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Abstract 

The gas-phase reactions of the O’- ion with ($-cyclopentadienyl)tricarbonyhnanganese(I), CpMn(COh, and (77fi- 
methylcyclopentadienyl)tricarbonylmanganese(I), CH$pMn(CO)3, have been studied with Fourier transform ion 
cyclotron resonance. The main reactions are (i) proton abstraction, (ii) loss of COz, and (iii) expulsion of two or 
three CO molecules from the collision complex. Initial attack on a CO ligand is the main process as indicated by 
experiments with ‘*O’- and the ion/molecule reactions of the product ions resulting from the loss of three CO molecules 
with water, aliphatic alcohols, methanethiol and SO,. The attack on a CO ligand followed by loss of three CO molecules 
is suggested to yield C5H5MnO- ions with a (cyclopentadienone)MnH- structure in the reaction with CpMn(C0)3 and 
(methylcyclopentadienone)MnH- ions if CH$pMn(C0)3 is the substrate. A possible mechanism for the process leading 
to the indicated transformation of the Cp and CH,Cp ligands into C5H40 and CH&H30 ligands, respectively, is 
discussed together with the formation of (fulvene)Mn(OH)- ions following attack of O’- on CH$pMn(CO),. The 
(cyclopentadienone)MnH- and (methylcyclopentadienone)MnH- ions react with NzO by oxygen atom abstraction to 
form C5H5MnO; and C6H7MnO; ions, respectively. 

Key words: FT-ICR, Organomanganese compounds; Nucleophilic additions; Atomic oxygen radical anion; Ion/mole- 
cule reactions 

1. Introduction attack of nucleophiles on species containing 
unsaturated ligands, such as CO, cyclopenta- 

Nucleophilic addition reactions are studied dienyl, ethene or benzene [1,2]. In general 
extensively in organometallic chemistry and terms, the site of attack of a nucleophile on 
are often applied for synthetic purposes [l]. an organometallic compound can depend on 
A central topic in the studies of these pro- the coordinative saturation of the metal centre, 
cesses concerns the regioselectivity in the the nature of the metal atom and ligands as 

well as on the properties of the medium in 
*Corresponding author. which the reactions occur. The presence of 
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indirect reactants such as solvent molecules 
and counter ions can obscure, however, 
studies aimed at obtaining fundamental 
mechanistic insight into nucleophilic addition 
reactions. In this respect, several reports have 
demonstrated that these reactions can be 
studied in the gas phase thus avoiding the 
influence of the indirect reactants, which are 
inevitably present in the condensed phase 
[3-51. The main part of the reported 
studies concerned with gas-phase nucleophilic 
additions describes reactions of anions with 
transition metal carbonyl compounds, e.g. 
Fe(CO)S [6-81. These reactions proceed by 
loss of one or more CO molecules from the 
collision complex and are viewed as involving 
initial attack on a CO ligand followed by 
migration of the nucleophile to the metal 
atom succeeded to some extent by the loss of 
a second CO molecule. Nucleophilic attack 
on an organic ligand has been described 
for the gas-phase reaction of H- with 

(r16C6H6>Cr(CO>s, which is reported to pro- 
ceed in part by initial attack on the benzene 
ring and subsequent migration of a hydrogen 
atom to the metal centre followed by loss of 
C6H6 [9]. Recently, we reported that anions 
such as alkoxide ions react with CpCo(CO)2 
in the gas phase at a carbonyl ligand and/or 
directly at the metal centre, whereas the 
reaction with the O’- radical anion involves 
competing attack on the Cp ligand and one 
of the CO ligands prior to the loss of two CO 
molecules [lo]. Attack on the Cp ligand was 
proposed to yield mainly a (cyclopentadie- 
none)CoH- ion, whereas initial attack on a 
CO ligand was suggested to generate a 
metallacyclopentadiene species with a CO as 
well as a hydride ligand and/or a (cyclo- 
butadiene)Co(CO)H- species. These struc- 
tural assignments were based on a study of 
the reactions between the product ions gener- 
ated by attack of O’- on CpCo(CO)z and a 
series of substrates including NO, SOz, 
water, aliphatic alcohols and carboxylic 

acids. For example, the competing losses of 
CO and CSH40 from the collision complex 
in the reaction with SO* was taken as an 
indication of the presence of these ligands in 
the reactant cobalt containing ions. 

The possibility for attack of a negative ion 
on an organic ligand with the formation of 
new metal containing species motivated us to 
extend the study of the gas-phase reactions 
between the O’- ion and organometallic com- 
pounds with a Cp ligand. In the present paper 
we are concerned with the regioselectivity of 
the reactions of the O’- radical anion with 
the two manganese compounds, CpMn(C0)3 
and CH3CpMn(CO),. These compounds were 
chosen for a closer study in order to investigate 
whether competing attack of the O’- ion on a 
Cp ligand and a CO ligand is a general 
phenomenon. Moreover, we wanted to examine 
whether ions comparable to those derived from 
COCOS [lo] are generated in the reaction 
with the manganese compounds. To gain this 
insight, we applied the Fourier transform ion 
cyclotron resonance (FT-ICR) [ 11,121 method 
in combination with stable isotopic labelling 
and probed the structures of the initial product 
ions by investigating their ion/molecule 
chemistry. 

2. Experimental 

The experiments were performed with an 
FT-ICR instrument constructed and designed 
at the University of Amsterdam [13-151. In a 
typical experiment the primary negative ions 
were formed by a pulsed electron beam with 
a duration of 0.1 s and trapped in a magnetic 
field of 1.24 T by applying a negative voltage 
of M -1 V to the trapping plates of the cubic 
inch cell. The 0’ - ions were formed by disso- 
ciative capture of electrons with an ener y of 
about 1.2 eV by N20 [16], whereas the 15 - 0’ 
ions were generated by reacting O’- with 
H2180 [17]. The ions of interest were isolated 
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by removing all other ions from the cell by a 
series of r.f. pulses, which were adjusted such 
that unwanted translational excitation of the 
remaining ions was minimized [18]. In the 
experiments with 180*-, minor amounts of 
O’- ions were formed by the reaction of the 
“O’- ions with the N20 molecules present in 
the cell [ 19,201. These 0’ - ions were ejected 
continuously from the cell during the entire 
reaction period. Continuous ejection of a pro- 
duct ion during the reaction period proved 
necessary also in other experiments and was 
achieved normally by applying an r.f. pulse 
of low amplitude to the excitation plates of 
the cell during the reaction time. The reactions 
of the ions of interest with a given substrate were 
followed as a function of time by varying the 
delay between the selection of the reactant 
ions and the detection of the ions present in 
the cell. Dissociative capture of electrons with 
a kinetic energy of 5 1 eV by CpMn(C0)3 and 
CH$pMn(C0)3 gave rise to abundant 
CpMn(C0): and CH$pMn(CO); ions, 
whereas CpMn(CO)- and CH&pMn(CO)- 
ions were generated in a relatively low 
abundance. The formation of these ions by 
dissociative capture of low kinetic energy 
electrons present in the cell during the reaction 
time was prevented by ejecting the electrons as 
described in a previous paper [21]. 

The partial pressure of a neutral compound in 
the instrument was normally M 2 x 10m5 Pa, 
The partial pressure of nitrous oxide was 
x 4 x lop5 Pa in the experiments concerned 
with the chemistry of the CSHSMnOF and 
C6H7Mn0T ions generated in the reactions of 
the respective CSHSMnO- and C6H7MnO- 
ions with N20 (vide infra). The pressures were 
measured on an uncalibrated ionization gauge 
placed in a side arm of the main pumping line. 
The inlet lines and the main vacuum vessel of the 
instrument were at room temperature, while the 
temperature of the trapping plate opposite 
the filament side was measured to be 300- 
340K in a typical experiment. 

3. Materials 

Most of the chemicals were commercially 
available and used without further purifi- 
cation. The CH$pMn(CO)s compound con- 
tained 5 10% CpMn(CO)s. The presence of 
CpMn(C0)3 in the sample of the methyl 
substituted compound had no apparent effect 
on the results of the experiments described in 
the present paper. The CH3CH2CD20H 
(> 95% d2) compound was prepared by a 
LiA1D4 reduction of propionic acid and 
purified by distillation [22]. 

4. Results 

4.1. Reactions of O’- with CpMn(CO), and 
CH3CpMn(CO)3 

The 0’ - radical anion reacts with 
CpMn(CO)s and CH3CpMn(C0)3 in the gas 
phase by a number of competing processes 
including proton abstraction, loss of CO2 
and the expulsion of two or three CO mole- 
cules from the collision complex (Table 1). In 
addition, hydrogen atom abstraction and for- 
mal abstraction of Hi+ occur to a minor extent. 
The latter processes are observed commonly in 
the reactions of 0’ - with organic compounds 
such as alkenes, aromatic compounds and 
halogen substituted methanes [23,24]. 

The overall reactivity of the O’- ion towards 
the two manganese compounds is similar 
although proton abstraction is somewhat 
more important in the reaction with 
CH$pMn(CO)s than with CpMn(C0)3 sug- 
gesting that the methyl substituted compound 
is more acidic than CpMn(CO)3 
(AHZcid M 1556 kJmol_‘) [5] in the gas 
phase. In addition, loss of two 
CO molecules from the collision complex 
is less important in the reaction with 
CHsCpMn(C0)3 than with CpMn(C0)3. The 
present results for the reactions of the O’- ions 
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Table 1 
Relative abundances of the product ions formed in the reaction of the o’- ion with CpMn(CO)s and CHsCpMn(CO)s (reaction time 0.2 s)~ 

CpMn(CO)s CHsCpMn(CO)3 b 

Product ionC Neutral productsC Yield (%) Product ionC Neutral productsC Yield (%) 

HO- CsH.tMn(CO)r 2 HO- CeH6Mn(CO)s 5 
CpMn- co* + 2co <I 

d 
CH3CpMn- co2 + 2co 1 

CsHsMnO- 3co 28e CsH7MnOmd 3co 24’ 
CpMn(CO)- co2 + co 5 CHsCpMn(CO)- co1 + co 5 
C6HsMnOF ’ 2co 27 C,H,MnOr f 2co 12 

CpMn(COLf CO2 11 CHsCpMn(C0): CO2 13 
CrHsMnO; co 3 CsHrMnO; f co 2 

(CsHs)Mn(CO); H20 3 @%Hs)Mn(CO); H20 7 

GH4YWW~ OH’ 16 (C6H6)Mn(CO); OH’ 29 

(CsH4O)Mn(CO): H’ 4 (CsHsO)Mn(CO); H’ 2 

aIons with an elemental composition of CsHF and C6H; are also observed. The yields of these ions vary from experiment to experiment 
indicating that they arise by proton abstraction from cyclopentadiene and methyl substituted cyclopentadiene generated by thermal 
decomposition of the respective metal compounds. 
bThe sample of CH3CpMn(C0)3 contained = 10% CpMn(CO)s (see Experimental). 
‘Assumed structure or assigned elemental composition. 
dSee text for possible structures of these ions. 
‘The CsHrMnO- and C6H,MnO- ions react with N20 to form C5H5Mn0F and C6HrMnO; ions, respectively (see text). The relative 
yields given of the CsHsMnO- and C6H7MnOW ions have been obtained by adding the relative abundance of a given dioxide ion to that 
of the related monoxide ion. 
fThe structures of these ions have not been ascertained, see text. 

with the two manganese compounds are in 
contradiction to a recent study of VanOrden 
and Buckner [25]. According to their FT- 
ICR experiments, the O’- ion reacts with 
CH3CpMn(C0)3 in the gas phase only by the 
loss of CO2 from the collision complex as 
observed for the reactions with transition 
metal carbonyl compounds such as Cr(CO)6 
and Fe(CO)5 [25,26]. The present experiments 
as well as our previously reported findings for 
COCOS demonstrate [lo], however, that 
the 0' - ion can react in a complex manner 
with organometallic species containing a Cp 
or a CH3Cp ligand. 

Loss of CO2 from the collision complex 
yields CpMn(CO)F and CH3CpMn(C0)T 
ions (Table 1). These species can be formed 
also by capture of low energy electrons by 
the neutral manganese compounds (see 
Experimental Section) and in order to 
ascertain the origin of the CpMn(C0); and 
CH3CpMn(C0)F ions generated in the experi- 
ments with O’-, we ejected the latter ion from 

the cell prior to the reaction period. Under 
these conditions, the CpMn(C0): and 
CH3CpMn(C0)y ions are not observed 
revealing that the ejection of low energy 
electrons from the cell is sufficiently efficient 
for an unambiguous study of the reactions of 
O’- with the neutral manganese species. The 
CpMn(C0): and CH3CpMn(C0)y ions may 
be formed also in the reaction between the 
manganese compounds and the NO- ions, 
which are generated by attack of O’- on the 
N20 molecules present in the cell. However, 
continuous ejection of NO- during the reaction 
period discloses that only a very minor part of 
the manganese containing ions are formed by 
this pathway. In other words, the CpMn(C0); 
and CH3CpMn(C0); ions are generated 
predominantly by the reaction of the O’- ion 
with CpMn(C0)3 and CH3CpMn(C0)3, 
respectively. 

The loss of two carbon monoxide molecules 
from the collision complex following attack of 
O’- leads to C6H5MnOF and C7H7Mn02 
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ions, whereas ions with the elemental com- 
position of CSHSMnO- and C6H,MnO- are 
generated by the loss of three CO molecules 
(Table 1). The occurrence of these processes 
raises the questions as to (i) whether the attack- 
ing 0’ - ion is incorporated in the product ions, 
and (ii) whether attack occurs initially at a CO 
ligand, the organic ligand or the metal centre. In 
order to answer these questions, we studied the 
reactions of the l8 O’- ion with the two 
manganese compounds. 

The ions generated by loss of carbon dioxide 
from the collision complex in the reaction of 
180*- with either of the two manganese com- 
pounds do not incorporate the label as illu- 
strated by the exclusive loss of CO180 in the 
reaction with CHsCpMn(CO)s (Eq. (1)): 

‘*O*- + CH3CpMn(C0)s ‘zCH3CpMn(CO); 

+ co’*0 (1) 

In the reaction of ‘*O*- with CpMn(C0)3, 
x 85% of the ions formed by loss of two car- 
bon monoxide molecules incorporates the 
label as indicated in Eq. (2): 

l*o*- + CpMn(C0)3 =;85% C6~S~n~1s~- + 2co 

(24 

=:15% C6HSMnO; + CO 

+ PO (2b) 

In the reaction of 180*- with CHs 
CpMn(CO)s, more than 95% of the product 
ions generated by loss of two carbon monoxide 
molecules retains the “0 atom (Eq. (3)): 

‘*O’- + CH$pMn(C0)3 ‘95% C7H7Mn01*0- 

+ 2co (3a) 

15”/0 C7H7Mn0T + CO 

+ PO (3b) 

The extent of incorporation of the 180 atom in 
the product ions resulting from the loss of 

three carbon monoxide molecules is lower 
than for the product ions due to the loss of 
two carbon monoxide molecules as can be 
seen by comparing the results in Eqs. (4) and 
(5) with those given in Eqs. (2) and (3). 

18O’+ + CpMn(CO)J 2 CSHSMn180- 

+ 3co (4a) 

2 CSHSMnO- 

+ 2CO+C’*O (4b) 

‘*O’- + CH&pMn(C0)3 2 C6H7Mn180- 

+ 3co (5a) 

2 C6H7MnO- 

+ 2CO+C180 (5b) 

The relative abundances of the CSHSMn180- 
and C5HSMnO- ions (Eq. (4)) and of the 
C6H7Mn180- and C6H7MnO- ions (Eq. (5)) 
are significantly different from the abundance 
ratio of 25:75, which is predicted for a statis- 
tical process in which all four oxygen atoms 
have become equivalent prior to loss of three 
carbon monoxide molecules. This implies that 
the four oxygen atoms do not become struc- 
turally identical prior to product formation as 
indicated also by the exclusive loss of carbon 
dioxide molecules containing the 180 atom 

(Eq. (1)). 

4.2. Reactions of the C5H5MnO- ions 

The 0’ - ion reacts relatively readily with 
CpMn(CO)j and a sufIlcient yield of the 
CSHSMnO- ions is obtained after 0.2s for 
the study of the reactions between these 
ions and various substrates. In the reaction 
of the CSHSMnO- ions with the parent 
compound, a CO molecule is expelled from 
the collision complex (Eq. (6)). This reaction 
is very slow indicating that its occurrence 
does not hamper the study of the reactions 
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Table 2 
Relative abundances of the product ions formed in the reactions of the CsHsMnO- and C+HrMnO- ions with SOs. 

CsHsMnO- CsHrMnO- 

Product ion b Neutral product(s)c Yield (%) Product ion b Neutral product(s) ’ Yield (%) 

HMnSOT Cd340 70 HMnSO; C6H60 55 
HMnSOS CsHs 25 

C3H4MnO- C2HOIS 15 &HsMnO- CzHOzS 5 
HMnSOed CSH402 10 HMnSO- d C6H602 10 
[Adduct]- ’ 4 
[Adduct-HzO]- H20 1 [Adduct-H20]- Hz0 5 

‘After a reaction time of 0.2 s, see text. 
bAssumed structure or assigned elemental composition. 
‘Possible elemental composition of the neutral species expelled from the collision complex. 
dThe HMnSO- ions are isobaric with HMnOc ions. Based on the present experiments it is not possible to exclude whether the latter ions 
are also generated. 
?ke text and Appendix A. 

with other substrates. 

CSH5Mn0- + CpMn(C0)3 - 

C12H10Mn203 + CO (6) 

With N20, the main part (B 85%) of 
the C5H5Mn0- ions reacts by. oxygen 
atom transfer to generate CSHSMnOF ions 
(Eq. (7)) [27,28]. This process is relatively facile 
although it is not capable of competing 
effectively with the reactions between the 
C5HSMnO- ions and the selected substrates. 
In most of the experiments concerned with the 
ion/molecule chemistry of the CSHSMnO- 
ions, the CSH5Mn0y ions were ejected con- 
tinuously from the cell during the entire 
reaction period (see Experimental Section). 

CSHSMnO- + N20 - CSHSMnOF + N2 

(7) 

Dioxide ions are formed also by the loss of 
H2 from the collision complex in the reaction 
with H20. If D20 is the substrate, only HD is 
expelled as shown in Eq. (8): 

CSH5Mn0- + HDO - CSH4DMn0: + HD 

(8) 

Loss of a hydrogen molecule from the colli- 
sion complex is also the only reaction observed 

with unlabelled aliphatic alcohols. In the reac- 
tion with the deuterium labelled alcohols, 
CDsOH and CH3CH2CD20H, only H2 is 
eliminated, whereas with CDsOD, CHsOD 
and CH3CH20D, HD is expelled from the 
collision complex (Eq. (9)). These findings 
reveal that the generated hydrogen molecule 
consists of one of the hydrogen atoms of 
the reactant ion and the hydrogen atom of the 
hydroxy group of the alcohol: 

CSH5Mn0- + CDsOD - 

C6H4D3MnO; + HD (9) 

Notwithstanding the low pressures com- 
monly applied in FT-ICR experiments, the 
primary product ions formed by loss of a 
hydrogen molecule in the reaction with the 
aliphatic alcohols and water react further 
with these substrates to form stable adduct 
ions (Eq. (10); see also Appendix A): 

CSHSMnO- + ROH 2 [CSH4Mn02R]- 

+ROH 
+ [CSHSMn03Rz]- 

(R = H, CH3, C2H5, l-C3H7, 2-C3H7, l-C4H9) 

(10) 

A minor fraction of the CSH5MnO- ions 
is observed to be unreactive towards the 
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aliphatic alcohols. This is disclosed by the 
results of experiments in which the ions react 
with an alcohol for l-l .5 s after which the 
remaining CSHSMnO- ions are isolated by 
ejecting all other ions from the cell. In the 
subsequent collisions between the remaining 
ions and the neutral species present in the 
FT-ICR cell, no products from a reaction 
with the alcohol are generated. Based on 
such experiments we estimate that roughly 
20% of the CSHSMnO- ions are unreactive 
towards aliphatic alcohols and water. 

Expulsion of a hydrogen molecule from the 
collision complex is the only reaction occur- 
ring with methanethiol. With acetic acid as 
the substrate, proton abstraction with for- 
mation of acetate ions occurs in addition to 
the loss of a H2 molecule. With NO no reac- 
tion is observed, whereas the CSHSMnO- ions 
react readily and completely with SO2 by a 
number of competing processes (Table 2). The 
most important of these reactions involves the 
loss of a neutral species with the elemental 
composition of CSH40 as shown in Eq. (11): 

CSHSMnO- + SO* + MnHSOy + C5H40 

(11) 

4.3. Reactions of the C6H7MnO- ions 

The 0’ - ion reacts readily with CHsCp- 
Mn(C0)3 and in most experiments the 
C6H7MnO- ions are isolated after a reaction 
time of 0.25 s. Subsequently, the ions are 
allowed to react with a selected substrate in 
the presence of the neutral organometallic 
compound and N20. With the parent com- 
pound, the C6H7MnO- ions react slowly by 
loss of a CO molecule from the collision com- 
plex, whereas the reaction with N20 proceeds 
by oxygen atom transfer (Eq. (12)). As 
observed also for the CSHSMnO- ions, some 
of the C6H7MnO- ions (30%) appear not to 
react with NZO. In most experiments, the 
C6H7Mn0: ions formed in the reaction with 

N20 are ejected continuously from the cell 
during the entire reaction period, thus allow- 
ing the reactions of the C6H7MnO- ions with 
the substrates to be studied selectively. 

C6H7MnO- + NzO + C6H7Mn0F + N2 

(12) 

Ions with the elemental composition of 
CsH7Mn0; are formed also in the reaction 
with H20, which involves only the loss of H2 
from the collision complex (Eq. (13)): 

C6H7MnO- + Hz0 - C6H7Mn0y + H2 

(13) 

In the reaction with D20, some of the 
C6H7MnO- ions react to expel HD from the 
collision complex with the formation of 
C6H6DMn0y ions (Eq. (14)): 

CsH7MnO- + D20 + C6H6DMn0y + HD 

(14) 
The product ions formed by loss of a hydro- 

gen molecule react further with D20 by 
exchange of three hydrogen atoms for deuter- 
ium atoms (Eq. (15)) and to afford stable 
adduct ions (see Fig. 1 and Appendix A). 
The occurrence of this exchange prevents a 
determination of the extent to which H2 is 
expelled in the primary reaction between 
C6H7MnO- and D20, whereas the loss of a 
D2 molecule is not occurring as revealed by 
the absence of formation of C6H7Mn0y ions 
(see Fig. 1). 

C6HsDMn0F 2 CsH3D4Mn0F (15) 
A minor part of the CeH,MnO- ions react 

readily with D20 by exchange of hydrogen 
atoms for deuterium atoms as shown in Fig. 
1. Only three of the seven hydrogen atoms are 
exchanged for deuterium atoms in the presence 
of D20 (Eq. (16)): 

C6H7MnO- y C6H4D3Mn0- (16) 
The distribution of the ions containing deu- 

terium atoms is: 40% (C6H6DMnO-), 40% 
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Relative importance of Hz and Hz0 loss in the reactions of the CsHrMnO- ions with methanol as a function of the time delay prior to 
their isolationa 

Delay before isolation of the reactant iona 

(s) 

0.25 
0.65 
1.65 

Reaction time 

(s) 

0.6 
0.6 
0.6 

Conversion into products 

(%) 

60 
30 
10 

Loss (%) 

HZ Hz0 

90 10 
70 30 
0 loo 

aDelay between the start of the electron beam and the isolation of the CsHrMnO- ions. The duration of the electron beam pulse was 
0.1 s; see text. 
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Fig. 1. Hydrogen-deuterium exchange in the CsHrMnO-/ CHsCpMn(CO)s/DrO system followed as a function of reaction time. The 
group of peaks indicted by I in the figure represents the C6H7MnO- ions (4) and the fraction of these ions which exchanges up to three 
hydrogen atoms for deuterium atoms. The group of peaks indicated by II represents the ions formed by loss of HD in the reaction with 
DrO and in the subsequent exchange with DsO. The group of signals indicated by III corresponds to stable adduct ions formed in the 
reactions of the latter ions with DsO (see text). 
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(C6HSD2MnO-) and 20% (C6H4D3Mn0-) 
after a reaction time of 0.3 s, whereas this 
distribution is displaced in favour of the ions 
containing three deuterium atoms at pro- 
longed reaction times (see Fig. 1). The ions 
with three deuterium atoms remain in the cell 
even after reaction times of 2 s indicating that 
the CsH7MnO- ions which undergo hydrogen/ 
deuterium exchange with D20 do not react to 
expel HD or H2 from the collision complex. As 
can be seen in Fig. 1, some of the C6H7MnO- 
ions do not react with D20 either by exchange 
or to expel HD/H2. In conclusion, the results 
of the experiments with DzO indicate that at 
least three isomeric C6H7MnO- ions are formed 
in the reaction of 0’ - with CH$pMn(C0)3. 

Loss of a hydrogen molecule is observed 
also in the reactions with aliphatic alcohols 
and yields product ions which react further 
with an alcohol molecule to form stable 
adduct ions (Eq. (17); see also Appendix A): 

-Hz 
C6H7MnO- + ROH - [ C6H6Mn02R]- 

+ROH 
- [C6H7Mn03R2]- 

(R = CH3, WW (17) 

In addition to the loss of a hydrogen molecule, 
a water molecule is expelled from the collision 
complex (Eq. (18)): 

C6H7MnO- + ROH - 

C6H6MnOR- + Hz0 (18) 

The ratio between the abundances of the 
product ions resulting from H2 and Hz0 loss 
is 9O:lO after the ions have reacted with 
methanol for 0.6s as indicated in Table 3. 
This ratio is obtained if the C6H7MnO- ions 
are isolated 0.25 s after the start of the electron 
beam pulse (the duration of this pulse was 
0.1 s; see Experimental Section). A ratio of 
70:30 is obtained, however, if the reactant 
C6H7MnO- ions are isolated after a delay of 
0.65 s and subsequently allowed to react with 

methanol for 0.6s. Concurrent with this 
change in the product ratio in favour of the 
ions arising by Hz0 loss, the overall reaction 
becomes slower as indicated by the conver- 
sions into products given in Table 3. With a 
delay of 1.65 s prior to the isolation of the 
C6H7MnO- ions, loss of H2 is no longer 
observed and in the subsequent reaction 
with methanol only Hz0 elimination occurs. 
After still longer delay times, roughly 15% 
of the initially generated C6H7MnO- ions 
remains in the FT-ICR cell. These residual 
C6H7MnO- ions display no reactivity 
towards methanol. Combining these observa- 
tions, the results of the experiments with 
methanol suggest that the main fraction of 
the C6H,MnO- ions react relatively fast by 
loss of Hz from the collision complex, 
whereas a minor part of the ions reacts rela- 
tively slowly to expel an Hz0 molecule. In 
addition, a minor fraction of the ions appears 
unreactive towards methanol. 

Elimination of a hydrogen molecule is 
likewise the main reaction with methanethiol, 
which also proceeds by loss of a water 
molecule from the collision complex (Eqs. 
(19) and (20)): 

C6H7MnO- + CH$H - C7H9MnSO- + H2 

- C7H9MnS- 

No reaction was observed with NO 

(19) 
+ I&O 

(20) 

as the 
substrate, whereas the C6H7MnO- ions react 
completely with SO2 by a number of processes 
including the competing losses of C6H60 and 
C6H6 (Table 2). 

4.4. Reactions of the C5H5MnO~ and 
C6H7ik?nO~ ions 

The CSHSMnO- and C6H,MnO- ions 
react with N20 and Hz0 to incorporate an 
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oxygen atom thus forming C5H5Mn0T and 
C6H7Mn0: ions (see Eqs. (7), (8), (12) and 
(13)). Both of the latter two ions react with 
water to generate stable adduct ions (see 
Appendix A). Significantly, the C5H5Mn0T 
ions formed in the reaction with N20 
exchange one oxygen atom for an 180 atom in 
the presence of H2180 (Eq. (21)) indicating 
that the two oxygen atoms in the dioxide 
ions are structurally distinguishable. More- 
over, the C5H5Mn0180- ions formed in the 
reaction of C5H5MnO- with H2180 do not 
exchange the I60 atom for an 180 atom in 
the presence of H2180. 

CsHSMnOz + H2180 - 

C5H5Mn0180- + Hz0 (21) 

The two dioxide ions react with aliphatic alco- 
hols (ROH, R = CH3, C2H5 and n-C,H7) and 
methanethiol mainly by simple adduct for- 
mation and the loss of a water molecule from 
the collision complex as exemplified for 
methanol in Eqs. (22) and (23): 

C6H7MnOT + CH30H 

- C+HiiMnO; (22) 

- C7H9Mn0y + Hz0 (23) 

Adduct formation and loss of a water molecule 
occur also in the reactions of both of the 
C5H5Mn0y and C6H7MnO; ions with S02. 
In addition to these reactions, loss of a neutral 
species with the elemental composition of 
C6H60 from the collision complex is observed 
in the reaction of the C6HYMnOF ions with 
SO2 in line with the results for the related 
monoxide ions (see Table 2). The reactivity 
of the dioxide ions appears to be independent 
of whether they are formed in the reactions of 
the corresponding monoxide ions with N20 
or H20. The pronounced formation of 
adduct ions restricts, however, the insight into 
the structures of the C5H5Mn0y and 

CeH,MnO; species, which could be derived 
from their bimolecular chemistry. 

5. Discussion 

5.1. Site of attack by the O’- ion 

The main concern in the present study is 
an experimental determination of the regio- 
selectivity in the gas phase reactions of 
the atomic oxygen radical anion with 
CpMn(CO)s and CH,CpMn(C0)3. In princi- 
ple, the O’- ion can react at either site of the 
manganese containing molecules, that is, 
competing attack on a CO ligand, the organic 
ligand and the metal centre cannot be excluded 
a priori. If initial attack on a CO ligand occurs 
in the reaction of the 18O’- ion with 
CpMn(COh this may be expected to yield 
intermediate 1 in Scheme 1. This species can 
expel CO18O in agreement with the result in 
Eq. (1) or eliminate two CO molecules with 
formation of ion 2 in Scheme 1. Initial attack 
of the ‘8O*- ion on the organic ligand or at the 

CpMW% 

I 1 so-. 

[ cywo,*c ] 
l 

18 - 
P 
'0 

I -2 co 

‘“o- 
CpMnC’ 

2 
‘O- 

-c’*o 

/ 

-co 
50% \ 50% 

C5H5MnO- CgH5Mn’80- 

Scheme 1. Possible mechanism for initial attack of the ‘*U- ion 

on a carbonyl ligand and the predicted extent of incorporation 

of the ‘*O atom in the ions formed by loss of two and three 

carbon monoxide molecules, respectively. 
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metal centre could proceed as illustrated in 
Scheme 2 for the reaction with CpMn(CO)s. 
In this hypothetical scheme, the reaction at the 
metal centre is assumed to involve a q5 to q3 
change in the bonding of the C5H5 ligand prior 
to attack at the manganese atom [29], whereas 
the reaction at the Cp ligand is presumed to 
occur from the exo-side of the ring as sug- 
gested for the comparable reaction of 0’ - 
with the COCOS compound [lo]. The 
mechanistic proposals in Schemes 1 and 2 
lead to the prediction that the ‘*O atom is 
retained in the product ions generated by the 
loss of two carbon monoxide molecules 
irrespective of the initial site of attack (vide 
infra). In other words, the insight into the 
regioselectivity may be obtained more readily 

CpMn(CO)“O‘ 

4 

-co 

t 

CpMn”O- 

5 

% 
/>( I 

H 

OC-h--CO 

co 

6 

I 

-2 co 

Mn 

co 

7 

Scheme 2. Possible mechanism for the initial attack of the ‘*O’- 
ion on either the metal centre or the Cp ligand together with the 
predicted extent to which the “0 atom is incorporated in the 
product ions resulting from the loss of two and three carbon 
monoxide molecules, respectively. 

by considering the extent to which the label is 
incorporated in the product ions resulting from 
the loss of three carbon monoxide molecules. 

As indicated in Scheme 1, initial attack on a 
CO ligand and the loss of two CO molecules 
can lead to ion 2, which may expel CO and 
Cl*0 with equal probability. In contrast, 
initial attack on the metal or the organic 
ligand is anticipated to lead to complete 
incorporation of the label in the ions formed 
by loss of three carbon monoxide molecules as 
shown in Scheme 2. In the reactions of ‘*O’- 
with the CpMn(C0)3 compound, the 
C5H5Mn1*0- and C5H5Mn0- ions are 
generated in an abundance ratio of 5545 
(Eq. (4)). Based on the proposal in Scheme 1, 
initial CO attack can account for the genera- 
tion of 45% C5H5Mn’*0- and 45% 
C5HSMn0- ions, whereas the remaining 
10% C5H5Mn1*0- ions are liable to be 
formed as a result of attack on the Cp ligand 
and/or the metal centre in CpMn(CO),. 
Similar considerations apply to the results of 
the reactions between the ‘*O*- ion and 
CH3CpMn(C0)3. Loss of three carbon mon- 
oxide molecules from the collision corn 
yields for this substrate M 70% C6H7Mn iI: 

lex 
O- 

and M 30% C6H7MnO- ions (Eq. (5)). This 
leads to the suggestion that initial attack on 
a CO ligand by **O* - is responsible for the 
formation of 30% C6H7MnO- and 30% 
C6H,Mn1*0- ions, whereas the remaining 
40% C6H7Mn1*0- ions are likely to be 
generated by other routes (vide infra). 

5.2. Structures and formation of the 
C5HsMnO- and C6H7A4nO- ions 

A detailed and unambiguous analysis of the 
structure(s) of the ions generated by attack of 
0’ - on the manganese compounds is restricted 
owing to the presently limited’ knowledge of 
the gas-phase ion chemistry of organometallic 
negative ions. On the basis of the results of 
the bimolecular chemistry of the C5H5MnO- 
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and C6H7MnO- ions some insight into the 
possible structures of these species can be 
obtained. In particular, the predominant 
reaction of the C5H5MnO- ions with SO2 
involves the loss of a neutral species with the 
elemental composition of C5H40 (Eq. (11) and 
Table 2). This elemental composition may 
represent a single neutral species or, for 
example, a CO and a C4H4 molecule. How- 
ever, loss of CO from the collision complex 
in the reaction with SO2 is not observed and, 
in addition, no reaction occurs with NO even 
though this neutral species is known to be able 
to displace a CO ligand in organometallic 
negative ions [10,30,31]. The loss of CsH40 
leads, therefore, to the suggestion that 
C5H5MnO- ions with a cyclopentadienone 
and a hydride ligand are formed; that is, ion 
8 is generated in the reaction of O’- with 
CpMn(C0)3 [32]. 

Do 

A - 

’ 8 H 

The formation of ion 8 is also supported by 
the observation that one of the hydrogen 
atoms of the reactant ions is incorporated in 
the hydrogen molecule expelled in the reac- 
tions with water (Eq. (8)) and aliphatic 
alcohols (Eq. (9)). The reaction with the 
aliphatic alcohols can be formulated as inser- 
tion into the O-H bond followed by reductive 
elimination of a hydrogen molecule as shown 
in Scheme 3 [l]. 

The main fraction of the C5H5Mn0- ions 
(m 80%) reacts with the alcohols by reductive 
elimination of a hydrogen molecule, whereas 
the remaining ions are unreactive. Moreover, 
in the reactions with SOZ, M 70% of the 
product ions arises by loss of C5H40 from 
the collision complex. These results indicate 
that 8 is the main species formed in the reac- 

A- + ROH 

I _ 
Ro-Mn-H 

H 

A- + Hz 

OR 
10 

Scheme 3. Proposed mechanism for the loss of H2 in the 
reactions of the (cyclopentadienone)MnH- ions with aliphatic 
alcohols. 

tion with the O’- ion. In combination with the 
results of the experiments with 180*-, which 
indicates that nearly all of the ions (5 90%) 
are generated following attack on a CO 
ligand, we are forced to conclude that 8 is 
formed by initial reaction at a CO ligand in 
contrast to what could be anticipated on the 
basis of Scheme 2 (vide supra). In Scheme 4 
attack on a CO ligand is suggested to be 
followed by loss of two CO molecules and 
intramolecular attack of either of the two 
oxygen atoms of the -C(O-)O’ group in 1’ 
on the Cp ligand. This yields intermediate 11 
in which one of the carbon atoms of the ring 
carries an oxygen atom at the endo-side and a 
hydrogen atom at the exo-side. Subsequently, 
a CO molecule may be expelled concurrent 
with structural reorganization leading to 8. 
Based on the present results it is not possible 
to reach a conclusion as to the precise nature 
and sequence of the chemical events leading to 
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Scheme 4. Proposed mechanism for the formation of (cyclopen- 
tadienone)MnH- ions following initial attack of the 0’ - ion on 
a CO ligand in CpMn(CO)3. 

8 from 11. It is evident, however, that one of 
the hydrogen atoms of the original Cp ligand 
migrates to the metal centre at some stage 
during the process yielding 8. 

A further uncertainty relates to whether two 
CO molecules are expelled prior to the migra- 
tion of an oxygen atom to the organic ligand. 
The proposal shown in Scheme 1 is based upon 
the expectation that two CO molecules are 
expelled before an oxygen atom migrates to 
the remaining part of the ion. Based on this 
suggestion, initial attack of the 180’- ion on 
a CO ligand is predicted to lead to complete 
retention of the label in the product ions 
generated by the loss of two CO molecules. 
In the performed experiments with the 180’- 
ion, x 85% of the ions generated by loss of 
two carbon monoxide molecules retains the 
label in the reaction with CpMn(CO)s (Eq. 
(2)) whereas x 95% of the product ions of 
this process incorporates the label if 
CHsCpMn(CO)s is the substrate (Eq. (3)). 
These findings indicate that an oxygen atom 
in intermediates 1 (Scheme 1) and 1’ (Scheme 
4)-or the comparable species formed in the 
reaction with CHsCpMn(CO)s--can migrate 
before two carbon monoxide molecules are 
expelled. Insight into the relative importance 
of this migration prior to the loss of two 
carbon monoxide molecules is not readily 

achieved, however, from the extent of the 
incorporation of the label in the product ions 
of this process. Nevertheless, the probability 
for migration of the t*O atom will be the 
same for 1 and 2 in Scheme 1. This means 
that the predicted extent of incorporation of 
the label in the product ions formed by loss of 
three carbon monoxide molecules is the same 
regardless of whether an oxygen atom 
migrates prior to or following the expulsion 
of two carbon monoxide molecules. 

In the reaction of O’- with COCOS, 
ions with a (cyclopentadienone)CoH- struc- 
ture were concluded to arise as a result of 
initial attack on the Cp ligand [lo]. In the 
present study of the reaction with the related 
manganese compounds, it is clear that 
agreement between the different observations 
can be achieved by postulating the formation 
of ion 8 following initial attack on a CO 
ligand. The mechanistic details of the process 
leading to the formation of these ions are 
unknown and at present we are unable to 
explain the different behaviour observed for 
the cobalt and the manganese compounds. 
Another uncertainty relates to the non-reactive 
C5H5MnO- ions. In the experiments with 
180*-, it is ob served that the C5H5MnO- 
ions react completely with N20 and the 
parent organometallic compound (see Eqs. 
(6) and (7), respectively), whereas some of 
the C5H5Mn180- ions appear unreactive 
towards these substrates. In other words, the 
non-reactive ions contain the 180 atom 
suggesting that these species are formed by 
initial attack on the metal and/or the Cp 
ligand (see also Scheme 2). From the present 
results it is not possible to conclude whether, 
for example, CpMnO- ions are formed as a 
result of attack on the metal centre as 
suggested in Scheme 2. However, the 
CpMnO- ion is a 15electron species and one 
may expect such an ion to be able to react with 
aliphatic alcohols on the basis of the reported 
occurrence of dehydrogenation in the reaction 
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between the comparable 17-electron ion, 
CpCoO-, and methanol in the gas phase 
[33]. Irrespective of the structure(s) of the 
unreactive ions, we notice that they represent 
a minor fraction of all the CSHSMnO- ions 
generated by loss of three carbon monoxide 
molecules from the collision complex in the 
reaction with CpMn(CO)s. 

The main part of the C6H7MnO- ions react 
with water and aliphatic alcohols by loss of a 
hydrogen molecule from the collision complex 
(Eqs. (13), (14) and (17)) and in the reaction 
with S02, about 55% of the ions expels a neu- 
tral species with the elemental composition of 
C6H60 (Table 2). These results suggest that 
the main part of the C6H7MnO- has a struc- 
ture, which is similar to the one proposed for 
the ions generated in the reaction with 
CpMn(CO)s, that is, ion 12 arises following 
attack of O’- on CH3CpMn(C0)3. In view 
of the conclusion that initial attack on a CO 
ligand is responsible for 60% of all the ions 
formed by the loss of three carbon monoxide 
molecules, we suggest that 12 is formed as 
shown for 8 in Scheme 4: 

3 

cHz= 
\ 

I 0 

lb& - 
I 
H 12 

The formation of 12 following attack on a 
CO ligand implies that all the 30% 
CsH7MnO- ions generated in the reaction 
with ‘*O*- has this structure. A different 
situation arises for part of the 70% 
C6H7Mn’*0- ions, which are liable to have a 
distinct structure. This is supported by the 
occurrence of water loss in the reaction of 
the C6H7MnO- ions with alcohols and 
methanethiol (Eqs. (18) and (20)). Further- 
more, 25-30% of the C6H7MnO- ions reacts 
with SO2 to expel C6H6 (Table 2) and a minor 

fraction of the ions react with DzO by 
hydrogen-deuterium exchange (Eq. (16) and 
Fig. 1). The loss of a water molecule in the 
reaction with methanethiol indicates that a 
hydroxy ligand is present, whereas the loss of 
C,H6 in the reaction with SO* points toward 
the formation of C6H7MnO- ions containing 
a ligand with this elemental composition. 
These findings suggest the formation of a 
(fulvene)-Mn(OH)- ion [34]; that is, ion 13 
may be formed in addition to 12. 

DC”2 

till - 

OH 13 

A possible mechanism for the formation of 
13 involves initial hydrogen atom abstraction 
by the oxygen radical anion from the methyl 
group of the substrate molecule to give species 
14 in Scheme 5. The hydroxide ion in 14 can 
attack a CO ligand to generate 15 prior to 
migration of the hydroxy group to the metal 
centre and the loss of three carbon monoxide 
molecules. A similar mechanism has been pro- 
posed for the reaction of the hydroxide ion 
with COCOS, which yields a CpCo(OH)- 
ion after the loss of two carbon monoxide 
molecules [lo]. In the reaction of the H’*O- 
ion with COCOS, the label was incor- 
porated almost completely in the product 
ions resulting from the loss of two carbon 
monoxide molecules. In the present context, 
it may be expected, therefore, that 1,3-H shifts 
between the oxygen atoms in 15 are not occur- 
ring. This leads to the prediction that all the 
product ions of the pathway involved retain 
the label if ‘*O’- is the reactant ion. Forma- 
tion of 13 by a pathway involving intermediate 
14 is thus in agreement with the conclusion 
that all the C6H7MnO- ions formed in the 
reactions with the ‘*O’- ion have structure 
12 (vide supra). An alternative mechanism 
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Scheme 5. Proposed mechanism for the formation of the (ful- 
vene)Mn(OH)- ions in the reaction of the o’- ion with 
CH3CpMn(CO)3. 

for the generation of 13 could involve initial 
attack on a CO ligand to give 16 which then 
rearranges to 15 by an intramolecular H-shift 
(Scheme 5). However, if ‘*O*- is the reactant 
ion, such a mechanism would lead to 
incorporation of the label in 50% of the 
product ions of the process in conflict with 
the proposal that none of the C6H7MnO- 
ions formed in the reaction with “O’- (Eq. 
(5)) has structure 13. 

Ion 13 may be responsible for the exchange 
of three hydrogen atoms for deuterium atoms 
in the presence of D20 (Eq. (16) and Fig. 1). 
The exchange of only three hydrogen atoms 
could imply that this process involves the 
hydrogen atom of the hydroxy ligand and 
the two hydrogen atoms of the methylene 
group of the fulvene ligand. A possible 
mechanism for the exchange involves inser- 
tion into an O-D bond with formation of 
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Scheme 6. Possible mechanism for the hydrogen-deuterium 
exchange in the reactions of the (fulvene)Mn(OH)- ions with 
D20. 

17a in Scheme 6. This step may be followed by 
reductive elimination of HDO or a shift of the 
deuterium atom bonded to the manganese 
atom to the methylene group can occur thus 
forming 18. Transfer of a hydrogen atom from 
the generated CH2D group in 18 leads to 17h, 
which then expels Hz0 to give an ion contain- 
ing two deuterium atoms (see Scheme 6). The 
process can be repeated until three of the 
hydrogen atoms have been exchanged for 
deuterium atoms as observed experimentally 
(Fig. 1). 

Based largely upon the reactions with 
SO* (Table 2), we conclude that 2530% 
of the ions are formed with structure 13, 
whereas 55-60% of the ions have structure 
12. The remaining lo-20% of the ions 
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represent the unreactive fraction of the 
C6H7MnO- ions and from the present 
results we are unable to reach a conclusion 
as to the structure(s) of these CsH7MnO- 
ions. 

5.3. Formation and structure of the 
C5H5MnOt and C6H7Mn0F ions 

In the reactions of the CSHSMnO- ions 
with NzO, roughly 85% of the ions reacts 
by oxygen atom abstraction to form 
CSH5Mn0T ions [27] in line with the relative 
yield of the ion 8. Similarly, the percentage 
(= 70%) of the &H,MnO- ions which reacts 
with N20 by oxygen atom transfer is close 
to the relative yield of 12 (= 60%). The 
reaction with NzO is likely, therefore, to 
involve 8 and 12, respectively, indicating that 
the C5H5Mn0, ions may contain a cyclo- 
pentadienone ligand and the C6H7Mn0: 
ions a methylcyclopentadienone ligand. In 
addition, the loss of a water molecule in 
the reactions of either dioxide ion with 
aliphatic alcohols, methanethiol and SO2 
indicates the presence of a hydroxy ligand. 
This implies that oxygen atom transfer leads 
to 19 and 20: 

The presence of structurally distinguishable 
oxygen atoms in the CSHSMnOy ions is 
indicated also by the result that only one 
oxygen atom is exchanged for an igO atom in 
the presence of Hzl*O (Eq. (21)). For the 
C6H7Mn0T ions, the presence of the methyl- 
cyclopentadienone ligand is supported by the 
occurrence of loss of C6H60 in the reactions 
with SOZ. 
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Scheme 7. Formation of the (cyclopentadienone)Mn(OH)- ions 
in the reactions of the (cyclopentadienone)MnH- ions with 
N20 or HzO. 

The reactivity of the CSHSMnOy and 
C6H7Mn0y ions generated in the reactions 
with water is similar to the reactivity of the 
ions formed with N20 as the substrate. The 
ions 19 and 20 are suggested, therefore, to 
arise in the reactions with water as well as 
with N20 (Scheme 7). With N20 as the sub- 
strate [27], bond formation between the man- 
ganese atom and the oxygen atom of the 
substrate molecule is suggested to precede the 
expulsion of Nz with formation of 22 in 
Scheme 7. Subsequently, ion 22 can rearrange 
to 19. In the reaction with water, insertion into 
an O-H bond is proposed to be followed by 
reductive elimination of HZ, thus forming 19 
directly. 

6. Conclusions 

The present results for the reactions of 
the atomic oxygen radical anion with 
CpMn(C0)3 and CHsCpMn(CO)s indicate 
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that initial attack occurs mainly on a CO 
ligand and only to minor extent on the 
Cp/CH3Cp ligand and/or the metal centre. 
Reaction at a CO ligand and the loss of 
three carbon monoxide molecules in the 
reaction with CpMn(CO)s is proposed to 
yield a (cyclopentadienone)MnH- ion. 
Similarly, initial attack on a CO ligand 
in CH&pMn(CO) 3 is suggested to yield a 
(methylcyclopentadienone)MnH- ion. The 
conversion of the Cp and CHsCp ligands 
into cyclopentadienone and methylcyclo- 
pentadienone ligands, respectively, is for- 
mulated as an intramolecular oxygen atom 
transfer accompanied by a shift of a 
hydrogen atom from the original organic 
ligand to the metal centre. In addition to 
a (methylcyclopentadienone)MnH- ion, the 
reaction of O’- with CH3CpMn(C0)3 leads 
to a (fulvene)-Mn(OH)- species by a process, 
which is suggested to involve initial 
hydrogen atom abstraction from the 
methyl group in the substrate molecule 
followed by attack of the HO- ion on a CO 
ligand in the generated (fulvene)Mn(COh 
species. 

The relatively limited insight into the 
chemistry of organometallic negative ions 
in the gas phase prevents firm conclusions 
with regard to the precise structures of 
the product ions and the mechanisms of 
the processes leading to their formation. 
The results of the experiments with the ‘*O’- 
ion in combination with the observed 
bimolecular chemistry of the C5H5Mn0- 
and C6H7MnO- product ions illustrate, how- 
ever, that the O’- ion can react with organo- 
metallic species in the gas phase with form- 
ation of new organometallic negative ions, 
whose chemistry may be of general interest. 
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9. Appendix A 

Several of the ions examined in the present 
study react predominantly with a substrate 
molecule to form stable adduct ions with 
an unknown structure. This holds for the 
C5H4Mn02R- ions generated by the loss 
of Hz from the collision complex in the 
primary reaction of the C5H5Mn0- ions 
with an aliphatic alcohol (Eq. (10)). These 
C5H4Mn02R- ions react further quite 
readily with an alcohol molecule to generate 
adduct ions and a similar situation applies to 
the C6H6Mn02R- ions derived from the 
C6H7MnO- ions as indicated in Eq. (17). 
Adduct formation is observed also for the 
reactions of the C5H5MnO$ and C6H7Mn02 
ions with water, alcohols, methanethiol and 
SOz (see Eq. (23)). In addition, stable adducts 
have been reported to be formed as terminal 
ionic products in the reactions of the MnOy 
ion with aliphatic alcohols [35]. 

Prevalent formation of adduct ions is 
often reported for reactions occurring in 
flowing afterglow (FA) or selected ion flow 
tube instruments (SIFT) [36]. For example, 
adduct ions are reported to be formed in the 
reactions of carbanions and alkoxide ions with 
CpMn(C0)3 in a FA instrument [5]. The 
formation of adducts in these instruments is 
ascribed normally to the occurrence of third 
body collisions between the reactant species 
and the helium carrier gas present at a 
pressure of M 70Pa [36]. These collisions can 
remove part of the excess energy with the 
result that the internal energy is decreased 
and dissociation either to the reactant species 
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or the formation of separated product ions of a 
reaction is no longer possible. In a typical FT- 
ICR experiment the pressure is too low 
(5 10e4 Pa) for the occurrence of third body 
collisions. Nevertheless, the formation of 
stable adduct ions under FT-ICR conditions 
has been reported in some instances [35,37-431. 
The reported examples include the formation 
of proton bound adducts by association of an 
alkoxide ion to an alcohol molecule [39] or a 
carboxylate anion to a molecule of the conju- 
gate acid [43]. The formation of stable adducts 
at low pressures is commonly ascribed to the 
emission of IR photons, thus lowering the 
internal energy below the threshold for disso- 
ciation. In the present cases, radiative stabili- 
zation may be held responsible for the 
formation of adducts in the reactions of the 
CSH4Mn02R-, C6H6Mn02R-, CSHSMnO: 
and C6H7Mn0T ions. We note that these 
ions are relatively large implying that the 
number of degrees of freedom over which the 
energy may be distributed is relatively large for 
the adducts formed with an aliphatic alcohol 
molecule. This may decrease the rate of a pos- 
sible reaction with the result that the lifetime of 

the excited adduct is enhanced. An increased 
lifetime enhances also the probability for 
photon emission and the formation of an 
adduct with an internal energy below the 
threshold for dissociation. The structures of 
the present adducts are not known and it is 
uncertain whether insertion of the metal 
centre into a bond of the substrate has 
occurred. In this respect we note that adduct 
formation competes with loss of water in the 
reactions of the CsHSMnOy and C6H7Mn0y 
ions with aliphatic alcohols, methanethiol and 
SOZ. The loss of water is observed to become 
more important if the kinetic energy of the 
reactant CsHsMnOy or C6H7Mn02 ion is 
increased by applying a suitable r.f. pulse to 
the excitation plates of the FT-ICR cell [12]. 
This is in keeping with the formation of 
adducts with a relatively high internal energy 
and an associated increase in the rate of the 
reaction leading to water loss. Furthermore, 
the average lifetime of the adducts generated 
in the reactions of ions with excess kinetic 
energy may be relatively short with the result 
that photon emission competes less effectively 
with product ion formation. 


