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Abstract

The gas-phase reactions of dimanganese carbonyl iong(@@),"; n=1-5) with methanol have been studied with the use of Fourier
transform ion cyclotron resonance (FT-ICR) mass spectrometry. The predominant reaction o$(8©)hions with up to four CO ligands
involves the incorporation of methanol and the loss of one or more CO ligands, whereas;{fiMhion reacts by the successive addition
of two alcohol molecules. The efficiency of the overall reaction with methanol decreases with the number of CO ligands present in the
manganese containing ion. In addition, the reactions of thg®D)," ion with ethanol ane-propanol have been examined and observed to
be less efficient than the reaction with methanol. The efficiency of the reaction of F{i€®)* ion with CD;OH, C,DsOH orn-C;D;0H is
significantly lower than of the reaction with the related unlabelled species revealing the occurrence of a significant isotope effect on the overall
process. The primary product ions of the reactions 0b(@0®),* with an alcohol react further with the formation of MEO),(ROH),*

(n=0-2) ions. These latter ions react with an alcohol molecule with the formation of collision complexes that expel a hydrogen or alkane
molecule together with the CO ligands. Based upon experiments wig®8DPC,DsOH andn-C;D,0OH, respectively, the loss of a hydrogen
molecule is concluded to involve insertion into the-®bond, whereas alkane elimination is a result of insertion into th® Gond of the

alcohol.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction inthe gas phase reveal arich chemistry involving fundamental
processes that are well-known for condensed phase systems,
The study of transition metal containing ions in the gas such as ligand exchange and insertion into-a&dCC-O or
phase offers the opportunity to probe their intrinsic chemical C—C bond[6,7]. Most of the reported studies concerned with
and physical properties in the absence of complicating fac- the gas-phase ion—-molecule chemistry are focused on bare
tors such as interactions with solvent molecules and countertransition metal ions or metal ions bonded to ligands such as
ions[1,2]. The gas-phase chemistry of electronically and co- CO and a cyclopentadienyl grofip-5]. The ion—molecule
ordinatively unsaturated transition metal igB8%is not only chemistry of small transition metal clustd9] have been
inherently interesting, but can also provide insight into the examined less extensively even though the results of such
mechanisms of reactions in solution and on surfaces and thusstudies may assist in understanding catalytic reactions under
lead to a better description of the properties of intermediates heterogeneous conditions.
specie$4,5]. The extensive literature on transition metal ions Transition metal complexes are also of crucial importance
in biological systems in which they often act as an essential
* Corresponding author. Tel.: +31 205 256 967; fax: +31 205 256 971. Part of the reactive centers of enzymes. In this context, man-
E-mail addressingemann@science.uva.nl (S. Ingemann). ganese is an important element that is part of the active site
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of the photosystem [lL0] and a number of catalasgd,12] into the gas-phase ion—molecule chemistry of dimanganese
The studies of the biological systems —in particular dinuclear containing species we allowed a series of CO),* ions
manganese containing catalafE3] — have inspired the de-  to react with aliphatic alcohols in a Fourier transform ion
velopment of complexes that are capable of catalyzing the ox- cyclotron resonance (FT-ICR) instrumdR¥7]. Specifically,
idation of simple organic molecul§bs4,15] Notwithstanding the present study was undertaken in order to determine the
the interest in manganese containing complexes in biologi- reactivity of the M(CO),* ions as a function of the num-
cal and chemical systems, relatively little is know about the ber of CO ligands, to examine the extent of ligand exchange
intrinsic ion—molecule reactions of such species in the gasand to study the propensity for cleavage of-Muin bond.
phase. The bare Mnion has been studied and is reported The aliphatic alcohols were selected as substrates with the
to be relatively unreactive towards simple molecules in the purpose of examining the possible occurrence of insertion
electronic ground statfl6,17], whereas the excited states into a covalent bond in the substrate by one of the manganese
of Mn™* react with alkanes by-€H and G-C bond insertion atoms of the reactant ions. In addition, the alcohols were cho-
[18]. Insertion into a &C bond is reported to occur alsointhe sen for a closer study, because such species can emerge as
unimolecular dissociations of metastable complexes of Mn important intermediates in the synthesis of hydrocarbons by
and 4-octynd19] and selective activation of the-© bond the Fischer-Tropsch process over catalyst that may contain
is known to be involved in the loss of water from metastable manganes§8,29]

complexes of Mii and 2-butano[20]. Ligand substitution

has been examined for a variety of RMions with crown

ethers and reported to involve the replacement of the smaller2. Experimental section

crown ether by the higher homolog[#d]. The dimanganese

ion, Mny*, has not been studied in great detail but is reported 2.1. Instrumental method

to react predominantly with aliphatic alcohols by cleavage of

the Mn-Mn bond with the formation of Mn(ROR)ions that The experiments were performed with the use of a Bruker
may attain a Mn(R)(OH) structure[22]. Other studies of  Daltonics APEX Il FT-ICR mass spectrometer which has
binuclear manganese containing species have addressed thHgeen described previous|80]. The dimanganese carbonyl

clustering reactions of ions derived from M€0O);0[23] and ions were formed by electron ionization of MCO) g as
the ion—molecule chemistry of the M@," and Mn,O" ions introduced into the external ion source with a direct insertion
formed in the reactions of MiGCO),* with O, [24]. A sys- probe at a temperature of 25—30D. The ion-source temper-

tematic study of the reaction of dimanganese carbonyl ions ature was maintained at 10C and the electron energy was
with simple molecules has not been undertaken even thoughbetween 30 and 70 eV. The MCO),* ions withn=2, 3, 4,
these are formed in relatively high yields by electron ioniza- 5 and 10 were the most abundant in the series, whereas the
tion of Mny(CO)10 [25,26] In order to obtain more insight  remaining ions were formed in a relatively low yiekig. 1).
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Fig. 1. Electron ionization (70 eV) mass spectrum of(@0) o as recorded with the Bruker Daltonics APEX Il FT-ICR mass spectrometer.
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The ions were extracted from the ion source and acceleratedyere dried on molecular sieves &3 for at least two days
into a 3keV beam that was focused with a series of elec- prior to use.

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 3. Results

the ions in the infinity cell of the instrument. The aliphatic al-

cohols were introduced into the FT-ICR main vacuum system 3.1. Reaction rates

through a leak valve until the indicated pressure was about

2.5x 10-8 mbar. The indicated pressures were corrected for  In the present experiments, the MEO),* ions were

the sensitivity of the ionization gauge for the neutral species isolated in such a way that the excess kinetic energy was

according to areported procedure (see alsg3&f). In brief, brought to a minimum prior to the reactions with a given

the measured partial pressures were corrected with the use oéilcohol in line with previous studief80,34] The precise

R=0.36x+0.30 in whichR is the sensitivity relative to N distribution of the internal and kinetic energy of the ions is

(R(Ny) is arbitrarily set to 1 and is the molecular polariz-  unknown but a linear dependence (correlation coefficient

ability) [32]. 0.990) of the natural logarithm of the normalized abundance
Collisional lowering of the kinetic energy of the ions of the reactant Mg{CO)," ions with time was observed in

trapped in the FT-ICR was achieved by admitting Ar gas all experiments (se€ig. 2). This is in agreement with the

to the cell through a pulsed-valve. The valve was open for a fact that the kinetics of ion—-molecule reactions in an FT-

period of 60—120 ms; the exact time depended on the pres-ICR instrument are pseudo-first-order since the number of

sure of Ar gas (0.5—1bar) in the reservoir connected to the ions are normally a factor of fdower than of the neutral

valve itself. The indicated peak pressure of Ar in the vacuum reactants.

system of the instrument was 1®mbar. After a period of The experimental pseudo-first-order rate constants were

1.5to 2 s the pressure in the FT-ICR cell was sufficiently low converted subsequently into the second order constants with

to allow a given Ma(CO)," ion to be selected by ejection of the use of the corrected pressure of a given alcohol and an as-

all other ionic species from the FT-ICR cell. The isolation of sumed temperature of 298 K. Even though the corrected pres-

the ions of interest was achieved in such manner that the off-sure of the alcohol was used to estimate the rate constants, the

resonance excitation of their kinetic energy was avo[@&8{ values given inTable 1may be associated with a relatively

After the isolation procedure, the reactions of the selected large systematic error (30-50%). Relative to each other, the

ions with a given substrate were followed as a function of rate constants are considered to be sufficiently precise to al-

time. low a determination of the trend in the reactivity of the ions
towards the (un)labelled alcohols. The reactivity order of the
2.2. Materials ions is indicated by the efficiency of the overall reactions ob-

tained as the ratio between the experimental rate constant and
All chemicals were obtained commercially and used with- the collision rate constant obtained from the average dipole
out purification. The (un)labelled aliphatic alcohols used orientation (ADO) theory35,36] The efficiencies obtained

Mn3(CO)s"

Mn2(CO)s"

Ln[Mn2(CO)n*]

Mn2(CO)3"
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Reaction Time in s

Fig. 2. Time dependence of the natural logarithm of the normalized abundance of #(€®)s" ions in the presence of GOH in the FT-ICR cell. The
pressure of methanol was in the different experimeP€HsOH) = 2.5x 108 mbar (reactant ion: Mi(CO)*); P(CHsOH) = 1.4x 108 mbar (reactant ion:
Mn2(CO)™); P(CH3OH) = 0.95x 10-8 mbar (reactant ion: Mi{CO) ™).
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Table 1

Rate constants (in chmolecule! s~1) and efficiencies of the reactions of the MBO),* ions (n = 2-5) with (un)labelled methanol, ethanol amaropanol,
respectivel§

Reactant ion Alcohol Rate constaakp kapo® Efficiencies Relative efficiencies
Mn2(COY* CH3OH 8.22x 10710 1.55x 107° 0.53 1

Mn,(CO)* CH30H 7.48x 10710 1.54x 107° 0.49 0.92

Mn2(CO)* CH30H 5.58x 10710 1.52x 107° 0.37 0.70

Mn,(CO)* CD3OH 1.96x 10710 1.48x 107° 0.13 0.25

Mn2(CO)* CH3OH 1.69x 10710 1.51x 107° 0.11 0.21

Mn,(CO)* CH3CH,OH 4.73x 10710 1.51x 107° 0.31 0.58

Mn(CO)* CD3CD,0OH 1.96x 10710 1.45x 107° 0.13 0.25

Mn,(CO)* CH3CH,CH,0OH 2.51x 10710 1.47x107° 0.17 0.32

Mn,(CO)* CD3CD,CD,0H 1.17x 10710 1.40x% 10°° 0.08 0.15

2 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 (

text).

b The efficiencies have been obtained as the ratio between the experimentally obtained rate constant and the collision rate constant as e$tenated with t

of the average dipole orientation (ADO) theory (see rfi5,36)).

by this procedure are givenirable 1together with the values

in Table 2 The results for the ions witin=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 10-15s. The distinction between the initial product ions
and the ions formed by consecutive ion—molecule reactions
The ionic products of the reactions between the is achieved from the plots of the normalized abundances
Mny(CO)* ions (1=1-5) and methanol are summarized of the various ions as function of time (see, for example

relative to the reaction with the highest efficiency.

3.2. Reactions with methanol

Table 2

Relative yield (in %) of the product ions formed in the reaction of the.(@®),* ions (1= 1-5) with methanol

Reactant ion Product ién Relative abundance
Initial CH3OH Initial CDsOH 75% conversichCHzOH 75% conversidhCDsOH

Mn(CO)* Mn2(ROH) 106 -

Mn,(COY* Mna(ROH)" 100 91
Mn(ROH),* 9

Mn,(COY%* Mn2(CO)(ROH) 27 21
Mnz(CO)(ROHY 73 27
Mna(ROH),* 39
Mn(ROH),* 13

Mn,(CO)* Mn2(CO)(ROH) 100 100 23 28
Mn,(CO)(ROH),* 12 14
Mn2(CO)(ROHY* 11 11
Mn,(CO}(ROH)* d d ad 69
Mn2(CO)(ROH) . . - -
Mn2(CO)(ROHY . € - -
Mn2(CO)(ROHY* 10 8
Mn2(ROH) f f 4f gf
Mna(ROH),* 9 6
Mn2(ROH):* 4 3
Mna(ROY* 2 2
Mn2(RO)(ROH)" 12 11
Mn2(O)(ROH)*9 3 2
Mn(CO)(ROHY* 3 1
Mn(ROH),* 4

Mn2(CO)%* Mn2(CO)(ROH) 100 20
Mn2(CO)(ROH),* 80

2 The structures of the product ions are assumed.
b 75% conversion into products; the pressure oOH or CD;OH was 1.4x 108 mbar.
¢ Mn,* ions are also formed (see text); the Mrions were the most abundant ionic species present at reaction times of more than 1s.

d These product ions are formed in the beginning in a yield below or close to 1% (sékahled.
€ Low yields (<1%) are observed initially; these ions are likely to react further with methanol and — as a result — are not observed at longer reaction times.

f Small amounts£1%) are observed at short reaction times; these ions can react slowly with methanol to afford Msi{(R@Bl{see text).
9 These ions may also attain a M@H)(RO)(ROHY structure.
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Fig. 3. The reaction of the MifCO)* ion with methanol followed as a function of reaction tim@®)((Mn2(COX*); () (Mnz(CO)%(CH3zOH)"); (A)
(Mn2(CO)(CHsOHY™); (a) (Mn2(CH3OH)2"); (x) (MN(CHsOH),*); P(CH3OH) = 2.5x 108 mbar.

Figs. 3 and % The initial abundances of the primary product Also, abundant Mg ions are formed possibly as a result of
ions given inTable 2are derived from the normalized prod-  a facile dissociation of the MifCO)* ions (see Sectiod).
uct ion abundances for reaction times up to a few seconds The Mrnp(CO)* ion reacts readily with methanol by the

[37]. loss of two CO ligands and the formation of ions which are
Only minor amounts of Mg(CO)* ions are generated by  formulated as Mp(CH3OH)* (Eq. (1) andTable 2. The pre-
electron ionization of Mp(CO)o (Fig. 1). The low abun- cise structure of the latter ions is unknown and the presence

dance of the Mp(CO)" ions hampered the experiments con- of an intact alcohol molecule in the various product ions is
cerned with the rate of the reaction with methanol. Never- assumed for simplicity throughout Secti8rand in the Ta-

theless, it could be observed that M@O)" reacts readily bles (vide infra). Irrespective of the precise structure of the
with methanol by loss of CO from the collision complex. Mny(CH3OH)* ions, these are observed to react relatively
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Fig. 4. The main reaction products of the reaction of the,(@®),* ion with CH;OH followed as a function of reaction time®j (Mnz(CO)™*);
(+) (Mn2(COR(CHzOH)"); (0) (Mn2(COR(CH3OH)."); (O) (Mn2(CO)(CHOH)s™); (4) (Mn2(0)(CHOH):™); (#) (Mn2(CH30)2(CH3OH)Y); (a)
(Mn2(CH30),*); P(CHzOH) = 1.4x 10~8 mbar. Lines are drawn only for the five most abundant ions for reasons of clarity.
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slowly with methanol by cleavage of the MNn bond thus
leading to Mn(CHOH),* ions (Eq.(2)).

Mn2(CO) ™ + CH3OH — Mn,(CH3OH)™ +2CO (1)

)

Comparable results are obtained for N@O);*; that
is, in the reaction with methanol one or two CO ligands
are expelled from the collision complex with formation of
Mn2(CO)(CH3OH)* and Mrp(CO)(CHsOH)* ions, respec-
tively (seeFig. 3 and Table 9. These ions react further
with methanol with the expulsion of the CO ligand(s) from
the collision complex and the formation of MCH3OH),"
ions. In addition, cleavage of the MiMn bond occurs to a

Mn,(CH3OH)* + CH30OH — Mn(CH3OH),* +Mn

E.S.E. van Beelen, S. Ingemann / International Journal of Mass Spectrometry 241 (2005) 63-73

Mn2(CO)(CH30H), ™ 4+ CHzOH

— Mn(CH30)(CH3OH)" +H, 4 2CO (5)

Mn,(CO)(CH30OH),* + CHzOH

— Mn,(CO)(CHsOH)3* +CO (6)

Small amounts of ions with a composition of
Mn,(O)(CH3OH),* 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 M (CO),(CH30H),™ (n=0-2) ions.

With CD3OH as the substrate, ions with an assigned struc-

minor extent in the consecutive reactions and leads to theture of Mnp(CD30)2(CD3OH)* and Mny(O)(CD3OH),™ are
Mn(CH3OH),* ions that are observed also in this reactant generated during the successive reactions of thg(®m),*

system.

The Mny(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)(CH30OH)" (n=0-2) ions are formed initially

ions. The formation of the Mi{CD30),(CD3OH)* ions re-
veals that the loss of a hydrogen molecule involves only the
hydroxylic hydrogen atoms of the alcohol as exemplified in
Eqg. (7). Also, the formation of Mp(O)(CD3OH)," reveals
that the methane molecule expelled consists of the intact
methyl group and a hydroxylic hydrogen atom (ER)). This

as the result of the loss of more than one CO ligand from the is further supported by experiments withCH3OH as the

collision complex Table 2.
Mn4(CO) ™ + CH3OH — Mny(CO)(CHzOH)™ 4+ CO
(3)

Mn4(COY " + CHzOH — Mn(CO)(CHsOH)* @)

Cleavage of the MaMn bond occurs also during the
consecutive ion—molecule reactions in the MDO)*/

methanol system as revealed by the generation of minor

amounts of Mn(CO)(CKOH)s* and Mn(CHOH),* ions
(Table 2.

The incorporation of methanol is consecutive for the
Mn2(CO)}* ion and results in Mp(CO)(CH3OH),*
and Mrp(CO)(CHsOH)s* ions (see Fig. 4). Some
Mn2(CO)(CH3OH),* ions are also formed together with
Mny(CH3zOH),* ions indicating that the incorporation of

substrate; that is,"#CH4 molecule is expelled in the consec-
utive reactions of Mp(CO),* with 13-C labelled methanol.

Mn,(CO)(CD3OH),™ + CD3OH

— Mn(CD30),(CD3OH)™ +H, + 2CO (7)

Mn,(CO)(CD3OH),* + CD3OH

— Mn2(0)(CDsOH)," +CDsH + 2CO (8)

The Mnp(CO)s™* ion appears unable to undergo ligand ex-
change with methanol and reacts simply by the consecutive
addition two CHOH molecules (Eq(9) andTable 29

2CHzOH
- —>

Mn(CO)™ Mna(CO)(CH3OH),*  (9)

3.3. Reaction of Mg{CO)* with ethanol and

the second methanol molecule is associated with the lossn-propanol

of more than one CO ligand. This is corroborated by ex-

periments in which the My{CO)3(CH3zOH)* ions are iso-
lated and allowed to react selectively with methanol. In
these experiments, about 90% MBO)(CH30H)," ions
are formed together with 5% M(CO)(CHOH),* and 5%
Mn2(CH3zOH),* ions.

lons with an assigned structure of M&H3O)," and
Mn2(CH30)2(CH3OH)* are also formed in the reac-
tions of Mmp(CO)* with methanol Table ). These
product ions are likely to arise during the reactions
of the Mmp(CO),(CH3OH)* species 1§=0-2) in keep-
ing with the results of experiments in which the
Mn2(CO)(CH30H),* ions react selectively with methanol
to afford 35% Mn(CH30)2(CHzOH)" ions and 65%
Mn,(CO)(CHsOH)3* ions (Egs(5) and (6).

The Mrp(CO)* ion reacts similarly with ethanol as
with methanol; that is, the initial reaction leads to incor-
poration of an ethanol molecule and the loss of one and
two CO ligands with the formation of MiCO);(ROH)"
and Mrp(CO)(ROH)" ions, respectively Table 3. The
former ions can react further to incorporate ethanol and
expel one to three CO ligands thus leading to a se-
ries of Mmp(CO)(ROH),* (n=0-2) ions. Likewise, the
Mn2(CO)(ROH)" ion can react with ethanol under the ex-
pulsion of one or two CO ligands from the collision complex
to afford Mrp(CO)(ROHY* and Mp(ROH)," ions, respec-
tively (Table 3.

lons with a composition of Mz(RO),(ROH)" and
Mn,(RO),* are formed also in the consecutive ion—-molecule
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Table 3
Relative yield (in %) of the product ions formed in the reaction of;kGO),* with ethanol and-propancot
Product ion Relative abundance

Initial Initial 75% conversioh  75% conversio® Initial n-  Initial - 75% conversioh  75% conversioh

CH3CH,OH CD3CD,OH CH3CH,OH CD3CD,OH C3H7;OH C3D70H n-C3H7OH n-C3D70OH
Mn,(CO)(ROH)* 85 80 34 36 26 50 13 20
Mn2(CO)(ROH),* 2 6 1 -
Mn(CO)(ROH)* 2 3 -
Mn2(CO),(ROH)* 2 4 3 10
Mn,(COR(ROH)* 15 20 3 - 21 15 2 -
Mna(CO)(ROH)  -° — — — 53 35 19 11
Mn(CO)(ROHY* 16 17 - 3
Mnz(ROH)* 3 2 8 3
Mn,(ROH),* 11 8 10 1
Mn(RO)(ROH)* 8 9 6 11
Mn,(RO)* 4 3 13 7
Mn2(O)(ROH)*d 5 4 11 17
Mn_(O)(ROH)"¢ - - 11 13
Mn(CO)(ROH)* 9 8 - -
Mn(ROH),* 1 - 3 4

@ The structures of the product ions are assumed.

b 75% conversion into productsP(CoHsOH)=1.2x 10-8 mbar; P(C,DsOH)=1.1x 10-8mbar; P(C3H7OH)=1.0x 10-8mbar; P(C3D;0OH)=
0.9% 10-8 mbar.

¢ These product ions are formed initially in a relative yield close to 1%.

d These ions may also have a M®H)(RO)(ROH] structure.

€ Alternatively, these ions can be formulated as§@®H)(RO)" species.

reactions of Ma(CO),* with ethanol. The formation ofthese  more facile process in the reactions of the¢f®O),(ROH),*
ions are ascribed to the loss of lffom the collision com- ions for n-propanol than for ethanol. With the labelled
plexes that are formed during the reactions of the series of propanol, CRCD,CD,0OH, Hy or C3D7H are expelled in
Mn2(CO}(ROH)Y* (n=1-2) ions. In addition, this latterion  the consecutive ion—molecule reactions in keeping with the
series can be held responsible for the formation of ions of results for deuterium labelled ethanol and methanol.
Mn2(O)(ROH)* ions by the expulsion of an ethane molecule
from the collision complexes.

In keeping with the results for the deuterium labelled 4. Discussion
methanol, the Mp(CO)* ion reacts with CRCD,OH to

afford Mny(CO),(CD3CD20H),* (n=0-2) ions that react The results infables 1 and 2eveal that the dimanganese
further with ethanol under the expulsion of lér C;DsH carbonyl ions react readily with methanol and that the nature
from the collision complexes as illustrated in E¢K0) and of the primary and consecutive reactions is strongly depen-
(11). dent on the number of CO ligands present in the reactant ion.
In terms of reaction rates, we observe a smooth decrease in
Mn2(CO)(CzDsOH), " + C2DsOH the efficiency of the reaction as the number of CO ligands is
— Mn2(C2D50)2(C2DsOH)" + Hy 4+ 2CO (10) increased from 2 to 5; that is, the MICO),"* reacts about

a factor of 5 faster than the M(CO)* ion under our ex-
perimental conditionsTable 1. The monotonous decrease
in reaction efficiency with an increase in the number of CO

Mn2(CO)(C2DsOH),* + C2DsOH ligands is distinct from the trend in reactivity reported for
— Mn2(0)(C;DsOH),™ + CoDsH + 2CO (11) transition metal carbonyl anions; for example, the Mn(CO)
and Mn(CO)~ ions are unreactive towards methanol in the
The overall results for the reactions of M@O)* ion gas phase, whereas the Mn(GO)on reacts readily by a for-

with n-proponal are comparable to those obtained with mal ligand substitution process and bond activiation leading
ethanol as the substrate. A main difference is that up to to the loss of one or two Himoleculeqd34].

three CO ligands are eliminated in the primary reaction  The present results reveal also that the reaction rate of the
with n-propanol, whereas only two CO ligands are expelled Mny(CO),* ions with aliphatic alcohols decreases in the se-
in the reaction with ethanolTéble 3. With n-propanol ries methanol, ethanol amdpropanol. A significant change
the Mm(RO)%(ROH)" and Mrp(RO),™* ions are formed in  inreaction efficiency is also observed if the alkyl group of the
a somewhat higher yield than during the reactions with alcoholis fully labelled with deuterium atoms. For methanol,
ethanol. This holds in particular for the Mi©)(ROH):* and the efficiency of the reaction of M(ICO)}* decreases from
Mn2(O)(ROH)" ions indicating that the loss of#lg is a 0.37 (CHOH) to 0.13 (CR3OH) and forn-propanol the effi-
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ciency decreases from 0.32C3H;0OH) t0 0.15 (-C3D7OH; ciation energies, the average value for the-Mi® bonds
seeTable J). Irrespective of the fact that the experimental rate in the Mp(CO)0" ion has been given as 70-75 kJ mbl
constants and efficiencies may be associated with a relativelyon the basis of appearance energy measurenjéhtsand
large systematic error (see Secti®)nthe results reveal the  determinations of threshold value for collision-induced CO
occurrence of an isotope effect on the overall reaction ratesloss from a limited series of Mi{CO),* ions [42] in line
of 2.8 for methanol, 2.3 for ethanol and 2.1 fepropanol with photo dissociation experiments that indicate an upper
as the substrate. The presence of such isotope effects argudsnit of 105kJmot! [43,44] However, the value for the
against the suggestion that the reaction of the (@@);" ion Mn,(CO)" ion can be estimated to be only about 25 kJThol
with the aliphatic alcohols is a simple ligand exchange pro- from the reported appearance energy measurements. Such
cess associated to some extent with the loss of additional COa low value for the Mn-CO BDE is in line with the facile
ligands. A simple view on the occurrence of isotope effects loss of CO from the Mp(CO)* ion and the ready reac-
could be that the rate-determining step involves insertion by tion of this particular ion with methanol (see Sectigh
one of the manganese centers into a H{O)bond of the For the other ions included in this study, the reported ap-
aliphatic alcohols. However, the manganese ion is known to pearance energi¢41] give rise to approximate BDE values
be relative unreactive in its electronic ground stdi@,17] of 123kJmot! (Mn,(CO)*), 100 kdmot?! (Mny(COX%*),
and not particularly prone to undergo-8 insertion reac- 81 kJmot? (Mno(CO)*) and 141 kJ mot! (Mny(CO)X™).
tions. In other words, it is considered unlikely that insertion Even though these values are slightly larger than the aver-
into a H-C of one of the alcohol molecules occurs in the re- age value suggested in the literature, the estimates indicate a
actions of the Mp(CO),* ion. This view is supported by the  non-systematic trend in Mn-CO BDE with an increase in the
fact that none of the other results obtained in this study sup- number of CO ligands. Upon the assumption that the BDE
ports the occurrence of such a reaction step (vide infra). Theis nearly constant, the decrease in the tendency to expel CO
lower rate of the reactions with the aliphatic alcohols may could imply that the incorporation of a methanol molecule
be thought, therefore, to arise by rate determining insertion becomes energetically less favorable as the number of lig-
into the G-H and/or the €O bond of the alcohol molecule  ands is increased in the M{CO),* ions. This would then
that is incorporated into the reactant MGO)}* ion. The mean that the reaction of the MiCO),* ion with methanol
occurrence of such a secondary isotope effect requires thais more exothermic than the reaction of the NBO)s* with
a significant change occurs in the vibrational modes of the this substrate.
H(D)—-C bonds remote to the bond-insertion site. In general  For the ethanol as the substrate, the initial reaction of the
terms, it may be expected that insertion into theHObond Mn,(CO)* ion leads to a pronounced loss of two CO lig-
would effect the vibrational modes of the methyl or methy- ands, whereas the reaction with methanol results in a negli-
lene group of the evolving alkoxy group to a smaller extent gible amount of product ions formed by the loss of two CO
than an insertion into the-@ bond. If the isotope effectis  ligands. This may indicate that the reaction with ethanol is
caused by insertion into the-© bond, thisimplies thatinser- more exothermic than with methanol and a similar thought
tion into the G-O bond of one of the manganese center of the could explain the pronounced loss of up to three CO ligands
reactant Ma(CO);" ions is associated with a kinetic barrier in the initial reaction of the Ms(CO);* ion with n-propanol
and that H(D)-C vibrational modes of the evolving methyl or (Table 3.
methylene group are altered significantly upon reaching the In the initial reactions of the Mi{CO),* ions with the
transition state for this step in the overall reaction sequence.alcohols, cleavage of the MiMn bond is not observed. This
It could also be mentioned that sizable normal secondaryis in contrast to the reactions of the hnion with methanol
deuterium isotope effects can be observed for unimolecularwhich involves predominant MAvin bond rupture and the
reactions of gaseous iof38,39]and that the size of the ef-  formation of Mn(CHOH)* ions [22]. Clearly, the absence
fectis strongly dependent on the distance to the cleavage siteof this process even in the reaction of the NDO)" ion
[40]. Irrespective of the precise origin of the present isotope indicates that the formal exchange of a CO ligand for a
effect, it is suggested that the incorporation of an alcohol methanol molecule releases insufficient energy for cleavage
molecule into the dimanganese containing ions is unlikely to of the Mn-Mn bond. A more detailed analysis of the en-
be a simple ligand substitution type process. ergetics of these reactions is hindered, however, by the ab-
The incorporation of an alcohol molecule in the reac- sence of consistent thermodynamic data for the dimanganese
tant ions is to some extent associated with the loss of CO carbonyl ions. Even the BDE of the Mhion is uncertain;
(Table 2. The extent to which CO ligands are expelled that is, the BDE of the Mg ions is indicated to be about
in the initial reaction depends on the reactant§GO),* 80kJmot ! on the basis of collision-induced dissociation
ion as well as on the size of the aliphatic alcohol. For the (CID) experimentg45], whereas photo dissociation exper-
Mn,(CO)™* ion, both CO ligands are expelled in the re- iments suggests that the value should exceed 134 kJmol
action with methanol, whereas the M@O)* ion reacts [46] but be lower than 184 kJ mol [43]. With respect to
with the loss of one and two CO molecules. FordO),* the M (CO),* ions (1=2-5), CID experiments with the
only one CO ligand is expelled and for the MBO)* ion Mn2(CO),* ions indicate that the loss of a Mn atom from
adduct formation occursTéble 9. In terms of bond disso-  this ion has a threshold energy of more than 202 kJthol
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Mn3(CO)3"
-co l+ CH30H

Mn2(CO),(CH30H)*

.co\

Mny(CO)(CH30H)*

+ CH4OH - CN&:,OH

Mny(CH30H),"

-CO
-Mn

Mn(CH30H)5*

Scheme 1. Overall view of the initial and consecutive reactions of the

Mn2(CO)s* ion with methanol.

[42]. For the M(CO)o" ion, the strength of the MAMIn
bond has been given as 80kJmbl[25] and 92 kJ mot?!
[47], whereas a value of about 46 kJ mblis obtained on
the basis of reported thermodynamic d§dd]. In other
words, it could be expected that the Mvin bond is par-
ticular weak in the Mp* ion and the ionized Mg{(CO)g
system, whereas the M(CO),* (n=1-4) may have stronger

Mn—Mn bonds in agreement with the conclusion reached on

the basis of photo dissociation experimedi]. As a result
the rupture of the MrMn 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 JM2O)s*
(Table 2.

Cleavage of the MAMnN bond is occurring, however, in
the consecutive reactions, for example, of the {@O)s*
ion with methanol {able 2. The reaction sequence shown in
Scheme involves 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(@rizOH),*
ion that competes with cleavage of theMvin bond to afford
Mn(CH3zOH)," ions. In this scheme, the formal substitution

71

Mn2(CO)4*
+ CD30H \ -CO

Mny(CO)3(CD3OH)*

‘-co

Mn(CO)2(CD30H),*

+ CD30H

*
[an(CO)g(CD3OH)2+ + CD30H]

- CD3H
-2CO
o)

Mny(O)(CD30H),"

-2CO
- H2
Mny(CD30),(CD30OH)*
or
Mny(OH)(CD30)(CD30H)*

Mny(CO)(CD3OH)3*

Scheme 3. Overview of the most important initial and consecutive reactions
of the Mn(CO),* ion with CD3OH.

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

The formation of ions such ds 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 Mp(CO),* ion. The overall main reactions
of this particular ion with CROH are shown irScheme 3
The first reaction is shown as a formal substitution process
followed by a secondary reaction with @GDH leading to
Mn,(CO)(CD3OH)," ions that can react further to expel
CO together with H or CD3H (see alsorable 2. Clearly,
the occurrence of ploss is consistent with insertion into the

reaction is shown as leading to ions with an intact alcohol O—H bond either in the initial step and/or during the con-
molecule. Other ion structures may be attained, however, assecutive incorporation of methanol. The absence of loss of

shown inScheme Zor the main product ion of the reaction
between Ma(CO),™ and one of the alcohols. IBcheme 2

HD or D, also supports the anticipation that insertion by a
manganese center into ab (or H-C bond) of methanol is

ion a represents the product of a ligand exchange reactionnot occurring (vide supra). The loss of B is indicative

whereas the ionb andc arise by G-H and G-O bond in-

of C-0 bond insertion and may be thought to lead to oxo-

sertion, respectively. Bridging of the CO ligands between the dimanganese species even though other structures such as a
metal centers may also be possible as well as multiple bond-Mn,(OH)(CD30)(CD3sOH)* species can also be formed (see
ing between the manganese atoms as reported for homoleptiScheme R

+ + +
oc, /coj oc, /Co“ oo, LCOT
/Mnan\ Mn——IVIn-\—H /Mn Mn\ R
oC 0-H ole o oC o}
R R H
(a) (b) (c)

Scheme 2. Possible structures of the ions formed by the formal ligand exchange reaction of (B®Mhion with an aliphatic alcohol.
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Mn(CO)n(C3D70H);" (n=0-2)

+ CED7OH

* *

[Mn(CO)n(OH)(C3D7)(C3D70H), ] [Mn(CO)y(OH)(D)(CaDe)(CaD70H), ']

-nCO -nCO
“caD
-C3D7H 4

Mn(0)(C3D70H),"
\ - C3D70H

Mn2(0)(C3D70H)*

Scheme 4. Possible reactions of the A20),(n-C3D70H),* ions with n-C3D7OH. Reaction | involves an insertion into the-O bond followed by the
elimination of GD7H and the CO ligands. Reaction Il represent a hypothetical insertion into-ti@ libnd and a €D bond followed by the expulsion of
C3Dg and HD together with the CO ligands (see text).

In mechanistic terms the reactions of the N@O),* secutive reactions of the M(CO)* ions with the aliphatic
ions with ethanol andh-propanol can be formulated as alcohols.
for methanol inScheme 3In particular, the results of the
labelling experiments with ethanol anmdpropanol reveal
the hydrogen molecule expelled in the consecutive reac-
tions originate entirely from the hydroxylic groups. This 5. Conclusions
process leads to M(RO),* as well as Ma(RO)(ROH)*
possibly as a result of a somewhat pronounced formation  The Mnp(CO),* ions (1= 1—-4) react with methanol by a
of Mn2(COR(ROH)" ions in the primary reactions and formal ligand substitution process that is associated with the
of Mn2(CO)(ROH)™ ions in the secondary reactions with loss of CO ligands, whereas addition of methanol occurs in
ethanol om-propanol Tables 2 and B In comparison with  the reactions of the MifCO)s* ion. The efficiency of the re-
methanol, the formation of Mi{O)(ROH)" ions occurs to action with methanol decreases as the number of CO ligands
almost the same extent with ethanol but is significantly en- in the reactant increases; that is, in the series(@®),",
hanced ifn-propanol is the substrate. For this alcohol, the Mn,(CO)*, Mny(CO)* and Mnp(CO)™*. Also, the effi-
process leads also to M(O)(ROH)" ions indicating thatthe  ciency of the reactions of the M(CO),™ decreases in the
loss of propane may be energetically more favorablefor  series methanol, ethanol anepropanol. Notably, the effi-
propanol than for methanol or ethanol (see @sbeme % ciency of the reaction of Mi{CO),* with CD3OH is sig-
In terms of a possible reaction pathway, the neutral product nificantly lower than with CHOH and a similar finding is
of this channel could be an alkene and a hydrogen moleculeobtained for ethanol ana-propanol. The origin of this iso-
if ethanol orn-propanol is the substrate. For the labelted  tope effect is uncertain but its occurrence suggests that the
propanol this implies that-BC bond cleavage is involved at initial incorporation of an alcohol molecule is not a simple
some stage of the reaction and that an intermediate contain-substitution process.
ing an alkene ligand, an OH group and a deuteride could be  Cleavage of the MaMn bond is not observed in the pri-
formed during the overall process leading to the observed mary reactions of the dimanganese carbonyl ions but occurs
Mn2(0)(C3D70H)," ions as indicated irscheme 4How- to some extent in the subsequent reactions of some of the
ever, the formation of an alkene and molecular hydrogen is product ions of the formal substitution process. In the con-
estimated to be less favorable than formation of an alkane secutive reactions of the M(CO),* ion with the alcohols,
with 136 kJmot?! for ethanol and with 125kJ mot if n- an Mn(CO)(ROH),* ion is formed. This ion is indicated to
propanol is the substrafd9]. The unfavorable energetics react further by competing insertion into the-® bond and
of this pathway may in part be responsible for the fact that C—O bond of the substrate. The occurrence efHDbond
only ions corresponding to the loss o Hwre formed in  insertion is revealed by the loss of a hydrogen molecule con-
the reactions with the labelled ethanol amgropanol and sisting of hydroxyl hydrogen atoms, whereas@bond in-
thus argue against the occurrence of an insertion inte@ H  sertion is held responsible for the loss of an alkane during the
(or D—C) bond of the manganese centers during the con- consecutive reactions.
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