
International Journal of Mass Spectrometry 240 (2005) 121–137

Competitive reactions and diastereoselective CH bond activation in the
McLafferty rearrangement of photoionized 3-methyl valeramide

Jessica Loosa, Detlef Schr̈odera,∗, Helmut Schwarza,∗, Roland Thissenb, Odile Dutuitb

a Institut für Chemie der Technischen Universit¨at Berlin, Straße des 17, Juni 135, 10623 Berlin, Germany
b Laboratoire de Chimie Physique, Universit´e Paris-Sud, Bˆat. 350, 91405 Orsay, France

Received 24 September 2004; accepted 7 October 2004
Available online 19 November 2004

Abstract

Dissociative photoionization of 3-methyl valeramide is characterized by various degradations of the alkyl backbone, initiated by competitive
intramolecular hydrogen migrations. The dominating pathway corresponds to butene elimination via the McLafferty rearrangement. At
photon energies (E ) close to the ionization threshold, the McLafferty rearrangement is followed by a second hydrogen transfer, known
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s [McLafferty + 1] reaction. The methyl group at C(3) in combination with diastereospecific labeling at C(4) permits steric differ
f the two�-H(D)-atoms at C(4) according to the relative orientations of the stereogenic centers. Investigation of thesyn- andanti-[4-D1]-
iastereomers shows a strong preference for activation of theanti-�-hydrogen in the McLafferty rearrangement. A straightforward ana
f the product distribution is impossible, because also C(4′) allows for a [1,5]-H shift, and the contributions of both sites are addition
uperimposed by [McLafferty + 1] products. Photoionization studies of six isotopomers, employing tunable synchrotron radiation,
ith kinetic modeling enable a deconvolution of the branching ratios and a determination of the corresponding steric and kinetic isot
perative in the McLafferty rearrangement. The kinetic isotope effects (KIEs) are more or less independent ofEh�. The initiating [1,5]-H
hifts feature very low KIEs, especially for the C(4)H bond activation, whereas the subsequent hydrogen atom transfers in the cours
McLafferty + 1] processes are affected by substantial KIEs. Interestingly, the steric effect (SE) decreases considerably at lowEh� (SE = 1.8
.6, and 2.8 atEh� = 9.6, 10, and 11 eV, respectively), which can be explained by more pronounced epimerization prior to dissociation
nergies.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The McLafferty rearrangement[1,2] is arguably the most
rominent and one of the best studied fragmentation pro-
esses of ionized carbonyl compounds and intrigues by its
igh regiospecificity. Especially for amides the selectivity is
emarkable, since here the McLafferty reaction is not subject
o the same extensive H-rearrangements as has been observed
or structurally comparable carboxylic acids and esters[3].
he stereospecific aspects of this important reaction, how-
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ever, have mainly been studied for rigid or cyclic syst
where it can be considerable[4]; examples for flexible sys
tems[5–7] are rare and display rather small stereosele
effects. Nevertheless, steric effects (SEs) can provide im
tant mechanistic information complementary to that obta
from the analysis of kinetic isotope effects (KIEs). Th
while the KIEs depend on the intrinsic structural detail
the key step of bond activation (here, the�-C H bond activa
tion), the SEs reflect conformational constraints induce
the backbone of the substrate[8].

In order to obtain a deeper understanding of the dias
oselectivity of the McLafferty rearrangement in a flexi
aliphatic carbonyl compound such as valeramide, a s
marker is introduced in the carbon backbone in the v
ity to the (secondary)�-C-atom, such that diastereospec

387-3806/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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Plate 1.

[D1]-labeling of the�-position then allows to monitor any
difference between the McLafferty reaction involving one
or the other of the two possible, now diastereotopic H(D)
atoms. The particular aptitude of a system closely related to
valeramide lays in the high regioselectivity of the McLaf-
ferty reaction of amides, which is a major advantage for an
“unperturbed” investigation of stereochemical effects. More-
over, valeramide itself is the simplest system with secondary
�-hydrogens, and may thus serve as a model for larger car-
boxamides[9]. Last but not least, extensive experimental and
computational studies of ionized valeramide[10–13]provide
a solid base of knowledge about the parent system. As the
general fragmentation pattern of the alkylated system has to
be kept comparable to that of valeramide, the steric marker at
the stereogenic center should neither be too bulky nor cause
substantial differences in reactivity. We thus chose 3-methyl
valeramide (1), because a methyl group fulfils best these de-
mands on the steric marker. In addition to the unlabeled com-
pound, five deuterated isotopomers (1a–e) have been exam-
ined to follow the regio- and stereochemistry (Plate 1).

2. Methods

All experiments were performed with the CERISES[14]
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field of 1 V/cm. In the present experiments, electrons of low
kinetic energies were detected without detailed velocity anal-
ysis, and the cations were transferred into a QOQ system1

(Q stands for quadrupole and O for octopole). The product
ions were analyzed by Q2 and detected by a multi-channel
plate operating in the counting mode. For each isotopomer
overview mass-spectra were recorded at selected energies,
before scanning the McLafferty-product region (m/z= 59–62)
with increased mass resolution atEh� = 9.6, 10, and 11 eV, re-
spectively. Appearance energies (AEs) of relevant fragment
ions were determined in single-ion monitoring mode while
scanningEh�, and derived by linear extrapolation of the on-
sets to the baseline without applying any further corrections
for temperature, kinetic shifts, etc. The ionization energy (IE)
of the parent molecule was retrieved as the first point with a
notable ion signal. Note that the excitation as well as the mass
spectra were not taken in the coincidence mode (TPEPICO)
and that the parent ions therefore were generated with an
energy distributionEinternal≤ (Eh� − IE) −Eelectron.

The synthesis of the labeled (>98 atom.% D) 3-methyl
valeramides2 followed previously described strategies
[15,16]. Briefly, the amides were made by ammonolysis of the
corresponding esters or acid chlorides. The 3-methylvaleric
acids for the synthesis of1c–ewere prepared by conjugate
addition of grignard reagents to the corresponding�,�-
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pparatus, mounted to the beam-line SA63 of the synchr
uperACO at LURE (Orsay, France). The line includes a
al incidence monochromator which provides tunable V

ight in the range of 7–35 eV. Slits were opened to 1 mm,
esponding to a photon-energy resolution of about 500
0 meV at 10 eV). The accuracy of the photon energy (Eh�)
as verified by measuring the ionization threshold of a
ithin 2 meV of its nominal value. Unless stated otherw
lithium-fluoride window was inserted atEh� ≤ 11.8 eV to

ffectively eliminate higher-order photons emerging from
rating of the monochromator. Experiments without LiF

er are inherently interfered by higher-order photons an
eported without corrections. Neutral 3-methyl valeram
nd its isotopomers were introduced into the source e
ia a 0.5 m long gas-line (stainless steel) or, after upg
ng of the instrument, via a regular solid probe. Note
ntroduction of the substrate through the gas-line causes
tantial memory effects. After ionization by monochrom
hotons, the formed electrons and cations are extract
pposite directions from the source by a small electros
nsaturated esters (ethyl magnesium bromide + crot
or 1c and 1e, methyl magnesium iodide + pent-2-eno
or 1d). The diastereoselectively labeled amides1a and
b were prepared starting fromcis- and trans-2-butene
xide, respectively, which were then reduced, tosyl
nd converted to the desired amides by using well e

ished synthetic procedures[15b]. The final products wer
urified by recrystallization from chloroform/hexane a
pectroscopically characterized by1H NMR and GC–MS.

. Experimental results

The outline of the paper is as follows: after having as
ained the resemblance between the gas-phase behav
hotoionized valeramide and 3-methyl valeramide, the

erent fragmentation paths of the latter are discussed wit
rime focus on the McLafferty rearrangement and rel
rocesses. Kinetic modeling of the experimentally obse

1 The very first experiments were conducted with an OQ-arrangem
ERISES, since the second quadrupole was only incorporated in the
f the study. Partial repetition of earlier experiments with the upgraded
roved the effect of the additional quadrupole on the relative abundan
e negligible.

2 Note that the syntheses lead to racemic mixtures of diastere
cally pure compounds (>98% de). Thus,1a corresponds to a 1

ixture of (3R,4S)-3-methyl-[4-D1]-valeramide and(3S,4R)-3-methyl-[4-

1]-valeramide. Likewise,1b is a mixture of (3R,4R)-3-methyl-[4-D1]-
aleramide and(3S,4S)-3-methyl-[4-D1]-valeramide. For the sake of sim
licity, only one of the two enantiomers is shown in the mechanistic sch
imilarly, 1 and1c–ewere studied as racemic mixtures. As we are pro
nly diastereomeric effects, this has no consequences for the data an
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labeling patterns provides insights into the competition of the
various channels and finally into the diastereoselective dis-
crimination operative in the McLafferty reaction of the title
compound.

Recently, we have reported a detailed study on the frag-
mentation behavior of ionized valeramide[10–12]. The main
channel upon photoionization of this amide corresponds to
the McLafferty rearrangement, initiated by hydrogen trans-
fer from the �-C-atom to the carbonyl oxygen, followed
by �-C C bond cleavage. Losses of C1- and C2-units can
compete to some extent and are both also initiated by H-
rearrangements, except for a minor contribution of ethyl elim-
ination occurring via a direct C(3)C(4) bond cleavage at
elevated energies.

Not surprisingly, the ionization energy (IE) of 3-methyl
valeramide (9.36± 0.04 eV) is slightly lower than that of
valeramide (9.40± 0.03 eV) [10]. The stabilizing effect of
alkyl branches in organic radical cations, manifesting in lower
IE values compared to the non-branched analogues, has been
observed for various types of aliphatic compounds, as there
are paraffins, alcohols, aldehydes, ketones, acids, esters, and
amines[17].

The general fragmentation pattern of photoionized 3-
methyl valeramide (1) resembles those of the linear con-
geners valeramide[10] and caproamide[9]. The dominat-
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Fig. 2. Breakdown diagram of1d+•. The given (13C-corrected) curves show
the relative abundances of the parent ion (♦) and McLafferty-related reac-
tions (�), propyl- (©), C2- (�), and methyl-losses (�). The three latter
curves are multiplied by a factor of 5.

ion current; the parent ion diminishes in parallel. Expulsions
of CH3

• and C2/C3-units require somewhat higher energies.
Compared to the dominant McLafferty processes, these frag-
mentations do never attain important abundances and remain
weak throughout the range ofEh� studied; their discussion is
therefore kept to a minimum.

3.1. The “McLafferty region”

As will be detailed in the course of this section, ion-
ized 3-methyl valeramide1+• dissociates via four different
McLafferty-related pathways, and some of the resulting prod-
uct ions have the same elemental compositions or are iso-
baric with each others. Therefore, it is more reasonable to
refer to the fragmentation products of the “McLafferty re-
gion” by their mass-to-charge ratios (m/z= 59–62) rather than
by the masses of the expelled neutral molecules. Thus, the
“McLafferty region” of 1 comprises signals atm/z= 59 and
60 while the labeled parent ions also yield ions atm/z= 61;
a signal atm/z= 62 is conceivable as well, but was never
observed in quantities significantly exceeding the expected
13C-contribution ofm/z= 61.

The major McLafferty (McL) reaction of 1+•
(Scheme 1) yields the enol form of ionized acetamide,
[H2C C(OH)NH2]+•, in that an initial [1,5]-H shift of
a +• +•
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( cia-
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a hich
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om
t cond
p so
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( d
ng McLafferty rearrangement leads to the enol form of
zed acetamide (m/z= 59). Minor pathways correspond
osses of neutral methyl, ethyl, and propyl radicals, as
s ethene (Fig. 1). For the sake of clarity, let us group the d

erent fragmentations into three categories, in analogy t
echanistic pathways in the dissociative photoionizatio

aleramide[10]: the “McLafferty region”, the “C1 region”,
nd the “C2/C3 region”.

The mass spectra obtained at various photon energiesEh�)
rovide an overview of the energy dependence of the

erent fragmentation routes (Fig. 2). The McLafferty rear
angement occurs close to the photoionization threshold
ises quickly in intensity to cover more than 80% of the t

ig. 1. Photoionization mass-spectrum of 3-methyl valeramide1 at

h� = 11.5 eV (without LiF filter). The spectrum includes contributions f
3C-isotopomers and from ionization events by higher-order photons.
�-hydrogen to the carbonyl oxygen (1 →2 ) is
ollowed by C(2) C(3) bond cleavage to expel bute
2+• →3+• + C4H8). This process dominates the disso
ion behavior of1+• and proceeds with a very low barr
AE(McL) = 9.52± 0.02 eV, see below). In addition, the
re two competing, McLafferty-related processes, w
bscure the product distribution in the “McLafferty regio
f isotopomeric 3-methyl valeramides due to mass over

The first, and rather obvious complication arising fr
he choice of the model system is the presence of a se
ossibility for a [1,5]-H shift in that not only C(4), but al
(4′) serves as a potential site for the McLafferty reac

conformers11
+• and12

+• in Scheme 1). The pronounce
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Scheme 1.

formation of ions with bothm/z= 59 and 60 from the respec-
tively �- and�′-labeled isotopomers1c+• and1d+• reveals
that both positions compete effectively. In order to distin-
guish these two routes, the McLafferty reaction with the ini-
tial hydrogen transfer occurring from C(4) is referred to as
McLI and that involving the C(4′)-position as McLII . Un-
like ionized valeramide, for the unlabeled compound1+• a
notable signal atm/z= 60 is observed (clearly above the13C-
contribution), which can be assigned to the occurrence of a
second hydrogen-atom transfer following the McLafferty re-
arrangement. Such a McLafferty reaction with double hydro-
gen transfer, the so-called [McLafferty + 1] reaction[4,18], is
well-known for ketones[19,20], aliphatic[21] and cyclic[4]
carboxylic acids, esters[18,22,23], thioesters, phosphates,
and sulfones[18]. Given that 3-methyl valeramide offers
two sites for the first hydrogen transfer, C(4) and C(4′),
it is to be assumed that each of them can be followed by
a second hydrogen migration. Thus, there are two addi-
tional competitors to the two classical McLafferty reactions:
[McL + 1]I and [McL + 1]II reaction (1+• →2+• →5+• and
1+• →4+• →5+•; Scheme 1).

For an investigation of the energy dependence of
the McLafferty-related fragmentations, mass-spectra of
the “McLafferty region” were taken for the isotopomers
1+•–1e+• atEh� = 9.6, 10, and 11 eV and at improved mass
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omers1a+• and1b+•; the mass spectra at 11 eV (Fig. 3),
for example, reveal a significant difference in the “McLaf-
ferty region” which unambiguously proves the operation of
a substantial SE. For a more detailed analysis of the McLI
reaction, however, this process needs to be disentangled from
the competing McLII route and the [McLafferty + 1] contri-

Table 1
Ion masses (m/z in amu) and normalized intensitiesa in the “McLafferty
region” observed in the PI spectra of1 and its isotopomers at three different
photon energies (Eh�)

Eh� 9.6 eV 10 eV 11 eV

59 60 61 59 60 61 59 60 61

1 81 19 94 6 97 3
1a 45 46 9 57 39 4 61 37 2
1b 63 29 8 80 19 1 84 15 1
1c 31 62 7 46 51 3 51 47 2
1d 67 26 7 65 33 2 61 38 1
1e 84 13 3 95 4 0.6 97 2 0.4

a Normalized to Σ = 100 after 13C-correction. For error bars see
Appendix B. Intensities >1 given as integers; rounding errors may occur.

Fig. 3. “McLafferty regions” of theanti- andsyn-diastereomers1a and
1b+• atEh� = 11 eV. The McLI reaction proceeding via D-transfer (m/z= 60)
is more favored in the case of theanti-[4-D1]-diastereomer (1a+•) than in
the case of thesyn-analogue (1b+•), irrespective of the KIEI which equally
favors the McLI rearrangement via H-transfer (m/z= 59).
esolution (Table 1). A priori we are interested in the k
etic effects of the McLI reaction, i.e., the kinetic isotop
ffect (KIEI) associated with the [1,5]-H shift from C(4) a
articularly the steric effect (SE) that distinguishes the
iastereotopic hydrogens at C(4). Note that the SE not
omprises the different rate constants for the transfer o
iastereotopic H(D) atoms but also any possible differen

heir associated KIEs, so that a diastereotopic differenti
f KIEI is obsolete. A first estimation of the steric effec
chievable from the ratios ofm/z= 59 and 60 for the diaster
+•
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butions[24]. A rough estimation of the branching ratios be-
tween the McLI and McLII channels can be derived from
them/z= 59:60 ratios of1c+• and1d+•, as these isotopomers
are completely labeled in the respective�- and�′-positions.
Thus, the McLI route largely predominates at low photon en-
ergies, whereas the McLII process competes efficiently at el-
evatedEh�. Isotopomer1e+• helps to unravel the mechanism
of the superimposing [McLafferty + 1] reactions (see below).

At this point it has to be stated that only a consideration of
all isotopomers provides a quantitative understanding of the
strongly coupled kinetic parameters. For the data at 11 eV,
where the double hydrogen transfer is comparably weak, a
quantitative correction for the latter appears reasonable which
then allows for an approximate analysis of the McLI and
McLII related parameters[25]. For a comprehensive analy-
sis of all data, however, a complete kinetic modeling of all
effects and branching ratios is inevitable. In order to guide
such a model, the experimental findings are first analyzed
qualitatively in order to derive some helpful orientation.

3.1.1. The steric effect
Fig. 3 proves that the two diastereomers differ consid-

erably in the outcome of their McLafferty reactions. At
all photon energies studied,1b+• shows a markedly higher
m/z= 59:60 ratio than1a+• (Table 1). While in both cases,
a +•
e dis-
f
1 etes
t le
f

heme

tion, the�-H-shift from C(4) to oxygen (1+• →2+•) occurs
via a chair-like transition structure (Scheme 2). While trans-
fer of a�-hydrogen in1a+• is only possible if one of the two
methyl groups of the cyclic transition structure, C(4′) or C(5),
adopts an energy demanding, axial position (e.g., structure
ax-1a/2a+•), whereas deuterium migration can take place
through a preferable, double-equatorial conformation (struc-
tureeq-1a/2a+•). In contrast, a�-H-shift from C(4) to oxygen
for 1b+• is sterically preferred over�-D-transfer. Note, how-
ever, that for both diastereomers a considerable percentage of
ions atm/z= 59 results from McLII reaction, which makes it
impossible to evaluate quantitatively the magnitude or at least
the ratio of KIEI and SE from the spectra of1a+• and1b+•
alone, not to mention the influence of the additional overlaps
in the particularm/z region caused by the [McLafferty + 1]
channels.

3.1.2. Competition of the�- and�′-positions
Particularly instructive with respect to the branching ra-

tios of the competing McLafferty reactions arem/z= 59 and
60 for1c+• and1d+•. The McLI reaction yieldsm/z= 60 for
1c+• andm/z= 59 for1d+•, whereas the McLII reaction leads
tom/z= 59 for 1c+• andm/z= 60 for 1d+•. With increasing
Eh�, them/z= 59:60 ratio increases for1c+• and decreases
for 1d+• (Table 1). Accordingly, the McLII route gains in
i y
i tion.
F f
1
b
M

KIEI hinders the formation ofm/z= 60, for1b , a steric
ffect acts as an additional hindrance which obviously

avors the production ofm/z= 60 in favor ofm/z= 59. For
a+•, the SE works in the opposite direction and depl

he formation ofm/z= 59. A simple and convincing rationa
or the steric effect is that the initial step of the McLI reac-

Sc
 2.

mportance at the expense of McLI as more internal energ
s deposited in the parent ions formed upon photoioniza
or a more quantitative analysis of them/z= 59:60 ratios o
c+• and1d+•, the composite origin of ionsm/z= 60 has to
e taken into account. The majority ofm/z= 60 stems from
cLafferty rearrangements involving a deuterium from a�-
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or �′-position and is hence subject to primary and, possi-
bly, secondary kinetic isotope effects (inverse KIEs for the
[1,5]-H-shifts are excluded, seeAppendix A). A minor con-
tribution results from double H-transfer in the course of the
[McLafferty + 1] reactions. The KIEs cause a decrease of the
intensities ofm/z= 60 (which is much more pronounced than
the gain by the additional contributions from [McLafferty + 1]
processes), so that at all energies them/z= 59:60 ratio of1d+•
is somewhat larger than the reciprocal ratiom/z= 60:59 of
1c+•. The effective branching ratios of McLI and McLII can
be expected to be in between the reciprocal intensity ratios
of 1c+• and1d+• that is 2.0–2.6 at 9.6 eV, 1.1–2.0 at 10 eV,
and 0.9–1.9 at 11 eV. The prevalence of the McLI reaction
over McLII , despite the numerical inferiority of the C(4)H
bonds vis-̀a-vis the C(4′) H bonds, is in perfect agreement
with the notion of a primary CH bond being more difficult
to cleave than a secondary CH bond [26]. As the differ-
ences in bond strengths matter less with increasingEh�, both
pathways compete effectively at 11 eV.

The two McLafferty routes are restricted by the initial
C C bond rotations required to access suitable conformers
for the initial [1,5]-H-transfers from C(4) or C(4′) to the car-
bonyl oxygen. In the case of unbranched valeramide, the con-
formational barrier constitutes in fact the bottle-neck of the
(at room temperature) kinetically controlled path, while the
[
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1
c ions
t are
b

3
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t ion
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Fig. 4. Appearance energy curves of the McLafferty (black) and [McLaf-
ferty + 1] (red) product-ions of photoionized1e (i.e.,m/z= 59 vs.m/z= 60
and 61).

take place at shorter ion lifetimes, resulting in a pronounced
difference in slope for the appearance energy curves of the
McLafferty and the [McLafferty + 1] product ions (Fig. 4).

Deuteration at C(5) in isotopomer1e+• allows for some
inference about the mechanism of the [McLafferty + 1] rear-
rangement. Obviously, part of the [McLafferty + 1] ions pro-
duced contains a hydrogen atom (or rather deuterium in the
case of1e+•) from the C(5) position (m/z= 61), but the impor-
tance of [McLafferty + 1] reactions not involving this position
(giving ions withm/z= 60) is clearly superior3 at any energy
Eh�.

Whereas several mechanisms of the [McLafferty + 1] re-
arrangements are conceivable, only those are realistic which
agree with the notions of low barriers and sufficiently long
lifetimes of the intermediary ion-neutral complexes. A quite
appealing route in this respect is a preferred transfer of
the second hydrogen atom from an allylic position of the
butene fragment in the ion-neutral complexes2/3+• and3/4+•
(Scheme 1), so that the eventually eliminated neutral C4H7

•
as well as the associated transition structure can profit from
allylic stabilization. The assumed long lifetimes may as well
allow partial equilibration of the “butene hydrogens” in2/3+•
or3/4+•. Results obtained for the interaction of propene with
the enol of ionized acetic acid disproved the reversibility of
the hydrogen-transfer from the alkene to the enol’s methy-
l n the
a erved
[
g ens”
i id,
a ob-
s arly
f (
m xes

5

1,5]-H migration is only a rate-contributing step[11]. As-
uming a similar scenario for the McLafferty reactions
+•, the branching between the C(4)- and the C(4′)-routes
an be regarded as being quasi-irreversible. Thus, any
hat passed the conformational barrier in the C(4)-route
ound to dissociate via McLI or [McL + 1]I .

.1.3. The [McLafferty + 1] rearrangement
The mass spectra of the unlabeled compound1+• at vari-

us photon energies provide a direct measure for the ra
he McLafferty and [McLafferty + 1] reactions as a funct
f Eh�. Double hydrogen transfer is of considerable in
ity close to threshold (i.e., 19% at 9.6 eV), but decre
apidly with higher energies (6% at 10 eV and 3% at 11
bviously, the [McLafferty + 1] reaction is not constrain
y high barriers, so that it takes place already with v

ittle excess energy (AE([McL + 1]) = 9.43± 0.04 eV versu
E(1+•) = 9.36± 0.04 eV). On the other hand, a seque
f consecutive H-migrations requires rather extensive
angement. At this stage, we invoke the concept of ion-ne
omplexes, for which many examples in the chemistry o
anic radical cations can be given[27,28], and which ha
een proven extremely compelling for the interpretatio
ompeting McLafferty-related reactions[29,30]. Apparently
he lifetimes of the intermediary ion-neutral complexes2/3+•
nd3/4+• (Scheme 1) are crucial for the occurrence of a s
nd H-shift, which explains why the [McLafferty + 1] si
als rapidly lose intensity with increasing photon ener
nd hence decreasing number of parent ions with low

ernal energy content. In contrast, single H-transfer can
ene group; yet, a rapid, reversible exchange betwee
lkene hydrogens and the hydroxyl hydrogens was obs

31]. Furthermore, experiments by Weber et al.[32] sug-
est a considerable participation of all “propene-hydrog

n the [McLafferty + 1] reaction of ionized pentanoic ac
lthough complete loss of positional identity was not
erved and the participation of allylic hydrogens was cle
avored. The butene hydrogens in 3-methyl valeramide1)

ay accordingly equilibrate in those ion-neutral comple

3 The (non-rounded) intensities for1e+• yield ratiosm/z= 60:m/z= 61 of
.0 (9.6 eV), 7.7 (10 eV) and 5.3 (11 eV).
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which possess sufficiently long lifetimes to fragment via the
[McLafferty + 1] path. That is, the first hydrogen shift may
partially be reversible[30] and thus allow for some H/D-
equilibration when2/3+• and 3/4+• are sufficiently long-
lived. However, a fully statistical participation of the butene’s
hydrogen/deuterium atoms is ruled out by the absence of
m/z= 62 from1c+• and1d+•, whereas a partial H/D-exchange
below the experimental detection limit cannot be discarded.

As four McLafferty-related reactions, McLI and McLII ,
[McL + 1]I and [McL + 1]II , compete with each other, any la-
beling will affect the branching ratios due to the operation
of kinetic isotope effects. Especially channels of low inten-
sity (like the [McLafferty + 1] reactions) are bound to suffer
from the operation of isotopically sensitive branching, which
means that even small intrinsic KIEs may give rise to large
variations in the observed product distributions. Depending
on the size of the intrinsic KIEs, this may lead to extremely
large (or small) apparent KIEs[33].

3.1.4. Appearance energies of the McLafferty and
[McLafferty + 1] product ions

The appearance curves of the McLafferty and the [McLaf-
ferty + 1] rearrangements do not show a linear rise, but dis-
play some low-energy tailing (width∼0.1 eV) attributed to
thermal contributions. Thus, some of the McLafferty product
i tion:
f di-
r d
M esh-
o eV)
c ched
s in the
f ves
w fore
r

f-
f
F
1 f-
f ation
t olv-
i y:
A -
s ffect
t rma-

T
A (
i thyl
v

m

1
1
1
1
1

Scheme 3.

tions of ions withm/z= 60 from1c+• (9.52± 0.02 eV) and
1d+• (9.57± 0.02 eV) fully confirm the AEs of McLI and
McLII , respectively, suggesting that those KIEs are at best
modest. As expected, the appearance energies ofm/z= 59
from 1+•, 1b+•, and1e+• are in between those of McLI and
McLII . Finally, single-ion monitoring ofm/z= 60 from1e+•
leads to AE([McL + 1]) = 9.43± 0.04 eV, substantiated by the
upper limit of 9.47± 0.07 eV given by the (probably KIE-
affected) appearance curve of the respective deuterated ions
withm/z = 61.

3.2. Minor fragmentation channels: losses of C1-, C2-,
and C3-units

The minor fragmentations of the methyl and C2/C3 re-
gions are comprised for the sake of completeness. However,
as mentioned above, given their close similarity to the corre-
sponding fragmentations of ionized valeramide[10] as well
as their low abundances, only a qualitative analysis is pre-
sented.

3.2.1. The “C1 region”
Isotopomers1+•–1d+• form exclusively [M− 15]+ frag-

ments, whereas C(5)-deuterated1e+• yields a signal at
[M − 18]+; thus, a specific loss of the terminal C(5)-
methyl group takes place. This dissociation pathway shows
t r ion-
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d ergies.
ons are already formed close to the onset of photoioniza
or example, the [McLafferty + 1] channel is even visible
ectly at the ionization onset, McLI occurs just 0.04 eV, an
cLII commences 0.10 eV above the photoionization thr
ld. Note that the low demand in excess energy (0.04
ompares well with the respective demand of the unbran
ystem (0.03 eV excess energy). The AEs discussed
ollowing are obtained by linear extrapolation of the cur
ithout consideration of thermal contributions and there

esult in slightly higher values.
The AEs of particularly instructive signals in the “McLa

erty regions” of selected isotopomers are given inTable 2.
or the McLI reaction, single-ion monitoring ofm/z= 59 from
d+• yields AE(McLI) = 9.52± 0.02 eV, that is the McLa

erty reaction commences 0.16 eV above the photoioniz
hreshold of the molecule. The analogous reaction inv
ng a primary C(4′) H bond needs slightly more energ
E(McLII ) = 9.58± 0.03 eV form/z= 59 from1c+•. The pos
ible operations of primary and secondary KIEs do not a
he AEs to considerable extents, as the onsets for the fo

able 2
ppearance energies (in eV) of particularly instructive fragment ionsm/z

n amu) in the “McLafferty region” of selected isotopomers of 3-me
aleramide

/z 59 60 61

9.56± 0.04
b 9.52± 0.02 9.43± 0.03
c 9.58± 0.03 9.52± 0.02
d 9.52± 0.02 9.57± 0.02
e 9.56± 0.04 9.43± 0.04 9.47± 0.07
he same regiochemistry and energy demands as fo
zed valeramide[10,11], and the corresponding mech
ism is therefore adopted accordingly (Scheme 3): �-
-transfer to the carbonyl oxygen (1+• →6+•) is fol-

owed by C(4) C(5) bond scission (6+• →7+). Single-
on monitoring yields an appearance curve with a v
mooth slope prior to a steeper rise. Thus, the first
al distinguishable from the noise level appears alre
t AE( CH3) = 10.05± 0.07 eV (from1+•), but noteworthy
bundances are only reached at much higher energies (s
nset at 10.68± 0.07 eV). The slightly higher value deriv

rom 1e+•, AE( CD3) = 10.12± 0.04 eV, may indicate th
peration of a modest secondary KIE, which would a
ith the theoretical finding for the demethylation of ioniz
aleramide[11] that the C C bond cleavage represents
ighest barrier of this kinetically controlled path. The c
iderable energy demand for the first appearance of m
oss (0.69 eV excess energy with respect to IE(1)) agrees
ith the barrier height predicted by theory for the rate de
ining C C bond rupture in valeramide (0.63 eV excess
rgy at 298 K). However, the experimental value derived
aleramide was even higher (about 1.5 eV excess ene4),

4 In Ref. [10], the reported upper limit of the appearance energy
educed from a series of mass spectra recorded at various photon en
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Scheme 4.

which has been attributed to a substantial competitive kinetic
shift caused by the competing major channels. For 3-methyl
valeramide, the methyl loss is also more energy demand-
ing than the dominating McLafferty related processes, and
is hence likely to be subject to a competitive shift as well.
In fact, the second onsets (10.68± 0.07 eV for [1 − 15]+•
and 10.62± 0.06 eV for [1e− 18]+•, corresponding to 1.32
and 1.26 eV excess energy) compare reasonably well with the
mentioned experimental findings for the valeramide system
(about 1.5 eV excess energy, see footnote 4).

3.2.2. The “C2/C3 region”
Assuming that the additional methyl group in1, com-

pared to valeramide, does not drastically change the over-
all fragmentation behavior of the radical cation, the pre-
viously derived fragmentation scheme developed for ion-
ized valeramide is also applied to1+• with some mi-
nor adjustments to account for the structural modifica-
tion in the backbone. Thus, the mechanisms depicted in
Scheme 4indeed agree well with the observed product dis-
tributions in the C2/C3 region for all isotopomers. For ex-
ample, �-H transfer to the carbonyl oxygen leads to the
�-distonic radical cation9+•, from which several dissoci-
ation paths are possible. An indirect ethyl loss preceded
by a [1,4]-H shift and subsequent C(3)C(4) bond scis-
s
A nd
c ex-
p y for
3 om-
p on

takes place. This route is accessible by skeletal rearrange-
ment9+• �12+• �13+•, which brings about an equilibra-
tion between the�-distonic ions9+• and13+•. The propyl
loss is of low abundance and has a notably higher energy de-
mand ([1e− 44]+• gives AE( C3H7

indir) = 9.90± 0.12 eV)
than the indirect ethyl loss. The heats of formation of the prod-
ucts of these two equilibrated channels (11+ + C2H5

• versus
15+ + C3H7

•) differ by about 0.30 eV,5 which can be ascribed
to the stronger stabilizing effect of methylation of a double
bond (for the exit channel11+ + C2H5

•) compared to methy-
lation of an alkyl radical (for the exit channel15+ + C3H7

•).
The AE difference of 0.34 eV between the indirect ethyl and
propyl eliminations is thus readily explained by the different
energetics of the exit channels and is accordingly ascribed to
thermodynamic control.

The intermediate9+• can also expel ethene upon imme-
diate C(3) C(4) bond rupture (9+• →16+•); an analogous
route from13+•, leading to an expulsion of propene, is not
observed (13+•

17+•). Single-ion monitoring of [1e − 30]+• yields
AE( C2H2D2) of about 9.55 eV. The markedly lower en-
ergy demand in comparison to the corresponding ethene loss
from ionized valeramide (0.19 eV excess energy for 3-methyl
valeramide versus 0.6 eV for valeramide) can be attributed to
the stabilizing effect of the additional methyl group in the
t +• +•

calcu-
l the
Z rela-
t

ion (9+• →10+• →11+) is quite facile ([1e− 31]+ gives
E( C2H5

indir) = 9.56± 0.08 eV), and its energy dema
ompares well with that of the respective indirect ethyl
ulsion from ionized valeramide (0.20 eV excess energ
-methyl valeramide versus 0.18 eV for valeramide). In c
etition with the indirect ethyl loss, a propyl eliminati
ransition structure of the CC bond cleavage,9 →16 .

5 The energetic differences are based on relative energies at 0 K
ated at the B3LYP/6-311++G**//B3LYP/6-31G* level of theory, where
PEs, calculated with B3LYP/6-31G*, were used in the conversion to

ive energies at 0 K according to B3LYP calculations.
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The fact that C(5)-deuterated1e+• not only yields
ions [M− 31]+ according to the indirect ethyl loss
(1+• →9+• →10+• →11+), but also exhibits a signal
at [M − 32]+, indicates the occurrence of additional,
direct ethyl elimination from the terminus6 as al-
ready observed for valeramide. Thus, direct C(3)C(4)
bond cleavage (1+• →8+) first becomes noticeable at
AE( C2H5

dir) = 9.94± 0.07 eV (for [1e− 32]+), which cor-
responds to an excess energy of 0.58 eV. Similar to the methyl
loss, the appearance curve of [1e− 32]+ has an ill-defined
slope. Linear extrapolation of the latter, steeper part of the
rise gives 10.55± 0.05 eV, which is again attributed to a com-
petitive kinetic shift caused by the dominating McLafferty-
related processes and the low-energy channels of the C2/C3-
region (i.e., indirect ethyl loss and ethene elimination). The
derived value of 1.19 eV excess energy compares well with
about 1.1 eV (see footnote 4) reported for valeramide.

4. Kinetic modeling of the “McLafferty region”

Our key interest concerns diastereoselective discrimi-
nation in McLafferty rearrangements for which 3-methyl
valeramide is used as a model system. As demonstrated,
the introduction of a methyl group at C(3) does not largely
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modeling details, seeAppendix C). Both models use the same
parameters. The branching of the first H-transfer is described
by the normalized rate constantskeq, kax, and kC(4′) with
keq+kax +kC(4′) = 1 (Scheme 1). Here,keq describes the H-
migration from C(4) which can occur via a double equatorial
transition structure (eq-1/2+•, Scheme 2), kax stands for the
H-shift from C(4) which would force one methyl group in an
axial alignment (ax-1/2+•), andkC(4′) represents H-migration
from C(4′). The competition between C(4) and C(4′) reactiv-
ity is thus expressed by (keq+kax) versuskC(4′); for the sake
of simplicity, the sum (keq+kax) will be referred to askC(4).
Each of these routes split into two others after formation
of the respective ion-neutral complexes. Thus, the C(4)-path
branches to the McLI and the [McL + 1]I reactions in a ratio
kI to (1− kI ) (seeScheme 1). Likewise, the branching of the
C(4′) pathway into McLII and [McL + 1]II is described by the
ratio ofkII to (1− kII ). The steric effect SE for the initial [1,5]-
H transfer from C(4) (1+• →2+•, Scheme 1) is defined as the
ratio keq/kax, and the kinetic isotope effect associated with
this step is referred to as KIEI. Similar to the case of ionized
valeramide[10], it is necessary to invoke a secondary kinetic
isotope effect of KIEsec= 1.07 if the�-positions are deuter-
ated (Appendix A). For the evaluation of the KIEs associated
with C(4′) H bond activation in step1+• →4+•, only the iso-
topomer1d+• can be consulted. Therefore, one can merely
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hange the general fragmentation pattern compared t
arent compound valeramide. However, occurrence o

McLafferty + 1] process and more seriously the function
he newly introduced methyl group as an additional site
1,5]-H transfer hinder a straightforward quantitative an
is of the measured fragment-ion abundances with resp
he steric effect (SE). While the operation of SE is quite o
us from a mere comparison of the spectra of diastereo
a+• and1b+• (Fig. 3), a quantitative determination of the
eeds to acknowledge the various competitive channe

his end, we pursue the concept of a comprehensive k
odeling which has been applied successfully in severa

ems of rather different types[10,34–36].

.1. Modeling of the experimental data

Modeling of the relative abundances in the “McLaffe
egion” was carried out using two alternative sets of kin
quations which differ only in the description of the [McL

erty + 1] process (Appendix A). The first set describes t
ystem under assumption of an allylic mechanism for the
nd hydrogen transfer. In addition, the extreme case of a
tatistical participation of the “butene hydrogen/deuter
toms” in the second H-shift is modeled to judge qua

atively the effects of possible H/D-equilibration (for furth

6 The terminal ethyl group may not, or at least not exclusively, be exp
ia the proposed direct mechanism1+• →8+. An alternative of initial�-H-
hift from C(3) to the carbonyl oxygen, followed by 1,2-H-shift and fi
(3) C(4) bond breaking within the�-distonic intermediate is conceivab
s well. For related skeletal isomerizations, see Ref.[3b].
erive a global value KIEII * for D-transfer from C(4). Most
ertainly the two remaining deuterium atoms on C(4′) both
ause an additional hampering effect similar to KIEsec. For
he sake of better comparability with the primary KIEI of
(4), the primary effect of C(4′) is therefore approached
deconvolution as KIEII = KIEII */KIE 2

sec. For both compe
ng [1,5]-H transfers, inverse (primary and secondary) K
ere excluded by a preceding analysis of the experim
bundances (Appendix A). Last but not least, only a sing
IE+1 was used to describe the (primary) kinetic isotope

ects of the second hydrogen transfers in the [McL + 1]I and
McL + 1]II pathways. This is a reasonable simplification
he model system, in that the mechanisms and kinetic be
or of the [McLafferty + 1] rearrangements are quite sim
nd possible minor deviations will hardly affect the mod

ng, given the low intensities of these channels. As wil
een below, KIE+1 is indeed extremely insensitive, so th
s no reason for a distinction between the different [McL
erty + 1] routes.

The allylic model leads to a satisfactory and consisten
cription of the system (Table 3). The hypothetical, extrem
odel of complete H/D-equilibration prior to the second
rogen transfer describes the experimental data equally
Appendix C), but, as stated above, disqualifies itself by
bsence of detectable amounts ofm/z= 62 (two-fold deu

erium transfer) from1c+• and1d+•. However, occurrenc
f partial H/D-equilibration is possible and appraised by
xtreme-case modeling. At highEh� (10 and 11 eV), the re
ulting parameter set of the statistical model is essen
dentical to the allylic one within the error margins. Only
.6 eV, where the [McLafferty + 1] reaction is of considera
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Table 3
Normalized branching ratios and kinetic parameters obtaineda for Eh� = 9.6, 10, and 11 eV by modeling the “McLafferty region” according to the allylic and
the statistical model for the second hydrogen shift

Eh� 9.6 eV 10 eV 11 eV
σ (allylic) σ (statistical) σ (allylic) σ (statistical) σ (allylic) σ (statistical)

kC(4′) 0.38± 0.05 0.34± 0.09 0.45± 0.05 0.45± 0.05 0.48± 0.05 0.48± 0.06
kI 0.94± 0.03 0.83± 0.02 0.93± 0.02 0.92± 0.01 0.96± 0.02 0.96± 0.01
kII 0.70± 0.04 0.81± 0.08 0.95± 0.03 0.95± 0.04 0.98± 0.01 0.98± 0.02
SE 1.8± 0.4 1.8± 0.2 2.6± 0.2 2.7± 0.3 2.8± 0.3 2.8± 0.3
KIEI 1.0 ± 0.1 1.0± 0.3 1.0± 0.2 1.0± 0.2 1.1± 0.2 1.1± 0.2
KIEII 1.3 ± 0.4 1.7± 1.3 1.5± 0.2 1.6± 0.3 1.4± 0.3 1.4± 0.3
KIEII * 1.5 ± 0.4 1.9± 1.5 1.8± 0.3 1.9± 0.4 1.6± 0.3 1.6± 0.3
KIE+1

b 2.1 ± 0.9 7.2± 11.5 7.1± 5.7 7.9± 7.6 4.8± 3.7 5.2± 5.0
KIE+1

c 3 ± 2 3 ± 2 3 ± 2 4 ± 2 2 ± 2 3 ± 2

a The values are obtained by averaging all solutions of the respective solution space, the given errorsσ correspond to the respective maximal deviations.
b KIE+1 did not converge.
c KIE+1 derived from the PI mass-spectra of1 and1e, seeAppendix C.

intensity (19% for1+•), does the statistical model result in
moderately different branching ratios for the second hydro-
gen migrations (cf. Section4.2). The fact that the two mod-
els display no considerable deviations in their parameter sets
shows that a possible partial H/D-equilibration hardly affects
the system. In the following, the kinetic parameters result-
ing from the allylic modeling are discussed. References to
the theoretical case of a statistical participation of the butene
hydrogens are only given for those parameters at 9.6 eV for
which notable differences emerge.

4.2. Branching ratios

At low Eh� and thus low internal energy of the ions, the
[1,5]-H shift to the carbonyl oxygen preferably involves the
secondary CH bonds at C(4). However, activation of a pri-
mary C(4′) H bond becomes more competitive at increased
energies. Thus, the relative rate constantkC(4′) increases from
0.38 at 9.6 eV to 0.45 and 0.48 at 10 and 11 eV, respectively
(Table 3). The finding that an increase of internal energy en-
hances the propensity for cleavage of the comparably strong
primary C H bonds at C(4′) suggests some entropic prefer-
ence for the activation of this particular position. With re-
gard to the parent system of ionized valeramide, where the
McLafferty rearrangement proceeds quasi-barrierless and is
p
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s resh-
o l sta-
t the
d -
q 1]
i -
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propensity of the allylic hydrogen atoms originating from
the secondary carbon in3/4+• to undergo a H-shift, com-
pared to the allylic hydrogens from the primary carbons in
2/3+•, and by the larger energy gain from a second hydrogen
shift for the less stable, terminal olefin unit in3/4+• com-
pared to the internal double bond in2/3+•. Assuming a com-
plete H/D-equilibration (statistical picture), the ratio between
the [McLafferty + 1] and the McLafferty rearrangement is
ca. 1:4 ([1− kI ]/kI = 0.17/0.83, [1− kII ]/kII = 0.19/0.81), in-
dependent of the reaction site of the first H-shift. AsEh�

increases and the amount of ions with low internal energies
and hence sufficiently long lifetimes diminishes drastically,
the ratio of direct dissociation to second hydrogen transfer
from the ion-neutral complexes increases, and the difference
between (1− kI ) and (1− kII ) according to the allylic mech-
anism vanishes, so that the allylic and statistical model coin-
cide.

For an overall comparison of the reaction channels,
it is appropriate to compare the combined rate constants
(Fig. 5a). Here, the McLafferty reactions are described by
McLI =kC(4) × kI and McLII =kC(4′) × kII , the [McLaf-
ferty + 1] rearrangements by [McL + 1]I =kC(4)× (1− kI ) and
[McL + 1]II =kC(4′) × (1− kII ). Thus, at 9.6 eV, 58% of the
fragment ions arise from the McLI reaction, while only half
of that (27%) comes from the McLII route, whose AE lies
s
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rimarily determined by conformational constraints[10,11],
likely explanation for the energy behavior ofkC(4′) is the

etter accessibility of the C(4′) position, together with th
arger number of C(4′) H bonds, relative to C(4)H.

The amount of double hydrogen transfer compared t
ess complicated single hydrogen transfer is, as expe
mall and reaches considerable intensity only close to th
ld. As stated above, the divergence of the hypothetica

istical model from the allylic one is only considerable for
ouble hydrogen transfer at lowEh�. The allylic model re
uires at 9.6 eV a markedly higher percentage of [McL +II

nvolving the C(4′) position (1− kII = 0.30) than for C(4)
ctivation (1− kI = 0.06). This can be explained by a hig
lightly above the one of McLI (0.06 eV, see Section3.1.4).
he remaining ions are distributed to [McLafferty + 1] p
esses, which have low AEs but are restricted by their
or sufficient ion lifetimes to accomplish an additional
igration. As the ionization with 9.6 eV-photons occurs c

o threshold, the low internal energies allow the ion-neu
omplexes2/3+• and3/4+• to be considerably long-lived. Th
McL + 1]II reaction comprises the substantial amount of 1
f the total McLafferty-related processes, which is rem
ble given the low amount of C(4′)-activation in general. A
levated photon energies, the [McLafferty + 1] processe
rease to values below 5% due to the shorter ion lifetim
he majority of the parent ions.
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Fig. 5. Modeling results for the McLafferty-related reactions of photoion-
ized 3-methyl valeramide1 atEh� = 9.6, 10, and 11 eV (see text for details).
(a) Combined branching ratios: McLI (�), McLII (�), [McL + 1]I (�), and
[McL + 1]II (�). (b) Kinetic effects: SE (�), KIEI (�), KIEII * (�), and KIEII

(�).

4.3. Kinetic isotope effects

The McLI reaction is associated with a very moderate,
Eh�-independent KIEI of 1.04 (Fig. 5b), which agrees nicely
with the corresponding KIE of 1.03 derived for valeramide
[10]. The modeling predicts the KIEs associated with [1,5]-
H migration in the McLII route, KIEII *, to exceed those of
McLI (KIEI × KIEsec), which is consistent with the fact that
the activation of a primary CH bond at C(4′) is more energy-
demanding than activation of a secondary C(4)H bond. De-
convolution of KIEII * yields a “pseudo-primary” KIEII of
about 1.4, also independent ofEh�. The higher primary KIE
for the [1,5]-H migration of McLII in comparison to McLI is
in agreement with the higher energy demand of the former
route, which – due to the very competition of both channels –
results in a more pronounced apparent KIE compared to the
intrinsic one.

The low intensity of the [McLafferty + 1] channel renders
the determination of the associated kinetic isotope effect less
accurate. As a consequence, KIE+1 is rather insensitive and
can adopt many values within a broad range without disturb-

ing the system notably. However, a reasonable estimate of
KIE+1 = 3± 2 can be extracted from the relative abundances
of the two isotopomers with the “purest” [McLafferty + 1]
peaks,1+• and1e+• (Appendix C). The sole magnitude of
the associated error prevents a consideration of the possible
energy dependence.

4.4. Energy dependence of the steric effect

Having disentangled the various McLafferty-related
processes and analyzed their respective kinetic parameters
at all photon energies studied, the title question about the
diastereoselectivity of the McLafferty reaction, can now be
addressed in a quantitative manner. The modeling leads to
SE = 1.8, 2.6, and 2.8 atEh� = 9.6, 10, and 11 eV, respectively.
Interestingly, the steric effect of the C(4)-activation appears
to decrease with decreasingEh� and thus with the internal
energy of the parent ions (Fig. 5b). This is a rather unex-
pected behavior for a kinetic effect, but it can be understood
within the concept of ion-neutral complexes. Already for
the occurrence of the [McLafferty + 1] rearrangement, the
importance of the lifetime of the ion-neutral complexes
2/3+• and3/4+• (Scheme 1) was shown. If complex2/3+•
is long-lived at low energies, one could not only imagine
a considerable propensity for a second hydrogen transfer
c tion.
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greement with an uncoupling of C(4) and C(4′) activation
ecause if the conformational barriers are indeed the hi
oint on the potential-energy surface the reverse rea
ill stop at this point. Even an only partial reversibil
etween2/3+• and the C(4)-orientated conformer of11
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ould lead to a certain epimerization of the C(4)-posi
nd hence to a loss of steric information. At higher inte
nergies, the lifetime of the ion-neutral complexes is sh
ith the consequence of an undiminished SE.
In a more general context, it might first appear somew

urprising that the hydrogen transfer in the McLafferty
ction of ionized carboxamides occurs quasi-barrierles
ith a negligible primary KIE on the one hand, but exhibi
ronounced SE on the other. However, it is the very natu

he quasi-barrierless reaction, which leads to the negli
IE while the SE remains significant[8]. Thus, the questio
hich of the two diastereotopic hydrogen atoms at C(4

ransferred to the carbonyl group is determined by the a
ibility of appropriate conformations the amide radical ca
eeds to adopt prior to the actual hydrogen migration. T
onformational changes are, however, crucially affecte
he nature of the stereogenic center in 3-methyl valeram

. Conclusions

The McLafferty reaction of ionized amides is asso
ted with rather low kinetic isotope effects for the init

ng hydrogen-transfer step, which can be attributed to
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fact that intramolecular hydrogen migrations in these sys-
tems occur quasi-barrierless once an appropriate conforma-
tion of the ionized functional group and the alkyl backbone
is achieved. Notwithstanding, the present photoionization
experiments with diastereospecifically deuterated 3-methyl
valeramide analogues reveal a pronounced diastereoselective
discrimination of the H-atoms in the C(4) position of the sub-
strate. In fact, the observed steric effects of 1.8–2.8 at three
different photon energies are rather large for a monofunc-
tional alkane derivative[8,37].

The fragmentation pattern upon dissociative ionization
of 3-methyl valeramide1 parallels that of the parent com-
pound valeramide, where some minor differences in the low-
abundant CH3-, C2H4-, C2H5- and C3H7-losses are readily
explained by the change in the alkyl skeleton. The changes
occurring in the “McLafferty region”, however, bear greater
significance and are way more delicate in nature as far as a
quantitative analysis is concerned. Specifically, the methyl
group introduced as a diastereotopic marker at C(3) provides
an additional site for the McLafferty rearrangement. More-
over, the occurrence of a double-hydrogen transfer renders
the analysis of the product distribution even more difficult.
Only a comprehensive kinetic modeling can therefore pro-
vide the relevant rate constants, isotope effects, and finally
the steric effect at all studied photon energies[25].
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Appendix A. Procedure of the kinetic modeling

As detailed in the text, 3-methyl valeramide (1) under-
goes four different McLafferty-type reactions, of which some
products are isobaric or even identical in elemental compo-
sition. For a decisive analysis of the regiochemistry, the iso-
topomers1–1e were examined (at photon energies of 9.6,
10, and 11 eV, respectively). To model the signals within the
McLafferty-product region for each isotopomer, a number of
k vari-
a
k
t etic
m cLaf-
f l”),
a oms
i lic-
i ac-
c ion’s
m
f -
l

G

A

′) × (1

+1
The steric effect of the McLafferty reaction at C(4) is qu
ronounced and surprisingly decreases with the interna
rgy content of the ionized amide. This phenomenon ca
ttributed to the lifetime of the ion-neutral complex2/3+•. At
igh Eh�, dissociation into butene and H2C C(OH)NH2

+•
ccurs almost instantaneously, whereas the complex
istinctly longer lifetime when formed close to the thre
ld of dissociative photoionization. As a consequence
nly subsequent rearrangement as in the course of [M

erty + 1] can take place, but partial equilibration of the
ermediates can also result in a loss of stereochemic
ormation, thus leading to a decrease of diastereosele
iscrimination at low photon energies[38].

eneral

kC(4) = 1− kC(4′)

keq=kC(4)/(1 + 1/SE)

kax =keq/SE

llylic

59 =kC(4)× kI +kC(4′) × kII
60 =kC(4)× (1− kI ) +kC(4′) × (1− kII )
a59 = (kax× kI )/KIEsec+kC(4′) × kII
a60 = (keq× kI )/KIEI + (kax× (1− kI ))/KIEsec+ 0.5× kC(4

a61 = (keq× (1− kI ))/KIEI + 0.5× (kC(4′) × (1− kII ))/KIE
inetic equations was used, employing all together eight
bles, i.e., the normalized rate constantskI , kII , andkC(4′), the
inetic isotope effects KIEI, KIEII , KIEsec, and KIE+1, and
he steric effect SE (see text). Two slightly different kin
odels were considered, of which one assumes the [M

erty + 1] process to occur regiospecifically (“allylic mode
nd the other is based on a full equilibration of the H/D-at

n the backbone (“statistical model”). For the sake of simp
ty, the normalized (Σ = 100) intensities are characterized
ording to the isotopomer’s number and the respective
ass, e.g.,a59 represents the relative intensities ofm/z= 59

ormed from1a+•; 59 stands form/z= 59 formed from un
abeled1+•.

− kII )
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b59 = (keq× kI )/KIEsec+kC(4′) × kII
b60 = (kax× kI )/KIEI + (keq× (1− kI ))/KIEsec+ 0.5× kC(4′) × (1− kII )
b61 = (kax× (1− kI ))/KIEI + 0.5× (kC(4′) × (1− kII ))/KIE+1

c59 =kC(4′) × kII
c60 = (kC(4)× kI )/(KIEI × KIEsec)

c61 = (kC(4)× (1− kI ))/(KIEI × KIEsec) + (kC(4′) × (1− kII ))/KIE+1

d59 =kC(4)× kI
d60 = 0.5× kC(4)× (1− kI ) + (kC(4′) × kII )/KIEII *

d61 = 0.5× (kC(4)× (1− kI ))/KIE+1 + (kC(4′) × (1− kII ))/KIEII *

e59 =kC(4)× kI +kC(4′) × kII
e60 = 0.5× kC(4)× (1− kI ) +kC(4′) × (1− kII )
e61 = 0.5× (kC(4)× (1− kI ))/KIE+1

Statistical

59 =kC(4)× kI +kC(4′) × kII
60 =kC(4)× (1− kI ) +kC(4′) × (1− kII )

5× kC(4′) × (1− kII )
× KIE+1) + 0.125× kC(4′) × (1− kII )/KIE+1

5× kC(4′) × (1− kII )
× KIE+1) + 0.125× kC(4′) × (1− kII )/KIE+1

(4′) × (1− kII )/KIE+1

kI )/KIE+1

− kII )/KIE+1
a59 =kax× kI /KIEsec+kC(4′) × kII
a60 =keq× kI /KIEI + 0.875× kax× (1− kI )/KIEsec+ 0.87

a61 =keq/KIEI × (1− kI ) + 0.125× kax× (1− kI )/(KIEsec

b59 =keq× kI /KIEsec+kC(4′) × kII
b60 =kax× kI /KIEI + 0.875× keq× (1− kI )/KIEsec+ 0.87

b61 =kax/KIEI × (1− kI ) + 0.125× keq× (1− kI )/(KIEsec

c59 =kC(4′) × kII
c60 =kC(4)× kI /(KIEI × KIEsec) + 0.75× kC(4′) × (1− kII )
c61 = 0.875× kC(4)/(KIEI × KIEsec) × (1− kI ) + 0.25× kC
c62 = 0.125× kC(4)/(KIEI × KIEsec× KIE+1) × (1− kI )

d59 =kC(4)× kI
d60 =kC(4′) × kII /KIEII * + 0.625× kC(4)× (1− kI )
d61 = 0.75× kC(4′)/KIEII * × (1− kII ) + 0.375× kC(4)× (1−
d62 = 0.25× kC(4′)/(KIEII * × KIE+1) × (1− kII )

e59 =kC(4)× kI +kC(4′) × kII
e60 = 0.625× kC(4)× (1− kI ) + 0.625× kC(4′) × (1− kII )
e61 = 0.375× (kC(4)× (1− kI ))/KIE+1 + 0.375× kC(4′) × (1
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Further, some general remarks about the modeling need
to be made. Owing to the low intensities of some signals and
because of minor contributions within composite signals, an
analytical solution may yield misleading and questionable re-
sults due to inappropriate weighting of the data. A numerical
approach, aimed at finding solutions which describe all sig-
nals in reasonable agreement with their error bars given by ex-
periment, is therefore considered as a better choice. Programs
which solve multi-parameter equations in an iterative man-
ner have proven very useful for such purposes[34], but are
unfortunately not suited for a system as complex as 3-methyl
valeramide. Several different combinations of parameters
may equally lead to satisfactory results, and with the “black
box”-character of an iteration routine one runs into danger to
get stuck in a local minimum of the solution space without
finding the global minimum. Even if coincidentally found, the
global minimum is not necessarily an adequate solution from
a chemical point of view. Therefore, all possible solutions for
the system of equations within the error margins of the exper-
iments need to be considered, followed by an assessment of
their quality. To this end, an algorithm is used which varies all
parameters within their respectively defined regimes (see be-
low), and all possible permutations are subsequently inserted
into the kinetic equations to compute the respective ion in-
tensities. The chosen increments for the parameter variations
a 0.01
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eling of the main signals (m/z= 59 and 60) would then yield
an infinite number of solutions. The additional consideration
of the minor signals withm/z= 61 is not fully sufficient to cir-
cumvent parameter dependences in the solution space, as the
errors are considerable. In order to avoid the floating of two
quasi-dependent parameters within the experimental error, a
careful analysis of the experimental data prior to the mod-
eling is compulsory to derive appropriate boundary condi-
tions for the KIEs. The�-C and�′-C-deuterated isotopomers
1a–1d are therefore subjected to a qualitative analysis of
theirm/z= 59:60 ratios at all three photon energies studied
with the aim of extracting information about the KIEs. The
mandatory subtraction of the [McLafferty + 1] contribution
within the respectivem/z= 60 signals is achieved in a sim-
plistic approach by taking the respective relative intensity of
m/z= 60 from unlabeled1 as a measure for the combined
amount of [McLafferty + 1] products which is to be expected
at the respective photon energy. For the labeled compounds,
this amount will be shared between non-deuterated [McLaf-
ferty + 1] ions (m/z= 60) and deuterated ones (m/z= 61). For
each of the�-C and�′-C-deuterated isotopomers the respec-
tive relative intensity of the [McLafferty + 1] reaction trans-
ferring a D-atom (m/z= 61) is subtracted from the relative in-
tensity of all [McLafferty + 1] reactions (m/z= 60 from1) to
estimate the amount of interference inm/z= 60 by undeuter-
ated [McLafferty + 1] ions. It has to be stated clearly that this
deconvolution of single and double hydrogen transfer is a
crude approximation because it assumes the amount of dou-
ble hydrogen transfer to be identical for deuterated and non-
deuterated ions. In reality, operation of KIE+1 and the possi-
ble competition of all channels, of which some are affected
by KIEs, questions this simplification. However, consider-
ing that the [McLafferty + 1] reaction is low in abundance, at
least at 10 and 11 eV, and that these simplifications are only
used in the derivation of the boundary conditions, but not
in the actual modeling, the approach appears justified. The
modeling equations are hence simplified for the isotopomers
1a–1dby omitting the [McLafferty + 1] related terms and us-
ing the [McLafferty + 1]-corrected renormalized intensities.
Appropriate transformations and insertions of the simplified
equations yield KIEI and KIEII as functions of KIEsec.

The visualization of these dependences inFig. A.1 im-
plies inverse values to be rather unlikely for any of the three
KIEs. KIEsec< 1.05 would cause KIEI to be inverse (<0.9),
while KIEII would have to assume values >2 (for 9.6 eV even
>3.7). A pronounced inverse KIEI along with a sizable, nor-
mal KIEII is opposing any chemical intuition, as it would
imply dramatic energy differences between the two [1,5]-H
shifts. Likewise, an inverse KIEII can be ruled out, because
in that case the primary effect at C(4) (KIEI) would be�1.
An inverse KIEI finally, may only be considered if close to
unity; values <0.8 would again lead to a clearly inverse KIEI
at a large, normal KIEII (>2.5).

This qualitative analysis allows for a strict limitation of
the range for KIEsec. Only values slightly larger than one
are chemically meaningful, whereas lower or higher values
re 0.1 for the kinetic parameters (KIEs and SE), and
or the normalized (Σ = 1) rate constants. If the deviation
he modeled from the experimental data is within the ex
mental error bars, the respective set of parameters is k

member of the solution space. Whenever a border d
ng the variation range of one of the parameters is “touch
hat is when a permutation containing a border value is s
greement with the experimental data within the allowe
or bars, that very range is extended. For a full determin
f the solution space, all parameters have to be “conver

.e., their borders are not touched anymore. In order to r
onvergence for the kinetic isotope effect associated wit
inor [McLafferty + 1] pathway (KIE+1) the upper range ha

o be set unreasonably high. For this particular, quite ins
ive variable, the parameter estimation requires some fu
teps (Appendix C). Otherwise, each kinetic parameter is
ermined as the average of all its entries in the solution s
nd the respective maximal deviation is taken as a me
f the associated error. The solution spaces obtained fo
llylic model comprises 929, 5081, and 2015 entries at
0, and 11 eV, respectively, while the statistical model yi
3906, 9408, and 7650 results at these photon energie
Boundary conditions for the KIEs of the [1,5]-H shif.
peculiarity of the system in question originates from

act that the competing�- and �′-hydrogen shifts are su
ect to different KIEs. Thus, the branching ratio is not o
iven by the mere rate constantkC(4′), but also by the dif

erences between the KIEs of C(4)D and C(4′) D bond
ctivations. The resulting dependence of these KIEs y
multi-dimensional solution space, in that a change in

arameter may be compensated by others. The kinetic
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Fig. A.1. Dependences of KIEI (black lines) and KIEII (grey lines) on KIEsec

at photon energies 9.6 eV (dashed lines), 10 eV (solid lines), and 11 eV (dot-
ted lines).

would cause the two primary KIEs of the [1,5]-H shift to dis-
play drastic differences in their respective order of magnitude.
The range is in perfect agreement with the value derived for
the respective secondary KIE of the unbranched valeramide,
1.07± 0.10, and we shall therefore adopt the very same value
for the branched title compound. It is noted in passing that
the necessity of KIEsec≥ 1.05 (that means�=1) derived above
clearly demonstrates the existence of the secondary KIE for
the�-H-shift.

Appendix B. Quality of the experimental data

Prerequisite for a kinetic modeling of experimentally ob-
served intensity distributions is a critical inspection of the
quality of the data. The mass spectra at 10 and 11 eV are
highly reproducible, whereas those recorded at 9.6 eV have
somewhat lower signal-to-noise ratios, owing to the proxim-
ity to the thresholds of dissociative photoionization.

A kinetic modeling should not exceed the accuracy of the
experiment in order not to exclude chemically reasonable so-
lutions which still agree with the experimental data within
the error margins. As far as the experimental error margins
are concerned, neither the assignment of a global absolute er-
ror nor of a global relative error appears justified[38]. Small
peaks have smaller absolute errors than larger ones, so eithe
o e. In
t than
f lue to
c xper-
i veral
s antly
l le at
a am-
i this
a thus
r ents,
w l er-
r ere
t high

standard deviations, an appropriate error fit-function�I was
derived from the standard deviations� in dependence of the
intensitiesI of the whole ensemble of isotopomers. To this
end, the plot of�(I) versusI was fitted by the arbitrary func-
tion �I(I) = (a + b × (I − c)d ) × I. In order to achieve a
stronger guidance for the parameters determining the slope
of the fitting curve,a–dwere chosen such that�I(I)/I = a +
b × (I − c)d equally fitted the plot�(I)/I versusI. The fit-
ting procedure was carried out for the data of all three photon
energies, and the resulting values fora–d were 0.02, 0.033,
−0.075,−1.4 at 9.6 eV, 0.003, 0.01,−0.015,−1.1 at 10 eV,
and 0.003, 0.01,−0.01,−1.0 at 11 eV, respectively.

Appendix C. Modeling of the experimental intensities

As detailed in the text, the most plausible mechanism for
the [McLafferty + 1] processes is a preferred participation of
an allylic hydrogen from the intermediary butene moiety in
the second H-transfer. To judge upon the importance of pos-
sibly accompanying minor H/D equilibrations, the modeling
of an exclusively allylic scenario is completed by an inde-
pendent modeling involving a completely statistical contri-
bution of all butene hydrogens (resulting parameters listed in
Table 3).
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ne would be ill-estimated by the choice of a single valu
urn, the relative errors of small peaks are much higher
or large peaks, so again one can not chose a single va
over all peaks. The obvious means to determine the e
mental errors, the standard deviations derived from se
pectra, would only be adequate if there were a signific
arge number of spectra. Given the tight time schedu

synchrotron facility, the various isotopomers to be ex
ned, and the occurrence of significant memory effects,
pproach was impossible, however. The data reported
efer to the averages of only 2–4 independent experim
hich obviously does not suffice for a proper statistica

or analysis. With the purpose of discounting points wh
he low number of events causes unreasonably low or
r

Estimation of KIE+1. The low intensities of the [McLa
erty + 1] channels not only render the elucidation of
nderlying mechanism more difficult, but also hamper
etermination of the associated KIE+1. Specifically, the up
er limit in the modeling has to be extended to unrea
bly large values until convergence is reached (in one
ven to KIE+1 = 18.8). The other parameters are not affe
y KIE+1 within its upper range. Averaging of the solut
pace as for the other parameters is considered inappro
ecause it would overestimate KIE+1 of the low abundanc

McLafferty + 1] processes.
As an alternative approach for the estimation of KIE+1,

et us consider the isotopomers1 and 1e, which give the
purest” [McLafferty + 1] peaks, i.e., without overlap fro
euterium transfer due to McLI or McLII reaction. Both1+•
nd1e+• form ions withm/z= 59 exclusively via McLaffert
earrangements, whereasm/z= 60 and 61 are due to [McLa
erty + 1] reactions; KIE+1 is operative in the formation o
/z= 61 from1e+•. According to the kinetic equations giv

n Appendix A, the exact dependence is given by Eq. (A.
or the allylic model

IE+1 = [0.5 × kC(4) × (1 − kI )]/e-61 (A.1.1)

nd by Eq. (A.1.2) for the statistical model

IE+1 = 0.375× [kC(4) × (1 − kI ) + kC(4′)

×(1 − kII )]/e-61 (A.1.2)

alculation of the unknown terms in square brackets is
ible by renormalizing the intensities of1e to e59 = 59. In
he allylic model, the term in square brackets (Eq. (A.1.1)
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Table A.1
Intensitiesa of the McLafferty-related channels for1+• and its isotopomers derived from kinetic modelingb for the allylic model

Eh� 9.6 eV 10 eV 11 eV

59 60 61 59 60 61 59 60 61

1 849/−38 151/38 939/2 61/−2 970/1 30/−1
1a 486/−39 469/−2 45/41 570/−2 398/−2 32/4 622/−9 361/7 17/3
1b 658/−25 307/−20 34/46 800/1 186/2 15/−3 848/−7 144/5 8/3
1c 301/10 617/5 82/−15 450/9 504/2 46/−12 513/−3 463/11 25/−8
1d 677/−1 228/27 95/−27 650/3 326/1 24/−3 613/−4 374/7 14/−3
1e 859/−15 134/−5 6/20 951/−1 42/1 7/−1 975/−1 20/2 5/−1

The deviations from the experimental data inTable 1are given behind the dashes. Given as�I = Iexp− Imod. The average absolute deviation over all photon
energies is±10 (of 1000); the average relative deviation is 11%.

a Normalized toΣ = 1000.
b The non-rounded parameters resulting from averaging of the respective solution spaces were taken (Table 3). For KIE+1 atEh� = 9.6, 10, and 11 eV, the

values 3, 3, and 2 were used.

Table A.2
Intensitiesa of the McLafferty-related channels for1+• and its isotopomers derived from kinetic modelingb for the statistical model

Eh� 9.6 eV 10 eV 11 eV

59 60 61 62 59 60 61 62 59 60 61 62

1 823/−12 177/12 934/7 67/−7 970/1 30/−1
1a 469/−23 452/14 78/9 563/6 404/−8 34/2 621/−9 364/4 15/5
1b 629/4 324/−37 47/33 797/3 188/−1 15/−3 847/−7 146/3 7/4
1c 294/18 598/24 104/−37 5/−5 447/12 512/−6 39/−5 1/−1 512/−2 469/4 18/−1 1/−1
1d 684/−7 264/−9 49/20 3/−3 648/5 334/−8 17/4 1/−1 614/−6 377/4 9/2 1/−1
1e 861/−17 116/14 23/3 951/−1 42/1 6/−1 977/−4 19/3 4/1

The deviations from the experimental data inTable 1are given behind the dashes. Given as�I = Iexp− Imod. The average absolute deviation over all photon
energies is±6 (of 1000); the average relative deviation is 18%.

a Normalized toΣ = 1000.
b The non-rounded parameters resulting from averaging of the respective solution spaces were taken (Table 3). For KIE+1 atEh� = 9.6, 10, and 11 eV, the

values 3, 4, and 3 were used.

equally be expressed by the difference between the intensities
ofm/z= 60 from both isotopomers,1 and1e( 60–e60):

[0.5 × kC(4) × (1 − kI )] = 60− e-60 (A.2.1)

For the statistical case, the term in square brackets (Eq.
(A.1.2) can equally be obtained by two independent ap-
proaches, one using the renormalized intensity ofm/z= 60
from 1e (e60), the other employing the intensity ofm/z= 60
from 1 (60):

[kC(4) × (1 − kI ) + kC(4′) × (1 − kII )] = e-60/0.625

(A.2.2a)

[kC(4) × (1 − kI ) + kC(4′) × (1 − kII )] = 60 (A.2.2b)

The values of KIE+1 resulting from insertions of Eqs. (A.2.1)
in (A.1.1) and (2.2) in (1.2) forEh� = 9.6, 10, and 11 eV, re-
spectively, are listed inTable 3; for the statistical approach,
the average values resulting from Eqs. (A.2.2a) and (A.2.2b)
are given. Considering the error (±2), KIE+1 can be regarded
as∼3 independently ofEh� or model.
Modeled intensities. In order to avoid numerical errors

in the kinetic modeling, the ion intensities were included
with one digit more than given inTable 1 of the text.

Tables A.1 and A.2list the modeled intensities and their de-
viations from the experiment, where the fragments are nor-
malized toΣ = 1000.

The intensities resulting from the modeled parameters are
given inTables A.1 and A.2. The error margins of the mod-
eling results are moderate, especially for the more intense
data obtained atEh� = 10 and 11 eV. The average of the abso-
lute deviations|Iexp− Imod| is slightly lower for the statistical
modeling than for the allylic, while the average of the relative
deviations|(Iexp− Imod)/Iexp| is slightly larger for the statis-
tical modeling than for the allylic. It is noted in passing that
this opposing tendency in the error comportment underlines
again the insufficiency of either error-determination method
(absolute and relative) to describe the error margins of signals
with very different magnitudes.

Even for a full equilibration between the butene hydrogens
in the statistical model, the expected relative abundances for
m/z= 62 for isotopomers1c and1d would not exceed 5‰.
Hence, an only partial equilibration would be below the de-
tection limits of the experiment and may well accompany
the allylic H-shift. At any rate, the parameter analysis clearly
demonstrates the insignificance of the differences between
both models. It is therefore not only impossible, but also not
required to determine the exact degree of equilibration in the
minuscule [McLafferty + 1] reactions.
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