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On the Gas-Phase Reactivity of Complexed OH" with Halogenated Alkanes

Christian Adlhart, Osamu Sekiguchi, and Einar Uggerud*!*!

Abstract: OH* is an extraordinarily
strong oxidant. Complexed forms (L—
OH™), such as HL,OOH*, H;NOH*, or
iron-porphyrin-OH* are the anticipat-
ed oxidants in many chemical reac-
tions. While these molecules are typi-
cally not stable in solution, their isola-
tion can be achieved in the gas phase.
We report a systematic survey of the
influence on L on the reactivity of L—
OH™ towards alkanes and halogenated
alkanes, showing the tremendous influ-
ence of L on the reactivity of L—OH*.
With the help of with quantum chemi-
cal calculations, detailed mechanistic
insights on these very general reactions
are gained. The gas-phase pseudo-first-
order reaction rates of H,OOH®,
H;NOH™*, and protonated 4-picoline-
N-oxide towards isobutane and differ-
ent halogenated alkanes C,H,,,Cl

been determined by means of Fourier

transform ion cyclotron resonance
meaurements. Reaction rates for
H,OOH™" are generally fast (7.2x

107°3.0x10"° cm’mol's™") and only
in the cases HCF; and CF, no reactivi-
ty is observed. In contrast to this
H;NOH™' only reacts with tC,H,Cl
(kops=9.2x107"%), while 4-CH,-CsH,N-
OHT" is completely unreactive. While
H,OOH™ oxidizes alkanes by an initial
hydride abstraction upon formation of
a carbocation, it reacts with halogenat-
ed alkanes at the chlorine atom. Two
mechanistic scenarios, namely oxida-
tion at the halogen atom or proton
transfer are found. Accurate proton af-
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finities for HOOH, NH,OH, a series of
alkanes C,H,,,, (n=1-4), and halo-
genated alkanes C,H,, ,Cl (n=1-4),
HCF;, CF,, and CF,Cl,, were calculat-
ed by using the G3 method and are in
excellent agreement with experimental
values, where available. The G3 enthal-
pies of reaction are also consistent with
the observed products. The tendency
for oxidation of alkanes by hydride ab-
straction is expressed in terms of G3
hydride affinities of the corresponding
cationic products C,H,, ¥ (n=1-4)
and C,H,,Cl* (n=1-4). The hypersur-
face for the reaction of H,OOH™" with
CH;Cl and C,H;Cl was calculated at
the B3LYP, MP2, and G3,- level, un-
derlining the three mechanistic scenar-
ios in which the reaction is either in-
duced by oxidation at the hydrogen or
the halogen atom, or by proton trans-
fer.

(n=1-4), HCF;, CF,, and CF,Cl, have

Introduction

One strategy for the C—H activation of alkanes is mild and
environmentally benign oxidation.!! This can be achieved by
reaction with hydrogen peroxide in the presence of a suita-
ble catalyst [Eq. (1)].
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R-H + HOOH2%R~-OH + H,0 1)

This reaction also takes place in superacid solution, as
demonstrated by Olah etal.”! Results of gas-phase reac-
tions®! and quantum chemical calculations™ have con-
firmed Olah’s notion that the key step in the reaction
involves a protonated hydrogen peroxide molecule, which
abstracts a hydride from the alkane. In the gas phase
where the excess energyl! causes immediate dissociation
of the product complex, the alkyl R* ion, is the ultimate
product. The protonated hydrogen peroxide molecule,
H,00H?*, can formally be regarded as a complex be
tween water and a hydroxyl cation (incipient OH'). The
free species OH' is an extremely strong oxidant, which
is reflected in its high electron-recombination energy of
1257 kJmol™! and a hydride affinity of 1932 kImol™' (see
Table 2, below). For practical purposes, however, utiliza-
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tion of free OH* seems to be quite unrealistic. On the
other hand, as demonstrated in the case of protonated
hydrogen peroxide, modified forms of OH™' are of interest
in finding workable processes for use, for example, in
industry.

Another example of incipient OH* comes from biochem-
istry. The enzyme families of Cytochrome P-450, methane
monooxygenases, bleomycin, and porphyrin peroxidases are
involved in oxidative processes in living organisms. In the
oxidation reaction of such enzymes, the porphyrin prosthetic
group can be regarded as a ligand that binds to
OH™* through its iron atom. Specific examples are the
Cys;s7(Fe")porphyrin—OH'* radical intermediate and the
Cys;s7(Fe™)porphyrin—OH intermediate in the rebound
mechanism® and in the cationic “OH*” insertion mecha-
nism,”! respectively. On the basis of this biological motif, a
great variety of analogous organometallic systems have
been studied both stoichiometrically and catalytically.® !

Persistent halide-containing compounds represent an envi-
ronmental problem. By substituting the halides of such mole-
cules by a hydroxide moiety they become more soluble in
water; this may prevent them from accumulating in fat tis-
sues of higher animals. Also in this case oxidative degradation
by “OH*” represents an interesting option. Normally, a C—F
bond is stronger than a C—H bond, while a C—Cl bond is
weaker. This puts limits on which oxidant to use in each case.

For these important reasons it would be highly interesting
to learn more about the intrinsic properties of molecules
which formally may be regarded as adducts with OH®. In
this paper we will look at the reactivity of various small mol-
ecules that contain C—X bonds (X=H, F, Cl) with molecules
of the type L-OH™ (L=H,0, NHj, p-methyl-pyridine). It is
of particular interest to study how the oxidative properties
vary with the nature of the complexing molecule L. An indi-
cation comes from thermodynamic consideration, and
Table 2 (see later) lists the gas-phase hydride affinities of a
range of cations. Comparison will tell if hydride abstraction
in a given case is thermochemically feasible or not. It is also
clear from Table 2 (see later) that the hydride affinity of
H,OOH™ is higher than that of H;NOH™*, showing that am-
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monia stabilizes OH* better than water. The limitation of
the thermochemical argument is of course the existence of
energy barriers for reaction. This will be the topic for much
of the following discussion.

To estimate the thermochemistry of potential reaction
channels a series of ab initio calculations were conducted
employing the GAUSSIAN 03 suite of programs.!'”

Results and Discussion

Table 1 summarizes reaction rates and observed products
for the reaction of H,OOH*, H,NOH™, and protonated 4-
picoline-N-oxide (L-OH*, L=H,O, NH;, or 4-CHj;-
CsH, N[y with isobutane and different halogenated alkanes.
The reactions proceed either with high efficiency to com-
plete consumption of L—-OH™ or the substrates remain unaf-
fected during the observation time—from several minutes
for L=H,O, due to proton transfer to background water, up
to several hours for L=NH; and 4-CH;-C;H,N. In most cases
we observe R™ as the main product. Formation of R* corre-
sponds to a formal hydride or chloride abstraction [Eq. (2)]
L-OH"+RX - L/OH/X+R* X =H,F, Cl (2)

The nature of the neutral product L/OH/X remains exper-
imentally unsettled, but the most likely outcome of the reac-
tion in Equation (2) would be dissociation of the L—O bond
to give L+ HOX (X=H, F, Cl) [Eq. (2a)]. The other alter-
native would be proton transfer from L-OH™" to RX with
subsequent elimination of HX [Eq. (2b)].

L-OH' + RX — L + HOX + R* (2a)

L-OH* + RX — LO + HX + R* (2b)

A distinction of between Equation (2a) (one-step Lewis
acid) and Equation (2b) (two-step Brgnsted acid) can be
made based on reaction enthalpies and mechanistic consid-
erations (vide infra).

Table 1. Reaction rates for the reaction of HLOOH™ and NH;OH™ with different substrates RX in the FT-ICR cell.

L-OH* +RX observed products and branching ratios
RX L Kope® ey a9 X R* RO* RH,0,* RHCI* RCIOH*
iCHy H,O 7.2x1071° 1.5x107° 0.49 H- 1.0 - - - -
HCF, H,0 (d]
CF, H,0 ta
CF,Cl, H,O0 9.7x1071 1.4x107° 0.70 F- - - 1.0 - -
CH;Cl H,O 1.0x107° 2.4x107° 0.43 Cl- - - - - 1.0
C,H;Cl H,O0 1.6x107° 2.6x107° 0.63 Cl- 0.1 0.1 0.3 0.5 -
iC;H,Cl H,O0 1.3x107° 2.6x107° 0.47 Cl- 1.0 - - - -
tC,H,Cl H,0 3.0x107° 2.7x107° 1.11 Cl- 1.0 - - - -
C,Hy s (n=1-4) NH; @
CH,,,Cl (n<4) NH; (d]
tC,H,Cl NH,; 9.2x1071 2.7x107° 0.34 Cl- 0.1 - 0.7 0.2 -
CH,, Cl (n<5) p-NC;H,CH; (d]

[a] Pseudo-first-order reaction rates k,, in mol'cm’s™!, the estimated absolute error is + 20%. [b] Theoretical collision rate according to the PTM
model in cm*mol~'s™. [c] Reaction efficiency. [d] No reaction observed. [e] The branching ratio is the sum of the RHCI* peak and a peak at m/z=93,
formally C,H,,Cl™, to which RHCI" reacts further on. Their ratio depends on the reactant gas pressure. [f] RH,NOH*. [g] RCIH;NOH™.
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A second group of products, namely RLO™, was observed
for the reaction of (L—OH*, L=H,O or NHj;) with CF,Cl,,
C,H,Cl, and C,H,Cl. The product ions are formal HX (X=
F, Cl) elimination products of the adduct L—OH--RX*
[Eqg. (3)]. Such an adduct is observed for the reaction of
H,NOH™ with tC,H,CL

L-OH'"+RX - L-OH---RX" — LOR" + HX
X =F, Cl

In a former study, in which HLOOH™" was treated with al-
kanes,”! it was demonstrated that the reaction mechanism
for the observed formation of R* is a two-electron oxida-
tion of the alkane substrate through H,OOH™ under con-
comitant abstraction of a hydride and formation of two
water molecules [Eq. (4)].

H,00H"* + RH — 2H,0 + R* (4)

For the reaction of L—-OH* with halogenated alkanes, we
have to consider additional mechanisms, namely two-elec-
tron oxidation at the halogen, as well as direct proton trans-
fer from the acidic L-OH™ to the basic halogenated alkane.
This leads to the formulation of three different reaction
mechanisms, initiated by:

A) A two-electron oxidation by hydride abstraction.
B) A two-electron oxidation by halide abstraction.
C) A proton transfer.

This mechanistic scenario will serve as the basis for our
further discussion.

Reaction of H,OOH™* with CH,Cl: The reaction of
H,O0H™* with CH;CI is a special case, as the observed
product CH,CIO* is distinct from those found for the other
reactions. The product CH,ClIO* corresponds to net transfer
of OH* from H,O0H™" to CH,CI to give [C,H,,CL,0]" (3),
Figure 1a. The structure of 3 is either the thermodynamical-
ly preferred protonated chlorohydroxymethylene
CICH,OH,* (3a) (AEgsm:=—314 kImol™') or the chloroni-
um ion CH;CIOH* (3b) (AEgs,«=—111kJmol™!), Figure 2.

Fragmentation of 3 by off-resonant collision-induced dis-
sociation (CID) leads to four cationic fragments CH,™,
CH,0", CH,O*, and CH,CI™ at approximately equal inten-
sity (see Supporting Information) and therefore the assign-
ment of 3 remains ambiguous. A third structure, the hypo-
chloride should also be taken into account, since the poten-
tial isomerization via TS3b/3c¢ requires only 151 kJmol™,
Figure 2. Independent generation of 3a by chemical ioniza-
tion of chloromethanol failed due to the instability™ of the
latter, with a lifetime of approximately 1 min.'” Interesting-
ly, Schriver-Mazzuoli et al. have observed CH;ClO—the cor-
responding base of 3b—for the reaction of an O atom with
CH,Cl in argon matrix.!"

Formation of 3a involves an initial 2-electron oxidation
by hydride abstraction (A), whereas formation of 3b in-
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Figure 1. Reaction of H,OOH™" with a) CH,Cl, p,,,=4.6x 10~ mbar, 10s;
b) GH,Cl, pos=3.8x10"" mbar, 15s; c)iC;H,Cl, p,,=7.8x107° mbar,
4s; in the FT-ICR cell. The signal for H;O* at m/z=19 arises from fast
proton transfer to background water.

volves an initial chloride abstraction (B) (Figure 2). Direct
proton transfer (C; not shown in Figure 2) can be excluded
by comparing the known and calculated (G3) proton affini-
ties of CH;Cl and HOOH, Table 2. A proton transfer prod-
uct CH;CIH™ is only observed if HLOOH? is trapped in the
FT-ICR cell without prior cooling by pulsed-in argon.
Although we cannot differentiate experimentally whether
3 is formed according to mechanism A or B, it is likely that
the activation energy for hydride abstraction (A) from
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Figure 2. G3,,. energies in kJ mol™! for the reaction of H,OOH" with CH,Cl. A) initial hydride abstraction.

B) initial oxidation at the chloride.

Table 2. Calculated G3 proton affinities (PAg;), experimental proton af-
finities!"”! (PA ), and calculated G3 hydride affinities (HAg;).

PAg; PAcxpll HAg;

[kJ mol™] [kJ mol™] [kJ mol™]
H,0 690.2 691.0 OH* 1931.8
H,0, 667.7 674.5 H,00H " 1388.3
HONH, 817.3 - HONH;, 11321
HCF; 569.0 619.5 CF,;* 1278.0
CF, 524.7 5293 CF, -
CF,Cl, 654.5 - CF,Cl, -
CH;,Cl 648.1 647.3 CH,CI* 1207.9
C,H,Cl 675.8 693.4 CH,Cl*(a) 1121.5
iC;H,Cl 705.2 - iCH(Cl* () 1060.3
tC,H,Cl 742.9 - tC,HCI*(B) 1074.1
CH, 539.7 543.5 CH;* 1341.6
C,H, 574.0 596.3 C,Hs* 1163.8
C;H, 618.6 625.7 iCH,* 1087.9
iC,Hy, 686.2 677.8 tC,H,* 1022.5

[a] H,OOH* +H —2H,0. [b] HONH,* +H —H,0 + NH,.

CH;Cl should not be higher than from CH,. As a matter of
fact, the observed rate for CH;Cl is three orders of magni-
tude higher than for CH,.P! The rate difference cannot be
explained by the higher collision rate alone (calculated ac-
cording to Su’s and Chesnavich’s PTM model®”), since this
is only a factor of 2.2 higher, Table 1.

The computed energy diagram (Figure 2) also supports
mechanism B, since the associated activation barrier is
57 kJmol™' lower than for mechanism A, although it is
likely that route A is also possible."”

Unlike the higher alkyl chlorides, CH;Cl does not react to
give the alkyl cation. Formation of CH;* would involve the
endothermic release of CIOH from 3b, for which the G3,,.
data shows the products to be 119 kImol~! above the reac-
tants (Figure 2). If 3a were formed instead of 3b, we could
expect subsequent dissociation of 3a into protonated form-

Chem. Eur. J. 2005, 11, 152—159 www.chemeurj.org

TS 3b/3c
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-209.9 -119.6
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<H aldehyde 4a plus HCI, because
the calculated activation barrier

oo LN
TN _H for proton transfer followed by
S an +H,0 + CIOH HC1 elimination of
404 - 1189 104 kJmol ™, transition state TS
3al/4a, is significantly lower
g - than the 314 kImol™' of inter-
gl b nal energy available to 3a. Ex-
H W . perimentally, however, proto-

; Ho nated formaldehyde is not ob-

served; this result leads to the
foundation of our skepticism
towards mechanism A.

4a+ ';282: HCI Reaction of H,00H* with
o . iC;H,Cl and tC,H,Cl: H,O0OH*
Paamat reacts with higher chloroal-

kanes in a distinct reaction ac-
cording to Equation (2) to give
R*, Figure 1c. This reaction is
analogous to the reaction of
H,O0H" with alkanes, al-
though the experimentally observed rates for the chlorinat-
ed alkanes are faster. An evident difference between pro-
pane and isobutane and their chlorinated homologues is
their proton affinity. While the proton affinities of propane
and isobutane are smaller than or similar to that of H,0,,
the proton affinities of iC;H,Cl and tC,H,Cl are significantly
higher. Therefore, direct proton transfer (mechanism C) be-
comes a feasible alternative to the oxidation reaction chan-
nels A and B. Although we cannot distinguish between
mechanisms A—C experimentally, we are tempted to consid-
er C as the most likely reaction mechanism due to the kinet-
ic preference for a simple proton transfer.

Indeed, for the reaction of H,OOH* with C,HsCl (vide
infra) both, the proton-transfer product C,H;CIH* as well
as R* are observed, presumably because the proton-transfer
reaction is less exothermic and elimination of HCI from
C,H(Cl* is less favorable than from iC;H,CIH™ and
tC,H,CIH.

Reaction of H,00H™ with C,H;Cl: The reaction of
H,00H* with C,HsCl gives rise to the formation of four
products, Figure 1b. The most intense peak is observed for
the proton-transfer product C,H;CIH'. This process is
almost thermoneutral, Table 2—a key point, since this indi-
cates that the lifetime of the product complex C,H;CIH*
--O(H)OH will be long, which is a requirement for the mul-
tistep reaction mechanisms that will be discussed in the fol-
lowing. While proton transfer and subsequent HCI elimina-
tion and thus formation of the carbocation C,H,, % is exo-
thermic for the secondary and tertiary carbocations (n=3
and 4), it is endothermic for the ethyl cation (AHg;=
60 kJmol ™', Table 3). Therefore, C,H;CIH* is not likely to
eliminate HCI to give C,Hs* (see the Supporting Informa-
tion). Alternatively, C,H;CIH" can react with C,HsCl in an
S\2 reaction to form the observed product ion C;H,,Cl™, as
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Table 3. G3 enthalpies of reaction (AHg;) in kJ mol™'. G3 enthalpies of
complexation (AHg;) for the neutral products are —26.6 (CIOH +H,0),
-15.5 (HC14+H,0,), —39.3 (CIOH+NH;), and —26.9 kJmol™" (HCl+
H,NOH).

R CH, GCH, iCH, CH,

RCI+H,00H"*—R*+CIOH+H,0 1267 -302 -90.6 —150.3
RCl+H,00H*—R*+HCI+HOOH 2173 604 —-01  -59.8
RCI+H,NOH*—R*+CIOH+NH, 3829 2261 1656 1059
RCI+H,NOH*—R*+HCI+H,NOH 3669 2100 149.6 89.9

we confirmed by independent isolation experiments with
CH;CIH*.

The thermodynamically most stable structure for the
C,H;O" product is protonated acetaldehyde (10). Two dis-
tinct mechanisms may lead to the formation of 10, either an
initial hydride abstraction (A) followed by elimination of
HCI from the protonated chlorohydroxyethylene intermedi-
ate or a process initiated by proton transfer (C). Although
mechanism A is energetically accessible, it seems rather un-
likely based on the observation that the corresponding pro-
tonated formaldehyde was not observed when H,OOH®
was reacted with CH;Cl (vide supra). An alternative mecha-
nism is outlined in Figure 3: After proton transfer (C), an
intramolecular nucleophilic substitution reaction within the
CH;CIH*--O(H)OH complex may lead to elimination of
HCI. According to our G3,. calculations this is a highly
likely scenario, since the entropically favorable reaction of a
front-side substitution of HCI by HOOH has a barrier
(AEZ,, +=—1kImol™) that is at the energy of the reactants.
The entropically slightly less favorable back-side substitu-
tion is even lower in potential energy. The observed peak at
m/z=63 may be due to the HCI elimination product, the
peroxo intermediate 7 with the molecular formula C,H;0,*.
Finally, protonated acetaldehyde is formed after isomeriza-
tion of 7 by two consecutive 1,2-hydrogen shifts and eventu-

Ha o H

al elimination of H,O from the intermediate protonated
ethyl acetal 9 (m/z=63), Figure 3, as suggested by Schalley
et al.'™® for the fragmentation of protonated methyl hydro-
peroxide. The unfavorable 1,2-hydrogen shift between 7 and
8 is catalyzed by HCI, which may stay complexed with the
peroxoethane intermediate 7 after the nucleophilic substitu-
tion part. It could indeed be that only the fraction of 7 that
forms such an ion molecule pair with HCI reacts further on
to protonated formic aldehyde, while the free 7 remains un-
changed and therefore accounts for the peak at m/z =63.

This hypothesis is supported by an off-resonant CID ex-
periment of [C,,H;,0,]" in which C,H;* is observed as the
exclusive fragment (see Supporting Information). Upon acti-
vation of protonated methyl hydroperoxide in the kilo elec-
tron volt regime Schalley et al.l' observed the CH;* and
HOOH™ fragments, revealing the presence of an intact per-
oxide O—O bond.

Two alternative scenarios may lead to the fourth product,
C,H;™*. Either loss of HCI from the C,H;CIH" intermediate,
or formation of [C,H,Cl,O]* and elimination of HOCI.
The latter is analogous to [C,H,,CL,O]*, the exclusive prod-
uct in the reaction with CH;Cl. We are tempted to consider
the second scenario as the operating for several reasons:
First, the overall reaction, C,H;Cl+H,O0H*—C,Hs" +
HCl+HOOH is 60 kJmol™' endothermic, whereas C,H;Cl+
H,00H*—C,Hs* 4+ CIOH +H,0 is 30 kJmol ™! exothermic,
Table 3. Second, its exothermic mechanism: In analogy to
CH,CI1, H,OOH™ oxidizes the chloride to form C,H;CIOH*
-+OH, (6b) (AEgsy=—217 kJmol™). The transition state,
TS 5b/6b is —53 kJmol™ lower in energy than the reac-
tants.!"”! Finally, the reaction does not stop at the H,O elimi-
nation product 7b (AEgs,=—134kJmol™) as is observed
for CH;CIOH™ (3b), because CIOH elimination and forma-
tion of the carbocation C,Hs* is energetically more favora-
ble than for 3b, Table 3.

ot ! Reaction of H,00H"' with

O, .
Heo’ b et H‘ZLO Me CF,Cl,: A single product, due

le ..
) O\H*m 18 718 + HCI . to loss of HF from the collision
HOOH + GGl L e w80 - o complex, was observed. We sug-
e 9 NeN e T .
0.00 H 12 0o e HgoT M T O gest that the structure is FCI,C-
TS 8/9 + HCI

TS 5a/6’

; - TS 6/8-HCI
e e
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Figure 3. G3,,. energies in kJ mol™' are given relative to the reactants H,OOH* and C,H,Cl, including the ing to the
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i
H

neutral product.
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O(H)OH (11) in analogy to the
HCI loss product 7 observed in
the reaction between protonat-
ed hydrogen peroxide and ethyl
chloride.

H Because there is no a-hydro-
gen atom available in 11, we do
not observe the following water
loss product RO*. It is clear
that neither the chlorine nor
the fluorine atom have the mi-
H gratory ability of the hydrogen,
which would be necessary to
open up for water loss accord-
mechanism  of

%
0.
HY “o-/f*
H “H

10 + HCI + H,0
-367.9

9+ HCI
-417.3

Figure 3.
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It also interesting to note that it is HF, and not HCI,
which is eliminated in the reaction between H,OOH™* and
CF,Cl,, despite the fact that the chlorine atoms have higher
local proton affinities than the fluorine atoms. However, this
difference is small (APAg;=7 kImol™").

Reaction of H;NOH™' with C,H,,,,Cl (n=1-4): H;NOH"
did not react with isobutane or C,H,,,,Cl (n<4). Reaction
of H;NOH™ with tC,H,Cl leads to the formation of three
products of which 12, iC,HyH,NOH™, the formal HCI elimi-
nation product of the adduct, is the most abundant. Al-
though we did not commit ourselves to the task of finding
the exact structure of 12, assuming a structure analogous to
7 and its isomers is tempting. In this respect, the observation
of the initial ion molecule complex 13, C,H,Cl--H;NOH™, is
also of great interest. The observation of 13 necessitates rig-
orous cooling of the H;NOH™* by pulsed-in argon prior to
reaction, whereupon 13 remains stable.

Complex 13 has three major reaction channels. It can
either dissociate back to reform the reactants, as is under-
lined by the relatively low reaction efficiency of a=0.34, or,
as discussed above, give rise to 12 by intramolecular nucleo-
philic substitution of HCl by H,NOH. Alternatively, the
weakened C—Cl bond in 13 breaks to form the neutral
H,NOH--HCl complex and the observed tC,H,* carboca-
tion. Although rC,H,Cl is the most basic reactant in this
study, Table 2, formation of 1C,H,* by direct proton transfer
and elimination of HCI in analogy to the reaction with
H,O0H™* seems unlikely, because proton transfer from
H;NOH™ to tC,H,Cl is endothermic by 74 kI mol .

With respect to H;NOH™, a recently reported synthesis of
a- and P-alanine in selected ion flow tube (SIFT) experi-
ments!™ also deserves attention. One possibility for forma-
tion of alanine in the reaction of H;NOH™ and propionic
acid is oxidation of propionic acid by H;NOH™ through hy-
dride abstraction and trapping of the nascent amine by the
intermediate carbocation, in analogy to mechanism A. How-
ever, this assumption needs to be confirmed experimentally,
and other reaction pathways involving the carboxylic group
may account for the observed products.

The role of hydride affinity: The investigated reactions
serve as a calibrant for the oxidative power of complex
OH*. In analogy to the Brgnsted acidity the oxidative
power can be measured in terms of hydride affinity. Com-
plexation of OH* by a two-electron donor, such as H,O or
NHj;, leads to a dramatic reduction of the hydride affinity
from 1932 kJmol™ for HO* to 1388 and 1132 kJmol™" for
H,O0H™" and H;NOH™, Table 2. The alkanes are the po-
tential hydride donors in the investigated oxidation reac-
tions, and the hydride affinity of their corresponding alkyl
cations is given in Table 2. While oxidation with H,OOH™*
by hydride abstraction is exothermic for all substrates, the
substrate range for H;NOH™ is limited to higher alkanes
only. This is consistent with the observed inertness of CH,
and CH,CI towards H;NOH™*.?"! However, in contrast to
fast proton transfer, hydride transfer affords substantial re-
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arrangement of the electronic structure, which exhibits sig-
nificant energy barriers. Therefore, the hydride acceptors
H,O0OH™" and H;NOH™ are not necessarily reactive, despite
favorable thermochemical conditions.

According to Hammond’s postulate,”!! the more exother-
mic reactions should show lower activation barriers for the
elementary oxidation step. The activation barriers for
H,;NOH™ are approximately 110 kJmol ™ higher then those
for H,OOH™ and lie well above the energy of the free reac-
tants, while the activation barrier for H,OOH™ lies below
the entering energy asymptote for all C,H,,, ;X (X=H, Cl)
for n>1, Table 4 (see also reference [4]). This readily ex-
plains why H;NOH™* does not react with alkanes.

Table 4. B3LYP, MP2, and G3,,. energies of activation (AE™) including
ZPVE corrections for the hydride abstraction reaction for B3LYP/6-
31G(d)-optimized transition structures in kJ mol'. The reactants are
taken as reference at zero energy.

B3LYP MP2 G3,
X=H X=Cl X=H X=(C X=H X=Cl

H,O0H*+CH;X -156 -134 23.7 27.5 13.4 11.2
H,00H*+CH;X -257 =330 =50 4.8 -13.6 -123
H,NOH' + CH,X 1244 1047 1791  156.1 1457 126.0
H;NOH* +C,H;X 68.5 742 1210 1143 98.4  101.6

In contrast to alkanes, halogenated alkanes can also be
oxidized at the halogen. This process appears to be favora-
ble at least for fluoride and chloride ions. In the case of
chlorine, this is governed by the equilibria given in Equa-
tions (5) and (6) in which, again, HOOH is the stronger oxi-
dant and the oxidation of HCI is exothermic, while it is en-
dothermic for H,NOH.

HOOH + HCl = H,0 + HOCl

o (5)
AEg = —91.0kJ mol

H,NOH + HCl = NH, + HOCI

i (6)
AEg; = 15.5kJmol
Table 3 gives the G3 reaction enthalpies for the chloride
oxidation (HOCI elimination) and proton transfer (HCI
elimination) for the reaction of L-OH* (L=H,0, NH;)
with C,H,,,Cl. The above-mentioned equilibria are reflect-
ed in the favored chloride oxidation for H,OOH™ versus a
favored proton transfer for H;NOH™. While only the reac-
tions of H,OOH™ with iC;H,Cl and tC,H,Cl are clearly exo-
thermic, consistent with the experimentally exclusively ob-
served iC;H;* and tC,H,y*, the reactions of H,OOH™* with
C,H;Cl and H;NOH" with tC,H,Cl are borderline cases,
and, accordingly, only a minor fraction of the C,Hs* and
tC,Hy* products are observed. A part of the anticipated en-
dothermicity of 90 kJmol™" for the elimination of HCI and
H,NOH is neutralized by formation of a complex of the
latter.
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The computed hydride affinities linearly correlate with
alkyl group a constants,?? the gas-phase analogues of Taft’s
o* constants® (see the Supporting Information). The
a constants were derived from alkyl cation affinities of small
two-electron donors as H,O or Cl™. They are basically a
measure for the capability of an alkyl group to stabilize a
positive charge and their positive correlation with the hy-
dride affinity is reasonable. It is also interesting to obtain a
positive linear correlation with the energies of activation for
the potential oxidation of hydrocarbons with H;NOH™ by
hydride abstraction. The reduced slope indicates that the
charge transfer to the nascent alkyl cation is not complete in
the TS.

Conclusion

Three main conclusions can be drawn from the reactivity of
complexed hydroxyl cation, L-OH* (L=H,O, NHj;), to-
wards alkanes and halogenated alkanes. Firstly, the ligand L
has strong influence on the reactivity of L—OH*. This is re-
flected in the experimentally observed low reactivity of
H;NOH™ relative to the analogue H,OOH™*. Secondly,
H,0O0HT™ reacts with alkanes by hydride abstraction, while
it reacts with chlorinated alkanes by chloride abstraction.
This suggests that H,OOH™ may be an effective low-cost
detoxicant for problematic persistent halogenated hydrocar-
bons. Thirdly, the tendency for hydride abstraction from al-
kanes and alkyl halides, as well as halide abstraction by L—
OH™ increases with increasing methyl substitution in the
substrate molecule.

Experimental Section

HOOH,* and NH;OHY ions were produced from a urea hydrogen per-
oxide addition compound (Aldrich) and hydroxylamine hydrochloride,
respectively, in an external ion source using chemical ionization with
methane. The ions formed in the source were transferred to the cell of an
FT-ICR mass spectrometer, a Bruker 4.7 T Bio Apex (Billerica, Massa-
chusetts, USA). Substrates, chloromethane 99.5%, chloroethane 99.7 %,
2-chloropropane 99+ %, 2-chloro-2-methylpropane (Aldrich), tetra-
fluoromethane 2.8, trifluoromethane 2.8 (Linde), and CF,Cl, (Freon R12,
Alfax), were leaked into the cell at constant pressure (p=2.0x10""-1.5x
107" mbar) through a leak valve. Ion isolation and all subsequent isola-
tion steps were performed by using a computer-controlled ion-ejection
protocol, which combines single-frequency ion-ejection pulses with fre-
quency sweeps. Briefly, all ions except the chosen reactant ion were eject-
ed from the cell by this procedure. The remaining population of
HOOH,* or NH;OHT ions was cooled to ambient temperature upon in-
troduction of a short pulse of argon (peak-pressure, p=1x10"° mbar).
The reactant ions were then again isolated by single, optimized frequency
shots that removed ions formed during the cooling period of 3s. After
this process, the ions were treated with the respective substrate for a ran-
domly varied time before a mass spectrum was recorded. In this way
products formed in ion-molecule reactions could be observed, the reac-
tion could be followed as a function of time, and rate coefficients were
obtained by fitting pseudo-first-order kinetic models to the reactant
decay (absolute intensity). The substrate pressure was read out through a
cold cathode ion gauge that was calibrated against the reaction of NH; "
(generated externally by EI) plus NH;, k,=2.2x 10~ cm*mol~'s ™! and
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corrected by relative sensitivity factors of R(NH;)=1.12, R(iC,H,))=
3.23, R(CCLF,)=3.16, R(CH;Cl)=2.22, R(C,H;Cl)=2.92, R(iC;H,Cl)=
3.90, R(tC,H,Cl)=4.80.") While branching ratios are very precise, the es-
timated error of the absolute gas phase rates is =20%. The accuracy of
our reaction rates was confirmed by the reaction of CHs* with tC,H,Cl,
which is known to proceed at collision rate.? The observed rate was k,=
2.7+£02x107 cm’mol™'s™', in agreement with the theoretical collision
rate (2.66x107° cm®*mol~'s™!, calculated according to Su’s and Chesna-
vich’s PTM model?”), and the FT-ICR rate obtained by Su and Bowers
k,=3.28+0.49%x10° cm*mol's™" .29

Collision-induced dissociation mass spectra of selected products were re-
corded after off-resonant ion activation (offset=1000Hz, duration=
120 ps) with a simultaneous short pulse of argon (p=1x10"° mbar) and a
pumping delay of 2 s.

In order to estimate the energetics of potential reaction channels a series
of ab initio calculations were conducted employing the GAUSSIAN 032!
suite of programs. Initially, Becke three-parameter Lee-Yang-Parr
(B3LYP) DFT calculations were done with the 6-31G(d) basis sets. All
stationary points were subject to complete geometry optimization, includ-
ing a check for the correct number of negative Hessian eigenvalues. For
a restricted number of molecules, the B3LYP/6-31G(d) method was eval-
uated against higher basis sets (6-31++G(d,p)) and levels of theory
(MP2, G2, and G3®)); critical complexation energies deviated by
30 kJmol™ in the worst case. To obtain more accurate estimates for the
energies, G3 theory calculations were used. As expected, the proton af-
finities were in excellent agreement (<2 kJ mol™) with those obtained by
Ma et al.,* who applied a modified G3 methodology. The G3 method is
a composite technique that involves several geometry optimizations at
the HF and MP2(full) level. Since many of the optimized critical point
structures deviated substantially on those levels, we modified the G3
scheme such that structures were optimized on the B3LYP/6-31(G) level
and ZPVE corrections were obtained from scaled (scaling factor=
0.943431) MP2/6-31(G) frequencies. For a further description see refer-
ence [32]. We use G3,,. as notation for the modified G3 scheme. The G3
and G3,. energies of reaction for the reaction given in Equation (7) are
AEg;=-91.0 kJmol™! and AEgs,-=—89.1 kImol™!, respectively, in excel-

lent agreement with the experimental estimate of AH,=
—87.9 kI mol =%
HOOH + HCl — H,0 + HOCI (7)

The molecules were treated in their singlet electronic state throughout,
as the corresponding triplet state energies of the involved closed shell
molecules are even higher than the barriers on the singlet surface.*!
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