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Abstract

Continuing the studies of ion/molecule reactions of haloalkene radical cations with nucleophiles, the reactions of the radical cations of
2-chloropropenel**, and 2-bromopropen&**, with methanol and ethanol, respectively, have been investigated by FT-ICR spectrometry
and by computational analysis using DFT calculation (BHLYP/6-311 + G(2d,p)//BHLYP/6-31 + G(d) level). Only slow reactions (reaction
efficiency <1%) are observed far*/methanol an@**/methanol. Slow proton transfer is the main processlféfmethanol besides minor
addition of methanol ta** followed by loss of HCI or Cl. Addition of methanol accompanied by loss Bf is the exclusive process observed
for 2°*/methanol. In contrast, bottt* and2°** react efficiently with ethanol yielding protonated acetaldehyde as the excldsiyef by far
dominant 2°*) primary reaction product. The computational analysis of these ion/molecule reactions shows that in thé¢asetbfanol
and2**/methanol all processes are either endothermic or blocked by large activation energies. Nonetheless, addition of methanol to the ionized
C—C double bond of** or2°** is exothermic, yielding in each case a pair of isompritistonic methoxonium ions. A new reaction mechanism
has been found for the HX (X = Cl, Br) elimination from the less stable isomer of the distonic intermediates. Further, an energetically favorable
transition state has been detected for hydrogen atom transfer fromGh& group of alcohol to the halogenoalkene radical cations. These
findings lead to a revised mechanism of the oxidation process and provide a plausible explanation for the excessive H/D exchange between
1** and CQ3OH during their slow reaction.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction action of 2-bromopropene radical cation with methyl amine
or ethyl amine, in which all four reaction pathways are ob-
The radical cations of halogenoalkenes react efficiently served in direct competitiof3]. The reactions of mono- and
with nucleophiles by the pathways shownScheme 1 [1] di-halogenoethenes with simple aliphatic alcohols have also
The four reaction modes shown are (i) charge exchange orbeen investigate@]. In these reaction systems, oxidation
electron transfer (ET); (ii) proton transfer (PT); (iii) substi- of the alcohol by the radical cation to the protonated alde-
tution of the vinylic halogen substituent; and (iv) oxidation hyde or ketone becomes important, in particular for ethanol
of the nucleophile by hydride ion abstraction. These reac- or isopropanol as the neutral reaction partner.
tions have been extensively studied for radical cations of To illustrate this point further, the ion/molecule re-
halogenoethenes and 2-halogenopropenes using ammonia actions of the radical cations of 2-chloropropeheand
amines as nucleophil¢®]. A prototypical example is the re-  2-bromopropene& with methanol and ethanol have been
investigated by Fourier transform ion cyclotron resonance
* Corresponding author. Tel.: +49 521 106 2057; fax: +49 521 106 6417. (FT-ICR) spectrometry and by analyzing the minimum
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halogen substituent at the-C double bond, which can be

to reaction, the ions were thermalized by collisions with ar-

substituted by the alcohol via the usual addition/elimination gon added by a pulsed valve (opened for 8-15ms). The ar-

mechanism of nucleophilic substitution at a Gjsptom
mediated by radical cationd]. Further, oxidation of the

gon was removed after a delay time of 0.5-1.0s. Fragment
ions and product ions formed during this period were again

alcohol by formal hydride transfer to the halogenoalkene ejected by irradiation with the appropriate “single shots”
radical cation may occur if the activation barrier of the of 14V, This method of ion generation has been de-
hydrogen migration during this process is not too large. scribed in detail previousl§8]. Methanol and ethanol, re-
Compared to the ionized halogenoethenes studied beforespectively, was introduced into the FT-ICR cell continuously
1** and 2** are much more acidic owing to the additional by a leak valve resulting in a constant pressure gf138
methyl group at the ionized double bond. Thus, PT could to 8 x 10~8mbar. The pressure readings of the ionization
prevail over all of the other ion/molecule reactions. However, gauge were corrected for the sensitivity of the neutral gas
it will be shown that the main reaction pathway which is used9] and were calibrated by rate measurements of the re-
observed forl** and2** depends clearly on the nature of action NH** + NHz — NHz* + NH»® (ki =21 x 10~ 0cm?
the halogen substituent and of the alcohol. molecule’* s71) [10]. The reaction time delay varied from
1.5ms to about 30s. At the end of each reaction time, all
ions were excited by a frequency sweep of §8pvith a
step width of 7.8 kHz and an excitation pulse gi8 FT-
ICR spectra were averaged by eight data acquisition cycles
and recorded by 32k data points for up to 30 different re-
action times. Peak intensities were obtained by exponential
2-Chloropropenel and 2-bromopropen@ as well as multiplication and Fourier transformation of the time domain
methanol and ethanol were obtained commercially as puresignal. For kinetic evaluation, peak intensities of the magni-
compounds. The purity of these compounds was controlled tude spectra were normalized to the sum of allions detected at
by GC, and the compounds were sufficiently pure (>98%) to each reaction time. Then, the relative intensity of the ions was
be used without further purification. plotted against the reaction time to create a “kinetic plot”. By
fitting these data to an exponential function using the Micro-
cal Origin 4.5 progranjl1], the pseudo-first order reaction
rate constantkeyp were obtained. The reproducibility kfxp
is very good, but due to uncertainty in the measurement of

2. Experimental

2.1. Compounds

2.2. FT-ICR spectrometry

All FT-ICR experiments were performed using a Spec-
trospin Bruker CMS 47X FT-ICR instrumeft], equipped the pressure of the neutral reactant the errégifand of eff)
with an infinity™ cell [6], a 4.7 T superconducting magnet, is about 30%. The bimolecular rate constdagtsvere deter-
a 24 bit/128 kword Aspect 3000 computer and an external mined formkeyp by using the number density of the neutral
ion sourcg7]. reactant derived from the corrected pressure of the neutral
reactant in the FT-ICR cell. For convenience, reaction effi-
2.2.1. Kinetic measurements ciencies eff (%) = 100 kypi/kept are used in the discussions.
lons were generated by 20-30eV electron impact (El) The collision rate constak¢ was calculated using the method
from the respective halogenopropene, and the mixture of theof Su and Chesnavidi2].
ions produced in the ion source was focused into the FT-
ICR cell by means of the transfer optic. The trapping volt- 2.3. Computational methods
ages of the back and front plates were set to1®/1V
and the voltages of the excitation plates to8.0.1V. The All calculations have been performed with Gaussian 98
ions were selected by broad band (frequency sweep) ejec{13]. The potential energy surface of 2-halogenopropene rad-
tion of 88 V,_p and by rf pulses of 14 ¥, fixed frequency ical cationsl®* and2*™ has been explored using the split va-
(“single shots”) ejections. The ejection process was finished lence all electron 6—31 + G(d) basis set in combination with
after 15-20 ms. To remove any excess kinetic energy prior the hybrid density functional Becke-half-and-half-LYP (BH-
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Table 1
Bimolecular constanty;, collision rate constank., and reaction efficiency, eff, of ion/molecule reaction between 2-chloropropene radical Xdtiand
2-bromopropene radical cati@* with methanol and ethanol, respectively

Reaction system ki (10710 (cm® x molecule® x s71)) kapo (x10710 (cm® x molecule x s71)) eff (%)
1** + methanol 0.015 15.9 .09
2** + methanol 0.13 15.0 0
1** + ethanol 7.35 17.0 43
2** + ethanol 6.02 14.3 421

LYP) [14]. This level of theory has given remarkably good kinetic plots for these four reaction systems are shown in
results in previous studies of radical cations and their re- Fig. 1, and the corresponding kinetic data are collected in
spective reactions with neutral nucleophil@s]. Relative Table 1 Contrary to expectation, efficient PT is not observed
energies have then been calculated using the BHLYP func-in any of these reaction systems.
tional in combination with the 6-311+ G(2d,p) basis set. The product of the secondary process, @dp), induced
Energies obtained at this level of theory are discussed in by protonated methanol, is observed as the main ionic prod-
the text, if not mentioned otherwise. Combination with zero uct in the case of**/methanol, but the total efficiency of the
point energy (ZPE) correction and thermochemical correc- reaction ofl** with methanol is only eff=0.09%. This low
tions to the enthalpy iz'!;s at 298 K, respectively (based on total reaction efficiency indicates, that all reaction channels
the BHLYP/6-31 + G(d) harmonic vibrational analysis) yield according tdScheme Hre either endothermic or blocked by
total energy differences at 0K denoted/&Ey and standard  large activation barriers. This is confirmed by theoretical cal-
enthalpy differences designatedzsl, . culations (see next section below). Besides slow endothermic

PT, formation of ions gHgO**, m/z 72, and GHgO*, m/z

73, takes place which corresponds to substitution by addi-

3. Results and discussion tion of CHzOH to 1°* followed by elimination of HCI and
Cl, respectively. The only product ion found in the system
3.1. FT-ICR-spectrometric studies 2**/methanol corresponds to substitution by loss of Br, and
the total reaction is again not efficient (total eff =0.9%), al-

The ionization energy (IE) of 2-chloropropetfieand 2- though eff is distinctly increased comparedité/methanol.

bromopropene, respectively, is significantly below the IE  Using ethanol as the neutral reactant, the reactions of both
of methanol and ethan§l6]. Hence, direct electron trans- 1°* and2°** are efficient with eff=43% and 42%, respec-
fer (ET) is not observed in the FT-ICR experiments if the tively, and protonated ethanol,Bs—O"H,, m/z 47, is the
ions are properly thermalized. However, the radical cations main product at the end of the reactions. However, in both re-
of propene and of larger alkenes are quite acidic becauseaction systems protonated acetaldehyg€E+HCH=0"H, m/z
deprotonation at a position allylic to the ionizeg-C dou- 45, is observed as a primary product ion which is generated
ble bond gives rise to a radical which is stabilized by al- by oxidation of ethanol via a formal hydride transferity

lylic resonance. A test experiment showed that protonatedor 2**. PT from the primary ion RC—CH=0"H to ethanol
methanol is the only primary ionic product of the reac- is exothermic (PA(acetaldehyde)=+768.5ktol~1 [16];

tion of propene radical cation with methanol (Ed.a)), PA(ethanol) = +776.4 ks mol~! [16]), and the occurrence
which forms protonated dimethyl ether and water in a sec- of this secondary process is proven by the shape of the ion
ondary process (Eqlb)). The primary reaction is efficient  intensity curves for BC—CH=0"H and GHs—O"Hy in the

(kpi =14.9+ 0.5%x 10719 (cm® molecule 1 s71); eff=72%) respective kinetic plots. The former one exhibits a maximum
which indicates an exothermic PT from the propene rad- typical of an intermediate reaction product, and the latter one
ical cation to methanol. An estimation of the reaction en- shows a sigmoidal curvature, as expected for the consecutive

thalpy of Eqg.(1a)using known experimental data6] yields ion/molecule reactions of ER). Thus, it is doubtful whether
AH;%r =—12.5 @&12) kJx mol~2, in good agreement with  any PT from1°** or 2** to ethanol occurs as a primary pro-
experimental observation. cess.
H3C—CH=CH,** + CH3—OH — *H,C-CH=CH, H3C—CX=CH,** 4+ H3C—CH,0H — H3C-C*X—CHjs
+CH3—O"H; (1a) + H3C—CH=0"H H3C-CH = O"H + H3C—CH,0H
— H3C—CH = O 4 H3C-CH,O"H; (2)

CHz—O"Hy + CHz—OH — *CH3z—O"H-CHz + H,0 The outcome of the ion/molecule reactions of the four

(1b) reaction systems leads to the following conclusions.

Firstly, using methanol as the reactant, the low efficien-
A similar exothermic PT is expected for the reactions of cies for the total reactions df** and2** indicate that all
halogenopropends* and2** with methanol or ethanol. The  four reactions pathways according$eheme Jre more or
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Fig. 1. Kinetic plots of the ion/molecule reaction of (a) 2-chloropropene radical cHtfoand methanol; (b) 2-bromopropene radical cafithwith methanol;
(c) 2-chloropropene radical catidn* with ethanol; (d) 2-bromoopropene radical cat®i with ethanol.
less endothermic. The increase of eff of the bromo deriva- sponding bond in methanol. Cleavage of this bond is the cru-
tive 2°* (compared tdl**) and the observation of substitu- cial step during oxidation of alcohol by a formal hydride
tion as the only reaction channel indicate that loss of Br is transfer to the alkene radical cation. Obviously the reduction
likely only slightly endothermic. Conversely, the loss of Cl of the Ce)—H bond energy makes the oxidation process not
from 1°* must be significantly endothermic because of the only more exothermic but reduces also the activation barrier
stronger G-Cl bond. Therefore, endothermic PT becomes of the H atom migration in the distonic adduct ion during
now the main reaction pathway. Interestingly, the Cl sub- this process. Therefore, oxidation becomes the main reaction
stituent is lost during substitution not only as Cl atom, butalso pathway both fod** and2**.
as HCI. The elimination of HX from halogenoalkene radical The detailed reaction mechanisms for substitution and ox-
cations during the substitution by nucleophiles has not beenidation, which have been elaborated in earlier stufiies],
observed before using FT-ICR spectrometry, although this are shown inScheme 21t is suggested that the first reac-
reaction pathway is clearly more exothermic than loss of X. tion step for both reaction pathways is a fast addition of the
However, substitution and loss of HX has been observed as amucleophile to the ionized-&C double bond of the alkene.
intra-cluster reaction initiated by selective photoionization of The addition step may be still exothermic even if all reac-
mixed clusters of halogenoalkenes and methanol or ammoniation pathways are endothermic, but then the only possible
[17]. Further, elimination of HCI has been observed during reaction of the-distonic addition product is dissociation
the substitution reactions of substituted chlorobenzene radi-back into reactants. Energetically excited distonic ions are
cal cations and chloronaphthalene radical cations if the directknown to undergo extensive migrations of H atoms. There is
loss of Cl becomes very slof8,18]. The mechanism of the  a chance that such rearrangements take also place during the
HCI elimination reaction is not known, but it must include lifetime of the distonic addition product of methanol1t'.
a distinct activation barrier of H atom transfer to Cl to be Hence, the reaction dP* with trideuteromethanol, CEDH,
overruled by the less exothermic loss of Cl atom. was investigated. The corresponding kinetic plot is shown in
Secondly, the dissociation energy of thekCbond atthe  Fig. 2, using the isotopoméfCs'Hs3'Cl, m/z 78, of 1°* as
C(x) atom of ethanol is distinctly below that of the corre- the reactant ion. The main reaction product observed at the
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Scheme 2. Proposed mechanism of oxidation of alcohol by halogenoalkene radical cation.

final stages of the reaction is protonated bis-trideuteromethyl an jon12C3H4D3CI**, m/z 79, is clearly seen at early stages
ether, B3C-O*H-CD3, m/z53, in agreement with the results
from 1°*/CH30OH. Product ions of substitution should be de-
tected atm/z 75 (*2C4HsD3%0, loss of H/Cl) andm/z 76

of the reaction, and at later stages of the reaction even an
ion 12C3H3D,3"CI**, m/z 80, is observed. Obviously, incor-
poration of D atoms from CEDH into 1°* is faster than a
(*2C4HgD3™°0, loss of*’Cl). These ions are not found. In-  reaction by substitution. An explanation for this observation
stead, an ion of elemental composititfC4HsD41°0, miz is the occurrence of reversible H or D migrations in the excited
77, is observed, although with low abundance. This ion cor- distonic addition product df** and C3OH which is rapidly
responds to a substitution product ion derived from the mon- generated in an exothermic process and which eventually dis-
odeuterated derivative 4**. Indeed, abundant formation of  sociates back to reactants. However, it should be mentioned

100 -
H,C-C(’Cl)=CH,*

relative intensity [%]

C.H,D¥CI

reaction time [s]

Fig. 2. Kinetic plot of the reaction of 2-chloropropene radical cafibh(isotopome2C3tHs37Cl) with CDsOH.
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Table 2 Table 3
Reaction enthalpies\H?, of the ion/molecule reactions of chloropropene  Reaction enthalpieg\H,gg, of the ion/molecule reactions of bromopropene
radical cation]**, with methandt radical cation2**, with methandt
> Hagg AHygg > Haes AHygg
(hartreex molecule’?) (kJ x mol~1) (hartreex molecule?) (kI x mol~1)
Reactants Reactants
1°* + methanol —692.699918 0 2** + methanol —2806.58900 0
Products Products
1-dista** —692.710491 -30.2 2-dista** —2806.59751 —24.8
1-TS(isom) —692.710739 -30.9 2-TS(isom) —2806.59733 —243
1-distb** —692.721372 —58.8 2-distb** —2806,60725 —47.9
1-TSa(1,2Cl) —692.693320 149 2-TS(1,2Br) —2806.59633 —-217
1-distc** —692.713047 —36.9 2-distc** —2806.60515 —44.9
1-TSaelim) —692.700636 —4.4 2-TS(elim) —2806.59731 —243
(3°* +HCl)complex —692.752987 —-1418 (3** + HBIcomplex —2806.63955 —1352
3**+HCI —692.748616 —-1279 3** +HBr —2806.63601 —-1234
4t +CI* —692.687422 33 4°* +Br* —2806.59414 —-135
1-TSa(1,3H) —692.663147 94 2-TS(1,4H) —2806,59333 —114
5ot —692.710486 -30.2 9g, " —2806.59131 -86
6°t+ClI* —692.736633 —-96.4 H,C=O"H + 7, * —2806.56527 63
1-TS(1,4H) —692.707227 —217 H,C=0"H + 10z, * —2806.56161 691
(11* +*CH2OH)complex ~ —692.706038 -185 (11g,* +*CH;OH)complex  —2806,59844 —248
CH,=O*H+7* —692.678625 58 115, * +*CH,OH —2806.57581 32
L-TSHL3H) —692.670063 79 CH3O%Hap +12g,° —2806.57601 34
il" +*CH,OH :ggggggiig _23:_2 2 For numbering of species s&ehemes 3 and. 4
1-TSh(1,4H) —692.668226 87
ot —692.702150 —-83
CH,=0O*H+10" —692.670954 ®
CH3OH, +13° —692.68918 22

Table 4
Reaction enthalpies\H®, of the ion/molecule reactions of chloropropene
radical cation1**, and 2-bromopropene radical cati@;, with ethand?

2 For numbering of species s&ehemes 3 and. 4

that the computational study of the ion/molecule reactions of S Hygg AHgq
1**/methanol indicates a somewhat different H/D exchange (hartreex molecule!)  (kJ x mol1)
mechanism. Reactants
1°* +ethanol —731973201 0
3.2. Computational studies Products
1*-dista** —731989113 —443
. . *-di ot — —
The potential energy surfaces of 2-chloropropene radi- i f’isibcr ;giggg;i; 71352
. + . - At Et -
cal cation1*” and 2-bromopropene radical cati@h’, re- 1%TSh(1,4H) _731951674 50
spectively, and methanol were explored in detail using the g+ 731987651 404
6—31 + G(d) basis set in combination with the hybrid den-  CHz—HC=0"H+7° —731985001 -310
sity functional Becke-half-and-half-LYP (BHLYP). In the 1ecTS(LAH) — 731985536 —-324
case of ethanol as the neutral reactant, only some stationary CHE_HC_O H+10 — 731977330 -108
. lculated which | h X (11" + CH3C*"HOH)complex ~ —732009815 986
points were cal cu atg which are relevant to the experimen- ¢y cp,otH, +13 731973403 _05
tally observed oxidation process. The results are collected in
the tables of thsupplement materialhe data were used to Reactants
| e 2** + ethanol —2845862284 0
calculate the reaction enthalpiadd,qg (Tables 2-3and to
construct the MERPs of the relevant process$egs 3-9. Prgf%‘;saﬁ 2845875734 a7
. + . - - - .
The reaction systeri:‘_ /methano_l has b'een parnculquy an- 2% disth** 2845887467 —66.0
alyzed and will be discussed first, using the relative reac- g+s++pye 2845873941 _306
tion enthalpiesAH,qg, of Table 2to construct a schematic 2gt-TSb(1,4H) —2845839345 577
MERP shown inFigs. 3 and 4 The corresponding struc- %pr"” ., —2845876535 —399
tures are depicted iBcheme 3PT from radical catiori®* CHg—HC=0"H+7gr —2845871648 —246
hanol vieldi d hanol 42 2g:-TS(1,4H) —2845873555 -321
to methanol yielding protonated methano §HH, an 2 CHa—HC=0"H + 105, * 2845867985 _150
chloroallyl radicall2® is endothermic by +28.2 kd mol~. (11, * + CHsC*HOH)complex ~ 2845899218 —994
In contrast, addition of methanol t#* is exothermic and 11g " ++CH3C*HOH 2845799993 163
proceeds apparently without an enthalpic barrier to yfeld CHyCH,O™Ha + 135 ° —2845860230 i

distonic radical cationd-dista®* and 1-distb**, the latter a For numbering of species s&ehemes 3 and. 4
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Fig. 3. Calculated MERP of the ion/molecule reactions of 2-chloropropene radical t&tiamd methanol (except oxidation).

being 28.6 kd mol~! more stable than the former. These
two primary addition products can easily interconvertthrough
transition statel-TS(isom) located less than 1 kdmol~1
above isomet.-dista®™*.

Starting from 1-dista®*, the most favorable reaction
pathway leads through elimination of HCI to methyl
2-propenyl ether radical catioB**. Relative to reactants,
this reaction is very exothermic by-127.9 kdx mol1.
Elimination of Cl atom alone and formation of protonated
vinylether 4* is much less favorable and endothermic by
+32.8 kdx mol~1. However, the elimination of HCI requires

below the energy level given by PT and CI substitution.
However,1-TS(elim) does not connect the product complex
(8** +HCl)compr with 1-dista®*, but with a third distonic
intermediatel-distc®* which is derived from the former
by a 1,2-Cl shift. Thus, HCI elimination vid-TS(elim)
corresponds to a 1,3-elimination frorh-distc®*. This
agrees with the fact that generally 1,3-HCI elimination from
radical cations of alkyl chlorides and cycloalkyl chlorides is
preferred over 1,2-eliminatiofl9]. 1,2-Cl shifts in distonic
radical cations have been observed beff#t@] and are
usually associated with rather large activation energies. In

obviously an activation enthalpy. Unexpectedly, an extension the present case of the isomerizatlodista®™* — 1-distc*”,

of the isomerization reactions df-dista®* was found in
the search for the transition state for the loss of HCI. The
corresponding transition state-TS(elim) was found at
—4.4kJIx mol~1 relative to reactants which is distinctly
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Fig. 4. Calculated MERP of the oxidation reaction of 2-chloropropene rad-
ical cation1** and methanol.

the transition staté-TS-1,2Cl is located at 14.9 k& mol—1
relative to reactants which corresponds to an ativation
enthalpy of only 45.1k% mol~1 for the 1,2-Cl shift.
Nonethelessl-TS-1,2Cl represents the “bottle neck” for the
elimination of HCI from1-dista®*. A scancalculation by in-
creasing stepwise the-Cl bond length ofL.-dista®* revealed
that on leaving the Cl atom enters the path of isomerization
and forms the more stable isom#rdistc®™ because the
dissociation into fred** and CP is endothermic. Since the
transition statd-TS(1,2Cl) is located belowt** + Cl*, elim-
ination of HCI by the routel-dista®* — 1-TS(1,2Cl) — 1-
distc** — 1-TS(elim) — 3** + HCI eventually takes place
instead of loss of Cl Obviously the general explanation for
the rule, that substitution accompanied by loss of HX is only
observed if loss of X is endothermic, is the energetically
demanding 1,2-shift of X in the distonic intermediates,
which has to precede loss of HX to enable 1,3-elimnation,
and the tight transition states for isomerization and
elimination.

Intramolecular hydrogen migration ib-dista®* through
transition statel-TSa-1,3H yields the 2-chloro-2-methoxy-
propane radical cation5**. This latter product at
—30.2kJx mol~1 is as stable as the primary addition prod-
uct1-dista®* but the barrier for its formation is rather high at
+94.1 kJx mol~1 relative to reactants{g. 3. A C—Cl bond
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Fig. 5. Calculated MERP of the ion/molecule reactions of 2-bromopropene radical 24tiand methanol.
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o+ ,O + «Cl
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Scheme 3. Stationary points calculated for the MERP*6fand methanol.

homolysis in5** would yield the Cl atom and the tertiary 2- and not expected to occur. Finally, starting from the more
methoxypropyl catio*, which is a more stable tautomer of ~ stableB-distonic radical catiori-distb**, elimination of Cl
4*. Therefore, this step is exothermic by96.6 kJx mol~?, or HCI would result in carbenic structures of high energy
but the total process does not occur because this reaction seand is excluded. Intramolecular 1,3-hydrogen migration in
guence requires the unfavorable 1,3-H shifi.edista®*. In 1-distb** leads through transition stateT Sb-1,3H to the re-
principle, the same produc& and CP could also be ob-  arranged radical catidt™ (Fig. 3). The reaction produ@*™*
tained through hydrogen atom transfer between HCI and theis thermochemically quite favorable at25.3kJx mol=1,
enol ether radical catio8**, but this process is endothermic  but the activation barrier for this process is again large at
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+75.9 kJx mol~1. Therefore, the only possible reaction of tion barrier. The two least endothermic reaction path-

1-distb** appears to be oxidation accordingS8cheme De- ways, devoid of an extra activation barrier, are PT

sides isomerization tb-dista®”. (AH;98:+28.2 kJdx mol~1) and substitution by loss of ClI
The oxidation of methanol by a format hydrid shift to atom (AH;98=+32.8 kJx mol~1), and these reactions are in-

1** is initiated by 1,4-shifts in the addition products deed observed experimentally as slow reactions. It appears

dista®* and 1-distb**, and eventually produces protonated possible that protonated methanol is also formed by deproto-
formaldehyd and either the teitly 2-chloro-prop-2-ylradical ~ nation of 2-chloroprop-2-yl carbenium idri* which results
7° (AHOZ%) +55.9 kJx mol~1 or the primary 2-chloro-prop-  in a special process by H transfer from methand*tband
1-yl radicall0® AH°298+ 76.0 kJx mol~; seeScheme 2and which exhibits a reaction enthalpy of +27.6xdnol~L. Fi-
Fig. 4 A 1,4-H-shift in 1-distb** was identified which gen-  nally, the further process observed is substitution by loss of
erates thea-distonic ion 9°*. Subsequent decomposition HCland formation of the enol radical cati@h*, which is the
of 9°*, which is located slightly below the entry channel most exothermic reaction pathway, but which may be slow
at —8.3kJx mol~1, would afford protonated formaldehyde because of two tight transition states along this route.
H,C=0"H and10°®, but the corresponding transition state In the case of reactions of the bromo derivat¥é with
TSb-1,4H is very unfavorable at +80.7 kdmol~1. Thus, this methanol, major changes are expected only for those reac-
route of the oxidation is not expected to occur experimentally. tions which involve the weaker-@Br bond [21]. This is
All efforts to locate a transition state TSa-14H for a 1,4- corroborated by the values of the reaction enthal¥,qg
H shift in the less stable isomdrdista®* have converged collected inTable 3 The corresponding MERP is shown in
to transition statel-TS-1,4H which is surprisingly favor- Fig. 4, and the numbering of the species is aSéheme 3vith
able at—21.7 kJx mol~1 but which exhibits some unusual asubscript Br, if the Cl substituent of a fragmentis changed to
properties. Its structure resembles a complex betwi@én Br. The addition of methanol #2** is somewhat less exother-
and methanol, in which an H transfer between@methyl mic than in the case df** and generates the distonic ions
group of methanol and the chloropropene component occurs 2-dista®* and2-distb** at —24.8 and—46.5 kJx mol~1, re-
Unexpectedly, IRC calculations unambiguously proveihat  spectively. The reason for this is certainly a reduced stabi-
TS-1,4H is connected to the more stalgedistonic radical lization of a neighboring radical site by a Br substituent. This
cation 1-distb** (and not tol-dista®*) at one side and to  effect is also seen for the processes which produce the Br-
a weakly bonded complex of the products at the other side. substituted radicalgg,® and15g;°. Further, both PT and oxi-
This product complex is located at18.5kJx mol~1, and dation by formal hydride transfer are more endothermic than
both components are arranged almost parallel to each othefor 1°*/methanol. A transition state-TS(1,4H) is found in
with the H atom of th&@-methyl group, whichwas transferred  analogy with the chloro derivative, which leads to a complex
to 1°*, still pointing to its origin. This complex dissociates of the products at-9.6 kJx mol~! with a structure similar
not to HLC=0O"H and7* but to the 2-chloropropyl catiohl* to that arising froml** and methanol. Dissociation of the
and the hydroxymethyl radicACH,OH. This outcome cor-  product complex yields 2-bromo-prop-2-yl catibhs,* and
responds to the expected products of the oxidation processhydroxymethyl radicat CH,OH at +32.1 k mol~1, which
but with inverse charge distribution. The free produtt is much less than the products of oxidation by formal hydride
and*CH,OH are located +27.6 kd mol~1 relative to reac- transfer. Nonetheless, both processes are too endothermic to
tants. This is distinctly more favorable than the dissociation be observed experimentally. In contrast, the reaction enthalpy
to HoC=0O"H and7°. of substitution by loss of a Br atom is distinctly diminished,
A AH,gq of +27.6 kJx mol~! for the formation of11* and this process is now exothermic witi3.5 kdx mol~1.
and *CH2OH is slightly less than those calculated for These results agree with experiment, in which substitution
PT (+28.2k3 mol~1) and substitution with loss of €l and loss ofBristhe only reaction observed. Furthermore, ac-
(+32.8 kdx mol~1). Therefore, this process is able to com- cordingto DFT calculations the activation barriers for the 1,2-
pete with the other reactions, but the carbeniumlithcan- Br shift in 2-dista®* and the elimination of HBr are distinctly
not be observed experimentally. The acidic cabenium ion smaller than in the case of the chloro derivative. Nonethe-
11* is quickly deprotonated by the excess of methanol in less, HBr elimination is not observed experimentally, which
the FT-ICR cell, so that protonated methanol is the final re- is in line with the rule that substitution accompanied by HX
action product also of this route. It should be noted that the elimination is not observed if substitution and loss of iX
complex (1" +*CHOH)complexis more stable thanthe reac-  exothermic.

tants, and a reversible rout®" + CH30H = 1-TS(1,4H) = The computational analysis of the reaction of the
(11t +°*CHOH)complexgives a better explanation for the fast  halogenoalkene radical catiods$™ and 2** with ethanol

H/D exchange observed in the systéti/CD3OH than H- was focused on reactions relevant for the oxidation process,
shifts in the distonic adduct ions, which include considerable since oxidation is the only (fat**) or dominating reaction
activation barriers. (for 2°*) observed by experimefi22]. The results are pre-

Summarizing the results of these calculations for sented in thesupplement materiabnd the respective data
1**/methanol it turns out that all reaction pathways are have been used to calculate the reaction enthalﬁfsﬂel%98
either endothermic or blocked by a substantial activa- which are presented ifable 4 Comparison of the reaction
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systemsl®**/methanol Table 2 and 1°**/ethanol Table 4 contrast, the oxidation process may, in principle, start from
shows, on the one side, that in the latter case the oxidationeach of the intermediat@s;-dista®* and2g;-distb** to gen-
process by a formal hydride transfer, which produces pro- erate CHCH=0"H and 2-bromo-prop-2-yl radica@k, * after
tonated acetaldehydes8—HC=0"*H and 2-chloroprop-2-yl ~ passing the loose transition stétg-TSb(1,4H). Note that
radical7® or 2-chloroprop-1-yl radicdl0®, becomes exother-  the transition state for a 1,4-H shift in the more stable isomer
mic by —31.0 and—10.8 kix mol~1, respectively, relative  2g¢-distb®*is much too high in enthalpy (+57.7 kJmol~?1)

to reactants. Both pathways are endothermic in the methanolto make this route competitive, whil&Hygg of —32.1 of
case. On the other side, PT and substitution are at most thertransition stat@g:-TSb(1,4H) is comparable to that Hg¢-
moneutral or still endothermic. This agrees very well with dista®*, which is needed for substitution.

the experimental observation of an efficient oxidation pro-  This result emphasizes the importance of the loose transi-
cess. However, the mechanism of oxidation of ethanol by tion statel-TS(1,4H), 2-TS(1,4H), 1g:-TS(1,2H), and 2g¢-

1** does again not correspond3cheme 2but bypassesthe  TS(1,2H), respectively, for favoring hydrogen or hydride
energy rich transition states of the 1,4-H shifts in the distonic transfer between the reactants 2-halogeno-propene radical
adduct ions by a loose and complex-like transition state cation and alcohol. These transition states are properly char-
TS(1,4H), which is located at-32.4 kJx mol~1. Although acterized by one imaginary frequency which in every case
this transition state is structurally similar 16TS(1,4H) of conforms to a motion of a hydrogen atom at th€ atom of

the systeni®*/methanol, it corresponds to a hydride transfer the alcohol towards the C(1) atom of the 2-halogenopropene
yielding H;C-HC=0"H and7°. This is seen by the structure  radical cation. However, the structures of these transition
of the rather stable product complex&88.2 kx mol~1. Its states resemble a complex of the reactahts ¢r 2°* and
structure is characteristically different from that of the com- methoanl or ethanol) with a hydrogen bridge between the
plex resulting from1-TS(1,4H), and both components are C atoms involved in the H-transfer. In particular, the@
now oriented almost perpendicular to each other and form abond of theB-distonic adduct ion is completely cleaved
hydrogen bridge between the HO group and the Cl atom.  (C-O-distancel-TS(1,4H): 302 pm,2-TS(1,4H): 297 pm,

The results of the calculations for the reactions2f 1g¢-TS(1,2H): 407 pm,2g:-TS(1,2H): 308 pm). This struc-
and ethanol are somewhat more complicated. Here, notture explains, why IRC calculation on reformation of the@@
only the oxidation pathway is exothermic by24.6 or bond ends at the most stalgedistonic adduct ion, even if
—15.0kJx mol~1, depending on the bromoalkyl radical the search for the transition state was originally started from
formed, but substitution and loss of Br atom is even more the other isomer. Likely, these complex-like transition state
exothermic by-30.6 kdx mol~1. In spite of this, the predom-  structures are not only connecting {listonic adduct ions
inant reaction pathway experimentally observed is oxidation and the product complex of the haydrogen or hydride transfer,
while substitution is rather inefficient. The origin for this ap- but can be achieved also directly from the collision complex
parent discrepancy must be the reaction dynamics of bothofthe radical cation with the alcohol as showisicheme 4in
routes, and the key to an understanding of the competition this case, th@-distonic adduct ions are not obligatory inter-
between the two exothermic routes are the essential interme-mediates for the oxidation process as assum&threme 2
diates and transition states. An obligatory intermediate for but addition of the alcohol to the ionized double bond and hy-
substitution and loss of Biis theB-distonic ion2g;-dista®™, drogen or hydride transfer as the key step of oxidation com-
which is the less stable one of the two addition products. In pete with each other already in the initial collision complex of

R=CHz O'H R=CH-OH
N
H,C—=C=CH; H;C—C=—CH;,
\ 1
P v x
OH i
’ T 11
rCH3 R=CH
HZC'E C\ + R-CH,O0H === [collision complex] = H CH,;
H /!
X H,C=C
X =Cl,Br R =H, CHs X
TS1,4H ™~ R
: HC —H
H*O\
H,C— (':\— CH,
X
distb™

Scheme 4. Mechanism of oxidation of alcohol by halogenoalkene radical cation via transitionSsthte.
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the reactants. It is feasible, that the oxidation process which2** and which is strongly exothermic, turns out to proceed
results in a loose complex of products wins this competition by a quite complicated multi-step mechanism. The crucial
because of favorable entropy effects. step of this mechanism is an isomerization of fhdistonic
Although all four transition statesl-TS(1,4H), 2- addition product by a 1,2-shift of the halogen which yields
TS(1,4H), 15-TS(1,2H), and2g:-TS(1,2H) exhibit similar an isomeric distonic ion enabling a 1,3-elimination of HCl or
structures, in the case of methanol as the nucleophil the transi-HBr. This isomerization requires an additional activation en-
tion statesl-TS(1,4H) and2-TS(1,4H) lead eventually to 2-  ergy. The chloro- and bromopropene radical catittffsand
halogenoprop-2-yl cation and hydroxymethyl radical, while 2°* react efficiently with ethanol by a formal hydride abstrac-
in the case of ethanol as the neutral reaciaTS(1,4H) tion from ethanol. This generates protonated acetaldehyde
and2g-TS(1,4H) result in 2-halogenoprop-2-yl radical and H3C—-HC=0%H as the primary oxidation product, a reaction
H3C—HC=0O"H. The reason for this reversed charge distri- known from the interaction of ionized halogenoethenes with
bution between the products is the low ionization energy ethanol[4]. However, from the previous studies it was not
of the radical CH-C*HOH, in accordance with Stevensons clear why the oxidation reaction is preferred over an exother-
rule. This different charge distribution is reflected in differ- mic substitution pathway if both processes are of comparable
ent structures of the product complexes. In the product com- exothermicity. The present computational study shows that
plex (11" +*CH20H)complexand (L1, * + *CH20H)complex the reason is a loose transition state for the transfer of a H
respectively, which are arise from methanol as neutral re- atom between the reactants, which circumvents the “classi-
actant, the two components are coordinated in a more orcal” transition states of a 1,4-H-shift in tifiedistonic addi-
less parallel fashion, while in7¢+ CHzCH=0"H)complex tion products and which is comparable to a direct H transfer
and (gr*® + CH3CH=0"H)complex Which are derived from in the collision complex of the alkene radical cation and the
ethanol, both components are arranged perpendicular to eaclalcohol.
other with a proton bridge between the OH group and the
halogen atom. However, it is not obvious whether one type
of the transition state involves transfer of an H atom and the Acknowledgments
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4. Conclusion
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