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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 energiesH,,) close to the ionization threshold, the McLafferty rearrangement is followed by a second hydrogen transfer, known
as [McLafferty + 1] reaction. The methyl group at C(3) in combination with diastereospecific labeling at C(4) permits steric differentiation
of the twoy-H(D)-atoms at C(4) according to the relative orientations of the stereogenic centers. Investigatiogyof #melanti-[4-D,]-
diastereomers shows a strong preference for activation aritiey-hydrogen in the McLafferty rearrangement. A straightforward analysis
of the product distribution is impossible, because alsd)GHows for a [1,5]-H shift, and the contributions of both sites are additionally
superimposed by [McLafferty + 1] products. Photoionization studies of six isotopomers, employing tunable synchrotron radiation, combined
with kinetic modeling enable a deconvolution of the branching ratios and a determination of the corresponding steric and kinetic isotope effects
operative in the McLafferty rearrangement. The kinetic isotope effects (KIEs) are more or less indeperigienTbé initiating [1,5]-H
shifts feature very low KIEs, especially for the C{4J bond activation, whereas the subsequent hydrogen atom transfers in the course of the
[McLafferty + 1] processes are affected by substantial KIEs. Interestingly, the steric effect (SE) decreases considerably é5w1.8,

2.6, and 2.8 aE,, = 9.6, 10, and 11 eV, respectively), which can be explained by more pronounced epimerization prior to dissociation at lower
energies.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ever, have mainly been studied for rigid or cyclic systems
where it can be considerall¢]; examples for flexible sys-

The McLafferty rearrangemefit,2] is arguably the most  tems[5-7] are rare and display rather small stereoselective
prominent and one of the best studied fragmentation pro- effects. Nevertheless, steric effects (SEs) can provide impor-
cesses of ionized carbonyl compounds and intrigues by itstant mechanistic information complementary to that obtained
high regiospecificity. Especially for amides the selectivity is from the analysis of kinetic isotope effects (KIEs). Thus,
remarkable, since here the McLafferty reaction is not subject while the KIEs depend on the intrinsic structural details of
to the same extensive H-rearrangements as has been observéhe key step of bond activation (here, tf#€—H bond activa-
for structurally comparable carboxylic acids and esf8ts tion), the SEs reflect conformational constraints induced by
The stereospecific aspects of this important reaction, how-the backbone of the substrd&.

In order to obtain a deeper understanding of the diastere-
oselectivity of the McLafferty rearrangement in a flexible
314 23483 (H, Schwarz), fax: +49 30 314 21102, al|phat|c_ c_arbonyl cor_npound such as valeram_lde, a ;tgnc

E-mail addresseddetlef.schroeder@mail.chem.tu-berlin.de marker is introduced in the carbon backbone in the vicin-
(D. Schibder), helmut.schwarz@mail.chem.tu-berlin.de (H. Schwarz). ity to the (secondaryy-C-atom, such that diastereospecific
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(o] : 0 : 0 field of 1 V/cm. In the present experiments, electrons of low
NNH, Y:\/KNHZ \/\)‘\Nﬂz kinetic energies were detected without detailed velocity anal-
1 1a b ysis, and the cations were transferred into a QOQ system

D D (Q stands for quadrupole and O for octopole). The product

o o o ions were arjaly;ed by Q2 a}nd detected by a mglti-channel
WK \)\/K D“C\)\)K plate operating in the counting mode. For each isotopomer

NH, NH, NH, overview mass-spectra were recorded at selected energies,
p p It 1d le before scanning the McLafferty-product region’t=59-62)
with increased mass resolutiorEgt, = 9.6, 10, and 11 eV, re-

Plate 1. spectively. Appearance energies (AEs) of relevant fragment

ions were determined in single-ion monitoring mode while
[D1]-labeling of they-position then allows to monitor any  scanninggy,, and derived by linear extrapolation of the on-
difference between the McLafferty reaction involving one sets to the baseline without applying any further corrections
or the other of the two possible, now diastereotopic H(D) for temperature, kinetic shifts, etc. The ionization energy (IE)
atoms. The particular aptitude of a system closely related to of the parent molecule was retrieved as the first point with a
valeramide lays in the high regioselectivity of the McLaf- notable ion signal. Note that the excitation as well as the mass
ferty reaction of amides, which is a major advantage for an spectra were not taken in the coincidence mode (TPEPICO)
“unperturbed” investigation of stereochemical effects. More- and that the parent ions therefore were generated with an
over, valeramide itself is the simplest system with secondary energy distributiorEinternai < (Enw — 1E) — Eelectron
v-hydrogens, and may thus serve as a model for larger car- The synthesis of the labeled (>98 atom.% D) 3-methyl
boxamideg9]. Last but not least, extensive experimental and valeramide$ followed previously described strategies
computational studies of ionized valeramjdé—13]provide [15,16] Briefly, the amides were made by ammonolysis of the
a solid base of knowledge about the parent system. As thecorresponding esters or acid chlorides. The 3-methylvaleric
general fragmentation pattern of the alkylated system has toacids for the synthesis dfc-e were prepared by conjugate
be kept comparable to that of valeramide, the steric marker ataddition of grignard reagents to the corresponding-
the stereogenic center should neither be too bulky nor causeunsaturated esters (ethyl magnesium bromide + crotonate
substantial differences in reactivity. We thus chose 3-methyl for 1c and 1 methyl magnesium iodide + pent-2-enoate
valeramide {), because a methyl group fulfils best these de- for 1d). The diastereoselectively labeled amides and
mands on the steric marker. In addition to the unlabeled com-1b were prepared starting fromis- and trans-2-butene
pound, five deuterated isotopometsi{e) have been exam-  oxide, respectively, which were then reduced, tosylated
ined to follow the regio- and stereochemistBl4te J. and converted to the desired amides by using well estab-

lished synthetic procedurg&5b]. The final products were

purified by recrystallization from chloroform/hexane and
2. Methods spectroscopically characterized Hy NMR and GC-MS.

All experiments were performed with the CERISEZ]
apparatus, mounted to the beam-line SA63 of the synchrotron

SuperACO at LURE (Orsay, France). Thelineincludesanor-  The outline of the paper is as follows: after having ascer-
malincidence monochromator which provides tunable VUV- tained the resemblance between the gas-phase behaviors of
lightin the range of 7-35 eV. Slits were opened to 1 mm, cor- photoionized valeramide and 3-methyl valeramide, the dif-
responding to a photon-energy resolution of about 500 (i.e., ferent fragmentation paths of the latter are discussed with the
20meV at 10eV). The accuracy of the photon enefgiyX  prime focus on the McLafferty rearrangement and related

was verified by measuring the ionization threshold of argon processes. Kinetic modeling of the experimentally observed

within 2 meV of its nominal value. Unless stated otherwise,

a lithium-fluoride window was inserted &, <11.8eV to

effectively eliminate higher-order photons emerging fromthe  * The very first experiments were conducted with an OQ-arrangement of

grating of the monochromator. Experiments without LiF fil- CERISES, since the second quadrupole was only incorporated in the course

ter are inherently interfered by higher-order photons and are of the study. Partial repetlthn_of earlier experiments with th_e upgraded setup

. . . proved the effect of the additional quadrupole on the relative abundances to

reported without corrections. Neutral 3-methyl valeramide be negligible

and its isotopomers were introduced into the source either 2 Note that the syntheses lead to racemic mixtures of diastereomer-

via a 0.5m long gas-line (stainless steel) or, after upgrad- ically pure compounds (>98% de). Thu$a corresponds to a 1:1

ing of the instrument, via a regular solid probe. Note that mixture of (3R,4S)3-methyl-[4-D)]-valeramide and3S,4R)3-methyl-[4-

introduction of the substrate through the gas-line causes subP1l-valeramide. Likewise,Lb is a mixture of(3R,4R)3-methyl-[4-Di]-
tantial memory effects. After ionization by monochromatic valeramide and3S,4S)3-methyl-[4-Dy]-valeramide. For the sake of sim-

S y ) . y . plicity, only one of the two enantiomers is shown in the mechanistic schemes.

photons, the formed electrons and cations are extracted iNgjmilarly, 1 and1c-e were studied as racemic mixtures. As we are probing

opposite directions from the source by a small electrostatic only diastereomeric effects, this has no consequences for the data analysis.

3. Experimental results
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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 valeramid®—12] The main

channel upon photoionization of this amide corresponds to

the McLafferty rearrangement, initiated by hydrogen trans-
fer from the y-C-atom to the carbonyl oxygen, followed
by B-C—-C bond cleavage. Losses ofi-Cand G-units can

compete to some extent and are both also initiated by H-

rearrangements, except fora 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 (9.3& 0.04eV) is slightly lower than that of
valeramide (9.4& 0.03eV)[10]. The stabilizing effect of
alkyl branchesin organic radical cations, manifesting in lower
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Fig. 2. Breakdown diagram afd*®. The given {3C-corrected) curves show
the relative abundances of the parent iof &nd McLafferty-related reac-
tions @), propyl- (O), Co- (A), and methyl-lossedl). The three latter

curves are multiplied by a factor of 5.

IE values compared to the non-branched analogues, has beeion current; the parent ion diminishes in parallel. Expulsions
observed for various types of aliphatic compounds, as thereof CHz® and G/Cs-units require somewhat higher energies.
are paraffins, alcohols, aldehydes, ketones, acids, esters, anGompared to the dominant McLafferty processes, these frag-

amineg17].

The general fragmentation pattern of photoionized 3-
methyl valeramide 1) resembles those of the linear con-
geners valeramidflO] and caproamid¢9]. The dominat-
ing McLafferty rearrangement leads to the enol form of ion-
ized acetamidenyz=59). Minor pathways correspond to
losses of neutral methyl, ethyl, and propyl radicals, as well
as etheneKig. 1). For the sake of clarity, let us group the dif-

mentations do never attain important abundances and remain
weak throughout the range Bf, 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 valeramidé** dissociates via four different

ferent fragmentations into three categories, in analogy to the McLafferty-related pathways, and some of the resulting prod-

mechanistic pathways in the dissociative photoionization of
valeramid€g[10]: the “McLafferty region”, the “G region”,
and the “G/C3 region”.

The mass spectra obtained at various photon enefggs (
provide an overview of the energy dependence of the dif-
ferent fragmentation route$-ig. 2). The McLafferty rear-

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 ratias/g=59—-62) rather than

by the masses of the expelled neutral molecules. Thus, the
“McLafferty region” of 1 comprises signals at/z=59 and

rangement occurs close to the photoionization threshold, and60 while the labeled parent ions also yield ionsrét=61;

rises quickly in intensity to cover more than 80% of the total
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Fig. 1. Photoionization mass-spectrum of 3-methyl valeramideat
Ep, =11.5 eV (without LiF filter). The spectrum includes contributions from
13C.isotopomers and from ionization events by higher-order photons.

a signal atmyz=62 is conceivable as well, but was never
observed in quantities significantly exceeding the expected
13C-contribution ofVz=61.

The major McLafferty (McL) reaction of 1*®
(Scheme 1 yields the enol form of ionized acetamide,
[H,C=C(OH)NH,]**, in that an initial [1,5]-H shift of
a vy-hydrogen to the carbonyl oxygenl*¢t — 2**) is
followed by C(2}C(3) bond cleavage to expel butene
(2** — 3** + C4Hg). This process dominates the dissocia-
tion behavior of1** and proceeds with a very low barrier
(AE(McL)=9.52+0.02 eV, see below). In addition, there
are two competing, McLafferty-related processes, which
obscure the product distribution in the “McLafferty region”
of isotopomeric 3-methyl valeramides due to mass overlaps.

The first, and rather obvious complication arising from
the choice of the model system is the presence of a second
possibility for a [1,5]-H shift in that not only C(4), but also
C(4) serves as a potential site for the McLafferty reaction
(conformersl;*® and1,** in Scheme L The pronounced
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formation of ions with botim/z=59 and 60 from the respec- omersla*’™® and 1b*®; the mass spectra at 11 e¥ig. 3),

tively y- andv’-labeled isotopomer&c*® and1d*® reveals for example, reveal a significant difference in the “McLaf-
that both positions compete effectively. In order to distin- ferty region” which unambiguously proves the operation of
guish these two routes, the McLafferty reaction with the ini- a substantial SE. For a more detailed analysis of the McL
tial hydrogen transfer occurring from C(4) is referred to as reaction, however, this process needs to be disentangled from

McL, and that involving the C(3position as Mcly. Un- the competing Mcl, route and the [McLafferty + 1] contri-
like ionized valeramide, for the unlabeled compourid a
notable signal avz= 60 is observed (clearly above thtC- Table 1

contribution), which can be assigned to the occurrence of alon massesn/z in amu) and normalized intensitfed the “McLafferty

second hydrogen-atom transfer following the McLafferty re- region” observed in the Pl spectrabénd its isotopomers at three different
y . . y photon energiesH,)

arrangement. Such a McLafferty reaction with double hydro-

gen transfer, the so-called [McLafferty + 1] react[éri8], is En, 966V 10ev lev
well-known for ketone$19,20], aliphatic[21] and cyclic[4] 59 60 61 59 60 61 59 60 61
carboxylic acids, esterfl8,22,23] thioesters, phosphates, 1 81 19 94 6 97 3
and sulfoneq18]. Given that 3-methyl valeramide offers 1a 45 46 9 57 39 4 61 37 2
two sites for the first hydrogen transfer, C(4) and ‘;(4 b 63 29 8 80 19 1 84 15 1
it is to be assumed that each of them can be followed by ;¢ 1. e 7 46 5l 3 51 47 2
o ] 67 26 7 65 33 2 61 38 1
a second hydrogen migration. Thus, there are two addi-;, g4 13 3 95 4 06 97 2 04

tional competitors to the two classical McLafferty reactions:
[McL + 1], and [McL + 1}, reaction (** — 2** — 5** and
1** — 4** - 5**; Scheme 1

For an investigation of the energy dependence of MecL of 1b* #7750
the MclLafferty-related fragmentations, mass-spectra of i
the “McLafferty region” were taken for the isotopomers
1*t*—1€"* atE,,=9.6, 10, and 11 eV and at improved mass
resolution Table 7). A priori we are interested in the ki-
netic effects of the McLreaction, i.e., the kinetic isotope
effect (KIg) associated with the [1,5]-H shift from C(4) and ,
particularly the steric effect (SE) that distinguishes the two 7
diastereotopic hydrogens at C(4). Note that the SE not only 59 60 6l
comprises the different rate constants for the transfer of the
d|astereotop|c H(D) atoms but also any poss|b|e differencein Fig. 3. “McLafferty regions” of theanti- and syndiastereomerga*® and
their associated KIEs, so that a diastereotopic differentiation 1"* 8 =11 eV. The Mcl reaction proceeding via D-transfenf = 60)
of KIE, is obsolete. A first estimation of the steric effect is 's more favored in the case of tai-[4-Dy]-diastereomerd(@ ) than in

" ) : the case of theynanalogue 1b**), irrespective of the KIEwhich equally
aCh'eVabIe fl’0m the ratios Gﬁ/2= 59 and 60 fOf the dIaStere- favors the Mch_ rearrangement via H-transfg‘n,t: 59)

a Normalized to ¥=100 after 3C-correction. For error bars see
Appendix B Intensities >1 given as integers; rounding errors may occur.

McL of 1a**
'n.‘ ::l




J. Loos et al. / International Journal of Mass Spectrometry 240 (2005) 121-137

butions[24]. A rough estimation of the branching ratios be-
tween the Mcl. and Mcly channels can be derived from
them/z=59:60 ratios ofLlc*® and1d**, as these isotopomers
are completely labeled in the respectiveandy’-positions.
Thus, the Mcl. route largely predominates at low photon en-
ergies, whereas the Mglprocess competes efficiently at el-
evatecEy, . Isotopomerde'® helps to unravel the mechanism
of the superimposing [McLafferty + 1] reactions (see below).

125

tion, they-H-shift from C(4) to oxygen1** — 2**) occurs

via a chair-like transition structur&¢heme . While trans-

fer of ay-hydrogen inla** is only possible if one of the two
methyl groups of the cyclic transition structure, §@F C(5),
adopts an energy demanding, axial position (e.g., structure
ax-la/2a**), whereas deuterium migration can take place
through a preferable, double-equatorial conformation (struc-
tureeg-1a/2a**). In contrast, &-H-shift from C(4) to oxygen

At this point it has to be stated that only a consideration of for 1b** is sterically preferred ovey-D-transfer. Note, how-
all isotopomers provides a quantitative understanding of the ever, that for both diastereomers a considerable percentage of
strongly coupled kinetic parameters. For the data at 11 eV, ions atnvVz=59 results from Mck reaction, which makes it
where the double hydrogen transfer is comparably weak, aimpossible to evaluate quantitatively the magnitude or at least
quantitative correction for the latter appears reasonable whichthe ratio of KIf and SE from the spectra @&** and1b**

then allows for an approximate analysis of the Mend
McL, related parametef25]. 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

alone, not to mention the influence of the additional overlaps
in the particulamvz region caused by the [McLafferty + 1]
channels.

such a model, the experimental findings are first analyzed 3.1.2. Competition of thg- and~’-positions

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 studiedb*® shows a markedly higher
m/z=59:60 ratio tharia™ (Table ). While in both cases,
a KIE; hinders the formation ofivz=60, for 1b**, a steric

effect acts as an additional hindrance which obviously dis-

favors the production ofrivz=60 in favor of m/z=59. For

Particularly instructive with respect to the branching ra-
tios of the competing McLafferty reactions aréz=59 and
60 for1c™® and1d*®. The Mcl reaction yieldsnwz= 60 for
1ct* andm/z=59 for1d*®, whereas the Mcj.reaction leads
to m'z=59 for 1¢"* andm/z=60 for 1d**. With increasing
Eh,, the m'z=59:60 ratio increases fdrc™® and decreases
for 1d*® (Table 1. Accordingly, the Mcly route gains in
importance at the expense of Mcas more internal energy
is deposited in the parent ions formed upon photoionization.
For a more quantitative analysis of théz=59:60 ratios of

la**, the SE works in the opposite direction and depletes 1c¢"* and1d**®, the composite origin of ionsVz=60 has to

the formation ofr/z=59. A simple and convincing rationale
for the steric effect is that the initial step of the Mdleac-

be taken into account. The majority o¥z=60 stems from
McLafferty rearrangements involving a deuterium from-a

H T+
H op ™
=z — Y A,
2
E Ok T+ eg-1a/2a NH, m/z=60
3 NH,
1 . T+
H D 1a \ D OH e
D7 ~H--0 /
{ — I+ A
2
ax-1a/2a NH, m/z=159
D T
D oH ™
<z — Y A,
2
OK L eg-1b/2b 'NH; m/z=59
2 NH,
D H 13 T .
H op "
\ .0 /
< - A
2
ax-1b/2b 'NH, m/z=60

Scheme 2.
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or v'-position and is hence subject to primary and, possi- 2000 7 3
bly, secondary kinetic isotope effects (inverse KIEs for the
[1,5]-H-shifts are excluded, s&pendix 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 ofn/z= 60 (which is much more pronounced than
the gain by the additional contributions from [McLafferty + 1]
processes), so that at all energiestiie= 59:60 ratio ofLd**

is somewhat larger than the reciprocal ratiz=60:59 of
1c". The effective branching ratios of Mgland Mcly 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 10eV,
and 0.9-1.9 at 11eV. The prevalence of the Motaction 0 ; A Aatantiutid ; ;

over Mcly;, despite the numerical inferiority of the C{4) 9 1 0 11

bonds visa-vis the C(4—H bonds, is in perfect agreement KhoteaEncigy/'oN

with the notion of a primary €H bond being more dlfflcult Fig. 4. Appearance energy curves of the McLafferty (black) and [McLaf-
to cleave than a secondary-8 bond[26]. As the differ- ferty + 1] (red) product-ions of photoionizekk (i.e., mz=59 vs.m/z= 60
ences in bond strengths matter less with increaSjpgboth and 61).

pathways compete effectively at 11 eV.

The two McLafferty routes are restricted by the initial take place at shorter ion lifetimes, resulting in a pronounced
C—C bond rotations required to access suitable conformersdifference in slope for the appearance energy curves of the
for the initial [1,5]-H-transfers from C(4) or C{fto the car- ~ McLafferty and the [McLafferty + 1] product ions-{g. 4.
bonyl oxygen. In the case of unbranched valeramide, the con-  Deuteration at C(5) in isotopomég™* allows for some
formational barrier constitutes in fact the bottle-neck of the inference about the mechanism of the [McLafferty + 1] rear-
(at room temperature) kinetically controlled path, while the fangement. Obviously, part of the [McLafferty + 1] ions pro-
[1,5]-H migration is only a rate-contributing stépl]. As- duced contains a hydrogen atom (or rather deuterium in the
suming a similar scenario for the McLafferty reactions of C€ase ofle™)fromthe C(5) positionrfVz=61), butthe impor-
1**, the branching between the C(4)- and the ‘B(dutes tance of [McLafferty + 1] reactions notinvolving this position
can be regarded as being quasi-irreversible. Thus, any ionggiVing ions withn/z=60) is clearly superidrat any energy

that passed the conformational barrier in the C(4)-route are Ety. )
bound to dissociate via Mglor [McL + 1];. 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
3.1.3. The [McLafferty + 1] rearrangement lifetimes of the intermediary ion-neutral complexes. A quite

The mass spectra of the unlabeled compoliftdat vari- appealing route in this respect is a preferred transfer of

ous photon energies provide a direct measure for the ratio ofthe second hydrogen atom from an allylic position of the
the McLafferty and [McLafferty + 1] reactions as a function butene fragmentin the ion-neutral compleé&'* and3/4**
of En,. Double hydrogen transfer is of considerable inten- (Scheme }, so that the eventually eliminated neutratG*
sity close to threshold (i.e., 19% at 9.6 eV), but decreasesas Well as the associated transition structure can profit from
rapidly with higher energies (6% at 10 eV and 3% at 11 eV). allylic stabilization. The assumed long lifetimes may as well
Obviously, the [McLafferty + 1] reaction is not constrained allow partial equilibration of the “butene hydrogens'g**
by h|gh barriers, so that it takes p|ace a|ready with very or 3/4**. Results obtained for the interaction of propene with
little excess energy (AE([McL +1])=9.480.04eV versus  the enol of ionized acetic acid disproved the reversibility of
IE(1**)=9.36:£0.04eV). On the other hand, a sequence the hydrogen-transfer from the alkene to the enol's methy-
of consecutive H-migrations requires rather extensive rear-€ne group; yet, a rapid, reversible exchange between the
rangement. At this stage, we invoke the concept of ion-neutral @lkene hydrogens and the hydroxyl hydrogens was observed
complexes, for which many examples in the chemistry of or- [31]. Furthermore, experiments by Weber et [82] sug-
ganic radical cations can be givé27,28] and which has  gesta considerable participation of all “propene-hydrogens”
been proven extremely compelling for the interpretation of in the [McLafferty + 1] reaction of ionized pentanoic acid,
competing McLafferty-related reactio[29,30] Apparently, although complete loss of positional identity was not ob-
the lifetimes of the intermediary ion-neutral compleés served and the participation of allylic hydrogens was clearly
and3/4** (Scheme Yare crucial for the occurrence of asec- favored. The butene hydrogens in 3-methyl valeramige (
ond H-shift, which explains why the [McLafferty + 1] sig- may accordingly equilibrate in those ion-neutral complexes
nals rapidly lose intensity with increasing photon energies
and hence decreasing number of parent ions with Iow in- 3 The (non-rounded) intensities fbe** yield ratiosm/z= 60mmz= 61 of
ternal energy content. In contrast, single H-transfer can still 5.0 (9.6eV), 7.7 (10eV) and 5.3 (11eV).

Relative Abundances

ML+ 1]
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which possess sufficiently long lifetimes to fragment via the o] T'ﬁ-c—H OH  _cH; ) OH
[McLafferty + 1] path. That is, the first hydrogen shift may WKNH - \)'\/KNHZ - MNHZ
partially be reversibld30] and thus allow for some H/D- r ? 6 7+

equilibration when2/3** and 3/4** are sufficiently long-
lived. However, a fully statistical participation of the butene’s Scheme 3.

hydrogen/deuterium atoms is ruled out by the absence ofjons of ions withm/z= 60 from 1¢™* (9.52+0.02 eV) and
m/z=62from1c™ andld™®, whereas a partial H/D-exchange 14+ (9.57+0.02eV) fully confirm the AEs of McLand
below the experimental detection limit cannot be discarded. pcp respectively, suggesting that those KIEs are at best
As four McLafferty-related reactions, Meland Mcly, modest. As expected, the appearance energies'zf 59
[McL +1]; and [McL + 1}, compete with each other, any - from 1+, 1b**, and1e™ are in between those of Mgland
beling will affect the branching ratios due to the operation pcp . Finally, single-ion monitoring ofz= 60 from1&*®
of kinetic isotope effects. Especially channels of low inten- |o54sto AE([McL + 1]) = 9.43- 0.04 eV, substantiated by the
sity (like the [McLafferty + 1] reactions) are bound to suffer upper limit of 9.4740.07 eV given by the (probably KIE-

from the operation of isotopically sensitive branching, which affected) appearance curve of the respective deuterated ions
means that even small intrinsic KIEs may give rise to large \yith myz =61.

variations in the observed product distributions. Depending
on the size of the intrinsic KIEs, this may lead to extremely 3 5 minor fragmentation channels: losses af QC,-

large (or small) apparent KIH83]. and G-units
3.1.4. Appearance energies of the McLafferty and The minor fragmentations of the methyl and/Cs re-
[McLafferty + 1] product ions gions are comprised for the sake of completeness. However,

The appearance curves of the McLafferty and the [McLaf- as mentioned above, given their close similarity to the corre-
ferty + 1] rearrangements do not show a linear rise, but dis- sponding fragmentations of ionized valeramjd] as well
play some low-energy tailing (widtkv0.1 eV) attributed to  as their low abundances, only a qualitative analysis is pre-
thermal contributions. Thus, some of the McLafferty product sented.
ions are already formed close to the onset of photoionization: )
for example, the [McLafferty + 1] channel is even visible di- 3-2.1. The “G region”
rectly at the ionization onset, M¢loccurs just 0.04 eV, and Isotopomersl**-1d"* form exclusively [M— 15]" frag-
McL,; commences 0.10 eV above the photoionization thresh- Ments, whereas C(5)-deuteratdd™ yields a signal at
old. Note that the low demand in excess energy (0.04eV) [M —18]"; thus, a specific loss of the terminal C(5)-
compares well with the respective demand of the unbranchedMethyl group takes place. This dissociation pathway shows
system (0.03 eV excess energy). The AEs discussed in the.the same reg|ochem|stry and energy deman_ds as for ion-
following are obtained by linear extrapolation of the curves i1zed valeramide[10,11} and the corresponding mecha-
without consideration of thermal contributions and therefore Nism is therefore adopted accordinglcheme } -

result in slightly higher values. H-transfer to the carbonyl oxygenl™® — 6*) is fol-
The AEs of particularly instructive signals in the “McLaf- lowed by C(4}-C(5) bond scission &* — 7%). Single-
ferty regions” of selected isotopomers are giveiable 2 ion monitoring yields an appearance curve with a very

For the Mcly reaction, single-ion monitoring af'z= 59 from smooth slope prior to a steeper rise. Thus, the first sig-
1d** yields AE(McLy) =9.52+ 0.02 eV, that is the McLaf- nal distinguishable from the noise level appears already
ferty reaction commences 0.16 eV above the photoionization 8t AE(CHsz) =10.05+0.07 eV (from1**), but noteworthy
threshold of the molecule. The analogous reaction involv- @bundances are only reached at much higher energies (second
ing a primary C(4—H bond needs slightly more energy: ©Onset at 10.68:0.07 eV). The slightly higher value derived
AE(McL ) =9.58+ 0.03 eV fomz=59 fromlc**. Thepos-  from 1€, AE(-CDs)=10.12+0.04 eV, may indicate the
sible operations of primary and secondary KIEs do not affect OPeration of a modest secondary KIE, which would agree

valeramideg[11] that the G-C bond cleavage represents the

Table 2 highest barrier of this kinetically controlled path. The con-

Appearance energies (in eV) of particularly instructive fragment iowis (  Siderable energy demand for _the first appearance of methyl
in amu) in the “McLafferty region” of selected isotopomers of 3-methyl 10ss (0.69 eV excess energy with respectto IE(1)) agrees well

valeramide with the barrier height predicted by theory for the rate deter-
mz 59 60 61 mining G-C bond rupture in valeramide (0.63 eV excess en-
1 9.5640.04 ergy at 298 K). However, the experimental value derived for
1b 9.52+0.02 9.43+0.03 valeramide was even higher (about 1.5eV excess efigrgy
1c 9.58+0.03 9.52+0.02

ig ggéi 88421 34517:;88421 9.47-0.07 4 In Ref. [10], the reported upper limit of the appearance energy was

deduced from a series of mass spectra recorded at various photon energies.
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which has been attributed to a substantial competitive kinetic takes place. This route is accessible by skeletal rearrange-
shift caused by the competing major channels. For 3-methyl ment9*® = 12** = 13**, which brings about an equilibra-
valeramide, the methyl loss is also more energy demand-tion between thé-distonic ions9** and13"*. The propyl

ing than the dominating McLafferty related processes, and loss is of low abundance and has a notably higher energy de-
is hence likely to be subject to a competitive shift as well. mand (fle — 44]"* gives AE(-C3H;"%")=9.904+0.12eV)

In fact, the second onsets (1068.07 eV for [ — 15]"* thantheindirect ethylloss. The heats of formation of the prod-
and 10.62: 0.06 eV for [lLe — 18]**, corresponding to 1.32  ucts of these two equilibrated channeld(+ C,Hs® versus

and 1.26 eV excess energy) compare reasonably well with thel5* + C3H-*) differ by about 0.30 eV,which can be ascribed
mentioned experimental findings for the valeramide system to the stronger stabilizing effect of methylation of a double
(about 1.5 eV excess energy, see footnote 4). bond (for the exit channdll* + CoHs*) compared to methy-
lation of an alkyl radical (for the exit chann&b’ + 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 intermediat®*® can also expel ethene upon imme-
diate C(3)-C(4) bond ruptureq*®* — 16"*); an analogous
route from13**, leading to an expulsion of propene, is not
observed13"® %

3.2.2. The “G/Cgz region”

Assuming that the additional methyl group In 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 tb"* with some mi-
nor adjustments to account for the structural modifica-
tion in the backbone. Thus, the mechanisms depicted in

Scheme 4ndeed agree well with the observed product dis- 17 *)- Single-ion monitoring of Te — 30" yields
tributions in the G/Cs region for all isotopomers. For ex- AE(=C2H2D2) of about 9.55eV. The markedly lower en-

ample, 8-H transfer to the carbonyl oxygen leads to the €"9Y Qemand in comparison to the corresponding ethene loss
5-distonic radical catior9*®, from which several dissoci- fromionized valeramide (0.19 eV excess energy for 3-methyl

ation paths are possible. An indirect ethyl loss preceded valerami'd.e.versus 0.6eV for valgramide) can be attribyted to
by a [1,4]-H shift and subsequent C{Z)(4) bond scis- the sf[a_lblllzmg effect of the additional methyl group in the
sion @"* = 10"* — 11*) is quite facile (Le — 31]* gives transition structure of the-@C bond cleavagegd™® — 16°.
AE(—CoHs5 "IN =956+ 0.08 eV), and its energy demand

compares well with that of the respective indirect ethyl ex- ———— . . .

h L . The energetic differences are based on relative energies at 0K calcu-
pUISIOn from IOﬂIZQd valeramide (0'20 ev exces_s energy for lated at the B3LYP/6-311++G**//B3LYP/6-31G* level of theory, where the
3-methyl valeramide versus 0.18 eV for valeramide). In com- zpgs; calculated with B3LYP/6-31G*, were used in the conversion to rela-
petition with the indirect ethyl loss, a propyl elimination tive energies at 0K according to B3LYP calculations.
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The fact that C(5)-deuteratede’® not only yields modeling details, se&ppendix Q. Both models use the same
ions [M—31]" according to the indirect ethyl loss parameters. The branching of the first H-transfer is described
(1**— 9** — 10** — 11*), but also exhibits a signal by the normalized rate constaritgy, kKax, andKkcs) with
at [M—232]*, indicates the occurrence of additional, Keq+kax+Kkc()=1 (Scheme )L Here,keq describes the H-
direct ethyl elimination from the terminfisas al- migration from C(4) which can occur via a double equatorial
ready observed for valeramide. Thus, direct €@¢) transition structureggr1/2**, Scheme P, kax stands for the
bond cleavage 1(* — 8%) first becomes noticeable at H-shift from C(4) which would force one methyl group in an
AE(-CpHs9M) =9.9440.07 eV (for [le— 32]"), which cor-  axial alignment#x-1/2**), andkc(«) represents H-migration
responds to an excess energy of 0.58 eV. Similar to the methylfrom C(4). The competition between C(4) and Q(deactiv-
loss, the appearance curve @&[— 32]" has an ill-defined ity is thus expressed bkdq+Kkax) versuskc s); for the sake
slope. Linear extrapolation of the latter, steeper part of the of simplicity, the sum Keq+ kax) will be referred to agc(4).
rise gives 10.55: 0.05 eV, which is again attributed toacom- Each of these routes split into two others after formation
petitive kinetic shift caused by the dominating McLafferty- of the respective ion-neutral complexes. Thus, the C(4)-path
related processes and the low-energy channels of tHe;C branches to the Mgland the [McL + 1] reactions in a ratio
region (i.e., indirect ethyl loss and ethene elimination). The kj to (1— k) (seeScheme 1 Likewise, the branching of the
derived value of 1.19 eV excess energy compares well with C(4) pathway into Mcly and [McL + 1}, is described by the
about 1.1 eV (see footnote 4) reported for valeramide. ratio ofk; to (1— ky;). The steric effect SE for the initial [1,5]-

H transfer from C(4)1"* — 2**, Scheme lis defined as the

ratio keg/kax, and the kinetic isotope effect associated with
4. Kinetic modeling of the “McLafferty region” this step is referred to as K{ESimilar to the case of ionized

valeramidg10], it is necessary to invoke a secondary kinetic

Our key interest concerns diastereoselective discrimi- isotope effect of Klec=1.07 if they-positions are deuter-
nation in McLafferty rearrangements for which 3-methyl ated @Appendix A). For the evaluation of the KIEs associated
valeramide is used as a model system. As demonstratedwith C(4)—H bond activation in step™® — 4**, only the iso-
the introduction of a methyl group at C(3) does not largely topomerld™® can be consulted. Therefore, one can merely
change the general fragmentation pattern compared to thederive a global value KIf* for D-transfer from C(4). Most
parent compound valeramide. However, occurrence of thecertainly the two remaining deuterium atoms on ‘¢gbth
[McLafferty + 1] process and more seriously the function of cause an additional hampering effect similar to klEFor
the newly introduced methyl group as an additional site for a the sake of better comparability with the primary KKI&
[1,5]-H transfer hinder a straightforward quantitative analy- C(4), the primary effect of C(3is therefore approached by
sis of the measured fragment-ion abundances with respect ta deconvolution as Klfg= KIE */KIE 2. For both compet-
the steric effect (SE). While the operation of SE is quite obvi- ing [1,5]-H transfers, inverse (primary and secondary) KIEs
ous from a mere comparison of the spectra of diastereomerswere excluded by a preceding analysis of the experimental
1a** and1b** (Fig. 3), a quantitative determination of the SE  abundancesAppendix A). Last but not least, only a single
needs to acknowledge the various competitive channels. ToKIE+; was used to describe the (primary) kinetic isotope ef-
this end, we pursue the concept of a comprehensive kineticfects of the second hydrogen transfers in the [McL,+&td
modeling which has been applied successfully in several sys-[McL + 1];; pathways. This is a reasonable simplification of

tems of rather different typg40,34—36] the model system, in that the mechanisms and kinetic behav-
ior of the [McLafferty + 1] rearrangements are quite similar
4.1. Modeling of the experimental data and possible minor deviations will hardly affect the model-

ing, given the low intensities of these channels. As will be
Modeling of the relative abundances in the “McLafferty seen below, KIE; is indeed extremely insensitive, so there

region” was carried out using two alternative sets of kinetic iS no reason for a distinction between the different [McLaf-
equations which differ only in the description of the [McLaf- ferty + 1] routes.
ferty + 1] processAppendix A). The first set describes the The allylic model leads to a satisfactory and consistent de-
system under assumption of an allylic mechanism for the sec-scription of the systeniTable 3. The hypothetical, extreme
ond hydrogen transfer. In addition, the extreme case of a fully model of complete H/D-equilibration prior to the second hy-
statistical participation of the “butene hydrogen/deuterium drogen transfer describes the experimental data equally well
atoms” in the second H-shift is modeled to judge quanti- (Appendix Q, but, as stated above, disqualifies itself by the
tatively the effects of possible H/D-equilibration (for further absence of detectable amountsnafz=62 (two-fold deu-

terium transfer) fromic"® and1d*®. However, occurrence
T _ of partial H/D-equilibration is possible and appraised by the
The terminal ethyl group may not, or at least not exclusively, be expelled extreme-case modeling. At higf, (10 and 11 eV), the re-

via the proposed direct mechanidiit — 8*. An alternative of initial3-H- It t t of the statistical del i tiall
shift from C(3) to the carbonyl oxygen, followed by 1,2-H-shift and final sulting parameter set o € statistical model 1s essentially

C(3)~C(4) bond breaking within the-distonic intermediate is conceivable  identical to the allylic one within the error margins. Only at
as well. For related skeletal isomerizations, see [3#i. 9.6 eV, where the [McLafferty + 1] reaction is of considerable
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Normalized branching ratios and kinetic parameters obté&ife¥dcE,, = 9.6, 10, and 11 eV by modeling the “McLafferty region” according to the allylic and

the statistical model for the second hydrogen shift

= 9.6eV 10eV 11leV

o (allylic) o (statistical) o (allylic) o (statistical) o (allylic) o (statistical)
kew) 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
ki 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 18+ 04 1.8+ 0.2 26+ 0.2 27+03 2.8+ 0.3 28+ 0.3
KIE, 1.0+ 01 1.0+ 0.3 1.0+ 0.2 1.0+ 0.2 1.1+ 0.2 1.1+ 0.2
KIEj, 13+04 17+ 13 1.5+ 0.2 1.6+ 0.3 14+ 0.3 1.4+ 03
KIE;* 15+ 04 19+ 15 1.8+ 0.3 19+ 04 1.6+ 0.3 1.6+ 0.3
KIE.1? 21+09 7.2+ 115 7.1+ 57 79+ 7.6 4.8+ 3.7 52+ 5.0
KIE+1¢ 3+2 3+2 3+2 4+2 2+2 3+2

@ The values are obtained by averaging all solutions of the respective solution space, the givenaamaspond to the respective maximal deviations.

b KIE.1 did not converge.
¢ KIE+1 derived from the Pl mass-spectraloindle, seeAppendix C

intensity (19% forl**), does the statistical model result in
moderately different branching ratios for the second hydro-
gen migrations (cf. Sectiof.2). The fact that the two mod-

propensity of the allylic hydrogen atoms originating from
the secondary carbon #/4** to undergo a H-shift, com-
pared to the allylic hydrogens from the primary carbons in

els display no considerable deviations in their parameter sets2/3"*, and by the larger energy gain from a second hydrogen

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 Ep, and thus low internal energy of the ions, the
[1,5]-H shift to the carbonyl oxygen preferably involves the
secondary €H bonds at C(4). However, activation of a pri-
mary C(4)—H bond becomes more competitive at increased
energies. Thus, the relative rate constaypt) 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 G-H bonds at C(3 suggests some entropic prefer-
ence for the activation of this particular position. With re-
gard to the parent system of ionized valeramide, where the

shift for the less stable, terminal olefin unit 84** com-
pared to the internal double bond2r8**. Assuming a com-
plete H/D-equilibration (statistical picture), the ratio between
the [McLafferty + 1] and the McLafferty rearrangement is
ca. 1:4 ([l— k|]/k| =0.17/0.83, [1— k||]/k|| :0.19/0.81), in-
dependent of the reaction site of the first H-shift. Bg,
increases and the amount of ions with low internal energies
and hence sulfficiently long lifetimes diminishes drastically,
the ratio of direct dissociation to second hydrogen transfer
from the ion-neutral complexes increases, and the difference
between (- k) and (1— k;;) 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
McL| =kc@) x k and Mcl =kc@) x ki, the [McLaf-
ferty + 1] rearrangements by [McL +1F kc(4) x (1 — k) and
[McL + 1]y =kc(ay x (1—ky). Thus, at 9.6eV, 58% of the
fragment ions arise from the Mglreaction, while only half

McLafferty rearrangement proceeds quasi-barrierless and isof that (27%) comes from the MgLroute, whose AE lies

primarily determined by conformational constraifite,11],
a likely explanation for the energy behavior lef4) is the
better accessibility of the C(4position, together with the
larger number of C(3—H bonds, relative to C(4H.

The amount of double hydrogen transfer compared to the

slightly above the one of MqgL(0.06 eV, see SectioB.1.4.

The remaining ions are distributed to [McLafferty + 1] pro-
cesses, which have low AEs but are restricted by their need
for sufficient ion lifetimes to accomplish an additional H-
migration. As the ionization with 9.6 eV-photons occurs close

less complicated single hydrogen transfer is, as expectedo threshold, the low internal energies allow the ion-neutral
small and reaches considerable intensity only close to thresh-complexe®/3** and3/4** to be considerably long-lived. The

old. As stated above, the divergence of the hypothetical sta-
tistical model from the allylic one is only considerable for the
double hydrogen transfer at lo&,. The allylic model re-
quires at 9.6 eV a markedly higher percentage of [McLyt+ 1]
involving the C(4) position (1 k; =0.30) than for C(4)-
activation (1— k; =0.06). This can be explained by a higher

[McL + 1], reaction comprisesthe substantialamount of 11%
of the total McLafferty-related processes, which is remark-
able given the low amount of C(dactivation in general. At
elevated photon energies, the [McLafferty + 1] processes de-
crease to values below 5% due to the shorter ion lifetimes of
the majority of the parent ions.
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Fig. 5. Modeling results for the McLafferty-related reactions of photoion-
ized 3-methyl valeramidé atEy, =9.6, 10, and 11 eV (see text for details).
(a) Combined branching ratios: Mci(l), McLy, (a), [McL+1], (O), and
[McL + 1]y (A). (b) Kinetic effects: SE@), KIE, (B), KIE;* (A), and KIg;
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4.3. Kinetic isotope effects

The Mcl; reaction is associated with a very moderate,
En,-independent KlEof 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 Mcly route, KIg;*, to exceed those of
McL, (KIE| x KIEsgg), which is consistent with the fact that
the activation of a primary-€H bond at C(4) is more energy-
demanding than activation of a secondary €dpond. De-
convolution of KIg* yields a “pseudo-primary” Kl of
about 1.4, also independentgf,. The higher primary KIE
for the [1,5]-H migration of Mcly in comparison to MclLis
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ing the system notably. However, a reasonable estimate of
KIE+1 =34 2 can be extracted from the relative abundances
of the two isotopomers with the “purest” [McLafferty + 1]
peaks,1** and1€'* (Appendix Q. 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 &}, =9.6, 10, and 11 eV, respectively.
Interestingly, the steric effect of the C(4)-activation appears
to decrease with decreasifg, and thus with the internal
energy of the parent iong-ig. ). 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** and 3/4** (Scheme YLwas shown. If complex/3**
is long-lived at low energies, one could not only imagine
a considerable propensity for a second hydrogen transfer
competing with dissociation, but also for the reverse reaction.
A retro-[1,5]-H shift from oxygen to the C(4)-atom is still in
agreement with an uncoupling of C(4) and G@ctivation,
because if the conformational barriers are indeed the highest
point on the potential-energy surface the reverse reaction
will stop at this point. Even an only partial reversibility
between2/3** and the C(4)-orientated conformer bf**
would lead to a certain epimerization of the C(4)-position
and hence to a loss of steric information. At higher internal
energies, the lifetime of the ion-neutral complexes is shorter
with the consequence of an undiminished SE.

In a more general context, it might first appear somewhat
surprising that the hydrogen transfer in the McLafferty re-
action of ionized carboxamides occurs quasi-barrierless and
with a negligible primary KIE on the one hand, but exhibits a
pronounced SE on the other. However, it is the very nature of
the quasi-barrierless reaction, which leads to the negligible
KIE while the SE remains significaf]. Thus, the question
which of the two diastereotopic hydrogen atoms at C(4) is
transferred to the carbonyl group is determined by the acces-
sibility of appropriate conformations the amide radical cation
needs to adopt prior to the actual hydrogen migration. These
conformational changes are, however, crucially affected by

in agreement with the higher energy demand of the former the nature of the stereogenic center in 3-methyl valeramide.
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 effectless The McLafferty reaction of ionized amides is associ-
accurate. As a consequence, KjEs rather insensitive and  ated with rather low kinetic isotope effects for the initiat-
can adopt many values within a broad range without disturb- ing hydrogen-transfer step, which can be attributed to the

5. Conclusions
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quantitative analysis is concerned. Specifically, the methyl
group introduced as a diastereotopic marker at C(3) provides As detailed in the text, 3-methyl valeramid#) under-
an additional site for the McLafferty rearrangement. More- goes four different McLafferty-type reactions, of which some
over, the occurrence of a double-hydrogen transfer rendersproducts are isobaric or even identical in elemental compo-
the analysis of the product distribution even more difficult. sition. For a decisive analysis of the regiochemistry, the iso-
Only a comprehensive kinetic modeling can therefore pro- topomersl-1le were examined (at photon energies of 9.6,
vide the relevant rate constants, isotope effects, and finally 10, and 11 eV, respectively). To model the signals within the
the steric effect at all studied photon enerds). McLafferty-product region for each isotopomer, a number of
The steric effect of the McLafferty reaction at C(4) is quite  kinetic equations was used, employing all together eight vari-
pronounced and surprisingly decreases with the internal en-ables, i.e., the normalized rate constdat¥, andkc s, the
ergy content of the ionized amide. This phenomenon can bekinetic isotope effects KIE KIE;;, KIEses and KIE:1, and
attributed to the lifetime of the ion-neutral comp@/@*®. At the steric effect SE (see text). Two slightly different kinetic
high Ey,, dissociation into butene and,B=C(OH)NH,** models were considered, of which one assumes the [McLaf-
occurs almost instantaneously, whereas the complex has derty + 1] process to occur regiospecifically (“allylic model”),
distinctly longer lifetime when formed close to the thresh- and the otheris based on afull equilibration of the H/D-atoms
old of dissociative photoionization. As a consequence, not in the backbone (“statistical model”). For the sake of simplic-
only subsequent rearrangement as in the course of [McLaf-ity, the normalized £ = 100) intensities are characterized ac-
ferty + 1] can take place, but partial equilibration of the in- cording to the isotopomer’s number and the respective ion’s
termediates can also result in a loss of stereochemical in-mass, e.g.a59 represents the relative intensitieswfz =59
formation, thus leading to a decrease of diastereoselectiveformed froml1a"®; _59 stands fomvyz=59 formed from un-
discrimination at low photon energi€33]. labeled1*®.

General
ke@)=1—kew)
Keq=kc(ay/(1 +1/SE)
Kax = Ke/ SE

Allylic
59 =kc(a) x ki +kcay x kil
60 =kc(a) x (1 —ki) +kegay x (1 —kir)
259 = (Kax x ki )/KIEgec+ kC(4’) x Kiy
a60 = (Keq x K )/KIE| + (Kax X (1 — ki))/KIEsect 0.5% Kc(ay x (1 — ki)
§61 = (keq X (1— k|))/K|E| +0.5x (kC(4/) X (1— k||))/K|E+1
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b59 = (keq x ki )/KIEsect kc@) x kil
D60 = (ke x KI)/KIE | + (Keq x (1 — ki))/KIEsec* 0.5 Keqay x (1— ki)
B61 = (ke x (1 — ki))/KIE) + 0.5 (ko) x (1— kit))/KIE+1

€59 =kca) x ki
60 = Koy x k)/I(KIE| x KIEse)
€61 =Ky x (1 — k))/(KIE| x KIEsed + (Kc(a)y x (1 — ki))/KIE+y

d59 =kca) x ki
d60=0.5x kc(4) X (1 — k|) + (kc(4/) X k||)/K|E||*
d61 =0.5x (Kegay x (1— K))KIE 41 + (Keqay x (1— ki))/KIE)*

€59 =Kc(4) x ki +Keay x ki
€60=0.5x kcay x (1 —ki) +keay x (1—ki)
€61 =0.5x (Ko x (1— k))/KIE+

Statistical
59 :kc(4) X k| + kC(4’) X k||
60=kc() x (1 —ki) +ke@) x (1—ki)

859 =Kax x KI/KIEsec+ Kca) x kil
860 =keq x Ki/KIE| +0.875x Kax x (1 — ki)/KIEsec+ 0.875x keay x (1—kir)
QG]. :keq/K|E| X (1 — k|) +0.125x kax X (1 — k|)/(K|EsecX K|E+1) +0.125x% kC(4’) X (1 — k||)/K|E+]_

b59 :keq x ki/KIEsec+ k(:(4’) x ki
B60 =kay x Ki/KIE| +0.875x keq x (1 — ki)/KIE sect 0.875x kegay x (1— ki)
b61 =ka/KIE| x (1 - k|) +0.125x keq X (1 - k|)/(K|EsecX K|E+1) +0.125x% kC(4’) X (1 — k||)/K|E+]_

€59 =kc(4) x ki

60 =kcay x ki/(KIE| x KIEsed +0.75x keqay x (1— Kir)

96120.875X kc(4)/(K|E| X K|Esep) X (1— k|)+0.25X kC(4’) X (l— k||)/K|E+]_
€62 =0.125x ke (KIE| x KIEsecx KIE+1) x (1— ki)

d59 =kc4) x ki

d60 :kc(4/) x ki /KIE ) *+0.625x k) x (1 —ki)

d61=0.75x Kea)/KIEj* x (1 — ki) +0.375x kea) x (1 — ki)/KIE+1
d62 =0.25x Kea)/(KIEn* x KIE+1) x (1 —Kky)

€59 =Kc4) x ki +Keay x ki
€60 = 0.625x ke x (1— ki) +0.625x Koy x (1— ki)
€61 =0.375x (Keqay x (1— k))/KIE+1 +0.375x Koy x (1— ki )/KIE+y
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Further, some general remarks about the modeling needeling of the main signalsifz=59 and 60) would then yield
to be made. Owing to the low intensities of some signals and an infinite number of solutions. The additional consideration
because of minor contributions within composite signals, an of the minor signals witlm/z= 61 is not fully sufficient to cir-
analytical solution may yield misleading and questionable re- cumvent parameter dependences in the solution space, as the
sults due to inappropriate weighting of the data. A numerical errors are considerable. In order to avoid the floating of two
approach, aimed at finding solutions which describe all sig- quasi-dependent parameters within the experimental error, a
nalsin reasonable agreement with their error bars given by ex-careful analysis of the experimental data prior to the mod-
periment, is therefore considered as a better choice. Programegling is compulsory to derive appropriate boundary condi-
which solve multi-parameter equations in an iterative man- tions for the KIEs. The-C andy’-C-deuterated isotopomers
ner have proven very useful for such purpogy, but are la-1d are therefore subjected to a qualitative analysis of
unfortunately not suited for a system as complex as 3-methyl their m/z=59:60 ratios at all three photon energies studied
valeramide. Several different combinations of parameters with the aim of extracting information about the KIEs. The
may equally lead to satisfactory results, and with the “black mandatory subtraction of the [McLafferty + 1] contribution
box"-character of an iteration routine one runs into danger to within the respectiven/z=60 signals is achieved in a sim-
get stuck in a local minimum of the solution space without plistic approach by taking the respective relative intensity of
finding the global minimum. Even if coincidentally found, the m/z=60 from unlabeledlL as a measure for the combined
global minimum is not necessarily an adequate solution from amount of [McLafferty + 1] products which is to be expected
a chemical point of view. Therefore, all possible solutions for at the respective photon energy. For the labeled compounds,
the system of equations within the error margins of the exper- this amount will be shared between non-deuterated [McLaf-
iments need to be considered, followed by an assessment oferty + 1] ions (Wz=60) and deuterated onaw/¢=61). For
their quality. To this end, an algorithm is used which varies all each of they-C andy’-C-deuterated isotopomers the respec-
parameters within their respectively defined regimes (see be-tive relative intensity of the [McLafferty + 1] reaction trans-
low), and all possible permutations are subsequently insertedferring a D-atomifVz=61) is subtracted from the relative in-
into the kinetic equations to compute the respective ion in- tensity of all [McLafferty + 1] reactionsnyz=60 from1) to
tensities. The chosen increments for the parameter variationsestimate the amount of interferencenive=60 by undeuter-
are 0.1 for the kinetic parameters (KIEs and SE), and 0.01 ated [McLafferty + 1] ions. It has to be stated clearly that this
for the normalized ¥’ = 1) rate constants. If the deviation of deconvolution of single and double hydrogen transfer is a
the modeled from the experimental data is within the exper- crude approximation because it assumes the amount of dou-
imental error bars, the respective set of parameters is kept able hydrogen transfer to be identical for deuterated and non-
a member of the solution space. Whenever a border defin-deuterated ions. In reality, operation of KiEand the possi-
ing the variation range of one of the parameters is “touched”, ble competition of all channels, of which some are affected
that is when a permutation containing a border value is still in by KIEs, questions this simplification. However, consider-
agreement with the experimental data within the allowed er- ing that the [McLafferty + 1] reaction is low in abundance, at
ror bars, that very range is extended. For a full determination least at 10 and 11 eV, and that these simplifications are only
of the solution space, all parameters have to be “converged”,used in the derivation of the boundary conditions, but not
i.e., their borders are not touched anymore. In order to reachin the actual modeling, the approach appears justified. The
convergence for the kinetic isotope effect associated with the modeling equations are hence simplified for the isotopomers
minor [McLafferty + 1] pathway (KIE1) the upperrange has  1a-1d by omitting the [McLafferty + 1] related terms and us-
to be set unreasonably high. For this particular, quite insensi-ing the [McLafferty + 1]-corrected renormalized intensities.
tive variable, the parameter estimation requires some furtherAppropriate transformations and insertions of the simplified
steps Appendix Q. Otherwise, each kinetic parameter is de- equations yield KlIEand KIg; as functions of Klkee
termined as the average of all its entries in the solution space, The visualization of these dependenced=ig. A.1 im-
and the respective maximal deviation is taken as a measurelies inverse values to be rather unlikely for any of the three
of the associated error. The solution spaces obtained for theKIEs. KlEgec< 1.05 would cause KIEto be inverse (<0.9),
allylic model comprises 929, 5081, and 2015 entries at 9.6, while KIE;; would have to assume values >2 (for 9.6 eV even
10, and 11 eV, respectively, while the statistical model yields >3.7). A pronounced inverse Kj&long with a sizable, nor-
93906, 9408, and 7650 results at these photon energies.  mal KIE is opposing any chemical intuition, as it would

Boundary conditions for the KIEs of the [1,5]-H shifts imply dramatic energy differences between the two [1,5]-H
A peculiarity of the system in question originates from the shifts. Likewise, an inverse KlEcan be ruled out, because
fact that the competing- andy’-hydrogen shifts are sub- in that case the primary effect at C(4) (K)Bvould be>>1.
ject to different KIEs. Thus, the branching ratio is not only An inverse KIg finally, may only be considered if close to
given by the mere rate constak ), but also by the dif- unity; values <0.8 would again lead to a clearly inverse KIE
ferences between the KIEs of C{) and C(4)-D bond at a large, normal KIf (>2.5).
activations. The resulting dependence of these KIEs yields This qualitative analysis allows for a strict limitation of
a multi-dimensional solution space, in that a change in one the range for Klkec Only values slightly larger than one
parameter may be compensated by others. The kinetic mod-are chemically meaningful, whereas lower or higher values
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S standard deviations, an appropriate error fit-functldrwas
' derived from the standard deviationsin dependence of the

intensitiesl of the whole ensemble of isotopomers. To this
end, the plot ofA(l) versud was fitted by the arbitrary func-
tion Al(1) = (@+ b x (I — ©)%) x I. In order to achieve a
stronger guidance for the parameters determining the slope
of the fitting curvea—d were chosen such thatl(1)/l =a +
b x (I — ¢)¢ equally fitted the plo(1)/I versusl. The fit-
ting procedure was carried out for the data of all three photon

A energies, and the resulting values &d were 0.02, 0.033,
i Kz, > ~0.075,~1.4 at 9.6 eV, 0.003, 0.0%,0.015,~1.1 at 10 eV,

) and 0.003, 0.01-0.01,—1.0 at 11 eV, respectively.

1Y KENat
\ 9.6 eV

\ W 1oev
)\/ 11:\/

Fig. A.1. Dependences of K|Eblack lines) and Kl (grey lines) on KlEec
at photon energies 9.6 eV (dashed lines), 10 eV (solid lines), and 11 eV (dot-

ted lines). Appendix C. Modeling of the experimental intensities

would cause the two primary KIEs of the [1,5]-H shift to dis- As detailed in the text, the most plausible mechanism for
play drastic differences in their respective order of magnitude. the [McLafferty + 1] processes is a preferred participation of
The range is in perfect agreement with the value derived for an allylic hydrogen from the intermediary butene moiety in
the respective secondary KIE of the unbranched valeramide,the second H-transfer. To judge upon the importance of pos-
1.07+0.10, and we shall therefore adopt the very same value Sibly accompanying minor H/D equilibrations, the modeling
for the branched title compound. It is noted in passing that Of an exclusively allylic scenario is completed by an inde-
the necessity of KIEs> 1.05 (that meang1) derived above  pendent modeling involving a completely statistical contri-
clearly demonstrates the existence of the secondary KIE forbution of all butene hydrogens (resulting parameters listed in
they-H-shift. Table 3.
Estimation of KIE. The low intensities of the [McLaf-
ferty + 1] channels not only render the elucidation of the
Appendix B. Quality of the experimental data underly_ing_mechanism more difficult, but_glso hamper the
determination of the associated Kl Specifically, the up-
Prerequisite for a kinetic modeling of experimentally ob- per limit in the modeling has to be extended to unreason-
served intensity distributions is a critical inspection of the ably large values until convergence is reached (in one case
quality of the data. The mass spectra at 10 and 11 eV areeven to KIE; = 18.8). The other parameters are not affected
highly reproducible, whereas those recorded at 9.6 eV haveby KIE.1 within its upper range. Averaging of the solution
somewhat lower signal-to-noise ratios, owing to the proxim- space as for the other parameters is considered inappropriate
ity to the thresholds of dissociative photoionization. because it would overestimate Klfof the low abundance
A kinetic modeling should not exceed the accuracy of the [McLafferty + 1] processes.
experiment in order not to exclude chemically reasonable so-  As an alternative approach for the estimation of KIE
lutions which still agree with the experimental data within let us consider the isotopometsand 1e which give the
the error margins. As far as the experimental error margins “purest” [McLafferty + 1] peaks, i.e., without overlap from
are concerned, neither the assignment of a global absolute erdeuterium transfer due to Mglor McL,, reaction. BotHL*®
ror nor of a global relative error appears justif{88]. Small and1e"* form ions withm/z= 59 exclusively via McLafferty
peaks have smaller absolute errors than larger ones, so eitherearrangements, whereatz= 60 and 61 are due to [McLaf-
one would be ill-estimated by the choice of a single value. In ferty + 1] reactions; KIE; is operative in the formation of
turn, the relative errors of small peaks are much higher thanm/z=61 from1e**. According to the kinetic equations given
for large peaks, so again one can not chose a single value tan Appendix A the exact dependence is given by Eq. (A.1.1)
cover all peaks. The obvious means to determine the exper-for the allylic model
imental errors, the standard deviations derived from several
spectra, would only be adequate if there were a significantly KIE+1 =[0.5x ke x (1 - ki)]/¢61 (A-1.1)
large number of spectra. Given the tight time schedule at gnq py Eq. (A.1.2) for the statistical model
a synchrotron facility, the various isotopomers to be exam-
ined, and the occurrence of significant memory effects, this KIE 1 = 0.375x [kc(4) x (1 — ki) + kc)
approach was impossible, however. The data reported thus (L1 — k)] /61 (A.1.2)
refer to the averages of only 2—4 independent experiments, )
which obviously does not suffice for a proper statistical er- Calculation of the unknown terms in square brackets is pos-
ror analysis. With the purpose of discounting points where sible by renormalizing the intensities d&to €59 =_59. In
the low number of events causes unreasonably low or highthe allylic model, the term in square brackets (Eq. (A.1.1) can
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Table A.1
Intensitied of the McLafferty-related channels faf* and its isotopomers derived from kinetic modefirigr the allylic model
En, 9.6eV 10eV 11leV

59 60 61 59 60 61 59 60 61
1 849/-38 151/38 939/2 612 970/1 30+1
la 486/-39 4692 45/41 570+2 398~2 32/4 6229 361/7 17/3
1b 658/-25 307~20 34/46 800/1 186/2 153 84817 144/5 8/3
1c 301/10 617/5 82415 450/9 504/2 46412 513f3 463/11 25/-8
1d 6771 228/27 95,27 650/3 326/1 2443 6134 37417 1443
le 859/-15 134/5 6/20 951+1 42/1 71 9751 20/2 51

The deviations from the experimental datalable lare given behind the dashes. Givends= lexp — Imog. The average absolute deviation over all photon
energies ist10 (of 1000); the average relative deviation is 11%.

2 Normalized toX = 1000.

b The non-rounded parameters resulting from averaging of the respective solution spaces wefatakeh For KIE.; at En, =9.6, 10, and 11 eV, the
values 3, 3, and 2 were used.

Table A.2
Intensitied of the McLafferty-related channels faf* and its isotopomers derived from kinetic modelirigr the statistical model
(= 9.6eV 10eV 1leV

59 60 61 62 59 60 61 62 59 60 61 62
1 823/~12 177/12 934/7 6H7 970/1 30+1
la 469/-23 452/14 78/9 563/6 4048 34/2 62149 364/4 15/5
1b 629/4 324437 47/33 797/3 188/1 15/-3 8477 146/3 714
1c 294/18 598/24 104437 5/-5 447/12 5126 39/~5 1/~-1 512f-2 469/4 18+1 1/-1
1d 684/~7 26419 49/20 3,3 648/5 33418 17/4 1-1 614/-6 377/4 9/2 1+1
le 861~17 116/14 23/3 9541 42/1 6F1 9774 19/3 4/1

The deviations from the experimental datalable lare given behind the dashes. Givends= lexp — Imod. The average absolute deviation over all photon
energies ist6 (of 1000); the average relative deviation is 18%.

@ Normalized toX = 1000.

b The non-rounded parameters resulting from averaging of the respective solution spaces wefEatake For KIE.; at Ep, =9.6, 10, and 11 eV, the
values 3, 4, and 3 were used.

equally be expressed by the difference between the intensitiesTables A.1 and A.2ist the modeled intensities and their de-

of m/z=60 from both isotopomer4,andle (_60-€60): viations from the experiment, where the fragments are nor-
malized toX =1000.

[0.5 5 kc@) x (1 = ki)] = 60— ¢60 (A.2.1) The intensities resulting from the modeled parameters are

For the statistical case, the term in square brackets (Eq.given inTables A.1 and A.2The error margins of the mod-

(A.1.2) can equally be obtained by two independent ap- €ling results are moderate, especially for the more intense

proaches, one using the renormalized intensitynt#= 60 data obtained d, =10 and 11 eV. The average of the abso-
from 1e(e60), the other employing the intensity @fz= 60 lute deviation$lexp — Imodl is slightly lower for the statistical
from 1 (60): modeling than for the allylic, while the average of the relative
deviations|(lexp — Imod)/lexpl is slightly larger for the statis-
lkca) x (1 — ki) + kcqay x (1 — ki)l = ¢60/0.625 tical modeling than for the allylic. It is noted in passing that

(A.2.23) 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.

Evenfor afull equilibration between the butene hydrogens
The values of KIE; resulting from insertions of Egs. (A.2.1)  in the statistical model, the expected relative abundances for
in (A.1.1) and (2.2) in (1.2) foEnh, =9.6, 10, and 11eV, re- m/z=62 for isotopomerd.c and 1d would not exceed 5%o.
spectively, are listed iffable 3 for the statistical approach, Hence, an only partial equilibration would be below the de-
the average values resulting from Egs. (A.2.2a) and (A.2.2b) tection limits of the experiment and may well accompany
are given. Considering the errakR), KIE+; can be regarded  the allylic H-shift. At any rate, the parameter analysis clearly
as~3 independently oEp, or model. demonstrates the insignificance of the differences between

Modeled intensitiesin order to avoid numerical errors  both models. It is therefore not only impossible, but also not
in the kinetic modeling, the ion intensities were included required to determine the exact degree of equilibration in the
with one digit more than given iMable 1 of the text. minuscule [McLafferty + 1] reactions.

[kc(4) x(1—k)+ kcay x (1— k)] =60 (A.2.2b)
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