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Abstract: The reactivity of neutral alkoxy
radicals in the absence of any interfering
intermolecular interactions is investigated
by means of the recently introduced
method of neutral and ion decomposition
difference (NIDD) spectra. These are ob-

alkoxy radicals undergo 1,5-hydrogen mi-
grations from carbon to oxygen, that is,
Barton-type chemistry. This facile rear-
rangement has been studied in detail for
n-pentoxy radicals by isotopic labeling ex-
periments and computation at the Becke

3LYP/6-31G* level of theory. Further,
the NIDD spectra of 3-methylpentoxy
radicals permit for the first time the iden-
tification of the diastereoselectivity of the
gas-phase hydrogen migrations. The re-
sults from the NIDD method are com-

tained from quantitative analysis of the
corresponding neutralization—reioniza-
tion (NR) and charge reversal (CR) mass
spectra. The following trends emerge:
alkoxy radicals with short (C,-C5) or
branched alkyl chains give rise to a-cleav-
age products, whereas longer-chained

spectrometry -

Introduction

Ever since the discovery of specific 1,5-hydrogen migrations in
alkoxy radicals, the so-called Barton reaction,’" the reactivity!?
of alkoxy and related heteroatom-centered radicals has attract-
ed special attention.’®) Alkoxy radicals play a crucial role in the
oxidation of alkanes, for example in combustion and atmo-
spheric processes.'! However, experimental studies of the reac-
tivity of alkoxy radicals in solution are quite demanding in terms
of analytical techniques and manpower.l®! Here, we describe a
simple mass spectrometric approach for the investigation of
some aspects of the intramolecular reactivity of gaseous alkoxy
radicals.

Over the last two decades, mass spectrometry has developed
from a mere analytical method to a sophisticated means for the
gas-phase investigation of both unimolecular and collision-in-
duced ion fragmentations, and of bimolecular ion—molecule
reactions.’ Since the mass analysis relies on the interaction of
the charge with magnetic and electrostatic sectors, the method
has long been limited to the examination of ionic species. How-

[*1 Prof. Dr. H. Schwarz, Dr. D. Schroder, Dr. C. A. Schalley,
Dipl.-Chem. G. Hornung, Dipl.-Chem. M. Dieterle
Institut fiir Organische Chemie der Technischen Universitit Berlin
Strasse des 17. Juni 135, D-10623 Berlin (Germany)
Fax: Int. code +(30)314-21102
e-matl: schw0531 @ www.chem.tu-berlin.de

1866

Keywords
alkoxy radicals - Barton reaction -+
density functional calculations -
radicals

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1997

pared to those from carlier studies in the
condensed phase. This new mass spectro-
metric approach is suggested as a tool for
the examination of intramolecular reac-
tions of free alkoxy radicals which can
usefully complement theoretical studies.

mass

ever, in the late 1960s Lavertu et al. and Devienne!”! demon-
strated that collisions of fast-moving ions with appropriate
target gases can lead to the formation of transient neutral mol-
ecules. The pioneering work of McLafferty and coworkers de-
veloped neutralization—reionization (NR) mass spectrometry!®!
into a general technique for structural characterization of un-
conventional neutral species generated from appropriate ionic
precursors by vertical electron transfer.'®] Most often, this
method has been used to address the existence and structural
characterization of neutral species, and until now only a few
studies™ ™ 1% have dealt with the reactivity of the neutral spe-
cies, most of them using the advantages of variable-time NR
experiments.” °°! It is indeed often difficult to recognize which
fragmentations in a NR experiment occur in the neutral species
itself, since the projectile and recovery ions also undergo frag-
mentations. Recently, we developed a fairly simple approach to
separate these phenomena by subtracting normalized charge
reversal (CR)!"' ! spectra from NR spectra.l'?! This method re-
lies on the difference in fragmentation intensities of charged and
neutral species, and thus has been denoted neutral and ion de-
composition difference (NIDD) mass spectrometry.[*!

Here, we examine the gas-phase reactivity of alkoxy radicals
by means of the NIDD method. As solution chemistry of alkoxy
radicals has been studied in great detail by a variety of experi-
mental' ~* and theoretical™™* techniques, the present results
will also serve to evaluate the performance of the NIDD
method. The timescale of NR experiments (ca. 10~ % s) is quitc

0947-6539/97/0311-1866 § 17.50+ .50/0 Chem. Eur. J. 1997, 3. No. 11



1866-1883

suitable for studying typical alkoxy radical fragmentations,
such as a-cleavage of C—H or C—C bonds.''* In addition, for
alkoxy radicals with sufficiently long side chains, the regio- and
diastereoselectivity of 1,5-hydrogen migrations (the Barton re-
action)!'**! can be probed in the highly diluted gas phase by the
NIDD method for substrates bearing a specific isotopic label.

The error bars of the resulting difference spectra are of course larger than
those of the individual CR and NR spectra. To evaluate the reproducibility
of the results, each NIDD spectrum reported below was independently
checked at least once.

The unlabeled alcohols and their trimethylsilyl derivatives, which served as
precursors for the generation of the corresponding alkoxide ions 1-8, were
either commercially available or synthesized, purified by distillation or

Experimental Section Hyc HD,c”°

. . . 17 1a”
The experiments were performed with a modified VG ZAB/HF/
AMD four-sector mass spectrometer of BEBE configuration (B
stands for magnetic and E for electric sectors), which has been D b
described in detail previously.!*®) Briefly, for the generation of the o )QO' 0. o
alkoxide ions, mixtures of the corresponding alcohols and N,O
were ionized in a chemical ionization source (repeller voltage 2a” 2b”
=0 V) with a beam of electrons of 50-100 eV kinetic energy. For
“NR ~ experiments, 7 which require rather large ion abundances, o o o
the alkoxide ions were made by negative-ion chemical ionization A~ )\ )<D /]\
(NICT) of the corresponding trimethyl silyl ethers in a NF; plas- D,C CD,
ma.!*® This method increases the alkoxide ion intensities signifi- 4 4a” 4b~
cantly, because defluorosilylation occurs with high selectivity and
the undesired formation of enolate ions by dehydrogenation of the - - D,C O~
alkoxides within the source is thus largely reduced.!'!- '] X X
The ions of interest were accelerated to 8 keV translational energy DsC CD, D,C CDs
and mass-sclected by means of B(1)/E(1) at mass resolutions of S5a” 5b”
m{Am = 2000-5000. Unimolecular decompositions of metastable
alkoxide ions (MI) occurring in the field-free section preceding E(1)
were recorded with this sector. For collisional activation (CA) ex- N0 D,c” ~""0"
periments,[*®) the ions were made to collide with helium in the Ba_
field-free region preceding B(2) at 80% transmission {(7) of the
incident beam, which corresponds approximately to single-collision _ b D
conditions.1?% The fragmentations were monitored with B(2). NSNS /\/Yo /\)K/O-
In neutralization —reionization (" NR ™) experiments, the alkoxide _bD
ions were neutralized by high-energy collisions with molecular oxy- 7a 7b
gen (80% T') in the first of two differentially pumped collision cells
located in the field-free region between E(1) and B(2). Unreacted _ b b _ "
ions were deflected away from the beam of neutral species by /Y\/O MO 030/\/\/0
applying a voltage of 1 kV on a deflector electrode located between
the two collision chambers. Subsequent reionization to cations oc- 7d” 7e
curred in a second cell by collisions with oxygen (80% T). The
resulting mass spectra were recorded by scanning B(2). Due to the DD
reduced total ion currents in “NR ™ experiments, these were per- o o o~
formed in the field-free region between B(1) and E(1). To this end, /Y\/ m DD e DD
the ions were mass-selected with B(1), neutralized with O, (80% _ 3

8a 8b~ 8c”

T), and reionized with benzene (70% T') in the field-free region
preceding E(1), while this sector was scanned. Charge-reversal
mass spectral’ ! of alkoxide ions to cations (" CR ') were obtained
by colliding the ion beam with oxygen (80% 7) in the field-free
region preceding B(2). It should be noted that under these condi-
tions two-electron oxidations occur in a single step, although some
of the ions undergo multiple collisions. Therefore, a small contribu-
tion of NR processes is inherent in the CR mass spectra. In order
to study any possible perturbation of the NIDD spectra by multiple collisions
(see below), the pressure of the target gas in the "CR™ experiments was
systematically varied between 90-60% T. For the alkoxide ions under study,
no distinct sensitivity towards collision gas pressure was observed, with one
exception: the intensity of the CO’"* signal in the “CR* mass spectra of the
alkoxide ions increases with rising collision gas pressure. A detailed explana-
tion for this behavior is discussed below. Charge-reversal/collisional activa-
tion { "CR* /CA) mass spectra of alkoxide ions were obtained by colliding the
charge-reversed ion beam with helium (80 % 7)) in the field-free region follow-
ing B(2) and scanning the electric sector E(2).

All mass spectra were accumulated and processed online with the AMD-In-
tectra data system; usually, 20 to 100 scans were averaged to improve the
signal-to-noise ratio. The "NIDD* spectra were obtained by subtracting the
normalized peak heights of the ions in the raw data files of the CR™ spectra
from those of the corresponding “NR™ spectra according to Equation (1).

L(NIDD) = [[;(NR)/Z,[;(NR)] — [[,(CR)/ZI;(CR)] €]
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preparative gas chromatography, and identified by 'H NMR as well as mass
spectrometry. The deunterated alcohols were made by reduction of the corre-
sponding carbonyl compounds with either LiAlH, or LIAID, (Aldrich Chem-
icals, >98% D). For example, CD;CH,OH was prepared by reduction of
CD,COOD with LiAlH, in diethyl ether, then the ether was removed trom
the reaction mixture under vacuum, the residue was treated with a small
excess of saturated Na,SO, solution (—78—-0°C), and the product
was isolated by distillation and subsequently further purified. Similarly,
[4.4.4-D,]1-butanol was prepared by a) treatment of acctic acid with lithium
diisopropyl amide (LDA) in tetrahydrofuran to yield the dianion,
b) alkylation of the dianion with CD,CH,Br, followed by aqueous workup
and the isolation of [4,4,4-D,]butyric acid, and ¢) reduction of the labeled
acid with LiAlH,, work-up with saturated NH,Cl solution, and isolation of
the desired alcohol. In an analogous manner, 8b-8d were prepared. For
example, 8b was synthezised by a) treatment of propionic acid with LDA in
tetrahydrofuran to yield the corresponding dianion, b) alkylation of the
dianion with CH,CD,Br followed by isolation of [3,3-D,]2-methylbutyric
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acid, ¢} reduction of this acid with LiAIH, and conversion of the alcohol
obtained to the bromide by treatment with HBr, d) generation of the corre-
sponding Grignard reagent, which was converted to [4.4-D,]3-methylpen-
tanoic acid by reaction with CO,, and finally, ¢} reduction of the acid with
LiAlD, followed by conventional aqueous work-up and distillation.

The diastereoselectively labeled [4-D,]3-methylpentan-1-ols 8e and 8f were
prepared as racemic pairs starting from commercially available cis- and trans-
butene (Linde AG, 98 % purity), respectively (Scheme 1), via a) epoxidation

Some key aspects of the "NIDD ™ variant used in this study of
importance for the understanding of the present results are dis-
cussed in the next section.

The “NIDD™* method: The method relies on the comparison of
mass spectral data from neutralization—reionization ("NR*;
Figure 1a) and charge reversal ("CR ™" ; Figure 1b).Ina "CR~
experiment, a mass-selected, fast-moving anion
(usually with a kinetic energy in the keV range) is

D
1) NBS/H20 o) 1) LIAID4 i CH2(COgEt) made to collide with a target gas, and the following
2) 3N NaOH W M 2) TosClipy H NaOEt analyzer is adjusted to transmit positive ions so
OTos that charge-reversed species are detected. The vast
majority of “CR™ events involve vertical, two-
electron transfer processes to yield the correspond-
1) KOH ng catl?ns. . . '

D CO,Et 2) H30* D LiAH, D In a "NR™ experiment (Figure 1a), the mass-
; ; —_— _A OH selected anion is subjected to two sequential colli-

ACoEt BA A \CoH AN ; A jectec N
H H H sion events, in both of which a one-electron trans-
ge fer process occurs. In the first collision, the

Scheme 1. Preparation of diastereoselectively labeled [4-D,]3-methylpentan-1-ol.

with NBS under basic conditions, b) reduction of the epoxides with LiAlD,.
c) tosylation of the corresponding [3-D,]2-butanols, d) subsequent nucle-
ophilic displacement by diethyl malonate, ) saponification of the resulting
diesters with aqueous KOH, f) thermal decarboxylation of the diacids, and
g) reduction of the carboxylic acids with LiAIH,.

Computational details: The calculations were carried out with the hybrid
DFT/HF Becke 3LYP method, as implemented in Gaussian 94,'! ysing the
standard 6-31 G* basis set for all atoms.!??! Geometry optimizations were
performed with gradient procedures, and vibrational frequencies were calcu-
lated in order to determine the nature of stationary points. The unscaled!??
frequencies were also used to derive zero-point vibrational energy (ZPVE)
corrections. All energies are given as heats of formation instead of relative
energies. As an anchor point, the experimental value for protonated 2-
methyltetrahydrofuran (AH, = 110.0 kcalmol ~ ') has been chosen.!?* Select-
ed geometrical data for calculated species are indicated in Schemes 5 and 6.
A complete set of Cartesian coordinates for each of the species is given in
ref. {12d] and is available upon request.

In general, the Becke 3LYP approach is expected to provide an accuracy of
ca. +5kcalmoi™! for relative energies:**! nevertheless, the level of theory
applied here does not reproduce well the electron affinity (EA) of the pentoxy
radical as derived from literature data. The calculated value of 0.96 eV is only
about half of the EA(n-C,H,,0) of ca. 2 eV as extrapolated from the litera-
ture datat?* for methoxy (1.59 ¢V). ethoxy (1.72 eV), a-propoxy (1.79 eV),
and n-butoxy (1.90 eV) radicals. This failure is certainly due to the basis set
used, which is not appropriate for a quantitative prediction of electron affini-
ties, and diffuse basis functions have to be added for this purpose.[*®) How-
ever, this is no serious drawback in the present context, because the crucial
processes that determine structure and reactivity and which form the focus of
the present study take place on the neutral and cationic surfaces. As will be
shown by comparison of the theoretical results with known experimental data
for several key species (see below), the leve! of theory and the corresponding
basis set chosen are appropriate for a gualitative, if not semiquantitative
description of these systems. Therefore, the problem of an accurate computa-
tional evaluation of electron affinities was not further pursued here.

Results and Discussion
This paper uses a new mass-spectrometric approach to study the
reactivity of neutral organic radicals. This approach, the NIDD
technique, was introduced in ref. {13], to which the interested

reader is referred for an in-depth methodological description.
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Figure 1. Schematic representation of a) "NR™* and b) "CR ™ experiments.

anion yields the corresponding neutral species and the remain-
ing ions are deflected away by a high voltage of ca. 1 kV. The
neutral can travel freely for a distance of some ¢cm, which corre-
sponds to a lifetime of the order of several microseconds. A
second collision leads to reionization of the fast-moving neutral
beam to give cations which are then detected by conventional
mass spectrometric techniques. The key feature of the NIDD
approach is thatina "NR ™ experiment, unimolecular reactions
and fragmentations of the neutral(s) may take place in the ps
time interval preceding reionization, while these do not occur in
the “"CR™ event. Hence, the product ions may differ, yielding
information on the processes taking place in the neutrals. In
other words, CR spectra are dominated by fragmentations of
1onic species, while NR spectra also contain contributions from
the fragmentations of the neutral intermediates. The contribu-
tions of the neutral and the ionic species can be identified by
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subtracting the normalized CR spectrum from the normalized
NR spectrum. This yields a NIDD mass spectrum, in which the
positive intensities correspond to the fragmentation of neutrals,
while ionic fragmentations appear as negative peaks.

From these considerations, some conditions can be derived
for the application of this approach.

a) Only those ions can be studied which give rise to structurally
indicative CR spectra. While this may be a drawback for the
investigation of cationic precursors, the “CR " procedure is
expected to be applicable to almost any anionic species.[!*

b) The neutral under study has to be formed as a major compo-
nent of the particle beam in the neutralization event. This
can be checked by recording “"NR™ mass spectra, in which
intense recovery signals should be present.

¢) The internal energies and lifetimes of the neutrals formed
should fit the time window of the experiment. Thus, unstable
neutrals which decompose immediately after neutralization
or neutrals which are stable in the ps timeframe will not give
meaningful NIDD spectra.

d) The systems under study should not be very sensitive to the
pressure of target gases in the collision cells. This is of partic-
ular importance, because the CR procedure requires only
one collision, while two collisions are needed for a NR exper-
iment. A strong sensitivity of the spectra to the collision
conditions may give rise to artifacts in the NIDD spectra.

e) The reactivity of the reionized species should not be too
sensitive to changes in internal energy, because this would be
reflected in additional differences between the NR and CR
mass spectra.l’ 2] Such changes in internal energy may occur
because of the vertical nature of the electron-transfer pro-
cesses.

f) Finally, the nature of NIDD mass spectrometry as a differ-
ence method requires high reproducibility of CR and NR
spectra.

The application of "NIDD* to alkexide ions: Exploratory exper-
iments demonstrated that the requirements defined above hold
true for this class of compounds. In particular, the "CR™* and
“NR* spectra of alkoxide ions are well reproducible and show
a distinct dependence on the structure of the precursors.[*”!
Further, "NR™ mass spectra (see below) of alkoxide ions con-
firm that the neutral alkoxy radicals are formed as major com-
ponents such that fragmentation of the anions hardly interferes.
Finally, except for the CO"* signal (see below), the “CR ™ mass
spectra are barely sensitive towards collision gas pressures.
Hence, all prerequisites are fulfilled for the alkoxides, so "CR™
and "NR™ experiments can be performed and the normalized
spectra subtracted from each other to afford the corresponding
“NIDD™" spectra. Two major advantages of the NIDD ap-
proach should be mentioned. a) The measurements do not de-
mand special instrumentation as needed for variable-time NR
experiments.['%® b) NR and CR experiments can be carried out
directly one after the other while ion source and focus condi-
tions can be kept constant, thereby eliminating several possible
eITor SOUICes.

The gas-phase chemistry of neutral alkoxy radicals: «-C—H and
«-C—C bond cleavage: As we are proposing an entirely new

Chem. Eur. J. 1997, 3, No. 11
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approach to investigate the reactivity of alkoxy radicals in the
gas phase, let us dwell upon the parent system, the methoxy
radical, in more detail. In 1979, Bursey et al.l?”! reported the
“CR" spectra of several alkoxide ions. From a comparison with
the CA mass spectra of independently generated cationic iso-
mers they concluded that alkoxy cations with an electron-defi-
cient oxygen atom are produced upon charge inversion. Five
years later, Burgers and Holmes!?8! showed that singlet
methoxy cations, *CH,O7, rearrange without a barrier to the
hydroxymethyl cations, 'CH,OH*, while the much less stable
triplet electromer *CH,O" rests in a shallow minimum on the
3[C,H,,0]" potential energy surface.?°! Collisional activation
of mass-selected survivor ions in a “CR*/CA experiment un-
ravels the methoxy connectivity: fragments at m/z =15 and 16
indicate the presence of a methyl group and an oxygen atom,
whereas a signal at m/z =17 is negligible. The CH,OH ™ isomer
instead gives rise to signals at m/z =14 and 17, while almost no
peak is detected at m/z =15.

The "NR™ (Figure 2a) and “CR ™ (Figure 2b) mass spectra
of the methoxide ion 17 reveal very similar intensity distribu-
tions. Notable differences are only observed for the losses of

® HCO"
H,CO™
Recovery
signal
*CH,0"
H,CO™
Recovery
CH," co” signal
l \ /SCHso*
m/z —»
@ H 200'* Recovery
co™* signal
\ I I[ 3CH30+
CH,"
HCO"
m/z ~-—»

Figure 2. a) "NR™ mass spectrum (O,, 80% T; O,, 80% 7). b) "CR™ mass
spectrum (O,, 80% T), and ¢) “NIDD™ spectrum of methoxide ions 1 .

atomic and molecular hydrogen (»/z 30 and 29, respectively;
Table 1). Considering the electron affinity of 1.59 eV for the
methoxy radical,®*#! electron loss should be a relatively facile
process in the collisions of fast 1~ with a target gas such that
methoxy radicals will be produced as the major component of
the neutral beam. This conjecture is supported by the "NR~
spectrum of 17, in which the survivor signal for reionized
CH ;0" represents the base peak. Furthermore, the “CR ™" mass
spectrum hardly depends on collision gas pressure.
Subtraction of the normalized “CR™ intensities (Table 1,
entry 2) from the "NR™ peak heights (entry 1) leads to the

1869
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Table 1. Mass differences (in amu) observed in the "NR™ and “CR' mass spectra (entries | and 2) of methoxide ions (17) and “NIDD* mass spectrum (entry 3). The
intensities of the "NR* and “CR ™ mass spectra arc normalized to the sum of all fragmentations equal to unity including the recovery signal.

Entry miz >
31 30 29 28 16 15 14 13 12

1 “NRT 0.020 0.142 0.688 0.105 0.007 0.015 0.010 0.007 0.006 1

2 “CR” 0.015 0.095 0.754 0.096 0.004 0.016 0.008 0.007 0.003 1

3 NIDD* 0.005 0.047 --0.066 0.009 0.003 —0.001 0.002 0.000 0.001 0

“NIDD* spectrum listed in entry 3 of Table 1 and in Figure 2¢.
The most important feature is that the signal for CH,O" is
positive, indicating that the loss of a hydrogen atom occurs from
neutral CH,O". From the "NIDD¥ spectrum of isolopomer
1a~ a primary kinetic isotope effect of ky:kp = 2.1 for the loss
of atomic hydrogen can be derived. In contrast, the elimination
of molecular hydrogen to give rise to HCO™ appears with neg-
ative intensity; this is in line with the known fact that dehydro-
genation proceeds after reionization to the methoxy cation.?®
Also, the “"CR ™ mass spectrum exhibits a signal (though weak-
cr) for the loss of atomic hydrogen. This finding can be traced
back to two processes: a) A small quantity of neutral species is
generated in the charge reversal procedure (see Experimental
Section), and their fragmentations obviously contribute to the
observed spectrum. b) In addition, part of the CH,O" " signal
observed in the CR spectrum is due to collision-induced frag-
mentations of the reionized methoxy cations. This is in agree-
ment with the observation of a small CH,O"" signal (=10%
relative to the base peak) in the “CR™/CA mass spectrum, in
which the recovered methoxy cation is mass-selected and colli-
stonally activated. Nevertheless, the positive signal observed for
CH,O"" in the "NIDD* spectrum gives evidence that the ma-
jor contribution is due to neutral CH;0O". Instead, the major
process in the "CR™*/CA mass spectrum corresponds to loss of
H,. This indicates that the formation of HCO™ occurs from
reionized CH;0~ fully in line with the negative “NIDD ™ signal
for this ion.

In conclusion, the result of the “NIDDY experiment
can be summarized in a simple picture (Scheme 2,
R'=R?=R?=H): on neutralization of the anion, the
methoxy radical undergoes loss of atomic hydrogen by «-C-H
bond cleavage, yielding formaldehyde as the favorable neutral
product. In contrast, the negative signal for m/z 29 (HCO™) in
Figure 2¢ implies that 1,1-elimination of molecular hydrogen
from the radical is not significant, and rather prevails for the
cationic species.

R' O~
s
_ o]
ot -2e -e Jk
Plog (CR) (NR) r?
3
R V\R1R2 y
07 RR RO R'O° R”
%
R1 RZ R3 -~ RZKRS 1
ot ‘/R1R3 —RX*

Scheme 2. Interpretation of the " NIDD™* spectrum in Figure 2c.
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Let us now briefly return to the origin of the CO'* signal,
which shows up in the "NIDD7™ spectrum as a positive peak. In
the "CR™* experiment, this signal increases with rising collision
gas pressure. An earlier NR study of acetaldehyde radical
cations? reported that the CO"* signal is due to loss of CH,
at the neutral stage. In addition, a strong pressure dependence
of this particular signal is observed when the neutral is collision-
ally activated in an NCR (neutralization —collisional activation
of the neutral—-reionization) experiment, in perfect agreement
with our observations. Thus, in the case of alkoxy radicals, the
CO" " signal can be rationalized by consecutive fragmentation
consisting of a-cleavage leading to formation of a neutral car-
bonyl moiety, which further decomposes to give rise to CO,
subsequently detected as its radical cation after reionization.

The observed reactivity of the neutral fully agrees with ther-
mochemical considerations (Table 2). Methoxy radicals can, in
principle, decompose by two different bond cleavage reactions

Table 2. Heats of reaction (AH,) for several fragmentation reactions of alkoxy
radicals. Energies are given in kcalmol™* [a].

Reaction AH,
CH,O" - CH, 0+ H’ 224
CH,O" - CH; +0O 90.7
CH,O" - HCO + H, 7.0 [b]
CH,O’ - CH + H,0 80.9 [b]
CH,O" - CH, + OH" 98.6 [b]
CH,CH,O’ — CH,0 + CH; 13.0
CH,CH,O» - CH,CHO + H" 16.7
CH,CH,CH,0" - CH,0 + CH,CH; 11.9
CH,CH,CH,O0" - CH,CH,CHO + H’ 17.2
(CH,);CHO" - CH,CHO + CH; 7.7
(CH,),CHO" - (CH,;),CO +H" 127
(CH ),COr — (CH,},CO + CH; 5.7

[a] Calculated on the basis of literature data.[?* {b] These reactions do not corre-
spond to simple bond cleavages, and the presence of a barrier has to be taken into
account (see text).

Rupture of one of the C~H bonds to
afford CH,O + H® is endothermic
(22.4 kcalmol ™). In comparison, cleav-
age of the C-0O bond is much more en-
ergetically demanding (90.7 kcalmol ™ ');
consequently, this process does not con-
R® tribute to the observed radical reactions.
The formation of an HCO" radical con-
comitant with H; is located energetically
below the H° loss (7.0 versus
22 4 kcalmol ~1). However, in the neu-
tral species the calculated barrier for the
H, elimination reaction exceeds that for
hydrogen-atom loss by more than
20 kcalmol ~'.12Y1 Finally, the formation
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of CH' +H,O0 (80.9kcalmol™") and of CH,+ OH’
(98.6 kcalmol ') can also be ruled out for energetic reasons. In
conclusion, the loss of hydrogen atoms from methoxy radicals
is the process of lowest energy demand, which is in good agree-
ment with the experimental findings and literature data.[*- 131
In order to probe whether the reactivity pattern depicted in
Scheme 2 can be generalized, a series of alkoxide ions (1-8) was
investigated by means of the "NIDD" approach. Neutral
ethoxy radicals 2° (R' = R?*=H; R®=CH,) give rise to
methyl loss competing with hydrogen-atom expulsion. The loss
of CHj is somewhat less endothermic (13.0 kcalmol ™", Table 2)
than the expulsion of a hydrogen atom (16.7 kcalmol ™). This
thermochemistry is in line with the experimental observation
(Figure 3a) that more CH; than H' is expelled from 2°. In con-

® H,CO™
co* ¥ CH,CHO™
N |
e | |
f ' l
CH,"
HCO'
m/iz —»
® chfo‘*

CO'\: l CH.CDO™
S o
CH;,

DCO’

m/iz —»
©® H,CO™
CD,CHO™
co™
. .Tl'l A 'II
CH;

HCO"

m/z —

Figure 3. a) “NIDD™* spectrum of ethoxide ions 27. b) "NIDD* spectrum of
[1-D,]ethoxide ions 2a~, and ¢) “NIDD™ spectrum of [2-D;Jethoxide ions 2b~.

trast, ethoxy cations yield predominantly HCO™ concomitant
with methane formation by 1,1-¢limination. In addition, a less
intense 1,1-elimination of H, is found supporting the reactivity
pattern as displayed in Scheme 2. These conjectures are further
supported by the "NIDD™ spectra of the isotopomers 2a° and
2b* (Figures 3b,c). Their "NIDD™* spectra reveal that neutral
2a’ exhibits losses of D™ and CH}, whereas 2b" expels H" and
CD;. In addition, DCO™* and HCO*, respectively, represent the
products of the 1,1-eliminations of CH,D and CD,H from these
isotopomers at the ionic stage.l?%

Analogous reactivity was observed for the radicals 3°, 4°, and
5 generated from the corresponding alkoxide ions. For
example, neutral n-propoxy radicals 3 (R!=R2?=H;
R3 = CH,CH,) give rise to ethyl loss in conjunction with a
small amount of hydrogen-atom expulsion. The loss of C,H: is
5.3 kcalmol ™! (Table 2) less endothermic than the expulsion of
a hydrogen atom, fully in line with the experimentally observed
intensities in the “NIDD* mass spectrum (Figure 4a). In con-
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Figure 4. a) “NIDD™ spectrum of a-propoxide ions 3 ", b) “NIDD " spectrum of
i-propoxide ions 47, and ¢} “NIDD™* spectrum of r-butoxide ions 5.

trast, for n-propoxy cations a strong HCO™ signal correspond-
ing to the loss of C,H by a 1,1-¢limination reaction is observed.
In addition, a less intense 1,1-elimination of H, is also found.
The "NIDD™ mass spectrum of /-propoxide 4~ (Figure 4b)
reveals that the formation of acetone and acetaldehyde by elim-
ination of H' and CHj;, respectively, proceeds during the neutral
stage prior to reionization. As the difference of the reaction
enthalpies for H' (AH, =16.7 kcalmol ™ !; Table 3) and CH;
losses (AH, =7.7 kealmol ™) is larger than in the ethoxy sys-
tem, the hydrogen expulsion can hardly compete with the elim-
ination of a methyl radical. These thermochemical consider-
ations are in good qualitative agreement with the observed
intensities in the “NIDD* mass spectrum of 4°, displaying a
small positive signal for (CH,),CO'" and a large peak for
CH,CHO"". In contrast, losses of methane and ethane, which
are formed from 47 in formal 1,1-elimination processes, bear
negative intensities in the difference spectrum. Labeling experi-
ments show that the expulsion of methane from 4* is a genuine
1,1-elimination, that is, there are large, negative signals for loss-
es of CH,D and CHD, from 4a~ and 4b ™, respectively. The
homologous f-butoxy radical 5* expels CHJ exclusively (Fig-
ure 4¢). From the "NIDD™ spectrum of 5a~ the secondary
kinetic isotope effect for the elimination of *“CH, versus "CD,
can be estimated to be k31 kcny =1.2. The formation of acetyl
ions by 1,1-elimination can be established by an examination of
labeled 5b~. In the “NIDD* mass spectrum of 5b " the signal
for the acetyl ions is shifted to m/z = 46, which indicates that
three deuterium atoms are present in this ionic fragment. If
propyl ions are formed instead, they should incorporate seven
deuterium atoms (m/z = 50); however, only a small peak is ob-
served at this mass-to-charge ratio.

In conclusion, “NIDD™* is well suited for the investigation of
the reactivity of neutral alkoxy radicals. A general reaction
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scheme evolves for radicals with short or branched side chains
in that they lead to the carbonyl compounds by competing «-
cleavages (Scheme 2). If the carbon adjacent to the radical cen-
ter is substituted with different alkyl groups, a competition be-
tween different reaction channels is observed, depending on the
thermochemical stabilities of the carbonyl compounds and the
radicals formed during these processes. Last but not least, since
similar results have been observed for alkoxy radical reactivities
with entirely different experimental approaches,'* '3 the differ-
ence method seems suitable to probe the reactivity of gaseous
alkoxy radicals.

Barton-type 1,5-hydrogen migrations in transient alkoxy radi-
cals: A new situation is encountered for alkoxy radicals with a
chain length of more than three carbon atoms. These radicals
have already been found!!"# 5! to undergo Barton-type 1,5-hy-
drogen migrations from C(4) to the oxygen atom via six-mem-
bered transition structures,' ! thus resulting in the activation
of C—H bonds remote from the functional group.P*3! A large
number of mechanistically related gas-phase reactions of radical
cations giving rise to distonic ions are known and have been
reviewed earlier.®* To our knowledge, however, rearrange-
ments of neutral radicals have so far not been studied using the
NR technique.

n-Butoxy radical: In Figure 5 the "NR* and "CR™* mass spec-
tra of 6~ are displayed together with the corresponding differ-
ence spectrum. Three salient features of these spectra should be
pointed out: a) The recovery signals are weak in the "NR ¥ and
“CR™ spectra. b) Fragments corresponding to radical decom-
positions according to Scheme 2 are observed, such as the «-
cleavage leading to propyl radicals and, with weak intensity,
formaldehyde, which upon reionization give positive signals in

®  CHy| M
.  Recovery
{M-H,0] signal

[C4Hg, 01

xt0

CH20H+’ miz —»
@ o
C,H Recovery
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[CHg O

M-H,O}"
CH; [M-H,0]
e “Ixt0
CH,0OH" m/z —»
©® CH,OH"  C,Hy |[M-H,0]
CgHy
ll
i e | PR ;
CH; .
CsHS
CZH; m/z —»

Figure 5. a) "NR™ mass spectrum (O,, 80% T; O,, 80% T), b) "CR™ mass
spectrum (O,. 80% T), and ¢) “NIDD* spectrum of #-butoxide ions 6.
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the "NIDD™* spectrum (Figure 5¢). ¢) In addition, three sig-
nals indicate the occurrence of an intramolecular hydrogen
transfer to the oxygen centered radical:1*¥ protonated
formaldehyde ions show up as a positive signal in the difference
spectrum, indicating the formation of ‘CH,OH radicals from
neutral 6°. This is further supported by the positive signal for the
C,H;" fragment, which is the counterpart to the loss of
*CH,OH from 6°. Finally, the loss of water indicates the occur-
rence of a double hydrogen transfer to oxygen. Conducting
these experiments with labeled 6a™, the origin of the migrating
hydrogen atom is uncovered. In the “NR ™ mass spectrum of
6a, CH,OD" and [D,]propene cations are observed, the for-
mer clearly in line with a six-membered transition structure for
a 1,5-hydrogen migration as observed in the Barton reaction.!
However, the water loss is subject to partial H/D-exchange lead-
ing to a H,0:HDO:D,O0 ratio of ca. 1:10:5.

n-Pentoxy radical: Compared with the n-butoxy system, the
differences between charge reversal and neutralization - reion-
ization mass spectra are more pronounced for the n-pentoxide
ion (Figures 6a,b); hence, the "NIDD* spectrum is also more

[M-H,01"
Recovery
signal

[CsH,. 0"

CH;
! “)x20
CH,OH*” miz —»
® C,H3 Catts Recovery
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CHy [CsH,,,0F

[M-H,0F ML

ki “Ix20

CH,OH* m/z ——»
[M-H,01"
© CHy :
CH,OH"
il 1

N
CH;

CH;  CiHg miz —»

Figure 6. a) “NR* mass spectrum (O,, 80% T; O,, 80% T), b) "CR" mass
spectrum (O,, 80% T), and ¢) "NIDD™ spectrum of n-pentoxide ions 77

instructive. Water loss as well as signals for the CH,OH™
cations and the complementary C,H;* fragment are observed,
which all give rise to positive signals in the difference mass
spectrum (Figure 6¢). In fact, the hydrogen-atom transfer to the
oxygen-centered radical within the neutral is more pronounced
compared to that in the C, system: while the signal for the water
loss amounts to less than 15% of the base peak (C;H7) in the
“CR™" mass spectrum (Figure 6b), it is the most abundant ion
in the "NR™* experiment (Figure 6a). Products due to a-cleav-
ages are not observed for 7" as positive signals in the “"NIDD™*
spectrum.
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Owing to the fact that 7° gave the most pronounced effects
and that the products of the hydrogen migration are not masked
by a-cleavages, we decided to study the [C5,H,,,0]" system in
more detail by isotopic labeling experiments in conjunction with
ab initio calculations. In order to exclude a conceivable hydro-
gen migration proceeding within the anion prior to neutraliza-
tion, in the next sections we will first discuss the unimolecular
and colliston-induced fragmentation reactions of #-pentoxide
ions 7. Then the neutralization process and the relevant parts
of the potential energy surface for the neutral [C,,H,,,0]" iso-
mers will be described, followed by a presentation of the cationic
[C,s.,H,,,0]" potential energy surface.

Metastable alkoxide ions are known[*®! to undergo dehydro-
genation to yield enolates. The investigation of the labeled pre-
cursors 7a”~ —7e” provides a clear picture of this reaction. For
7c¢”—7e"~, which are labeled at positions remote from the oxy-
gen atom, only elimination of H, is observed, while 7a”~ and
7b~ decompose exclusively by expulsion of HD. The same re-
sult is obtained irrespective whether MI or CA mass spectra
were recorded. No other processes are observed, most likely
because electron loss sets an upper limit for the energy demands
of these reactions. As demonstrated earlier,?%! the loss of molec-
ular hydrogen from 77 leads to the corresponding enolate ion in
a formal 1,2-elimination; this conjecture is fully in line with the
isotopic labeling results. In marked contrast, the water loss in
the "CR* and "NR™ mass spectra of 7a~ and 7b~ is isotopi-
cally pure H,O. Thus, these findings, together with the positive
signals for [M — H,0}" in the difference spectrum of 7~ (Fig-
ure 6¢) clearly demonstrate that the transfer of a hydrogen atom
from the chain to the oxygen atom does not occur in the n-pen-
toxide ion. Rather, rearrangement is confined to a later stage,
that is, to the neutral radical or the cation.

It is important to ensure that the neutralization step in the
“NR"* experiments conducted with 7~ yields predominantly the
corresponding radical 7' in the first step. This is indeed found
experimentally, since the base peak in the "NR ™ mass spectrum
corresponds to reionized 7" accompanied by a small signal for
the [7 — H,]™ enolate ion (<10 % of the recovery signal). Fur-
thermore, the “CR ¥ mass spectrum of 7" is rather insensitive to
changes in the collision gas pressure. Therefore, the conditions
outlined above for an application of the difference method are
fulfilled. The resulting difference spectrum of unlabeled 77 is
depicted in Figure 6¢, and the spectra of the isotopomeric spe-
cies 7Ta~ —7e” in Figure 7.

In order to establish the course of the hydrogen-atom
transfer, the experiments were carried out with isoto-
pomers 7a~—7e~. While the “"NR* and “CR™* mass
spectra are rather complex, the mass shifts introduced by
labeling can be analyzed quite easily in the difference
spectra (Figure 7) as far as the positive components are
concerned. Upon deuteration at C(1) (Figure 7a), forma-
tion of CD,0OH ™ concomitant with C,H3* is found. This
result supports the assumption that both fragments are
due to the cleavage of the C(1)—C(2) bond in the neutral
radical, followed by reionization. If this bond cleavage
were to occur after reionization, on energetic grounds
only an intense hydroxymethyl cation peak would be ex-
pected, following Stevenson’s rule,’*”! due to the different
lonization energies of the fragments, IECCH,OH) =
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Figure 7. "NIDD™* spectra of a) [1,1-D,]pentoxide 7a~, b) [2.2-D,]pentoxide
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d) [4.4-D,lpentoxide 7d7. and ¢} {5.5.5-D,)-

7.56 eV, IE(C,H,) > 9 V.24 381 Analogously, all initial deuteri-
um atoms are completely retained in the butene fragments for
7b~,7¢”, and 7e” (Figures 7b, c, ¢), demonstrating that only
the C(4) position serves as the origin for the transferred hydro-
gen. This is further confirmed in that 7d~ (Figure 7d) transfers
one deuterium atom exclusively resulting, after reionization, in
CH,OD™ and C,H,D"". From these findings, we conclude that
the hydrogen-atom transfer in 7" is regiospecific’*°! and follows
a Barton-analogous 1,5-hydrogen migration pattern, pre-
sumably involving a six-membered transition structure TS7°/9°
(Scheme 3) without any competing H/D-exchange processes.
As far as the loss of water is concerned, the situation is some-
what more complicated, in that partial H/D-exchange is ob-
served in the "NIDD ™ mass spectra. Figures 7c—e demonstrate
that mostly the hydrogen atoms originating from C(3)~C(5) of
the hydrocarbon backbone contribute to this process. Owing to

C,Hs + CH,OH

A 7N\

C,Hs* CH,OH*

Scheme 3. Hydrogen-atom transfer in 7° along a Barton-analogous 1,5-hydrogen migra-
tion pathway via a six-membered transition structure TS77/9".
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the fact that the first hydrogen transfer within the n-pentoxy
radical is not subject to H/D-exchange (see above), the latter
process must be associated with the migration of the second
hydrogen to the hydroxyl group. On thermochemical grounds it
18 not reasonable to assume a second hydrogen transfer occur-
ring within the neutral species. Instcad, it is morc plausible to
argue that reionization to 9 precedes this migration. Following
the mechanism depicted in Scheme 4, the second hydrogen

Scheme 4. Hydrogen transfers in 9 via cyclic transition states.

transfer can be regarded as an intramolecular proton abstrac-
tion via a five-membered cyclic transition structure TS9*/12%
that leads to 12* .11 Furthermore, reionization of the carbon-
centered radical 9" to a carbenium ion can easily account for the
experimentally observed partial H/D-exchange processes, if the
proton transfer is reversible and facile Wag-
ner - Meerwein rearrangements between 9%
and 137 are assumed to be involved prior to
the water loss. After isomerization of 9% to
137, intramolecular proton transfer via
TS13%/12" is possible. However, as will be
shown below, the five-membered transition
structure TS9*/12* is quite favorable in

Ts13*12*

“CH,OH

at the neutral stage; however, at least one of the reaction steps
involved has to take place within the neutral intermediate.
Therefore, this aspect has to be carefully considered in the inter-
pretation of NIDD spectra.*"]

Often, the interpretation of mass spectral data is aided by the
independent generation and investigation of ions of known con-
nectivity. Comparison of the unimolecular and collision-in-
duced fragmentations of a reference compound with the pro-

cesses reflected in the difference
spectra may thus provide addi-
+F tional support for the proposed
mechanism for the H,O loss.

T Ao
Therefore, we generated proto-
12* nated 3-pentene-1-ol (12%) by
/ chemical ionization of the neu-
e l tral alcohol in a CH; plasma.
CHE + HO The major reaction route in the

MI and CA mass spectra of 127
is dehydration, in agreement
with the proposal that 127 is an
intermediate en route to the wa-
ter loss.

Theoretical study of the n-pentoxy system: The experimental
results for the [C5,H,,0]"™ systems are supported by extensive
theoretical calculations performed at the Becke 3 LYP/6-31 G*
level of theory. The relevant parts of the [C4.H,,.0]" potential
energy surface are depicted in Figure 8, the calculated energies

*CH,CH,OH

RN TS9

PN,
30.8 ~

TS9/10° /
18.0

cnergy. Thus, although the participation of
TS13% /12" cannot rigorously be cxcluded,
this path was not pursued any further. A mi-
nor hydrogen exchange involves the C(5) posi-
tion, as indicated by the positive “"NIDD™*
signal for loss of HDO in Figure 7e. Neverthe-
less, the H/D-exchanges can only be partial;
this becomes clear from an inspection of Fig-
ures 7a and 7b, because the water loss shows
no deuterium incorporation from the C(1)and
C(2) positions. This would be expected if the
Wagner —Meerwein processes within the alkyl

+ ﬁ
CH;
AN oH,0H
+CH,0 .
" \

\

-(13.0)

TS7' /T

J' -{22.1)
~(25.1 -(24.1)
(25.1) i

-24.4 -237
9 9’
TS9' /9
-20.5

TS7"/9"
-13.4

Figure 8. Calculated [C5,H,,,0]" potential energy surface at the Becke 3 LYP/6-31 G* level of theory. The
neutralization process 7° —7° is depicted as a vertical arrow. Note that the experimental energy de-
mand ?* for the n-C,H; + CH,0 exit channel is ca. 5 kcalmol™" higher than the calculated value (for
details see Table 3 and text).

chain were much faster than the expulsion of
the H,0 moiety.

The water loss reveals an interesting aspect of the NIDD
method. Although this process appears as a positive signal in the
"NIDD™ spectrum of 77, it actually involves five individual
steps: a) an initial hydrogen-atom transfer at the neutral stage
to generale 9°, followed by b) a single electron transfer upon
reionization, ¢) a subsequent proton migration, d) partial
Wagner — Meerwein rearrangements, and ¢) loss of the water
moiety. In other words, positive signals in the NIDD spectra
need not necessarily represent processes which occur exclusively

1874 ——
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of [C4,H,,,0]" isomers and corresponding transition structures
are listed in Table 3, and the corresponding optimized ge-
ometries of relevant species are depicted in Scheme 5. All frag-
ment energies needed for the evaluation of the energetics of exit
channels are given in Table 4.

The extended structures 7~ and 7" are chosen as representa-
tives for the whole variety of different conformers of un-
branched C;H,,0""; as shown in Scheme 5, the geometric dif-
ferences between these two species are quite minor. As the
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Table 3. Calculated total energies (E,.). zero-point vibrational energies (ZPVE), and calculated as well as experimental heats of formation (AH) of [C5,H,,.0] /" isomers

and relevant fragmentation reactions.

E,... (hartree) [a] ZPVE (hartree) AH, (kcalmol ') [b] AH, (kcalmol 1) [c]
7" —272.196193 0.150244 —47.3 —651[d]
T —272.160739 0.151802 —25.1 —18.9
TS7 /7" —272.156026 0.152228 —221
7 —272.159290 0.152286 —24.1
TS7"19" —272.142100 0.147003 —-134
9 —272.159690 0.152114 —24.4
TSS9 /9" —272.153480 0.150961 -20.5
9 —272.158560 0.151210 —237 —23.9 [e]
TSO /10 —272.092098 0.147030 18.0
10 —272.158109 0.151473 —234
TSY —272.073945 0.148196 30.8
CH,CH,CH,CH; + H,0 —272.141536 0.144220 —13.0 ~8.0
11 +H —272.101957 0.142118 11.8 10.0
CH,CH=CH, + "CH,CH,0OH —272.12168t 0.144704 -0.5
trans-CH,CH=CHCH, + "CH,OH —272.132907 0.146039 —-7.6 —-9.1
CH,CH,CH=CH, + *CH,0OH —272.126587 0.146510 —36 —-6.3
¢-C,H,CH, + "CH,OH —272.116463 0.147586 —27 07
3CH,CHCH,CH," + "CH,OH —272.031570 0.139679 56.0

[a] Total energies based on Becke 3 LYP/6-31 G* optimized structures including ZPVE corrections (unscaled). [b] Calculated on the basis of literature data for the protonated
2-methyltetrahydrofuran, 14* (see Computational Details). [c] Experimental data have been taken from ref. [24]. [d] Estimated on the basis of literature electron affinities
for C, - C, alkoxy radicals (see Computational Details and ref. [24]). [¢] Estimated assuming BDE(RO~H) =104 kcalmol~ Yand BDE(C-H) = 99 kcalmol ~ ! for secondary

atkyl C-H bonds (ref. [42]).
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Scheme 5. Optimized geometries for species discussed in the text.

Table 4. Calculated total energies (E,,.;). zero-point vibrational energies (ZPVE),
and experimental heats of formation (AH;) of fragmentation products.

E,.. (hartree) [a] ZPVE (hartree) AH,
(kcalmol™ ") [b]

H —~0.5002728 - 524
H,0 76387794  0.021159 —578
CH,0 —114.473657  0.026814 —26.0
"CH,OH —~115.014517  0.037515 —62
CH,CH=CH, —117.827487  0.080067 48
"CH,CH,OH —154.294194  0.064637
trans-CH,CH=CHCH, —157.118390  0.108524 —29
CH,CH,CH=CH, —157.112070  0.108995 -0.1
¢-CyH,~CH, —157.101946  0.110071 5.5
3CH,CH'CH,CH; —157.017053  0.102164
CH,CH,CH,CH; —~157.667879  0.117406 18.0
CH,CHCHCHCH? —195.532002  0.124661 185.0
CH,CHCHCH,CH,OH (11) —271.601684  0.142118 —42.0 [¢]

[a] Total energies based on Becke 3LYP/6-31 G* optimized structures including
ZPVE corrections (unscaled). [b] Experimental data have been taken from
ref. [24]. [c] Estimated on the basis of AH{CH,=CHCH,CH,CH,OH) =
— 41.0 kcalmol ™1, AH(CH,=CH,CH,CH,0H) = — 36.0 kcalmol "', and
AH(CH,CH=CHCH,0OH) = — 37.0 kcalmol "' [24].

1,5-hydrogen migration does not proceed from 7°, we searched
first for the transition structure for rotation, TS7'/7”, to pro-
duce a conformer 7" which serves as a starting point for the
Barton rearrangement. TS7°/7” is located energetically ca.
3 kcalmol ! above 7', and conformer 7 is 1 kcalmol ™! less
stable than 7°. The exit channel of lowest energy demand from
7" corresponds to the a-cleavage to generate n-C,H; and CH, O,
as discussed above (Scheme 1). Note that the calculated energy
is ca. 5kcalmol™! lower than the experimental numbers.'*#)
This reaction defines an upper limit for the energy demand of
any conceivable unimolecular rearrangement of C,H,,O'.
Thus, the transition structure TS7°/9”* for the Barton reaction
must be located below this threshold. Indeed, TS7°/9 fulfills
this requirement, and the barrier height amounts to
~11 kcalmol " !, in fair agreement with literature data.t3! In a
previous study,’ the geometry of similar transition structures
for the 1,5-hydrogen transfer in 2-hexoxy radicals has been dis-
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cussed based on force-field calculations. In line with earlier ar-
guments,!'**4 these authors proposed that the C(4)~H-O
subunit is expected to be almost linear. For TS77°/9”, the ge-
ometry optimized at the Becke 3LYP/6-31G* level of theory
gives a chairlike transition structure, where the C(4)-H-0O
bond is only slightly bent with < C(4)HO =150.3°; relevant
bond lengths are /(C(4)-H) =1.261 and {H-0) =1.326 A.
The <« C(2)C(3)C(4)H dihedral angle is only 25.3° instead of 60°,
which is expected for a perfect chair conformation. The calculat-
ed transition structure can be interpreted as a compromise be-
tween a favorable chairlike conformation and minimized anti-
bonding interactions between the unpaired radical electron and
the C—H bond as realized in a quasilinear C-H-O subunit. The
hydrogen migration product 9" can undergo rotation along the
C(2)-C(3) bond to give rise to conformer 9° with an extended
hydrocarbon backbone. The calculated heat of formation of 9°
is slightly higher than that for 7°, while widely accepted litera-
ture data’™?! suggest that the bond dissociation energy of the
O-H bond is about 5 kcalmol™! higher than that of a sec-
ondary C—H bond. However, these differences are within the
error limits of the theoretical approach.

Concerning the energetics of possible exit channels for 97,
several pathways can be ruled out because these are much too
high in energy compared with the C,H; + CH,O exit channel
from 7°:a) Loss of a hydrogen atom from 9" yielding 3-pentene-
1-0l (11) is about 25 kcalmol™! higher in energy than the
threshold. Indeed, this channel is not observed experimentally.
b) Cleavage of the C(2)-C(3) bond leads to
propene and a "CH,CH,OH radical, and a very
minor positive signal is observed for the cation in
the "NIDD ™ mass spectrum of 7°. ¢) Asfar as the

C(3) to C(2). This reaction would give rise to trans- or cis-2-
butenc and "CH,OH. However, we unfortunately did not suc-
ceed in localizing this TS and the quest for the exact mechanism
for the fragmentation step yielding C,H, and "“CH,OH remains
uncompleted.**!

Part of the [C4,H,,,0]" potential energy surface (Figure 9)
can already be constructed from energetic data (Table 5) for
several isomers and transition structures (Scheme 6) relevant for
a rationalization of the water loss. The starting point is the

TS12*
1449

TS12"'112°
139.6

TS9'M2"

134.8
trans-12*

trans-12'*

TS913*
136.7

110.0
14*

Figure 9. Part of the calculated [C,,H,,.O]* potential energy surface relevant for
the water loss at the Becke 3LYP/6-31 G* level of theory.

Table 5. Calculated total energies (£,,,)), zero-point vibrational energies (ZPVE), and calculated as
well as experimental heats of formation (AH,) of [Cs.H,,,0]" isomers and relevant fragmentation

E,, (hartree) [a] ZPVE (hartree) AH, AH;
(kcalmol ™) [b] (kcalmol™ ') [c]

formation of C,H, is concerned, several isomers reactions.

are conceivable. Simple bond cleavage of the

C(1)-C(2) bond in 9 yielding a 1,3-butadiyl bi-

radical in its triplet state needs ca. 80 kcalmol ™?

and is not feasible. A transition structure TS 9" for 2;9,, -
S9+/12

the formation of methylcyclopropane by backside trans-12"*

attack of the C(4) centered radical at C(2) with TSI /12

"CH,OH as a leaving group could be located. i’:f'lef

However, with an energy demand of more than cis-12%

50 kcalmol~?, this path is far outside the energy Issfr

regime and can thus be ruled out. Formation of TS9*/13*

1-butene together with "“CH,OH radicals appears 14*

as an alternative, but the isomerization of 9°* to 10° S:

by a 1,2-hydrogen shift (TS9°/10%), which neces- 35+
sarily has to precede this type of C(1)-C(2) bond
cleavage, is too high in energy. Assuming that the

TS374 215"
CH,CH=CHCHCH};-H,0 —271.91979

—271.908699 0.151700 133.1
—271.906776 0.149739 134.3
—271.916990 0.154839 127.9
—271.898304 0.154271 139.6
—271.906007 0.154060 134.8
—271.913%42 0.155070 1298
--271.903386 0.154378 136.4
—271.888717 0.147004 144.9
—271.90685% 0.151430 134.3
—271.902932 0.150930 136.7
—271.945512 0.158183 110.0 110.0 {b]
—271.933449 0.155413 117.6 118.0
—271.823780 0.148624 186.4
—271.811232 0.147812 1943
—-271.761287 0.143567 225.6
0.145820 126.1 127.2

literature heat of formation of — 8.0 kcalmol ™!
for the C,H} + CH,O0 exit channel and the one for
the "CH,OH radical (— 6.2 kcalmol™!) are cor-
rect, no C,H, isomers with heats of formation of
more than — 1.8 kcalmol ™! are likely to be formed. Thus, only
cis- and trans-2-butene (—1.9 and —2.9 kcalmol ™!, respective-
1ly)!2#! or 2-methyl propene {— 4.0 kcalmol™') represent pos-
sible reaction products. Formation of the latter needs extensive
rearrangement of the hydrocarbon backbone, which is not very
likely to occur. Therefore, we tried to optimize a transition
structure for the cleavage of the C(1)-C(2) bond of 97, coupled
with a concerted, radical-assisted 1,2-hydrogen migration from

1876 ——— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1997

{a] Total energies based on Becke 3LYP/6-31 G* optimized structures including ZPVE corrections
(unscaled). [b] Calculated on the basis of literature data for the protonated 2-methyltetrahydrofuran.
14* (see Computational Details). [c] Experimental data have been taken from ref. {24].

reionized species 9*. In addition to the reactions depicted in
Scheme 4 several other rearrangements are feasible: a) Ring
closure by attack of one of the nucleophilic lone pairs of the
oxygen atom at C(4) leads to protonated 2-methyltetrahydro-
furan (147), which is more stable than 97 by ca. 23 kcalmol ™ !.
As 9% and 14" were characterized as genuine minima, one
would expect to see a transition structure connecting both.
However, several attempts to locate TS9* /14" failed. Although
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1.350

trans-12" TS12"M12°

1,529 1.025
T

trans-12"
1.604

P2 N SN
1.487 1.230 1.303 1.345
TS12' TS9'113°
1.445 1.445 1.443

1.279 3

+HOC(1)H
=04

5 < HOC(1)H
15 2%k

1.196 1.326

TS'7'1°15°

Scheme 6. Optimized geometries for species discussed in the text.

the energy demand for ring closure is not known, it is expected
to be rather low. This is also indicated by MI experiments with
independently generated protonated methyltetrahydrofuran,
which expels only water upon unimolecular decay. This process
points to a rather facile ring-opening reaction. b) In contrast to
anions™® or radicals, secondary carbenium ions such as 9%

Chem. Eur. J. 1997, 3, No. 11
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are expected to undergo facile interconversion with 137
(Scheme 4).1471 This is supported by the calculations. The spe-
cies 9% and 13" are more or less isoenergetic, with heats of
formations of 133.1 and 134.3 kcalmol~*, respectively. The
transition structure TS9*/13™, which connects the two carbeni-
um ions, is located only 3.6 kcalmol ! above 97, but clearly
below the transition structure TS 127 leading to the water loss.
Hence, as observed experimentally, H/D-exchanges invoking
C(3)/C(4) are easily accessible. ¢) Surprisingly, the barrier
TS9+/12’* describing the intramolecular proton abstraction
(Scheme 4) is located only ca. 1 kcalmol ! above 9%, It is con-
nected with protonated trans-3-pentene-1-ol (trans-12’+), which
is stabilized in its bent conformation owing to interactions of the
double bond with one of the acidic hydrogens at the oxygen
atom (Scheme 6).1'%1 This becomes clear when considering a
rotation around the C(1)—C(2) bond (TS12"7/12") leading to
the extended hydrocarbon side chain in trans-12*. Conformer
12* is higher in energy than 12°" by ca. 7 kcalmol ! and even
higher than TS9*/12’*. For comparison, the corresponding cis
isomers were also optimized; they were found to be located
above their trans-configurated analogues by =x1.5 to
2 kcalmol " !. Finally, the water loss most probably does not
proceed stepwise with a primary 3-pentene-1-yl cation as inter-
mediate, since this cation is not expected to exist as a minimum
on the [Cs,H,]* potential energy surface.[*®! Instead, we suc-
ceeded in locating a transition structure TS 12* for a concerted
water loss combined with a 1,2-migration of one of the C(2)
hydrogen atoms to C(1) yielding the energetically favorable
1,3-dimethylallyl cation as ionic product. TS12" is located
~12 kcalmol ™! above reionized 9* and is higher in energy as
compared to TS9*/12°* and TS12'*/127.

Nevertheless, the computed potential energy surface does not
satisfactorily explain the experimental H/D-distribution ob-
served for the water loss. As TS9*/12’* is located more than
10 kcalmol ! below TS 12", the intramolecular proton transfer
proposed in Scheme 4 is reversible. Furthermore, the 1,2-proton
shift 9° —137 can easily compete with the water loss due to the
low energy demand of TS9*/13". Thus, from the calculated
[Cs,H,,,01" potential energy surface, one expects a more com-
plete H/D-equilibration prior to the water loss, in particular
also participation of the hydrogen atoms at C(1) and C(2). This
is not in perfect agreement with the isotope pattern for the water
losses observed in the “"NR* mass spectra of 7a~—7e~. Note
that the water loss from 12* could also be described in terms of
an ion-dipole mechanism.[*°! Nevertheless, for this mechanistic
alternative too an activation of the C—H bonds at C(1) and C(2)
would be expected. This is not observed in the experiments
(Figure 7a and 7b). Therefore, this aspect remains open to fur-
ther investigation and will not be pursued further.

Furthermore, the computational study explains why the
“NR* spectra do not exhibit an intense survivor signal, al-
though 9" or 13™ represent stable cations: single-point calcula-
tions of 9" and 97 at the equilibrium geometry of the neutral
yield a vertical ionization energy of 9" of =173 kcalmol ™! this
number is about 15 kcalmol ™' larger than the adiabatic IE.
Thus, most of the 97 ions generated during the reionization step
contain enough internal energy to surmount the barrier for the
water loss, and only very few ions exhibit lifetimes long enough
to give rise to the recovery signals in the NR spectra.
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As already stated, it is known from the methoxy system that
triplet alkoxy cations can be generated by charge inversion of
the anions.'?”- 28] Therefore, some exploratory calculations were
performed for the *[C,,H,,,0]" potential energy surface. While
all attempts to locate a singlet pentoxy cation failed and geome-
try optimization always resulted in protonated pentanal (15%)
the triplet pentoxy cation *7* was found to be a stable species.
However, it is located energetically far above the singlet poten-
tial energy surface; for example, the energy difference between
9% and 37" amounts to more than 53 kcalmol ~!. Similarly,
3157 is higher in energy than its singlet analogue 15% by as
much as =77 kealmol 1. In addition, the transition structure
TS37*%/315" has been localized; both *15* and TS?*7*/215*
are found to be even higher in energy than *7*. In principle, 377
bears radicaloid character and would, therefore, be expected to
exhibit a similar reactivity to that of neutral 7°. Consequently,
the differences between the "NR™ and “CR" mass spectra
might be due to formation of *7* with different internal energy
content. In order to ensure that the positive signals in the
“NIDD™ spectra are indeed due to the reactivity of neutrals, we
performed single-point calculations for *7* at the geometries of
7" and 7 as a qualitative measure for the amount of excess
energy stored in *7* formed by either "NR* or “"CR ™" experi-
ments. One-electron oxidation of neutral 7° leads to triplet pen-
toxy cations with ca. 8 kcalmol ™!, while two-electron oxidation
of 7~ gives rise to 7% with ca. 11 kcalmol™ ! excess internal
energy. Although it is not impossible that 377 is formed in the
“CR* or "NR" experiments, the positive signals in the
"NIDD ™ spectra are not likely to originate from these species,
because the difference in internal energy is rather small.

There is one additional aspect which has to be pointed out.
Once 7' is formed by neutralization of 77, two competing reac-
tion pathways are accessible: direct bond cleavage to yield
CH,O together with n-C,H;, and hydrogen-atom transfer to
give rise to the Barton product. According to the calculations,
both processes have the same energy demand, so the bond cleav-
age should be entropically favored over the hydrogen migration.
Nevertheless, the experiments reveal a preference for the rear-
rangement pathway. This can be attributed to the fact that the
calculated CH,O +n-C,H, exit channel is underestimated by
ca. Skcalmol™! compared to the literature data,’**! while the
calculated energy demand for TS77°/9” is at the upper limit of
the data given in the literature.[*! Besides this limitation, the
experimental and theoretical results are reasonably consistent.

Finally, let us address the differences in the “NIDD ™ spectra
of 6" and 7. Although the mechanistic features of the 1,5-hydro-
gen migration in n-butoxy radicals 6° are expected to be similar
to that of 7°, the thermochemistry differs slightly. While the
energetics of the ¢-cleavage reaction to give rise to CH,O and R’
is comparable** for C,H,0O" (6") and C;H,,0" (7°), this is not
the case for the initial product of the Barton rearrangement: ¢’
gives rise to a primary carbon-centered radical, while the more
stable secondary radical 9" is formed from 7'.

Diastereoselectivity of the 1,5-hydrogen transfer in neutral 3-
methylpentoxy radicals: In the last section of this study, stereo-
chemical features of the 1,5-hydrogen migration in alkoxy radi-
cals should be tackled. To this end, we introduced a methyl
group at the C(3) position of a pentoxy radical as a stereochem-
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ical marker. As will be shown, the stereoselectivity of the hydro-
gen migration can be monitored using the diastereospecifically
labeled [4-D,]3-methylpentoxy radicals 8e" and 8f', while the
regiochemistry is assessed with 8a"—8d".

Typically, mass spectra of stereoisomers differ in only a few,
structurally significant fragmentations,[*% 31 while most of the
observed dissociations yield little or no stereochemical informa-
tion. The same applies to the fragmentations observed in the
“NR* and "CR"* spectra of 8 (Figure 10) and its isoto-

©) LCH?
C,H;
CsHye™ L IM-HOI
T L
] ju o
CH,OH" m/iz —»
® CoHy
¥
L CH
. C5H10'+
CH; !
! , (M-H,0T"
s - —Hh
CH,OH* miz —»
®© «CH; «[M-H,0["
CH,OH" o
cH; ¢ Ceho
A TT IR T
1
oA
CaHs m/z —»

Figure 10. a) NR mass spectrum (O,, 80% T7; O,,80% 7T), b) CR mass spectrum
(0,, 80% T, ¢) difference mass spectrum of rac-3-methylpentoxide ion 87.

pomers, and we will refrain from discussing in detail the rich
chemistry which these species exhibit upon neutralization—
reionization or charge reversal to cations. Rather, we will focus
on those processes which are relevant for the elucidation of the
diastereoselectivity in the 1,5-hydrogen-atom transfer in the
neutral alkoxy radicals.

In analogy to the n-pentoxy system, the "NIDD™ spectrum
of 8~ (Figure 10c) shows two particular features which indicate
a hydrogen-atom transfer from the alkyl chain to the oxygen-
centered radical: a) A fragment corresponding to the hydroxy-
methyl cation CH,OH* (m/z = 31) appears as a positive signal
in the difference spectrum and points towards O—H bond for-
mation in the neutral radical. Note that the corresponding coun-
terpart C;H 5 does also give rise to a positive signal together
with the characteristic C,H>" fragment. b) Similarly, the posi-
tive signal for loss of water (Am = 18) can only be accounted for
by a double hydrogen transfer to oxygen. However, for the
discussion of the regio- and diastereoselectivity associated with
the hydrogen-atom transfer only the formation of the hydroxy-
methyl cation is instructive. As for 7°, water loss from 8 is
associated with partial hydrogen cxchange; for example, for the
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isotopomer 8b 7, a ratio for H,0:HDO:D,0O loss of 1.1:2.9:1.0
is observed in the difference spectrum. In addition, formation of
C,H;}, the counterpart of CH,OH ", suffers from isobaric in-
terferences by alkyl fragments formed at the ionic stage.

Prior to the discussion of stereochemical effects, the site selec-
tivity involved in the formation of CH,OH " needs to be elabo-
rated. In contrast to the n-pentoxy radical, model system 8 has
two sites that are in principle suitable for a 1,5-hydrogen-atom
transfer. To this end the "NR™* and the “CR* spectra of the
isotopomers 8a~ —8d~ were recorded and the corresponding
difference spectra derived. In particular for the alkoxides 8¢~ —
8d~, multiple labeling was essential to avoid isobaric interfer-
ences. Upon deuteration at C(1), positive signals for CD,OH*
(m/z = 33) in conjunction with its congener C,;H}{ are observed
in the difference spectrum of the isotopomer 8a~. This finding
indicates that both fragments are formed by cleavage of the
C(1)-C(2) bond on the neutral stage followed by reionization.
The origin of the transferred hydrogen atom is clearly revealed
by the signals for CD,OH™* versus CD,0OD7 in the difference
spectra of the labeled precursors 8b™-8d~ (Table 6). For ex-

Table 6. Normalized data for the intensities of hydroxymethyl cations in the differ-
ence spectra of isotopomeric 3-methylpentoxide ions (8a™ -8f7) [a].

Precursor CH,OH* CH,OD* CD,0H* CD,0D*
8a~ - - 100 0
8b~ - — 16 84
8¢~ - - 88 12
8d~ - - 97 3
8e~ 87 [b] 13 b - -
81~ 33 [b] 67 [b] - -

[a] Intensities are normalized to the sum of hydroxymethyl loss =100%.
[b] Reported intensities are the average of several independent measurements, and
the error bars do not exceed 10 %.

ample, 8b~ leads to the formation of 16% CD,OH* and 84%
CD,OD*, whereas in the difference spectrum of 8¢~ 88%
CD,0OH" and 12% CD,OD™" are observed. These results un-
doubtedly reflect the preference of the oxygen-centered radical
to abstract a hydrogen atom from the secondary C—H bond of
the C(4) position as compared to the cleavage of a primary C-H
bond from the methyl group attached at C(3). While both pro-
cesses represent 1,5-hydrogen migrations, the latter results in an
energetically less favorable primary carbon-centered radical 17°
(Scheme 7). Accordingly, the isotopomer 84~ displays a very
small signal (3%) for CD,0D" in conjunction with a large
signal (97 %) for CD,OH ", thus indicating that hydrogen-atom
transfer from the C(5) position is negligible. From these find-
ings, we conclude that the hydrogen-atom migration proceeds
preferentially by a 1,5-hydrogen transfer mechanism involving
the C(4) position, and to a first approximation®2 the branching
ratio amounts to 86:14 (Scheme 7).

In the following discussion of the diastereoselectivity of the
1,5-hydrogen migration we neglect the small contribution of the
path proceeding via TS8°/17°, which—as will be shown—does
not affect our analysis of the observed diastereoselective dis-
crimination. Hence, the diastereoselectivity can be assessed by
comparing the intensities of the CH,OH* and CH,OD " frag-
ments arising from the diastereoisomers, that is, the alkoxy rad-
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Scheme 7. 1,5-hydrogen migrations from the oxygen-centered radical 87 the cleav-
age of a primary C—H bond from the methyl group at C(3) results in an energetically
less favorable primary carbon-centered radical 17* than abstraction of a hydrogen
atom from the secondary C—H bond of the C(4) position.

icals 8¢’ and 8f. Note that these fragments are not subject to
isobaric interference from alkyl fragments. The "NIDD™ spec-
tra (Figures 11 and 12) demonstrate that the ratio of CH,OH"*
versus CH,OD™ formation is significantly larger for the isoto-
pomer 8e” (6.4:1) than for its diastereoisomer 8~ (0.5:1). As
the only difference between the anions 8e~ and 8f~ is the
relative stereochemistry at the C(3) position, the striking
diastereoselectivity has to be traced back to the transition struc-
tures in the course of the 1,5-hydrogen (deuterium) migration.

Of course, in addition to a stereochemical effect (SE), the
measured CH,OH*/CH,OD" ratios for 8¢~ and 8f~ are also
affected by the operation of a kinetic isotope effect (KIE). As-
suming the combined action of a steric and a kinetic effect, it is
possible to estimate semiquantitatively the magnitude of these
two effects by applying a simple algebraic approach.[! 24311 The
measured intensities of CH,OH™ and CH,OD™* allow the de-
termination of the two relevant components as KIE =1.8+0.3
and SE = 3.6 +1.3 for the 1,5-hydrogen-atom transfer in neu-
tral 3-methylpentoxy radicals.[33 %

A straightforward analysis of these experimental results can
be accomplished on the basis of the idealized mechanistic sce-
nario depicted in Scheme 8 for the diastereoisomer 8e™.1%3]
Upon electron detachment from the anion 8¢ the neutral rad-
ical 8¢’ is formed, which can subsequently adopt conformations
with suitable geometries for the 1,5-hydrogen (deuterium) trans-
fer involving C(4}. Thus, two chairlike conformations are pos-
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Figure 11. a) NR mass spectrum (O,.80% T 0,,80% T),b) CR mass spectrum
(0,. 80% 7). ¢) difference mass spectrum of a diastereomerically pure mixture of
(35, 4S)-[4-D,)- and (3R, 4R )-[4-D,]3-methylpentoxide ions 8e ™.
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Figure 12. a) NR mass spectram (O,,80% T:;0,, 80% T),b) CR mass spectrum
(0,, 80% T). c) difference mass spectrum of a diastereomerically pure mixture of
{3R.4S)-[4-D,}- and (3S, 4R }-[4-D,]3-methylpentoxide ions 8.

sible, TS8e"/16e" and TS8e¢’/16¢”, leading to H- and D-atom
transfer, respectively. As a result, the carbon-centered radicals
16¢” and 16¢” are formed, which subsequently decompose and.
after reionization of the neutral hydroxymethyl fragments, yield
the corresponding CH,OH */CH,OD ™ cations. For the diastc-
reoisomer 8e’, the geometry of the TS associated with migration
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Scheme 8. ldealized mechanistic scenario for the diastereoisomer 8e™.

of'a hydrogen atom is a chairlike structure in which both methyl
substituents adopt favorable equatorial positions. In contrast,
deuterium transfer from 8e” has to proceed via TS8e’/16e”, in
which one of the methyl groups is forced into the energetically
less favorable axial position.

However, the theoretical investigation of the n-pentoxy par-
ent system has revealed that this model is idealized, in that it
assumes a perfect chairlike transition structure for the 1,5-hy-
drogen migration, neglecting the partial linearization of the
C(4)-H -0 moiety (see above). The Newman-type representa-
tions depicted in Scheme 9 clarify the influence of this effect. For
example, in TS8e’/16¢" (corresponding to the migration of a
hydrogen atom, Scheme 8) the 1,2-interactions of the two
methyl groups at C(3) and C(4) are reduced upon linearization

D
H,C H
gauche — ’ M
H,C T 1
H H
linearization l
H,C 5 H
3
Y j,},@/
HC | H

TS8e'/16€
(hydrogen transfer)

f <
H H
gauche ? M
H™ T > p 7
H H

linearization l

H,C
by

TS8e’/16e"
(deuterium transfer)

Scheme 9. Newman-type representations showing the partial linearization of the
C(4)—H-0 moiety in the n-pentoxy transition structure and its results.
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of the C(4)-H-O subunit. In contrast, in TS8e¢’/16¢” for the
deuterium shift, these steric interactions are intensified com-
pared to an ideal chairlike structure.

Both pictures, the conformational analysis of chairlike transi-
tion structures and the description in terms of 1,2-interactions of
the methyl groups, predict that the isotopomer 8e” will preferen-
tially undergo hydrogen-atom transfer, because this path is fa-
vored by the reduced steric interaction as well as by the kinetic
isotope effect, thus giving rise to a large CH,OH*/CH,0OD"
ratio. In contrast, in the diastereoisomer 8f with an inverted
relative stereochemistry at the C(3) position, deuterium-atom
transfer will be conformationally favored, but kinetically ham-
pered; consequently SE and KIE almost cancel out, as is indced
observed experimentally.

These findings are in qualitative agreement with previous
studies of alkoxy radicals in the condensed phase. For example,
Green et al.®®! examined the stereoselectivity and the kinetic
isotope effect for the 1,5-hydrogen transfer reaction of 2-hexyl-
oxy radicals in order to probe the transition structure for the
Barton reaction. However, in contrast to the 3-methylpentoxy
system studied in this contribution, a large kinetic isotope effect
of the order of 6 at 25°C and relatively little stereochemical
discrimination (1.23:1) were found. These differences can easily
be attributed to the different model compounds employed; the
3-methylpentoxy system is affected by 1,2-interactions, whereas
in the case of the 2-hexyloxy radicals only 1,4-interactions are
feasible; these are expected to be weaker. The kinetic isotope
effect, however, is much larger in solution, as these experiments
were performed at ambient temperature, while the internal ener-
gies of the transient radicals correspond to higher temperatures.
In addition, radical reactions studied at a molecular level in the
gas phase cannot directly be compared to analogous investiga-
tions performed in solution, in particular when the generation of
polar groups (e.g. OH) is involved.[!

Conclusions

Two distinct reactivity patterns arise for the alkoxy radicals
presented in this study. Small neutral alkoxides react by a-cleav-
age to yield the corresponding carbonyl compounds. Alkoxy
radicals with side chains bearing more than three carbon atoms
give rise to Barton-type hydrogen migrations. This process has
been studied in detail by experimental as well as theoretical
means for n-pentoxy radicals, leading to a pleasing agreement of
the gas-phase data with results obtained in condensed matter.
The application of the NIDD method to diastereoselectively
labeled {4-D,]3-methylpentoxy radicals demonstrates that, de-
spite the high-energy collisions used to generate the neutrals,
these species show distinct regio- and stereochemistry in the
subsequent Barton-type reaction at the neutral stage.
Inconclusion, it has been demonstrated that this new applica-
tion of sector mass spectrometry provides direct insight into the
chemistry of radicals at a molecular level. When this type of
equipment is available, the experiments are readily performed;
such mass spectrometry provides an alternative approach to
examine the reactivity of radicals unperturbed by any inter-
molecular interactions. In addition, besides the investigation of
the reactivity of neutral intermediates in the gas phase, this
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technique used in conjunction with isotopic labeling can be em-
ployed to probe subtle effects such as the kinetic isotope effects
and the stereoselectivity of reactions occurring at the neutral
stage. Despite its limitations, we believe that this method opens
a new field in mass spectrometric research to the experimental-
ists as well as theoreticians. The prospect of applying the NIDD
method to study the reactivity of radicals which can only be
generated by neutralization—reionization mass spectrometry is
particularly appealing.
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Assuming that the isotope effects associated with H/D transfer are identical,

irrespective of the relative configuration of the methyl groups in TS8'/16°, the

following equations can be derived. The kinetic isotope effect [KIE, Eq. (2)]

disfavors the transfer of a deuterium atom, while the steric effect [SE, Eq. (3)]

[53

ku

KIE = ij (2)
Keq

SE = . 3y

is due to the presence of an equatorial or axial methyl group in a chairlike,

six-membered transition structure. These definitions lead to the expression in

Equation (4) for the ratio of hydrogen versus deuterium transfer for 8¢, where

o kHAI‘,’i = g
= = KIE'SE {4)

ID D Rax

the C(5) methyl group is equatorial during the H-shift and axial if D is trans-
ferred. In analogy, for the diastereoisomer 8 Equation (5) is derived; here, the

Iy _ kuky KIE
L kpk,  SE

(5

G
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C(5) methyl group is axial upon H transfer and equatorial during the D migra-
tion: By combining Equations (4) and (5), the KIE can easily be separated from
the SE [Eqs. (6) and (7)] as follows: The ratios of the intensities Jy,/ Iy, and B/ I,

_l/(lﬂ’D)

SE =\ r (6)
_|/<{ﬂ'

KE=\\1"7 9

are derived from the intensities of CH,OH* versus CH,OD" jons in the two
“NIDD* mass spectra depicted in Figures {1 and 12 for 8¢’ and 81", respec-
tively. As average of several independent measurements we obtain Expres-
sions (8) and (9), respectively, for 8¢” and 8f. In combination with Equa-
tions (6) and (7) the kinetic isotope and the steric effects can be estimated.

{54]

(53]

1866—-1883
L 87
=73 =669 (8
I, 33
1: =5 = 0¥ 9)

Taking into account the reaction path proceeding via TS8' /17" (Scheme 7).
which contributes with = 14% to the formation of CH,OH™ from 8¢’ and 8f,
we obtain the following corrected values for the kinetic isotope and the steric
effects: SE = 3.74 1.3 and KIE =1.5+0. 3. Thus, the qualitative picture is not
significantly altered by this side reaction.

For the sake of clarity, in Scheme 8 conly the reactions of one enantiomer of the
racenic pair 8e” are shown. For the diastereoisomer 81 all essential features
are identical, except that the H/CHj; substituents in the C(3) position are inter-
changed.
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