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Abstract

The gas-phase reactions of dimanganese carbonyl ions (Mn2(CO)n+; n= 1–5) with methanol have been studied with the use of Fourier
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ransform ion cyclotron resonance (FT-ICR) mass spectrometry. The predominant reaction of the Mn2(CO)n+ ions with up to four CO ligand
nvolves the incorporation of methanol and the loss of one or more CO ligands, whereas the Mn2(CO)5+ ion reacts by the successive addit
f two alcohol molecules. The efficiency of the overall reaction with methanol decreases with the number of CO ligands pres
anganese containing ion. In addition, the reactions of the Mn2(CO)4+ ion with ethanol andn-propanol have been examined and observe
e less efficient than the reaction with methanol. The efficiency of the reaction of the Mn2(CO)4+ ion with CD3OH, C2D5OH orn-C3D7OH is
ignificantly lower than of the reaction with the related unlabelled species revealing the occurrence of a significant isotope effect on
rocess. The primary product ions of the reactions of Mn2(CO)4+ with an alcohol react further with the formation of Mn2(CO)n(ROH)2+

n= 0–2) ions. These latter ions react with an alcohol molecule with the formation of collision complexes that expel a hydrogen
olecule together with the CO ligands. Based upon experiments with CD3OH, C2D5OH andn-C3D7OH, respectively, the loss of a hydrog
olecule is concluded to involve insertion into the OH bond, whereas alkane elimination is a result of insertion into the CO bond of the
lcohol.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The study of transition metal containing ions in the gas
hase offers the opportunity to probe their intrinsic chemical
nd physical properties in the absence of complicating fac-

ors such as interactions with solvent molecules and counter
ons[1,2]. The gas-phase chemistry of electronically and co-
rdinatively unsaturated transition metal ions[3] is not only

nherently interesting, but can also provide insight into the
echanisms of reactions in solution and on surfaces and thus

ead to a better description of the properties of intermediates
pecies[4,5]. The extensive literature on transition metal ions
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in the gas phase reveal a rich chemistry involving fundam
processes that are well-known for condensed phase sys
such as ligand exchange and insertion into a CH, C O or
C C bond[6,7]. Most of the reported studies concerned w
the gas-phase ion–molecule chemistry are focused on
transition metal ions or metal ions bonded to ligands suc
CO and a cyclopentadienyl group[1–5]. The ion–molecul
chemistry of small transition metal clusters[8,9] have bee
examined less extensively even though the results of
studies may assist in understanding catalytic reactions u
heterogeneous conditions.

Transition metal complexes are also of crucial importa
in biological systems in which they often act as an esse
part of the reactive centers of enzymes. In this context, m
ganese is an important element that is part of the active
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of the photosystem II[10] and a number of catalases[11,12].
The studies of the biological systems – in particular dinuclear
manganese containing catalases[13] – have inspired the de-
velopment of complexes that are capable of catalyzing the ox-
idation of simple organic molecules[14,15]. Notwithstanding
the interest in manganese containing complexes in biologi-
cal and chemical systems, relatively little is know about the
intrinsic ion–molecule reactions of such species in the gas
phase. The bare Mn+ ion has been studied and is reported
to be relatively unreactive towards simple molecules in the
electronic ground state[16,17], whereas the excited states
of Mn+ react with alkanes by CH and C C bond insertion
[18]. Insertion into a CC bond is reported to occur also in the
unimolecular dissociations of metastable complexes of Mn+

and 4-octyne[19] and selective activation of the CO bond
is known to be involved in the loss of water from metastable
complexes of Mn+ and 2-butanol[20]. Ligand substitution
has been examined for a variety of RMn+ ions with crown
ethers and reported to involve the replacement of the smaller
crown ether by the higher homologue[21]. The dimanganese
ion, Mn2

+, has not been studied in great detail but is reported
to react predominantly with aliphatic alcohols by cleavage of
the Mn Mn bond with the formation of Mn(ROH)+ ions that
may attain a Mn(R)(OH)+ structure[22]. Other studies of
binuclear manganese containing species have addressed the
c
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into the gas-phase ion–molecule chemistry of dimanganese
containing species we allowed a series of Mn2(CO)n+ ions
to react with aliphatic alcohols in a Fourier transform ion
cyclotron resonance (FT-ICR) instrument[27]. Specifically,
the present study was undertaken in order to determine the
reactivity of the Mn2(CO)n+ ions as a function of the num-
ber of CO ligands, to examine the extent of ligand exchange
and to study the propensity for cleavage of MnMn bond.
The aliphatic alcohols were selected as substrates with the
purpose of examining the possible occurrence of insertion
into a covalent bond in the substrate by one of the manganese
atoms of the reactant ions. In addition, the alcohols were cho-
sen for a closer study, because such species can emerge as
important intermediates in the synthesis of hydrocarbons by
the Fischer-Tropsch process over catalyst that may contain
manganese[28,29].

2. Experimental section

2.1. Instrumental method

The experiments were performed with the use of a Bruker
Daltonics APEX II FT-ICR mass spectrometer which has
been described previously[30]. The dimanganese carbonyl
i
i rtion
p r-
a as
b
5 as the
r

s recor
lustering reactions of ions derived from Mn2(CO)10 [23] and
he ion–molecule chemistry of the Mn2O2

+ and Mn2O+ ions
ormed in the reactions of Mn2(CO)4+ with O2 [24]. A sys-
ematic study of the reaction of dimanganese carbonyl
ith simple molecules has not been undertaken even th

hese are formed in relatively high yields by electron ion
ion of Mn2(CO)10 [25,26]. In order to obtain more insig

Fig. 1. Electron ionization (70 eV) mass spectrum of Mn2(CO)10 a
ons were formed by electron ionization of Mn2(CO)10 as
ntroduced into the external ion source with a direct inse
robe at a temperature of 25–30◦C. The ion-source tempe
ture was maintained at 100◦C and the electron energy w
etween 30 and 70 eV. The Mn2(CO)n+ ions withn= 2, 3, 4,
and 10 were the most abundant in the series, where

emaining ions were formed in a relatively low yield (Fig. 1).

ded with the Bruker Daltonics APEX II FT-ICR mass spectrometer.
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The ions were extracted from the ion source and accelerated
into a 3 keV beam that was focused with a series of elec-
tric lenses and deflection plates while entering the magnetic
field of 4.7 T. Subsequently, the ions were decelerated to a
kinetic energy that was sufficiently low to allow trapping of
the ions in the infinity cell of the instrument. The aliphatic al-
cohols were introduced into the FT-ICR main vacuum system
through a leak valve until the indicated pressure was about
2.5× 10−8 mbar. The indicated pressures were corrected for
the sensitivity of the ionization gauge for the neutral species
according to a reported procedure (see also ref.[31]). In brief,
the measured partial pressures were corrected with the use of
R= 0.36α + 0.30 in whichR is the sensitivity relative to N2
(R(N2) is arbitrarily set to 1 andα is the molecular polariz-
ability) [32].

Collisional lowering of the kinetic energy of the ions
trapped in the FT-ICR was achieved by admitting Ar gas
to the cell through a pulsed-valve. The valve was open for a
period of 60–120 ms; the exact time depended on the pres-
sure of Ar gas (0.5–1 bar) in the reservoir connected to the
valve itself. The indicated peak pressure of Ar in the vacuum
system of the instrument was 10−5 mbar. After a period of
1.5 to 2 s the pressure in the FT-ICR cell was sufficiently low
to allow a given Mn2(CO)n+ ion to be selected by ejection of
all other ionic species from the FT-ICR cell. The isolation of
t e off-
r
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i n of
t

2

ith-
o sed

were dried on molecular sieves (4Å) for at least two days
prior to use.

3. Results

3.1. Reaction rates

In the present experiments, the Mn2(CO)n+ ions were
isolated in such a way that the excess kinetic energy was
brought to a minimum prior to the reactions with a given
alcohol in line with previous studies[30,34]. The precise
distribution of the internal and kinetic energy of the ions is
unknown but a linear dependence (correlation coefficient≥
0.990) of the natural logarithm of the normalized abundance
of the reactant Mn2(CO)n+ ions with time was observed in
all experiments (seeFig. 2). This is in agreement with the
fact that the kinetics of ion–molecule reactions in an FT-
ICR instrument are pseudo-first-order since the number of
ions are normally a factor of 104 lower than of the neutral
reactants.

The experimental pseudo-first-order rate constants were
converted subsequently into the second order constants with
the use of the corrected pressure of a given alcohol and an as-
sumed temperature of 298 K. Even though the corrected pres-
s ts, the
v ly
l r, the
r to al-
l ons
t f the
i ob-
t nt and
t ipole
o d

F abunda e
p 0−8 mb :
M

he ions of interest was achieved in such manner that th
esonance excitation of their kinetic energy was avoided[33].
fter the isolation procedure, the reactions of the sele

ons with a given substrate were followed as a functio
ime.

.2. Materials

All chemicals were obtained commercially and used w
ut purification. The (un)labelled aliphatic alcohols u

ig. 2. Time dependence of the natural logarithm of the normalized
ressure of methanol was in the different experiments:P(CH3OH) = 2.5× 1
n2(CO)4+); P(CH3OH) = 0.95× 10−8 mbar (reactant ion: Mn2(CO)5+).
ure of the alcohol was used to estimate the rate constan
alues given inTable 1may be associated with a relative
arge systematic error (30–50%). Relative to each othe
ate constants are considered to be sufficiently precise
ow a determination of the trend in the reactivity of the i
owards the (un)labelled alcohols. The reactivity order o
ons is indicated by the efficiency of the overall reactions
ained as the ratio between the experimental rate consta
he collision rate constant obtained from the average d
rientation (ADO) theory[35,36]. The efficiencies obtaine

nce of the Mn2(CO)n+ ions in the presence of CH3OH in the FT-ICR cell. Th
ar (reactant ion: Mn2(CO)3+); P(CH3OH) = 1.4× 10−8 mbar (reactant ion
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Table 1
Rate constants (in cm3 molecule−1 s−1) and efficiencies of the reactions of the Mn2(CO)n+ ions (n = 2–5) with (un)labelled methanol, ethanol andn-propanol,
respectivelya

Reactant ion Alcohol Rate constantkexp kADO
b Efficiencies Relative efficiencies

Mn2(CO)2+ CH3OH 8.22× 10−10 1.55× 10−9 0.53 1
Mn2(CO)3+ CH3OH 7.48× 10−10 1.54× 10−9 0.49 0.92
Mn2(CO)4+ CH3OH 5.58× 10−10 1.52× 10−9 0.37 0.70
Mn2(CO)4+ CD3OH 1.96× 10−10 1.48× 10−9 0.13 0.25
Mn2(CO)5+ CH3OH 1.69× 10−10 1.51× 10−9 0.11 0.21
Mn2(CO)4+ CH3CH2OH 4.73× 10−10 1.51× 10−9 0.31 0.58
Mn2(CO)4+ CD3CD2OH 1.96× 10−10 1.45× 10−9 0.13 0.25
Mn2(CO)4+ CH3CH2CH2OH 2.51× 10−10 1.47× 10−9 0.17 0.32
Mn2(CO)4+ CD3CD2CD2OH 1.17× 10−10 1.40× 10−9 0.08 0.15

a The rate constants may be associated with an absolute error of 30–50%. Relative to each other the rate constants are considered to be more precise (see
text).

b The efficiencies have been obtained as the ratio between the experimentally obtained rate constant and the collision rate constant as estimated with the use
of the average dipole orientation (ADO) theory (see refs.[35,36]).

by this procedure are given inTable 1together with the values
relative to the reaction with the highest efficiency.

3.2. Reactions with methanol

The ionic products of the reactions between the
Mn2(CO)n+ ions (n= 1–5) and methanol are summarized

in Table 2. The results for the ions withn= 2–5 are ob-
tained from experiments in which a given dimanganese car-
bonyl ion is isolated and then allowed to react with methanol
for 10–15 s. The distinction between the initial product ions
and the ions formed by consecutive ion–molecule reactions
is achieved from the plots of the normalized abundances
of the various ions as function of time (see, for example

Table 2
Relative yield (in %) of the product ions formed in the reaction of the Mn2(CO)n+ ions (n= 1–5) with methanol

Reactant ion Product iona Relative abundance

Initial CH3OH Initial CD3OH 75% conversionb CH3OH 75% conversionb CD3OH

Mn2(CO)+ Mn2(ROH)+ 100c –c

Mn2(CO)2+ Mn2(ROH)+ 100 91
Mn(ROH)2+ 9

Mn2(CO)3+ Mn2(CO)2(ROH)+ 27 21
Mn2(CO)(ROH)+ 73 27
Mn2(ROH)2+ 39
Mn(ROH)2+ 13

Mn2(CO)4+ Mn2(CO)3(ROH)+ 100 100 23 28
Mn2(CO)2(ROH)2+ 12 14
Mn2(CO)(ROH)3+ 11 11
Mn2(CO)4(ROH)+ –d –d 3d 6d

Mn2(CO)2(ROH)+ –e –e – –
Mn2(CO)(ROH)+ –e –e – –
Mn2(CO)(ROH)2+ 10 8

+ f f f f

M

Mn2(ROH) – –
Mn2(ROH)2+

Mn2(ROH)3+

Mn2(RO)2+

Mn2(RO)2(ROH)+

Mn2(O)(ROH)2+g

Mn(CO)(ROH)3+

Mn(ROH)2+
n2(CO)5+ Mn2(CO)5(ROH)+ 100
Mn2(CO)5(ROH)2+

a The structures of the product ions are assumed.
b 75% conversion into products; the pressure of CH3OH or CD3OH was 1.4× 1
c Mn2

+ ions are also formed (see text); the Mn2
+ ions were the most abundan

d These product ions are formed in the beginning in a yield below or close
e Low yields (≤1%) are observed initially; these ions are likely to react furt
f Small amounts (≤1%) are observed at short reaction times; these ions ca
g These ions may also attain a Mn2(OH)(RO)(ROH)+ structure.
4 8
9 6
4 3
2 2

12 11
3 2
3 1
4 –
20
80

0−8 mbar.
t ionic species present at reaction times of more than 1 s.
to 1% (see alsoTable 3).

her with methanol and – as a result – are not observed at longer reaction times.
n react slowly with methanol to afford Mn(ROH)2

+ ions (see text).
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Fig. 3. The reaction of the Mn2(CO)3+ ion with methanol followed as a function of reaction time: (�) (Mn2(CO)3+); (©) (Mn2(CO)2(CH3OH)+); (�)
(Mn2(CO)(CH3OH)+); (�) (Mn2(CH3OH)2+); (×) (Mn(CH3OH)2+); P(CH3OH) = 2.5× 10−8 mbar.

Figs. 3 and 4). The initial abundances of the primary product
ions given inTable 2are derived from the normalized prod-
uct ion abundances for reaction times up to a few seconds
[37].

Only minor amounts of Mn2(CO)+ ions are generated by
electron ionization of Mn2(CO)10 (Fig. 1). The low abun-
dance of the Mn2(CO)+ ions hampered the experiments con-
cerned with the rate of the reaction with methanol. Never-
theless, it could be observed that Mn2(CO)+ reacts readily
with methanol by loss of CO from the collision complex.

Also, abundant Mn2+ ions are formed possibly as a result of
a facile dissociation of the Mn2(CO)+ ions (see Section4).

The Mn2(CO)2+ ion reacts readily with methanol by the
loss of two CO ligands and the formation of ions which are
formulated as Mn2(CH3OH)+ (Eq.(1) andTable 2). The pre-
cise structure of the latter ions is unknown and the presence
of an intact alcohol molecule in the various product ions is
assumed for simplicity throughout Section3 and in the Ta-
bles (vide infra). Irrespective of the precise structure of the
Mn2(CH3OH)+ ions, these are observed to react relatively

F ion wit
( )(CH3

( r the fiv
ig. 4. The main reaction products of the reaction of the Mn2(CO)4+

+) (Mn2(CO)3(CH3OH)+); (�) (Mn2(CO)2(CH3OH)2+); (©) (Mn2(CO
Mn2(CH3O)2+); P(CH3OH) = 1.4× 10−8 mbar. Lines are drawn only fo
h CH3OH followed as a function of reaction time: (�) (Mn2(CO)4+);
OH)3+); (�) (Mn2(O)(CH3OH)2+); (�) (Mn2(CH3O)2(CH3OH)+); (�)
e most abundant ions for reasons of clarity.
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slowly with methanol by cleavage of the MnMn bond thus
leading to Mn(CH3OH)2+ ions (Eq.(2)).

Mn2(CO)2
+ + CH3OH → Mn2(CH3OH)+ + 2CO (1)

Mn2(CH3OH)+ + CH3OH → Mn(CH3OH)2
+ + Mn (2)

Comparable results are obtained for Mn2(CO)3+; that
is, in the reaction with methanol one or two CO ligands
are expelled from the collision complex with formation of
Mn2(CO)2(CH3OH)+ and Mn2(CO)(CH3OH)+ ions, respec-
tively (seeFig. 3 and Table 2). These ions react further
with methanol with the expulsion of the CO ligand(s) from
the collision complex and the formation of Mn2(CH3OH)2+

ions. In addition, cleavage of the MnMn bond occurs to a
minor extent in the consecutive reactions and leads to the
Mn(CH3OH)2+ ions that are observed also in this reactant
system.

The Mn2(CO)4+ ion reacts predominantly by incorpora-
tion of methanol concomitant with the loss of a CO ligand
(Eq. (3)) and only to a minor extent by formation of an
adduct ion (Eq.(4)). In addition, small amounts of a series
of Mn2(CO)n(CH3OH)+ (n= 0–2) ions are formed initially
as the result of the loss of more than one CO ligand from the
collision complex (Table 2).

Mn4(CO)2
+ + CH3OH → Mn2(CO)3(CH3OH)+ + CO

M

e
c
m inor
a
(
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M
a
M ith
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t loss
o ex-
p -
l . In
t
a
M

M c-
t
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o -
i he
M ol
t
M

Mn2(CO)2(CH3OH)2
+ + CH3OH

→ Mn2(CH3O)2(CH3OH)+ + H2 + 2CO (5)

Mn2(CO)2(CH3OH)2
+ + CH3OH

→ Mn2(CO)(CH3OH)3
+ + CO (6)

Small amounts of ions with a composition of
Mn2(O)(CH3OH)2+ are observed also at longer reaction
times. The origin of these ions is somewhat uncertain but
they are suggested to be formed in the consecutive reactions
of the Mn2(CO)n(CH3OH)2+ (n= 0–2) ions.

With CD3OH as the substrate, ions with an assigned struc-
ture of Mn2(CD3O)2(CD3OH)+ and Mn2(O)(CD3OH)2+ are
generated during the successive reactions of the Mn2(CO)4+

ions. The formation of the Mn2(CD3O)2(CD3OH)+ ions re-
veals that the loss of a hydrogen molecule involves only the
hydroxylic hydrogen atoms of the alcohol as exemplified in
Eq. (7). Also, the formation of Mn2(O)(CD3OH)2+ reveals
that the methane molecule expelled consists of the intact
methyl group and a hydroxylic hydrogen atom (Eq.(8)). This
is further supported by experiments with13CH3OH as the
substrate; that is, a13CH4 molecule is expelled in the consec-
utive reactions of Mn2(CO)4+ with 13-C labelled methanol.

ex-
c utive
a

M

3
n

s
w or-
p and
t
a
f and
e se-
r e
M ex-
p lex
t -
t

M cule
(3)

n4(CO)2
+ + CH3OH → Mn2(CO)4(CH3OH)+ (4)

Cleavage of the MnMn bond occurs also during th
onsecutive ion–molecule reactions in the Mn2(CO)4+/
ethanol system as revealed by the generation of m
mounts of Mn(CO)(CH3OH)3+ and Mn(CH3OH)2+ ions
Table 2).

The incorporation of methanol is consecutive for
n2(CO)4+ ion and results in Mn2(CO)2(CH3OH)2+

nd Mn2(CO)(CH3OH)3+ ions (see Fig. 4). Some
n2(CO)(CH3OH)2+ ions are also formed together w
n2(CH3OH)2+ ions indicating that the incorporation

he second methanol molecule is associated with the
f more than one CO ligand. This is corroborated by
eriments in which the Mn2(CO)3(CH3OH)+ ions are iso

ated and allowed to react selectively with methanol
hese experiments, about 90% Mn2(CO)2(CH3OH)2+ ions
re formed together with 5% Mn2(CO)(CH3OH)2+ and 5%
n2(CH3OH)2+ ions.
Ions with an assigned structure of Mn2(CH3O)2+ and

n2(CH3O)2(CH3OH)+ are also formed in the rea
ions of Mn2(CO)4+ with methanol (Table 2). These
roduct ions are likely to arise during the reacti
f the Mn2(CO)n(CH3OH)+ species (n= 0–2) in keep

ng with the results of experiments in which t
n2(CO)2(CH3OH)2+ ions react selectively with methan

o afford 35% Mn2(CH3O)2(CH3OH)+ ions and 65%
n2(CO)(CH3OH)3+ ions (Eqs.(5) and (6)).
Mn2(CO)2(CD3OH)2
+ + CD3OH

→ Mn2(CD3O)2(CD3OH)+ + H2 + 2CO (7)

Mn2(CO)2(CD3OH)2
+ + CD3OH

→ Mn2(O)(CD3OH)2
+ + CD3H + 2CO (8)

The Mn2(CO)5+ ion appears unable to undergo ligand
hange with methanol and reacts simply by the consec
ddition two CH3OH molecules (Eq.(9) andTable 2)

n2(CO)5
+ → 2CH3OH−→ Mn2(CO)5(CH3OH)2

+ (9)

.3. Reaction of Mn2(CO)4+ with ethanol and
-propanol

The Mn2(CO)4+ ion reacts similarly with ethanol a
ith methanol; that is, the initial reaction leads to inc
oration of an ethanol molecule and the loss of one

wo CO ligands with the formation of Mn2(CO)3(ROH)+

nd Mn2(CO)2(ROH)+ ions, respectively (Table 3). The
ormer ions can react further to incorporate ethanol
xpel one to three CO ligands thus leading to a
ies of Mn2(CO)n(ROH)2+ (n= 0–2) ions. Likewise, th
n2(CO)2(ROH)+ ion can react with ethanol under the
ulsion of one or two CO ligands from the collision comp

o afford Mn2(CO)(ROH)2+ and Mn2(ROH)2+ ions, respec
ively (Table 3).

Ions with a composition of Mn2(RO)2(ROH)+ and
n2(RO)2+ are formed also in the consecutive ion–mole
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Table 3
Relative yield (in %) of the product ions formed in the reaction of Mn2(CO)4+ with ethanol andn-propanola

Product ion Relative abundance

Initial
CH3CH2OH

Initial
CD3CD2OH

75% conversionb

CH3CH2OH
75% conversionb

CD3CD2OH
Initial n-
C3H7OH

Initial n-
C3D7OH

75% conversionb

n-C3H7OH
75% conversionb

n-C3D7OH

Mn2(CO)3(ROH)+ 85 80 34 36 26 50 13 20
Mn2(CO)2(ROH)2+ 2 6 1 –
Mn2(CO)(ROH)3+ 2 3 –
Mn2(CO)4(ROH)+ 2 4 3 10
Mn2(CO)2(ROH)+ 15 20 3 – 21 15 2 –
Mn2(CO)(ROH)+ –c –c –c –c 53 35 19 11
Mn2(CO)(ROH)2+ 16 17 – 3
Mn2(ROH)+ 3 2 8 3
Mn2(ROH)2+ 11 8 10 1
Mn2(RO)2(ROH)+ 8 9 6 11
Mn2(RO)2+ 4 3 13 7
Mn2(O)(ROH)2+d 5 4 11 17
Mn2(O)(ROH)+e – – 11 13
Mn(CO)(ROH)3+ 9 8 – –
Mn(ROH)2+ 1 – 3 4

a The structures of the product ions are assumed.
b 75% conversion into products,P(C2H5OH) = 1.2× 10−8 mbar; P(C2D5OH) = 1.1× 10−8 mbar; P(C3H7OH) = 1.0× 10−8 mbar; P(C3D7OH) =

0.9× 10−8 mbar.
c These product ions are formed initially in a relative yield close to 1%.
d These ions may also have a Mn2(OH)(RO)(ROH)+ structure.
e Alternatively, these ions can be formulated as Mn2(OH)(RO)+ species.

reactions of Mn2(CO)4+ with ethanol. The formation of these
ions are ascribed to the loss of H2 from the collision com-
plexes that are formed during the reactions of the series of
Mn2(CO)n(ROH)2+ (n= 1–2) ions. In addition, this latter ion
series can be held responsible for the formation of ions of
Mn2(O)(ROH)2+ ions by the expulsion of an ethane molecule
from the collision complexes.

In keeping with the results for the deuterium labelled
methanol, the Mn2(CO)4+ ion reacts with CD3CD2OH to
afford Mn2(CO)n(CD3CD2OH)2+ (n= 0–2) ions that react
further with ethanol under the expulsion of H2 or C2D5H
from the collision complexes as illustrated in Eqs.(10) and
(11).

Mn2(CO)2(C2D5OH)2
+ + C2D5OH

→ Mn2(C2D5O)2(C2D5OH)+ + H2 + 2CO (10)

Mn2(CO)2(C2D5OH)2
+ + C2D5OH

→ Mn2(O)(C2D5OH)2
+ + C2D5H + 2CO (11)

The overall results for the reactions of Mn2(CO)4+ ion
with n-proponal are comparable to those obtained with
ethanol as the substrate. A main difference is that up to
t tion
w lled
i l
t n
a with
e
M

more facile process in the reactions of the Mn2(CO)n(ROH)2+

ions for n-propanol than for ethanol. With the labelledn-
propanol, CD3CD2CD2OH, H2 or C3D7H are expelled in
the consecutive ion–molecule reactions in keeping with the
results for deuterium labelled ethanol and methanol.

4. Discussion

The results inTables 1 and 2reveal that the dimanganese
carbonyl ions react readily with methanol and that the nature
of the primary and consecutive reactions is strongly depen-
dent on the number of CO ligands present in the reactant ion.
In terms of reaction rates, we observe a smooth decrease in
the efficiency of the reaction as the number of CO ligands is
increased from 2 to 5; that is, the Mn2(CO)2+ reacts about
a factor of 5 faster than the Mn2(CO)5+ ion under our ex-
perimental conditions (Table 1). The monotonous decrease
in reaction efficiency with an increase in the number of CO
ligands is distinct from the trend in reactivity reported for
transition metal carbonyl anions; for example, the Mn(CO)−
and Mn(CO)2− ions are unreactive towards methanol in the
gas phase, whereas the Mn(CO)3

− ion reacts readily by a for-
mal ligand substitution process and bond activiation leading
to the loss of one or two H2 molecules[34].

of the
M se-
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t
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hree CO ligands are eliminated in the primary reac
ith n-propanol, whereas only two CO ligands are expe

n the reaction with ethanol (Table 3). With n-propano
he Mn2(RO)2(ROH)+ and Mn2(RO)2+ ions are formed i

somewhat higher yield than during the reactions
thanol. This holds in particular for the Mn2(O)(ROH)2+ and
n2(O)(ROH)+ ions indicating that the loss of C3H8 is a
The present results reveal also that the reaction rate
n2(CO)4+ ions with aliphatic alcohols decreases in the

ies methanol, ethanol andn-propanol. A significant chang
n reaction efficiency is also observed if the alkyl group of
lcohol is fully labelled with deuterium atoms. For metha

he efficiency of the reaction of Mn2(CO)4+ decreases from
.37 (CH3OH) to 0.13 (CD3OH) and forn-propanol the effi
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ciency decreases from 0.32 (n-C3H7OH) to 0.15 (n-C3D7OH;
seeTable 1). Irrespective of the fact that the experimental rate
constants and efficiencies may be associated with a relatively
large systematic error (see Section2), the results reveal the
occurrence of an isotope effect on the overall reaction rates
of 2.8 for methanol, 2.3 for ethanol and 2.1 forn-propanol
as the substrate. The presence of such isotope effects argues
against the suggestion that the reaction of the Mn2(CO)4+ ion
with the aliphatic alcohols is a simple ligand exchange pro-
cess associated to some extent with the loss of additional CO
ligands. A simple view on the occurrence of isotope effects
could be that the rate-determining step involves insertion by
one of the manganese centers into a H(D)C bond of the
aliphatic alcohols. However, the manganese ion is known to
be relative unreactive in its electronic ground state[16,17]
and not particularly prone to undergo HC insertion reac-
tions. In other words, it is considered unlikely that insertion
into a H C of one of the alcohol molecules occurs in the re-
actions of the Mn2(CO)4+ ion. This view is supported by the
fact that none of the other results obtained in this study sup-
ports the occurrence of such a reaction step (vide infra). The
lower rate of the reactions with the aliphatic alcohols may
be thought, therefore, to arise by rate determining insertion
into the O H and/or the CO bond of the alcohol molecule
that is incorporated into the reactant Mn2(CO)4+ ion. The
o s that
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ciation energies, the average value for the MnCO bonds
in the Mn2(CO)10

+ ion has been given as 70–75 kJ mol−1

on the basis of appearance energy measurements[41] and
determinations of threshold value for collision-induced CO
loss from a limited series of Mn2(CO)n+ ions [42] in line
with photo dissociation experiments that indicate an upper
limit of 105 kJ mol−1 [43,44]. However, the value for the
Mn2(CO)+ ion can be estimated to be only about 25 kJ mol−1

from the reported appearance energy measurements. Such
a low value for the Mn-CO BDE is in line with the facile
loss of CO from the Mn2(CO)+ ion and the ready reac-
tion of this particular ion with methanol (see Section3).
For the other ions included in this study, the reported ap-
pearance energies[41] give rise to approximate BDE values
of 123 kJ mol−1 (Mn2(CO)2+), 100 kJ mol−1 (Mn2(CO)3+),
81 kJ mol−1 (Mn2(CO)4+) and 141 kJ mol−1 (Mn2(CO)5+).
Even though these values are slightly larger than the aver-
age value suggested in the literature, the estimates indicate a
non-systematic trend in Mn-CO BDE with an increase in the
number of CO ligands. Upon the assumption that the BDE
is nearly constant, the decrease in the tendency to expel CO
could imply that the incorporation of a methanol molecule
becomes energetically less favorable as the number of lig-
ands is increased in the Mn2(CO)n+ ions. This would then
mean that the reaction of the Mn2(CO)2+ ion with methanol
i +
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significant change occurs in the vibrational modes o
(D) C bonds remote to the bond-insertion site. In gen

erms, it may be expected that insertion into the OH bond
ould effect the vibrational modes of the methyl or me

ene group of the evolving alkoxy group to a smaller ex
han an insertion into the CO bond. If the isotope effect
aused by insertion into the CO bond, this implies that inse
ion into the C O bond of one of the manganese center o
eactant Mn2(CO)4+ ions is associated with a kinetic barr
nd that H(D)-C vibrational modes of the evolving methy
ethylene group are altered significantly upon reachin

ransition state for this step in the overall reaction seque
t could also be mentioned that sizable normal secon
euterium isotope effects can be observed for unimole
eactions of gaseous ions[38,39]and that the size of the e
ect is strongly dependent on the distance to the cleavag
40]. Irrespective of the precise origin of the present iso
ffect, it is suggested that the incorporation of an alc
olecule into the dimanganese containing ions is unlike
e a simple ligand substitution type process.

The incorporation of an alcohol molecule in the re
ant ions is to some extent associated with the loss o
Table 2). The extent to which CO ligands are expe
n the initial reaction depends on the reactant Mn2(CO)n+

on as well as on the size of the aliphatic alcohol. For
n2(CO)2+ ion, both CO ligands are expelled in the
ction with methanol, whereas the Mn2(CO)3+ ion reacts
ith the loss of one and two CO molecules. For Mn2(CO)4+

nly one CO ligand is expelled and for the Mn2(CO)5+ ion
dduct formation occurs (Table 2). In terms of bond disso
s more exothermic than the reaction of the Mn2(CO)5 with
his substrate.

For the ethanol as the substrate, the initial reaction o
n2(CO)4+ ion leads to a pronounced loss of two CO
nds, whereas the reaction with methanol results in a n
ible amount of product ions formed by the loss of two

igands. This may indicate that the reaction with ethan
ore exothermic than with methanol and a similar thou

ould explain the pronounced loss of up to three CO lig
n the initial reaction of the Mn2(CO)4+ ion with n-propano
Table 3).

In the initial reactions of the Mn2(CO)n+ ions with the
lcohols, cleavage of the MnMn bond is not observed. Th

s in contrast to the reactions of the Mn2
+ ion with methano

hich involves predominant MnMn bond rupture and th
ormation of Mn(CH3OH)+ ions [22]. Clearly, the absenc
f this process even in the reaction of the Mn2(CO)+ ion

ndicates that the formal exchange of a CO ligand fo
ethanol molecule releases insufficient energy for clea
f the Mn Mn bond. A more detailed analysis of the
rgetics of these reactions is hindered, however, by th
ence of consistent thermodynamic data for the dimang
arbonyl ions. Even the BDE of the Mn2

+ ion is uncertain
hat is, the BDE of the Mn2+ ions is indicated to be abo
0 kJ mol−1 on the basis of collision-induced dissociat
CID) experiments[45], whereas photo dissociation exp
ments suggests that the value should exceed 134 kJ m−1

46] but be lower than 184 kJ mol−1 [43]. With respect to
he Mn2(CO)n+ ions (n= 2–5), CID experiments with th
n2(CO)2+ ions indicate that the loss of a Mn atom fro

his ion has a threshold energy of more than 202 kJ m−1
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Scheme 1. Overall view of the initial and consecutive reactions of the
Mn2(CO)3+ ion with methanol.

[42]. For the Mn2(CO)10
+ ion, the strength of the MnMn

bond has been given as 80 kJ mol−1 [25] and 92 kJ mol−1

[47], whereas a value of about 46 kJ mol−1 is obtained on
the basis of reported thermodynamic data[41]. In other
words, it could be expected that the MnMn bond is par-
ticular weak in the Mn2+ ion and the ionized Mn2(CO)10
system, whereas the Mn2(CO)n+ (n= 1–4) may have stronger
Mn Mn bonds in agreement with the conclusion reached on
the basis of photo dissociation experiments[44]. As a result
the rupture of the MnMn bond may be unable to compete
with the formal exchange of a CO ligand for methanol or
the slow addition of methanol as observed for Mn2(CO)5+

(Table 2).
Cleavage of the MnMn bond is occurring, however, in

the consecutive reactions, for example, of the Mn2(CO)3+

ion with methanol (Table 2). The reaction sequence shown in
Scheme 1involves an initial formal ligand substitution with
concomitant loss of one or two CO ligands. This is followed
by a second exchange reaction leading to the Mn2(CH3OH)2+

ion that competes with cleavage of the MnMn bond to afford
Mn(CH3OH)2+ ions. In this scheme, the formal substitution
reaction is shown as leading to ions with an intact alcohol
molecule. Other ion structures may be attained, however, as
shown inScheme 2for the main product ion of the reaction
between Mn2(CO)4+ and one of the alcohols. InScheme 2,
i ction
w
s the
m ond-
i leptic

Scheme 3. Overview of the most important initial and consecutive reactions
of the Mn2(CO)4+ ion with CD3OH.

Mn2(CO)n (n= 7–9) neutral species on the basis of DFT cal-
culations[48].

The formation of ions such asb andc is not only sup-
ported by the isotope effect on the reaction rates but also by
the findings for the consecutive ion–molecule reactions ob-
served for the Mn2(CO)4+ ion. The overall main reactions
of this particular ion with CD3OH are shown inScheme 3.
The first reaction is shown as a formal substitution process
followed by a secondary reaction with CD3OH leading to
Mn2(CO)2(CD3OH)2+ ions that can react further to expel
CO together with H2 or CD3H (see alsoTable 2). Clearly,
the occurrence of H2 loss is consistent with insertion into the
O H bond either in the initial step and/or during the con-
secutive incorporation of methanol. The absence of loss of
HD or D2 also supports the anticipation that insertion by a
manganese center into a DC (or H C bond) of methanol is
not occurring (vide supra). The loss of CD3H is indicative
of C O bond insertion and may be thought to lead to oxo-
dimanganese species even though other structures such as a
Mn2(OH)(CD3O)(CD3OH)+ species can also be formed (see
Scheme 3).

mal liga
on a represents the product of a ligand exchange rea
hereas the ionsb andc arise by O H and C O bond in-
ertion, respectively. Bridging of the CO ligands between
etal centers may also be possible as well as multiple b

ng between the manganese atoms as reported for homo

Scheme 2. Possible structures of the ions formed by the for
 nd exchange reaction of the Mn2(CO)3+ ion with an aliphatic alcohol.
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Scheme 4. Possible reactions of the Mn2(CO)n(n-C3D7OH)2+ ions withn-C3D7OH. Reaction I involves an insertion into the CO bond followed by the
elimination of C3D7H and the CO ligands. Reaction II represent a hypothetical insertion into the CO bond and a CD bond followed by the expulsion of
C3D6 and HD together with the CO ligands (see text).

In mechanistic terms the reactions of the Mn2(CO)4+

ions with ethanol andn-propanol can be formulated as
for methanol inScheme 3. In particular, the results of the
labelling experiments with ethanol andn-propanol reveal
the hydrogen molecule expelled in the consecutive reac-
tions originate entirely from the hydroxylic groups. This
process leads to Mn2(RO)2+ as well as Mn2(RO)2(ROH)+

possibly as a result of a somewhat pronounced formation
of Mn2(CO)2(ROH)+ ions in the primary reactions and
of Mn2(CO)(ROH)2+ ions in the secondary reactions with
ethanol orn-propanol (Tables 2 and 3). In comparison with
methanol, the formation of Mn2(O)(ROH)2+ ions occurs to
almost the same extent with ethanol but is significantly en-
hanced ifn-propanol is the substrate. For this alcohol, the
process leads also to Mn2(O)(ROH)+ ions indicating that the
loss of propane may be energetically more favorable forn-
propanol than for methanol or ethanol (see alsoScheme 4).
In terms of a possible reaction pathway, the neutral product
of this channel could be an alkene and a hydrogen molecule
if ethanol orn-propanol is the substrate. For the labelledn-
propanol this implies that DC bond cleavage is involved at
some stage of the reaction and that an intermediate contain-
ing an alkene ligand, an OH group and a deuteride could be
formed during the overall process leading to the observed
Mn2(O)(C3D7OH)2+ ions as indicated inScheme 4. How-
e en is
e kane
w
p cs
o that
o
t
t H
( con-

secutive reactions of the Mn2(CO)4+ ions with the aliphatic
alcohols.

5. Conclusions

The Mn2(CO)n+ ions (n= 1–4) react with methanol by a
formal ligand substitution process that is associated with the
loss of CO ligands, whereas addition of methanol occurs in
the reactions of the Mn2(CO)5+ ion. The efficiency of the re-
action with methanol decreases as the number of CO ligands
in the reactant increases; that is, in the series Mn2(CO)2+,
Mn2(CO)3+, Mn2(CO)4+ and Mn2(CO)5+. Also, the effi-
ciency of the reactions of the Mn2(CO)4+ decreases in the
series methanol, ethanol andn-propanol. Notably, the effi-
ciency of the reaction of Mn2(CO)4+ with CD3OH is sig-
nificantly lower than with CH3OH and a similar finding is
obtained for ethanol andn-propanol. The origin of this iso-
tope effect is uncertain but its occurrence suggests that the
initial incorporation of an alcohol molecule is not a simple
substitution process.

Cleavage of the MnMn bond is not observed in the pri-
mary reactions of the dimanganese carbonyl ions but occurs
to some extent in the subsequent reactions of some of the
p con-
s ,
a to
r
C
i con-
s
s g the
c

ver, the formation of an alkene and molecular hydrog
stimated to be less favorable than formation of an al
ith 136 kJ mol−1 for ethanol and with 125 kJ mol−1 if n-
ropanol is the substrate[49]. The unfavorable energeti
f this pathway may in part be responsible for the fact
nly ions corresponding to the loss of H2 are formed in

he reactions with the labelled ethanol andn-propanol and
hus argue against the occurrence of an insertion into aC
or D C) bond of the manganese centers during the
roduct ions of the formal substitution process. In the
ecutive reactions of the Mn2(CO)4+ ion with the alcohols
n Mn2(CO)2(ROH)2+ ion is formed. This ion is indicated
eact further by competing insertion into the OH bond and

O bond of the substrate. The occurrence of OH bond
nsertion is revealed by the loss of a hydrogen molecule
isting of hydroxyl hydrogen atoms, whereas CO bond in-
ertion is held responsible for the loss of an alkane durin
onsecutive reactions.
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