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Abstract

The equilibrium and kinetics of isocyanide insertion of complexes [Fe(PMe3)2(CO)2(CH3)(CNR)]+X− (1) [CNR= tert-butyliso-
cyanide; X−=I− (1a), BPh4

− (1b); BF4
− (1c)] which afford complexes [Fe(PMe3)2(CO)2(h2-C(CH3)�N�C(CH3)3)]+X− (2) were

investigated in dichloromethane, methanol, acetone and nitromethane. The results indicate that the reaction proceeds via an
associative mechanism with the preliminary formation of contact ion pairs. The structure of the contact ion pair in solution was
studied by 1H-NOESY and 19F{1H}-HOESY NMR spectroscopy. The results indicate that structure is independent of the nature
of the solvent and of the counterion. In complexes 1b,c the counterion is located between the CO and the isocyanide ligands; in
complexes 2b,c the counterion is located near the dihaptoiminoacyl ligand. The reaction rate increases with the charge density and
the coordinating power of the anions. The effect of the solvent can be also explained on the basis of its coordinating power.
© 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

Cationic organometallic complexes, in which reactiv-
ity is strongly influenced by anions, are very numerous
in the literature. Examples of this behaviour concern
both homogeneous catalytic processes such as the poly-
merisation of olefins [1], the copolymerisation of carbon
monoxide and olefins [2], Diels–Alder reactions [3],
etc., and fundamental processes such as carbon monox-
ide [4] and isocyanide [5] insertions in the metal�alkyl
bonds, a reaction that has been extensively studied [6].

Isocyanide insertion in the alkyl complex
[Fe(PMe3)2(CO)2(CH3)(CNR)]+X− (1) (CNR= tert-
butylisocyanide; X−=Cl−, Br−, I−, NO3

−, ClO4
−, BF4

−

, BPh4
−) occurs according to Scheme 1 [5a].

The reaction rate is strongly affected by the counte-
rion. In dichloromethane, the reactivity follows the
order:

Cl−�Br−\I−\NO3
−�ClO4

−

No reaction was observed with X−=BPh4
− and BF4

−.
While the influence of the anions on the reactivity

was attributed to the formation of contact ion pairs, it
was difficult to explain the reactivity order basing on
the anion size, in particular for the position of BF4

−.
In recent years our research group has developed a

methodology for studying the ion pair structure in
solution of organometallic complexes, based on detect-
ing interionic contacts, i.e. dipolar interactions between

Scheme 1.
* Corresponding author. Fax: +39-75-585-5598.
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Table 1
1H- and 19F-NMR chemical shifts (in ppm) for complexes 1 and 2 in different solvents

dMe dPMe3
dCMe3

Solvent dcounterionComplex

CD2Cl21b −0.09 1.55 1.55 7.34(Ho), 7.09(Hm), 6.94(Hp)
2.92 1.31CD2Cl2 1.392b 7.37(Ho), 7.09(Hm), 6.94(Hp)

(CD3)2CO1b −0.04 1.69 1.63 7.36(Ho), 6.95(Hm), 6.80(Hp)
3.21 1.44 1.482b 7.36(Ho), 6.95(Hm), 6.80(Hp)(CD3)2CO

−0.08 1.60CD3OD 1.541b 7.31(Ho), 6.98(Hm), 6.85(Hp)
3.10 1.372b 1.43CD3OD 7.31(Ho), 6.98(Hm), 6.85(Hp)

−0.06 1.63CD3NO2 1.561b 7.36(Ho), 7.01(Hm), 6.86(Hp)
CD3NO22b 3.14 1.41 1.46 7.36(Ho), 7.01(Hm), 6.86(Hp)

−0.08 1.62CD2Cl2 1.571c
−152.87 (10BF4

−)
−152.93 (11BF4

−)
3.11 1.39CD2Cl2 1.442c

(CD3)2CO1c −0.05 1.71 1.65
−151.70 (10BF4

−)
−151.75 (11BF4

−)
3.262c 1.47(CD3)2CO 1.50

nuclei belonging to different ions, in NOESY and
HOESY NMR spectra [7].

In the present work we extend the application of this
methodology to the study of the reaction in Scheme 1
in order to interpret the reactivity of complexes 1 and 2
on the basis of the contact ion pair structures.

Since the previously studied complexes containing
NMR active nuclei in the counterions (BPh4

− and BF4
−)

were not active in the insertion reaction in
dichloromethane, we extended the kinetic study to sol-
vents in which the reaction in Scheme 1 occurred;
furthermore, we studied the kinetic and thermodynamic
behaviour of I− in these solvents in order to relate the
previous results of Ref. [5a] to those obtained in this
work.

2. Experimental

2.1. Physical measurements

IR spectra were recorded on a Perkin–Elmer model
1725X FT-IR spectrophotometer by using 0.1 mm
NaCl cells and 10−2–10−3 M concentrations; 1H- and
19F-NMR spectra were recorded on Bruker DPX 200
and DRX 400 spectrometers. Referencing is relative to
TMS for 1H- and CCl3F for 19F-NMR. NMR samples
were prepared by dissolving 20 mg of compound in 0.5
ml of the deuterated solvent and bubbling for 5 min
with dried nitrogen. 1H and 19F chemical shifts in the
various solvents are given in Table 1. CO and CN
stretching frequencies are given in Table 2. Two-dimen-
sional 1H-NOESY and 19F{1H}-HOESY spectra were
measured with a mixing time of 500–800 ms.

2.2. Materials

Methanol, acetone and nitromethane were purified
according to the methods described in the literature [8].
Dichloromethane was dehydrated with P2O5; ethyl
ether was dehydrated with LiAlH4. NaBPh4, NBu4I,
KI, NaBF4, N(CH3)4BF4, NBu4BF4 and tert-butyliso-
cyanide were commercial products. Complexes
[Fe(PMe3)2(CO)2(CH3)(CN-tert-butyl)]BPh4 (1b) and
[Fe(PMe3)2(CO)2(h2-C(CH3)�N-tert-butyl)]BPh4 (2b)
were prepared as described in Ref. [5a].

Table 2
CO and CN stretching frequencies (cm−1) for complexes 1 and 2 in
various solvents

Complex nCNSolvent nCO

1a 2027, 1985Dichloromethane 2179
2015, 19512a Dichloromethane 1756
2031, 1988 2178Methanol1a

2a Methanol 2014, 1951
21792027, 1985Acetone1a

2013, 19492a Acetone
2027, 19851b Dichloromethane 2180

17532015, 1952Dichloromethane2b
2176Methanol1b 2029, 1987

Methanol2b 2014, 1950
Acetone1b 2027, 1985 2179
Acetone2b 2013, 1949
Nitromethane1b 2026, 1983
Nitromethane2b 2012, 1948
Dichloromethane1c 2026, 1986 2179
Dichloromethane2c 2013, 1947

21781c Acetone 2026, 1984
2c Acetone 2013, 1947
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2.3. Preparation of
[Fe(PMe3)2(CO)2(CH3)(CN-tert-butyl)]BF4 (1c)

A 0.95 g sample of N(CH3)4BF4 (5.9×10−3 mol)
was added to a stirred suspension of 2 g of
[Fe(PMe3)2(CO)2(CH3)(CN-tert-butyl)]BPh4 (1b) (2.9×
10−3 mol) in methanol. During the reaction the precip-
itation of N(CH3)4BPh4 was observed. The solution was
stirred for 30 min to complete the exchange of anions;
the solution was then filtered and dried. The solid
residue was extracted with CH2Cl2 and the extracted
solution, after filtration, was dried again. The residue
was crystallised from ethyl alcohol. Yield:1.2 g (2.6×
10−3 mol) (92%) of yellow crystals. Anal. as
C14H30BF4FeNO2P2: Found (Calc.): C, 37.8 (37.4); H,
6.3 (6.74); N, 3.5 (3.12)%.

2.4. Kinetic and equilibrium measurements

The kinetic measurements were carried out under
nitrogen, in the dark, in thermostatted flasks, closed
with a serum cup in the case of reactions that are
complete in three days; for slower reactions and for
equilibrium measurements sealed flasks were used,
which were opened at various times for the solution to
be analysed.

In a typical run, an excess of NBu4X was added to a
solution of 1c (or in some cases 1b). The solution was
thermostatted in the 25–60°C range according to the
solvent used and the concentration of complex 1 was
measured at different times. The reaction was followed
up to two half lives.

The concentrations of the complexes in solution were
measured by the absorbance of the CO stretching bands
on the basis of Beer’s laws of complexes 1b and 2b,
which were also used for the other complexes, since the
anion does not affect the intensity of the bands.

Since the concentration of the anion X− did not
change during each kinetic run, the reaction was con-
sidered a pseudo-first-order reaction. The reaction rates
were measured by following the disappearance of the
CO stretching band at higher frequency of complex 1.
The kinetic relationship for the calculation of the
pseudo-first-order rate constants is:

ln
D0−De

Dt−De

= (kfwd+krev)t=kfwd

a
xe

t (1)

where D0, De and Dt are zero time, equilibrium and t
time absorbances of complex 1, respectively; kfwd and
krev are the pseudo-first-order rate constants in the
forward and reverse directions, respectively; a is the
initial concentration of complex 1 and xe is the equi-
librium concentration of the dihaptoiminoacyl complex
2. The other CO and CN stretching bands were not
used because of their low intensities or their overlap
with other bands.

The equilibrium of Scheme 1 does not occur with
BPh4

− and BF4
− in dichloromethane and nitromethane;

on the other hand, in these solvents the reverse reaction
was observed and went to completion. The pseudo-first-
order rate constant of this reaction was measured in
dichloromethane in the presence of an excess of
NBu4BPh4 (molar ratio=50) using Eq. (2):

ln
D0

D0−Dt

=k−1t (2)

in which D0 and Dt are the initial and t time ab-
sorbances, respectively, of the band at 1951 cm−1 of
complex 2b; the value of the rate constant is imprecise
because of slight decomposition.

3. Results

3.1. Synthesis of
[Fe(PMe3)2(CO)2(CH3)(CN-tert-butyl)]BF4 (1c)

The method for preparing complex 1b, described in
Ref. [5a], does not give good results for complex 1c,
because, during the reaction of Fe(CO)2(PMe3)2(CH3)I
with tert-butylisocyanide in methanol, in the presence
of NaBF4, complex 1c, formed in the reaction, is solu-
ble and isomerises quickly to 2c due to the presence of
I− in solution. Attempts to eliminate I− by using
AgBF4 were unsuccessful because Ag+ reacts with com-
plexes 1 and 2, which then decomposed.

Complex 1c was obtained utilising the solubility of
N(CH3)4BF4 in methanol and its insolubility in CH2Cl2.
By adding an excess of N(CH3)4BF4 to a suspension of
complex 1b in methanol, complex 1c dissolved and the
salt N(CH3)4BPh4 precipitated out. The excess
N(CH3)4BF4 was separated by dissolution in CH2Cl2 of
the residue of the solution

3.2. Thermodynamic results

The reaction of Scheme 1 proceeds following the
equilibria [5a,9] indicated in reaction (2a):

C++X− X
KCI

(C+X−) X
k1

k−1

C+ %X− X
K%CI

C+ %+X− (2a)

in which C+ and C+ % are cations 1 and 2, respectively;
KCI and K %CI are the formation equilibrium constants of
the contact ion pairs of complex (C+X−) and (C+ %X−),
respectively; k1 and k−1 are the first-order rate con-
stants of the insertion process in the forward and
reverse directions, respectively.

Since the IR technique used for measuring the con-
centration of complexes 1 and 2 does not distinguish
between the contact ion pairs (C+X−) and (C+ %X−)
and the corresponding dissociated ions C+ and C+ %,
the experimental value of the equilibrium constants Ksp

is given by:
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Table 3
Equilibrium constant Ksp and thermodynamic parameters for the reaction in Scheme 1

T (°C) Ksp *X− Thermodynamic parameters **Solvent

I− (a) Methanol 40 1.0290.05
25 0.7490.03Nitromethane DH=−6.790.5 kJ mol−1

40 0.7090.03 DS=−2593 J K−1 mol−1

50 0.6490.04
60 0.5890.03
25 0.7590.06Dichloromethane a

25 0.7490.04Acetone a

AcetoneBPh4
− (b) 30 0.6990.02 DH=−7.990.5 kJ mol−1

50 0.5590.05 DS=−2993 J K−1 mol−1

60 0.5090.05
30 1.0790.02 DH=−6.690.5 kJ mol−1Methanol
40 0.9990.03 DS=−2193 J K−1 mol−1

50 0.9390.04
60 0.8590.03
40BF4

− (c) 0.7090.04Methanol

a Values published in Ref. [5a].
* The errors are given as mean deviations.
** The errors are given as the standard deviation of the linear correlation.

Ksp=
[C+ %]+ [C+ %X−]
[C+]+ [C+X−]

(3)

By expressing the concentration of the dissociated ions
C+ and C+ % as a function of KCI and K %CI, respectively,
and considering the activity coefficients of the neutral
species equal to one, Ksp becomes:

Ksp=
[C+ %X−]
[C+X−]

1
K %CI[X−]g−g+ %+1

1
KCI[X−]g−g++1

=Ke

1
K %CI[X−]g−g+ %+1

1
KCI[X−]g−g++1

(4)

in which g+ and g+ % are the activity coefficients of C+

and C+ %, respectively; g− is the activity coefficient of
X−; Ke=k1/k−1 is the true equilibrium constant of the
insertion reaction.

Since C+ and C+ % have the same stucture and dimen-
sions, we can assume that, in each run, g+ is also equal
to g+ %; consequently Ksp=Ke, if KCI=K %CI.

KCI and K %CI, calculated in dichloromethane by con-
ductivity measurements [5a], result the same in the
limits of the experimental error; it is reasonable to
assume that this is also true in the other solvents.

If all the previous conditions are valid, the experi-
mental equilibrium constant, Ksp, is equal to the
true equilibrium constant, Ke. The values of the experi-
mental equilibrium constants, Ksp, and the thermody-
namic parameters in different solvents are given in
Table 3.

3.3. Kinetic results

Considering that the dissociated and undissociated
ions are not distinguished by the spectroscopic mea-
surements and that the reaction proceeds via formation
of contact ion pairs, the insertion rate of reaction (2a)
is

6= −
d{[C+]+ [C+X−]}

dt
=k1[C+X−]−k−1[C+ %X−]

(5)

Since KCI=KCI’ and g+=g+ %, as previously assumed
for the equilibrium, the rate becomes:

6=
KCI[X−]g−g+

KCI[X−]g−g++1
{k1([C+]+ [C+X−])

−k−1([C+ %]+ [C+ %X−])} (6)

The integration of this equation gives:

ln
xe

xe−x
=kobst (7)

where xe and x are the equilibrium and t time concen-
trations of the sum of C+ %and (C+ %X−), respectively;
kobs is given by the following expression:

kobs=kfwd+krev=
KCI[X−]g−g+

KCI[X−]g−g++1
(k1+k−1)

=
KCI[X−]g−g+

KCI[X−]g−g++1
k1

a
xe

in which

kfwd=
KCI[X−]g−g+

KCI[X−]g−g++1
k1 (8)

On the basis of Eq. (8), the values of the experimental
rate constant, kfwd, is a function of KCI, of [X−] and of



G. Bellachioma et al. / Journal of Organometallic Chemistry 593–594 (2000) 119–126 123

Table 4
Forward pseudo-first-order rate constant (kfwd) for the reaction in
Scheme 1 a with NBu4I in various solvents and at various tempera-
tures

kfwd×104 (s−1)[1c]×103 (M) [NBu4I]×10 (M)

Nitromethane, T=25°C
07.31 0
1.40.1567.68
1.86.82 0.210
2.10.2706.75

7.02 0.350 2.2
2.40.6906.82

Nitromethane, T=40°C
7.31 0 0

0.551.396.88
1.028.95 2.68
1.363.849.06

7.57 3.68 1.49
1.656.636.57

Methanol, T=40°C
7.31 0 0.25

4.492.307.75
3.077.46 6.03
3.757.50 6.48

7.008.088.58

a The reacting complex is 1c.

Fig. 1. kfwd vs. [NBu4I] in nitromethane at 25°C for the reaction in
Scheme 1; the reacting complex is [Fe(PMe3)2(CO)2(CH3)(CN-tert-
butyl)]BF4 (1c).

various anions in the different solvents are summarised
in Table 6.

The reverse reaction of the Scheme 1 was followed
only for [Fe(PMe3)2(CO)2(h2-C(CH3)�N-tert-butyl)]-
BPh4 (2b) in dichloromethane in which the reaction
goes to completion, using a strong excess of NBu4BPh4.
The k−1 at 30°C is 2.4×10−6 s−1.

3.4. Solution interionic structures

The interionic structures of complexes 1b and 2b in
all the solvents studied in the kinetic measurements
were investigated by 1H-NOESY NMR spectroscopy,
while those for complexes 1c and 2c were measured by
19F{1H}-HOESY NMR spectroscopy. The NOE con-
tacts between dipolarly-coupled nuclei can only be ob-
served if the contacts are closer than 4.5–5 A, . This
means that the contact ion pairs must be the predomi-
nant species in order to observe a meaningful interionic
contact. The complexes are mainly present as contact
ion pair in dichloromethane (dielectric constant 8.71 at
303 K); in the other solvents (acetone, methanol and
nitromethane) the complexes were partially dissociated:
notwithstanding the contacts are observed in all the
solvents. In some cases the spectra were recorded in the
presence of an excess of counterion (up to 100 times) in
order to increase the concentration of the contact ion
pairs.

Sections of the 1H-NOESY NMR spectra of com-
plexes 1b and 2b in CD2Cl2 are given in Figs. 2 and 3,
respectively; the 19F{1H}-HOESY NMR spectrum of a
mixture of 1c and 2c in acetone-d6 are reported in Fig.
4. The NMR spectra of the complexes in nitromethane-
d3 and methanol-d3 are similar.

In all the solvents, the spectra show strong interionic
contacts between PMe3 and tert-butyl protons of the
cations and the NMR active nuclei of the counterions,
even if the experimental observation of the isocyanide

the activity coefficients g− and g+, which are not
known for the various solvents.

In order to obtain the true rate constants, k1 and
k−1, of the insertion process we carried out kinetic
experiments at various concentrations of X−, by adding
NBu4X. A few experimental values of kfwd, obtained in
these experiments, are given in Tables 4 and 5.

By plotting kfwd versus [NBu4X] (Fig. 1), we obtain
an asymptotic trend according to Eq. (8), since the
concentration of [X−] is a function of the concentration
of the salt. The asymptotic value of kfwd is therefore
equal to k1, which is independent of KCI and of the
activity coefficient of X−.

The values of k1 are independent on the nature of the
reacting complex; they depend only on the nature of
NBu4X and on the solvent. The k1 values for the

Table 5
Forward pseudo-first-order rate constant (kfwd) for the reaction in
Scheme 1 a with NBu4BF4 in methanol at 40°C

[NBu4I]×10 (M)[1c]×103 (M) kfwd×105 (s−1)

07.31 1.85
2.188.71 1.75

2.628.75 2.45
8.69 3.49 2.49
8.04 4.21 2.48

a The reacting complex is 1c.
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Table 6
First-order rate constant (k1) for the reaction in Scheme 1 in various solvents and at various temperatures a

X− k1 (s−1)T (°C)

Dichloromethane Acetone Methanol Nitromethane

I− 25 (7.390.1)×10−4 b Very fast (16.090.9)×10−5 (2.590.1)×10−4

40 (7592)×10−5 (1.790.1)×10−3

No reaction c (1.2390.10)×10−530 (8.790.2)×10−6 dBPh4
− No reaction

40 No reaction (2.390.1)×10−5 d No reaction
50 No reaction (6.490.9)×10−5 d No reaction

No reaction Very slow40 (2.590.1)×10−5BF4
− No reaction

a X− refers to salts NBu4X; with NBu4BPh4 the reacting complex is 1b; with NBu4I and NBu4BF4 the reacting complex is 1c.
b Value published in Ref. [5a].
c k−1 at 30°C in CH2Cl2 is 2.4×10−6 s−1.
d In these cases the salt used is NaBPh4.

contacts is difficult in some solvents due to the superim-
position of their resonance with those of the phosphine
protons (see Table 1 and Fig. 2). The methyl group of
complexes 1 show a very weak (X−=BPh4

−) or not
appreciable (X−=BF4

−) contact with the counterions,
while the methyl group of the dihaptoiminoacyl com-
plexes 2 show considerable contacts with the protons and
the fluorine atoms of the counterions (Figs. 3 and 4). It
is interesting to note that in the case of BPh4

−, the
proximity of the counterion to certain protons can also
be deduced by the shielding effect exerted by the p-elec-
trons of the phenyl groups [10]. This is clearly shown in
Table 1 where, for example, the chemical shift of the Me
group for 1b is practically independent of the solvent
(Dd=0.05 ppm) while in 2b the same group substantially
changes its chemical shift (Dd=0.29 ppm).

The above reported results are not enough to deduce
univocal interionic structures. The observation of interi-
onic contacts between the Me and tert-butyl protons with
the NMR active nuclei of the counterion in complexes
2 indicates that the latter is located close to the three atom
ring in the h2-complex. The problem of the specificity or
non-specificity of this interaction still remains. In fact, we
cannot exclude that the counterion could also go in the
other side of the molecule that contains the two carbonyl
ligands, since it is a ‘black’ side from an NMR point of
view. In our previous studies, we observed a marked
specificity of interionic contacts, especially when it is
possible to delocalise the positive metal charge [7]. If this
occurs in the h2-complex, our hypothesised interionic
structure is correct. In complex 1, the counterion can be
located between the isocyanide and the carbonyl cis to
it. In this case, too, it is possible that the counterion is
localised between the two CO ligands.

4. Discussion

The equilibrium and kinetic studies were carried out
in dichloromethane, acetone, methanol and ni-

tromethane in order to cover a wide range of dielectric
constants and coordinative capabilities [11].

In all the solvents, the equilibrium constants decreased
with increasing temperature. The DH values are therefore
negative (Table 3) and are slightly influenced by the
nature of the anions and of the solvent. DS values are
negative and indicate a stronger solvation of complexes
2 than complexes 1. In most solvents, the entropic and
enthalpic effects compensated and the equilibrium con-
stants were close to unity. In contrast, in
dichloromethane and nitromethane with X−=BPh4

−

and BF4
− the equilibrium shifted toward complexes 1 and

insertion was not observed; on the other hand, starting
from [Fe(PMe3)2(CO)2(h2-C(CH3)�N-tert-butyl)]BPh4

(2b) the reverse reaction was observed and the k−1 value
at 30°C in dichloromethane is 2.4×10−6 s−1. This

Fig. 2. A section of the 1H-NOESY NMR spectrum of complex 1b
recorded at 400.13 MHz in CD2Cl2 showing the interionic interac-
tions of the aromatic protons with PMe3 and C(CH3)3 protons.
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Fig. 3. Two sections of the 1H-NOESY NMR spectrum of complex
2b recorded at 400.13 MHz in CD2Cl2 showing the interionic interac-
tions of the aromatic protons with PMe3, C(CH3)3 and h2-C(CH3)
protons.

methanol\acetone, nitromethane, dichloromethane

The coordinative capability of the solvent appears to
affect predominantly equilibrium; the dielectric con-
stant is less important, as indicated by the same be-
haviour of nitromethane and dichloromethane.

The increase of the pseudo-first-order rate constant,
kfwd, with an increased concentration of NBu4X (Tables
4 and 5), up to an asymptotic value (Fig. 1), as ex-
pected from Eq. (8), confirms the previous conclusion
[5a] that an ion pair is the reacting species in the
insertion reaction. NBu4X increases the concentration
of ion pairs (C+X−). kfwd increases until all C+ cations
are transformed into (C+X−); when this limit is
reached, the kfwd value remains constant and this value
corresponds to the insertion rate constant, k1.

Consequently, the formation of the ion pairs pre-
cedes the insertion reaction; the electrostatic and chem-
ical interactions in the ion pair are responsible for the
reaction [12]. On the other hand, the NMR structural
studies indicate that the ion pair structure is not influ-
enced by the solvents and by the anions (Figs. 2–4); the
kinetic effects therefore would not be due to a change
in the solution structure of the ion pairs.

The effect of the anions and solvents can be analysed
on the basis of the k1 values in Table 6. For the same
solvent the anion effect is:

I−�BPh4
−�BF4

−

Combining this trend with previous results [5a], the
following anion order is obtained:

Cl−�Br−\I−\NO3
−�ClO4

−\BF4
−�BPh4

−

This reactivity order can be explained on the basis of
the size of the anions [13]: smaller anions interact more
strongly with the cation of the ion pairs [11] and
increase the insertion rate. Based on this, the behaviour
of BF4

− is anomalous: it is much smaller [14] than
BPh4

−, yet shows a similar reactivity, and, although it is
smaller than I−, it reacts much more slowly. This
anomalous behaviour can be explained by the coordi-
nating power of the anions which is responsible for the
stronger effect exerted by the monoatomic anions;
ClO4

−, BF4
− and BPh4

− are weakly coordinating anions
but their coordinative powers follow the order observed
in this work [15].

No coordinative interaction was observed in com-
plexes 1 and 2, since the anions do not affect the CO
stretching frequencies (Table 2) or 1H chemical shifts
(Table 1). The coordinative power could therefore act
on the stabilisation of the h1 unsaturated intermediate
[Fe(PMe3)2(CO)2(h1-C(CH3)�NR)]+X−, formed during
the reaction [5b].

The solvent effect changes with the nature of the
anions. With BPh4

− and BF4
−, the reactivity order is the

same as that observed for the equilibrium constants and

indicates that the equilibrium constant in
dichloromethane is B0.05, making complexes 1b much
more stable than complexes 2b.

The effect of solvent on the equilibrium constants
with the anions BPh4

− and BF4
− follows the trend:

methanol\acetone�dichloromethane, nitromethane

With the anion I− the effect is smaller and follows the
order:

Fig. 4. 19F{1H}-HOESY NMR spectrum of a mixture of complexes
1c and 2c recorded at 376 MHz in CD2Cl2 showing the interionic
interactions of BF4

− with all the protons with the exception of those
of CH3.
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can be explained on the basis of the stabilisation of
(C+X−) and (C+ %X−) by the coordinative capability of
the solvents, which is very high for methanol and
acetone and is very low for dichloromethane and ni-
tromethane [11,15].

With I−, the reactivity order is:

acetone�dichloromethane\nitromethane\methanol

In this order the position of the methanol is inverted. In
methanol, I− can be strongly solvated with the forma-
tion of a solvent-separated ion pair [11,16]. In this type
of ion pair, the interaction with the cation is reduced
and the effect on the insertion reaction decreases.

In conclusion, the reaction studied in this work is one
of the few associative reactions where the anion effect is
relevant. Based on the influence of anions and solvent,
it seems that size and coordinative capabilities are the
most important factors affecting reactivity. The litera-
ture [17] contains a lot of information about the influ-
ence of anions on reactivity. It is generally accepted
that in order to enhance chemical reactivity the anion
has to be large and weakly coordinating. In these
reactions, the mechanism is dissociative as is clearly
shown in the copolymerisation of carbon monoxide and
olefins by palladium complexes [18]. In the reaction in
Scheme 1 therefore, which proceeds via an associative
mechanism, it is reasonable that the effect of anions is
inverted.
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L.M. Venanzi, Organometallics 16 (1997) 2139. (c) A. Mac-
chioni, G. Bellachioma, G. Cardaci, G. Cruciani, E. Foresti, P.
Sabatino, C. Zuccaccia, Organometallics 17 (1998) 5549. (d) G.
Bellachioma, G. Cardaci, V. Gramlich, A. Macchioni, M. Valen-
tini, C. Zuccaccia, Organometallics 17 (1998) 5025. (e) C. Zuc-
caccia, G. Bellachioma, G. Cardaci, A. Macchioni,
Organometallics 18 (1999) 1.

[8] A. Weissberger, E.S. Proskauer, Techniques of Organic Chem-
istry: Organic Solvents, vol. VII, second ed., Interscience, New
York, 1955.

[9] M. Szwarc, Ions and Ion Pairs in Organic Reactions, Wiley
Interscience, New York, 1972 and 1974.

[10] C.W. Haigh, R.B. Mallion, Prog. NMR Spectrosc. 13 (1980)
303.

[11] C. Reichardt, Solvents and Solvent Effects in Organic Chem-
istry, VCH, Weinhiem, 1990.

[12] T.E. Hogen-Esch, Adv. Phys. Org. Chem. 15 (1977) 153.
[13] L. Sutton (Ed.), Tables of Interatomic Distances and Configura-

tion in Molecules and Ions, Special Publication No. 11 and 18,
The Chemical Society, London, 1958.

[14] (a) A.P. Gaughan Jr., Z. Dori, J.A. Ibers, Inorg. Chem. 13
(1974) 1657. (b) B. Olgemoller, H. Bauer, H. Lobermann, U.
Nagel, W. Beck, Chem. Ber. 115 (1982) 2271.

[15] W. Beck, K.H. Sunkel, Chem. Rev. 88 (1988) 1405.
[16] M.J. Blandamer, T.E. Gough, C.R. Symons, Trans. Faraday

Soc. 62 (1966) 286.
[17] S.H. Strauss, Chem. Rev. 93 (1993) 927.
[18] A. Macchioni, G. Bellachioma, G. Cardaci, M. Travaglia, C.

Zuccaccia, E. Milani, G. Corso, E. Zangrando, G. Mestroni, C.
Carfagna, M. Formica, Organometallics 18 (1999) 3061.

.


