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The substitution reactions of five-co-ordinate
[Co(PhyPC,H PPh, ),CIJCl with bipyridine, 1,10-
phenanthroline and 2,9 dimethyl-1,10-phenanthroline
have been investigated in dichloromethane at a tem-
perature of 25 °C. A detailed mechanism is proposed
to account for the kinetic data. Evidence is presented
to show that the complex reacts by a dissociative
mechanism, with a dissociation rate constant of
62.5s.

Introduction

There has been considerable’ interest recently in
the kinetics and mechanisms of the substitution reac-
tions of five-co-ordinate transition metal complexes
[1—22]. An assessment of the published results indi-
cates that these reactions can proceed by either dis-
sociative or associative mechanisms. The limited data
available suggest that five-co-ordinate d® metal com-
plexes follow dissociative mechanisms except in the
case of the high spin complex [Ni(S,P(OMe),),-
(2,9-dimethyl-1,10-phenanthroline)] which appears
to substitute by an associative mechanism [19].
It has been suggested that five-co-ordinate systems
having less than 8 d-electrons will generally react via
associative pathways [11-13, 20]. However, a dis-
sociative contribution is present in the substitution
reactions of many of the five-co-ordinate cobalt(III)
complexes which have been investigated. There have
only been two quantitative studies of the substitution
reactions of fiveco-ordinate cobalt(Il) complexes
[21, 22]. One of these proposes an associative mecha-
nism, while the other suggests that the substitution is
dissociatively controlled.

In this present investigation we report the kinetics
and mechanism of the substitution reactions of the
low-spin five-co-ordinate complex [Co(Ph,PC,H,-
PPh,),Cl]Cl with bidentate amines in dichlorome-
thane. Two structural isomers of the complex [Co-
(Ph,PC,H,PPh,),Cl]SnCl; can be isolated as red and
green crystals and an X-ray investigation has shown
that the red form has a square pyramidal structure
while the green crystals possess a trigonal bipyramidal
structure [23, 24]. The structure of the green com-
plex [Co(Ph,PC,H,Ph,),CI]Cl has not been deter-

mined but by analogy it is likely to have the trigonal
bipyramidal structure. The u.v.—visible spectrum in
CH,Cl, is similar to the mull spectrum suggesting
that the geometry of the ligands in the solid state is
maintained in solution [25].

Experimental

[Co(Ph,PC,H,PPh,),Cl]Cl was prepared as
described in the literature [25] and analysed satis-
factorily. Reagent grade dichloromethane was dried
and purified by distillation prior to use. The rate
constants were measured using an Applied Photo-
physics stopped-flow device and the data were
recorded using a Tektronix model 5100 storage oscil-
loscope and Polaroid camera. All the reactions were
run under pseudo-first-order conditions with the
nucleophile present in excess. The temperature was
maintained constant at 25.0 + 0.1 °C. The substrate
concentration was varied between 4 X10~° and 1 X
10~ mol dm™3. Standard errors were calculated as
described in the literature [26]. The conductivities
were measured in 1 X107 mol dm™3 acetone solu-
tions using a Radiometer conductivity meter equipped
with a type CDC 314 conductivity cell. The product
of the reaction between [Co(Ph,PC,H,PPh,),Cl]|Cl
and 29-dimethyl-1,10-phenanthroline (dmphen) was
isolated. It was characterized as [Co(dmphen)Cl,].
Anal.: Calculated for CoC4H2N,Cly: C, 499;
H, 3.5; N, 8.31. Found: C, 494; H, 34; N, 83.
This complex has been previously investigated [27].

Results

A single reaction was observed when dichloro-
methane solutions of [Co(Ph,PC,H,PPh,),Cl]Cl
were reacted with 1,10-phenanthroline (phen),
2,2'-bipyridyl (bipy) and 2,9-dimethyl-1,10-phenan-
throline (dmphen). The measured absorbance change
was equal to the calculated absorbance change
between reactants and products. The kinetic data are
given in Tables Iand II. The results are consistent with
a mechanism in which [Co(Ph,PC,H,PPh,),CI]*!



12

TABLE 1. Pseudo-first-order Rate Constants for Substitution
Reactions of [Co(Ph;PC;H4PPh;),Cl]Cl with Bipy, Phen,
and Dmphen in Dichloromethane at A = 360 nm.

M. J. Hynes and P, F. Brannick

TABLE II. Rate Data for the Substitution of {Co(Ph,PC,-
H4PPh,),Cl] Cl with Bidentate Amines in Dichloromethane
at A= 360 nm.

10*[Co(Ph,PC,H4PPh,),Cl] T 10%[phen]  Kopg/s™

mol dm™3 mol dm™3

0.4 0.5 16.4
1.0 25.0
2.0 40.0
3.0 429
5.0 48.3
10.0 57.0
16.0 62.5

1.0 1.0 10.2
2.0 18.9
4.0 25.8
8.0 37.0

1.0% 2.0 3.7
4.0 7.3
6.0 10.2
10.0 17.0

10%[Co(PhyPC;H4PPh,),Cl " 103 [bipy]  Kops/s™

mol dm™3 mol dm~—3

0.4 1.0 14.0
2.0 20.0
4.0 26.3
40.0 52.3

1.0 1.0 9.8
2.0 18.9
4.0 24.0
10.0 38.5
40.0 47.0

10*[Co(Ph, PC, HaPPh,),Cl)* 10 [dmphen] kqpg/s™!

mol dm=3 mol dm 3

0.4 1.0 0.80
2.0 1.52
4.0 3.3
6.0 3.7
10.0 7.6

1.0 2.0 1.2
4.0 2.3
6.0 3.3
10.0 5.5

#[PhyPC,H4PPh,] = 1 X 1072 mol dm ™3

reacts with the nucleophile by the dissociative mecha-
nism outlined in the Scheme.

Assuming B and C to be in steady states and that
the concentrations of B and C are negligible, equation
1 is obtained for ky,:

kiksks[N-N] [C1]
k3ks [N-N] [Cl] + kK4 [P-P] +k, ks [Cl]
1)

kobs =

10* [Co(Ph,PC,-  Nucleophile 10 Ly 1071k, /s
HqPPhy),Cl* ky

mol dm—3

0.4 phen?® 1.60+0.40 6.25

1.0 phen 1.66 £ 0.30  6.02
0.4 bipy? 190+ 040 5.26
1.0 bipy 1.70 £ 0.45 5.8
0.4 dmphen®  1.67:0.35 6.00
1.0 dmphen 1.62+0.20 6.17
1.04 phen 159+ 022  6.30

| ,10-phenathroline, b2,2'—bipyridy1. c2,9-dimethyl-
1,10-phenanthroline. The concentration of added
Ph,PC,H,4PPh, was 1 X 1072 mol dm -3,
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Scheme. All charges are omitted, P-P = Ph,PC,H4PPh,,
and N-N = bidentate nucleophite.

Equation 1 can be rearranged to give equation 2:

o_ 1 [k PP K )
[N-N] | k1ksks [Cl] kk3 @

kobs kl

Thus plots of 1/kg,s versus 1/[N-N] should yield
straight lines of intercept 1/k; and slope {k,/k;k; +
kok4 [P-P] /k k3ks[CI]}. It was possible to isolate
the reaction product [Co(dmphen)Cl,] when
dmphen was the nucleophile. In the case of the reac-
tions of [Co(Ph,PC,H,4PPh,),Cl]* with both bipy
and phen it was not possible to isolate reaction pro-
ducts.
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Figure 1. Plot of Kkpg versus nucleophile concentration for
reaction of 1,10-phenanthroline with [Co(Ph,PC,H4PPh,),-
ClJCt in dichloromethane at 25 °C. (A) [Co(Ph,PCyH4-
PPh,),Cl]1*-= 4 X 1075 mol dm™3; (B) [Co(Ph,PC;H,-
PPh,),Cl1* = 1 X107 mol dm=3; (C) [Co(Ph,PC,H,-
PPh,),ClJ1* = 1 X 1074 mol dm~3, [Ph,PC,H4PPh,] =
1X1072 mol dm 3,

The experimental data support the proposed
mechanism. Figure 1 shows plots of kg, versus nuc-
leophile concentration for reaction of [Co(Ph,PC,-
H,PPh,),Cl]*! with phen, at two different substrate
concentrations and at a large excess of leaving group.
Equation 1 predicts that the presence of excess leaving
group will reduce the observed rate constant at a
given nucleophile concentration; increasing the sub-
strate concentration generally has a similar effect.
When (k,ks[P-P] + kyks[Cl]) > k3ks[N-N][CI]
equation 1 predicts that k,p, will vary linearly with
nucleophile concentration. Figure 1 shows this to be
the case. Figure 2 shows plots of 1/k,y versus 1/
[N-N} for the data in Figure 1. There is good agree-
ment with the proposed mechanism and the intercept
1/k, gives k; = 62.5 s7!. This is in good agreement
with the directly observed limit in Figure 1 ie. kg, =
k, when ksks [N-N] [CI] > (k ks [P-P] + kyks[CI]).
Further support for the proposed mechanism is the
fact that the addition of nucleophile to solutions of
[Co(Ph,PC,H,PPh,),Cl]Cl causes an instant decrease
in the conductivity.
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Figure 2. Plot of 1/kypg versus 1/(nucleophile concentra-
tion) for reaction of 1,10-phenanthroline with [Co(Ph,PC,-
H4PPh,),Cl]* in dichloromethane at 25 °C. (A) [Co(Ph,-
PC,H4PPhy),Cl] Y = 4 X1075 mol dm~3; (B) [Co(Ph,-
PC,H4PPhy),Cl1M* = 1 X10™* mol dm~3; (C) [Co(Ph,-
PC,H4PPh,), CH M = 1 X10™% mol dm ™3, [Ph,PC,H4PPh; ]
=1x10~2 mol dm3.

Discussion

Of the two Co!! five-co-ordinate complexes whose
substitution reactions have been previously reported,
one reacts by a dissociative mechanism while the
other reacts by an associative mechanism. In the
present investigation the mechanism proposed is
purely dissociative and there is no evidence to suggest
that an associative contribution is present. The reasons
for the different mechanistic behaviour of five-co-
ordinate Co'® complexes is not immediately obvious.
Tolman’s Rules [28] which relate to 16 and 18 elec-
tron systems are not strictly applicable to Co!! com-
plexes. A possible reason for the divergence in
behaviour is the effect of the structure of the sub-
strate on its reactivity. The five-co-ordinate trigonal
bipyramidal species [Co(2,6 lutidine N-oxide)s]**
was found to react by a dissociative mechanism [22],
while a pentaco-ordinate macrocyclic Co™! complex,
which is believed to have the square pyramidal struc-
ture, reacted by an associative mechanism [21]. The
evidence strongly suggests that the complex used in
the present investigation has a trigonal bipyramidal
structure.
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