943047 −1.388423 H −1.219629 −0.445041 1.096834
H −1.621571 −0.604605 −0.532885 H 0.438043 1.268406 0.767823
H −0.834119 1.301196 2.758986 H −3.824776 1.050817 −1.228634
H −1.250237 −0.420147 2.292587 H −2.682805 1.894635 −0.173999
H 0.630053 1.513933 −0.286905 H −3.565557 0.476025 0.422979
H 3.025101 −1.053733 −1.093363 H 0.615576 −0.772635 −1.396454
H 2.750957 0.624119 −0.815298 H 0.519421 −1.953028 −0.092171
H 1.202685 −2.426551 −0.998796 H 3.521690 −0.145097 0.933725
H 0.054549 0.440158 1.135582 H 2.993111 −1.586842 0.112653

11
+•/11+• 51

+•/6
C −1.821822 0.116639 −0.904329 C 0.204785 −2.426884 0.712764
C −0.823339 −0.239994 0.160415 C −1.107206 −2.026062 0.727003
C −3.005287 0.965769 −0.438547 O 1.330653 0.015336 −0.394227
C 0.440706 −1.027563 −0.243995 C 0.653722 1.112122 −0.286658
C 1.554582 −0.206083 0.346251 C −0.773932 1.116310 0.181173
N 2.815481 −0.575741 0.398140 C −1.576622 −0.047326 −0.345789
O 1.195222 0.936341 0.806342 N 1.282283 2.220735 −0.594792
H −2.196354 −0.866104 −1.269604 H 0.867220 −2.227154 1.552973
H −1.319640 0.565356 −1.771711 H 0.594122 −3.059811 −0.081652
H −1.265198 −0.591376 1.100578 H 0.804716 −0.790828 −0.098998
H −0.285641 0.781453 0.543943 H −1.533455 −1.601626 1.632357
H −3.728286 1.084077 −1.249983 H −1.813602 −2.456200 0.023243
H −2.676796 1.967597 −0.139715 H −1.232587 2.078527 −0.093230
H −3.521791 0.505338 0.410012 H −0.750062 1.103608 1.282612
H 0.567581 −1.062039 −1.334059 H −2.609257 −0.071270 −0.011584
H 0.448974 −2.060815 0.119270 H −1.430922 −0.329422 −1.386073

(contd on next page)
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Appendix A (continued )

H 3.520729 0.036330 0.799023 H 0.819813 3.121148 −0.553669
H 3.117236 −1.472961 0.035760 H 2.258328 2.196235 −0.879585

11+•/12 4+•

C −1.826041 −0.564466 −0.837358 C 1.396498 −0.350408 −0.000029
C −0.845269 −1.200028 −0.125440 C 0.016193 0.009358 −0.000055
C −2.322335 1.604769 −0.177983 N −0.942665 −0.906969 0.000019
C 0.618435 −1.120443 −0.482784 O −0.236732 1.297219 −0.000024
C 1.317170 −0.041722 0.308726 H 1.704436 −1.389542 0.000002
N 2.584970 −0.097312 0.627730 H 2.138838 0.438773 0.000258
O 0.663286 1.013300 0.687642 H −1.932336 −0.676855 −0.000084
H −2.864101 −0.779320 −0.608737 H −0.712420 −1.895917 0.000129
H −1.627630 −0.179309 −1.834719 H −1.182157 1.540872 0.000253
H −1.092963 −1.733136 0.789461 8+

H −0.290765 0.932018 0.430211 C −0.832638 −0.677306 −0.000056
H −3.244685 1.587520 −0.749399 C 0.451910 −0.006562 −0.000015
H −1.557829 2.274020 −0.570481 N 1.575357 −0.698985 0.000041
H −2.442135 1.560178 0.902158 O 0.449156 1.303134 −0.000039
H 0.747388 −0.853976 −1.543063 C −1.989965 0.004902 0.000047
H 1.134932 −2.074477 −0.327488 H −0.813295 −1.762973 −0.000164
H 3.025504 0.662588 1.140991 H 2.496136 −0.270992 0.000046
H 3.159440 −0.889976 0.364857 H 1.551923 −1.713694 0.000072
6+• H 1.330409 1.721631 0.000037
C −0.918767 −0.204001 0.655674 H −2.023154 1.090134 0.000161
C 0.476770 0.014473 0.138493 H −2.938603 −0.522486 0.000025
N 1.266671 −0.984268 −0.183151 10+

O 0.824388 1.261946 −0.015162 C −1.897568 0.220879 −0.248739
C −1.866684 −0.018732 −0.497604 C −0.815238 −0.653186 0.297014
H −0.996068 −1.205053 1.091545 C 0.585159 −0.055563 0.037085
H −1.096391 0.537520 1.443090 N 0.823948 1.228453 0.104608
H 2.186430 −0.862903 −0.599711 O 1.450034 −0.937749 −0.221459
H 0.966896 −1.942076 −0.029514 H −2.851308 0.206894 0.272411
H 1.704032 1.410766 −0.414629 H −1.866950 0.589514 −1.268887
H −2.192319 −0.871359 −1.081741 H −0.837255 −1.670125 −0.128214
H −2.182291 0.976977 −0.785069 H −0.857611 −0.775073 1.389506
9+ H 1.754805 1.612817 −0.039100
C 1.507124 −0.187685 0.000015 H 0.056289 1.866011 0.301543
C 0.595281 1.066572 −0.000006 13+

C −0.489368 0.035299 −0.000008 C −1.197429 0.048194 0.082744
N −1.790413 0.023661 0.000010 C −0.501573 −1.262659 0.516186
O 0.258355 −1.035056 −0.000013 C 0.126841 0.682273 −0.266844

(contd on next page)
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Appendix A (continued )

H 2.073954 −0.393119 −0.906398 O 0.647810 1.641795 −0.671223
H 2.073903 −0.393119 0.906460 N 0.888411 −0.722383 0.196717
H 0.634230 1.692575 −0.895716 H −1.721966 0.601652 0.869823
H 0.634214 1.692614 0.895677 H −1.861348 −0.020078 −0.786470
H −2.303913 −0.856088 0.000004 H −0.584033 −1.509627 1.573804
H −2.324561 0.886835 0.000005 H −0.724173 −2.135824 −0.095688
12+ H 1.396713 −1.201615 −0.555907
C −0.305524 −0.457729 0.788348 H 1.526415 −0.619033 0.994682
C 0.935199 0.062318 0.130465 14+

N 1.869549 −0.740209 −0.324384 C 1.448421 −0.052068 −0.681047
O 1.001663 1.356696 −0.000303 C 1.446194 −0.052618 0.681550
C −1.423987 −0.547586 −0.243379 C −0.703600 0.164171 0.000378
C −2.460869 0.288112 −0.265831 N −1.177203 −1.057811 −0.000771
H −0.098000 −1.435279 1.238261 O −1.011410 1.287867 −0.000111
H −0.573798 0.242055 1.584981 H 1.518862 −0.973503 −1.255620
H 2.695685 −0.418835 −0.822741 H 1.466174 0.877665 −1.244561
H 1.789556 −1.743199 −0.188071 H 1.463131 0.876517 1.246259
H 1.784076 1.694723 −0.478803 H 1.515806 −0.974702 1.255213
H −1.342039 −1.355844 −0.967221 H −2.190089 −1.181052 −0.002914
H −3.252522 0.174103 −1.000277 H −0.588280 −1.880095 0.002620
H −2.572018 1.099483 0.449375
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