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Abstract 

Reactions of the radical anion [Cr(CO),]- with a series of alkenes and polyenes 
in the gas phase have been examined. With straight chain alkenes the dehydro- 
genated main ionic product was [C,,H,,,Cr(CO),]’ and the minor product [C,,- 
H,,,Cr(CO),]‘, for n = 4-8, and the reactions giving these are suggested to involve 
q4-conjugated alkadiene interactions with the metal centre. Similar reactions took 
place with the cyclic alkene C,H,, and its methyl-substituted analogue C,H,,. In 
contrast vinylbenzene, CsH,, and propene gave only the decarbonylated ionic 
products [C,H,Cr(CO),]’ and [C,H,Cr(CO)]‘, respectively. Isomeric 1,3- and 
1,Ccyclohexadienes gave the decarbonylated dehydrogenated products, 
[C,H,Cr(CO),]‘, whereas the polyenes gave the ionic species [(Polyene)Cr(CO),]’ 
with x = 0-3. 

Introduction 

A substantial number of transition metal organometallic anions have been 
synthesised by electron ionisation in the gas phase and identified in ion beam mass 
spectrometers [l], but relatively few studies have been made of the chemistry of such 
potentially reactive and catalytically important species. However, the use of both 
ion cyclotron resonance (ICR) and flowing afterglow (FA) techniques is beginning 
to yield new insights into negative ion/molecule substitution, &splacement, and 
insertion reactions involving organometallic species [2-121. More recently, Fourier 
transform ion cyclotron resonance (FTICR) spectroscopy has emerged as a powerful 
technique for the investigation of gas phase ion/molecule reactions [13-161, where 
use of a trapped-ion cell permits product detection for reaction times varying from a 
few milhseconds to seconds rather than the much shorter reaction times allowed by 
flowing afterglow or drift cell ICR, with measurement speed, resolution, and mass 

0022-328X/87/$03.50 0 1987 Ekevier Sequoia S.A. 



202 

range also better than those for drift cell ICR. Thus, FTICR pulse/delay temporal 
sequences, selective ion ejection, and high mass resolution capabilities are now being 
used to great advantage to study numerous facets of (mainly) positive ion metal 
chemistry in the gas phase [13-191. Following earlier work which identified many 
electron deficient organometalhc anions as fragmentation products in negative ion 
mass spectra [20-261, a chemical study has been started of such transients in the gas 
phase, where ion/molecule encounters are unencumbered by solvation. Results are 
presented here of an FTICR study of the reactions of straight chain and cyclic 
alkenes and polyenes with the 13-electron radical anion [Cr(CO),]-. 

Experimental 

Trapped-ion/molecule reactions were carried out in a Spectrospin CMS-47 
Fourier transform ion cyclotron resonance spectrometer [27,28]. Details of this 
technique have been described previously [13-161; for the present study a cylin- 
drical ICR cell of radius and diameter 6 cm was used within a UHV system 
contained in the 15 cm bore of a 4.7 Tesla superconducting magnet in the CMS-47 
instrument. The [Cr(CO),]- ions (10% relative abundance) were formed by electron 
ionisation of Cr(CO)6 at a pressure of 5 X 10e8 mbar with 5.0 eV electrons; with 
[Cr(CO),]- (100%) and [Cr(CO)J (10%) formed at the same time being ejected 
from the cell immediately before the reaction delay. Neutral reactants were ad- 
mitted to the cell at ambient temperature, ca. 30 ’ C, in the pressure ratio 5/l to the 
neutral metal carbonyl. Except where otherwise indicated, reaction delays of 1 s 
were used to establish product distributions for all ion/molecule reactions. The 
empirical formulae of all ionic reaction products were determined by accurate mass 
measurements from high resolution spectra [28]. Ion/molecule reaction pathways 
were deduced by selective ion ejections or plots of temporal variations of relevant 
product distributions. In separate experiments, mass-selected [Cr(CO),]- and 
[Cr(CO),]- ions were shown not to react with alkenes. 

Chromium hexacarbonyl was obtained from Strem Chemicals Inc., and the 
organic reagents were high purity commercial samples from Matheson Gases, 
Phillips-66, Aldrich, Fluka and B.D.H., which were used after undergoing multiple 
freeze-pump-thaw cycles to remove noncondensables. Where appropriate, purities 
were checked by positive ion mass spectroscopy. 

Results and discussion 

Product distributions for the reactions between [Cr(CO),]- and the straight chain 
and cyclic alkenes I-XVI are given in Table 1. For the straight chain hydrocarbons 
III-VI, VIII-X, and XII and XIV, two competitive reaction channels were identi- 
fied, leading respectively to the main product, the dehydrogenated ionic species 
[C,,H2,_$r(CO),] and the minor product, the decarbonylated and dehydrogenated 
ionic species [C,H,,_$r(CO)J. Interestingly, dehydrogenation reactions involving 
the formation of cobalt alkadiene complexes and H, in the gas phase reactions 
between Co+ and alkenes have been observed recently [29]. Additionally, a reaction 
involving both the elimination of CO and H, has been shown to occur when 
[Cr(CO),]- reacts with n-alcohols [7]. Temporal variations of the ion abundances 
for a typical alkena[Cr(CO),]’ reaction between V and [Cr(CO)J are presented 
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Fig. 1. Temporal variations of ion abundances for the reactions of [Cr(CO),]’ with C2H, (I) and with 
I-pentene (I’). All Cr isotopes are considered. Corrected to account for side reactions between [Cr(CO),]’ 
and Cr(CO)s to give [Cr,(CO),]‘ with x = 5-8 at long trapping times [4,31]. Z/XI = Ion 
_I~ -3. ~~~ I”~~~.. -L. ___~~._. I-_ _I_.._-____ aounoance, xun 01 proouct ton aounuan~r. 

in Fig. 1, and show that the reaction channels leading to main and minor products 
are competitive. A necessary feature of the carbon skeleton of the alkenes in these 
reactions appears to be their ability, after dehydrogenation, to enter into a n4-con- 
jugated double bond interaction with the metal, in a process which is suggested, as 
in Scheme 1, to occur by formation of a a-ally1 metal-hydride intermediate, and 
involve p-hydrogen abstraction, followed by Hz elimination from the metal centre in 
a mechanism similar, at least in part, to that proposed for the dehydrogenation of 
alkenes by Co+ ions [29]. 

The absence of dehydrogenated product ions for the reactions of the isomeric 
CsH,, alkenes XV and XVI with [Cr(CO)J is attributed to the structural inability 
of these compounds to undergo dehydrogenation and enter into a g4-conjugated 
double bond interaction with [Cr(CO),]-. This is consistent with the proposed 
mechanism and the known ligand Ir-acceptor stabilization of metal-containing 
anionic species [2]. The early straight chain members of this alkene series reacted 
differently with [Cr(CO),lY. A single decarbonylated product ion [C,H,Cr(CO),]’ 
was formed by II, but in the case of I both a 15-electron association product ion 
[C,H,Cr(CO),]’ and the dehydrogenated species [C,H,Cr(C0)3]’ were formed in 
competing reactions which were slower than those for the other alkenes (Fig. 1). 
Charge retention by the metal in [C,H,Cr(CO),]’ is likely because of the negative 
electron affinity of the C,H, ligand, -1.55 eV [30], but small amounts, ca. 6% 
relative abundance, of a decarbonylated ionic product ion for this system at longer 

SCHEME 1 



T
A

B
L

E
 2

 

PR
O

D
U

C
T

 D
IS

T
R

IB
U

T
IO

N
S 

FO
R

 R
E

A
C

T
IO

N
S 

O
F 

[C
r(

C
O

)J
 

W
IT

H
 P

O
L

Y
E

N
E

S 
‘a

b 

Po
ly

er
ie

 
iw

m
er

 
Io

ni
c 

pr
od

uc
ts

 

l~
~y

en
e~

~C
O

)~
l~

 l(
~~

y~
e~

~C
O

~~
-H

l~
 l(~

~y
en

e)
C

~C
O

)2
1~

 
l(

~l
ye

ne
~~

C
O

)2
-H

21
~ 

lt~
ly

e~
~~

C
O

)l~
 

l(p
ol

ye
ne

~r
l~

 
X

V
Ii

 
C

,H
, 

1,
3-

B
ut

ad
ie

ne
 

< 
0.

01
 

0.
99

 
< 

0.
01

 
X

V
II

I 
C

,H
, 

lJ
-C

yc
lo

he
xa

- 
di

em
 

0.
12

 
< 

0.
01

 
0.

89
 

X
IX

 
l,~

~y
cl

~h
ex

e-
 

di
en

e 
< 

0.
01

 
0.

01
 

0.
98

 
X

X
 

C
,H

, 
B

ic
yc

l~
2.

2.
1]

- 
he

pt
a-

2,
54

ie
ne

 
0.

02
 

0.
01

 
< 

0.
01

 
0.

55
 

0.
39

 
X

X
I 

1,
3,

5-
cy

&
?I

le
p-

 
ta

tr
ie

ne
 

0.
05

 
0.

04
 

0.
70

 
0.

21
 

X
X

II
 

C
,H

B
 

1,
3,

5,
7-

C
yc

lo
- 

oc
ta

te
tr

ae
ne

 
0.

06
 

0.
16

 
a,

77
 

0.
02

 

a 
A

ll 
C

r 
is

ot
op

es
 a

re
 c

on
si

de
re

d.
 b

 R
ea

ct
io

n 
tim

es
 o

f 
1 

s.
 



206 

trapping times (3 s), have also been detected. A species [C,H,Cr(CO),]’ has also 
been identified in low abundance in reactions of [Cr(CO),]- with acetylene at long 
trapping times [31]. Reactions of the cyclohexenes VII and XI with [Cr(CO),]- 
yielded similar ionic products, with the principal ionic product [C,H,,,Cr(CO),]’ 
suggesting a mechanism involving dehydrogenation of the ring along with the 
formation of a charge-stabilising n4-diene ring system able to interact with the metal 
centre. The identification of only the decarbonylated ionic product in the reaction 
of vinyl benzene XIII with [Cr(CO)J indicates that H-abstraction from the 
aromatic ring is not an energetically favoured reaction pathway. Similar product 
distributions were found for the reactions of the isomeric butenes III and IV with 
[Cr(CO),]’ It has been suggested that interaction of Co+ with linear butenes 
induces facile isomerization to yield a common intermediate, and thus the same 
ionic product distributions, so the reactions of III and IV with [Cr(CO),]- might be 
accounted for the same way. 

Product distributions for the reactions of [Cr(CO)J with selected polyenes are 
given in Table 2. In all cases small abundances of association product ions were 
identified, but the principal products were strongly dependent upon the carbon 
skeleton and double bond locations in the reacting polyene. For XVII, the major 
ionic product [C,H,Cr(CO),]’ may be regarded as involving a n4-diene interaction 
with the metal in a 15electron ionic species. For the isomeric cyclohexadienes 
XVIII and XIX, dehydrogenation of the ring concomitant with decarbonylation 
yielded the principal ionic products of formulae [C,H,Cr(CO),]‘. This species has 
been detected previously as the product of reductive decarbonylation of $- 
C,H,Cr(CO), in negative chemical ionisation mass spectra [26]. Similar product 
distributions were obtained for the reactions of XX, XXI and XXII with [Cr(CO),]-, 

1 2 3 
Time (s) 

Fig. 2. Temporal variations of ion abundances for the reactions of [Cr(CO),]- with bicyclo[2.2.l]hepta- 
2,5-diene (XX) and 1,3,5-cycloheptatriene (XXI). AII Cr isotopes are considered. Corrected to account for 
side reactions between [Cr(CO),]’ and Cr(CO), to give [Cr,(CO),]- with x = 5-8 at long trapping 
times [4,31] I/ZI = Ion abundance/Sum of product ion abundances. 
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and Fig. 2 shows the temporal changes in product ion abundances for the reactions 
of XX and XXI. 

All product ions for the reaction of XXI with [Cr(CO),]- have previously been 
identified in the negative ion mass spectrum of $-cycloheptatrienetricarbonyl- 
chromium(O) [24]. The suggested bonding between metal and organic ligands given 
for the ionic reaction products in Figs. 1 and 2 is in accord with the empirical 
formulae of these species obtained from accurate mass measurements of the ions, 
and are not necessarily indicative of the ion structures. Experimental data bearing 
on structures of these and other ionic products of metal carbonylate ion reactions 
with organic substrates will be forthcoming from collision induced decomposition 
studies involving pulsed valve additions of both organic reactants and collision 
gases to the ICR cell [32-351. 
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