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ABSTRACT: The kinetics and mechanisms of the substitution reactions of trans-
[Colen),CNCI]T withunidentate anions, NO,~, CN™,I", N;7, Br™,and SCN™ in 60%
viv DMF-H,O binary solvent ar 40.0x0.2°C were studied spectrophoromenically. An
I, mechanism was assigned for the replacement of chlorine by NO,™, CN~, and I~
an I, one for the eniry of N;~ and SCN™, and a D mechanism for Br™ cniry.
Comparing the interchange rate constants, k;, valiues has led to the following trend of

reactivity of the anions toward the given subsmaie.
NO,” > Ny~ > Br” > CN™ > H,O > I" » SCN™
The replacement of chlorine by the anions procecded with a complere retention of

configuration.
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INTRODUCTION

The replacement of one unidentate ligand by ano-
ther is the simplest substitution which is used to
explain the mechanism of sabstitution in octahedral
Co{Ill) complexes [1]. Most of the data reported 10
date, have been on reactions carried out in agqueous
solutions {2,3]. The involvement of a water molecule
in the transition state as a weakly bonded nucleo-
phile is stili debatable [4].

In the present work the substitution reactions
between mans-[Co(en),CNCI]* and various anions,

CN7,NO,7, Ny, SCN7, I, and Br™ in binary 60%
viv DMF-H,O0 solvent at 40°C are studied by spectro-
photometric techniques.

EXPERIMENTAL

Dimethylformamide solvent of analytical grade
obtained from Merck. Inorganic chemicals of Analar
grade were used without further purification, except
for potassium cyanide (Merck) which was recrystal-
lized before use. Ethylenediamine, cobalt chloride
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six hydrate, hydrochloric acid, hydrogen peroxide,
sodium sulfite, methanol, ether, sodium perchiorate
were obtained from Fluka and used without further
treatment.

Preparation of Co(Ill) complexes
The complex mrans-[Co(en),CNCI|CIO, was prepa-
red by the following reactions:

1 2
COCI2 6H20 e ITanS-[CO(en)ZClz]Cl —

[Co(en),C(SO)] ——> [Co(en),(SOCN] —is

trans-[Co(en),CNCIJCl—— trans-[Co(en),CNCI|CIO,

Trans-[Co(en),Cl,|Cl was prepared from CoCl, .
6H,0 and ethylenediamine through oxidation by
hydrogen peroxide (yield 70-87%) [5]. [Co(en),Cl-
(SO;)] was prepared according to Baldwin procedure
[6]. [Co(en),CN(SO,)] was prepared according to
procedure cited in reference [6], by mixing equivalent
amounts of KCN solution with [Co(en),(SO4)Cl].
{Co(en),CNCICIO, was prepared by dissolving a
given amount of [Co(en),(SO4)Cl] in a minimum
amount of concentrated hydrochloric acid, then by
adding solid sedium perchlorate the crystals were
precipitated [7], (yield 85-95%).

The infrared and the visible absorption spectra of
the prepared complexes were in accord with those
reported in the literature [6,7].

Spectroscopic techniques

Visible and ultraviolet spectra of the prepared
Co(Ill} complexes were recorded on a PU 8750/
Philips spectrophotometer.

The infrared spectra of the complexes were recor-
ded on a Perkin-Elmer 781 spectrophotometer.

Kinetic studies

Since all the reactions studied are slow, their rates
were followed by conventional spectrophotometric
techniques. The temperature was kept constant at
40+0.2°C by a thermostated cell compartment of the
spectrophotometer. The kinetics were followed at a
pre-determined wavelength at which a maximum dif-
ference between the spectrum of the substrate and
the product was observed in an earlier "trial run"

The kinetics and mechanisms of ...

Vol. 18, No. 2, 1999

experiment [8]. The kinetics were followed in the
presence of excess of a given nucleophile to ensure
pseudc first-order kinetics. Binary mixed solvent of
60% viv DMF-H,0O was used. The absorbance was
measured at definite intervals without disturbing the
reaction mixtures in a stoppered spectrophotometric
cell. lonic strengths were maintained constant for
each reaction by adding proper amounts of dried
NaClO,. The visible spectra of the reaction solution
on attainment of equilibrium were closely similar to
those of the expected trans-products.

General method
The kinetics of the substitution reactions (1):

mrans-[Co(en),CNCIl]* + ¥~ ——
rans-{Co(en),CNY]* + CI- (1)
have been studied by spectrophotometry. The nucleo-
philes Y~ include SCN™, Br™, 17, N;~, NO,", and
CN™. The close similarity of the expected product
spectrum and the spectrum of the reaction mixture at
equilibrium indicates that under the excess Y~ concen-
tration, the substitution is effectively complete. The
data obtained in this work have been treated by a non-

linear least squares program fitted to the Eq. (2):
—kt

A= (A, - Ay e + A, (2)

The observed rate constants were calculated by
using Quick Basic computer application. The stan-
dared deviation of an individual rate constant is
within the standard error of +4%. Plotting k
the initial nucleophile concentration for all the reac-
tions studied in binary mixed 509 v/v DMF-H,0 as sol-
vent, show one of the three general patterns shown

against

obs

in Fig. 1. The experimental kinetic results are shown
in Table 1 and in Fig. 2.

(a)

(CV
/ / )
S
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[Y'1,/M
Fig. I: Dependence of pseudo-first-order rate constant, k.,
upon Y conceniration.
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Table 1: The kinetic data for the reaction of trans-{ Co(en)QCNCl]"' with various nucleophiles in 60% viv DMF/H,0
solvent at 40+0.2°C and in various ionic strengths

(x KSCN(10°M) 12.1 22.8 35.1 45.6 78.7 91.2 N
10°K (s 71 4.65 512 | 537 | 59 | 7.20 7.82
KN;[10°M] 3.36 374 5.51 7.12 7.48 7.95
10*K (s 0.92 0.98 1.21 1.39 1.42 1.52
KBr(10°M) 13.7 18.2 31.9 45.6 57.6 68.4
10*K (s ™) 1.56 1.62 1.53 1.58 1.55 1.54
KI(10°M) 4.56 13.7 22.8 45.6 63.8 91.2
10°K,, (s~ ) 3.59 5.59 6.61 6.68 9.83 9.87
KNO,(10°M) 9.1 137 182 22.8 45.6 63.3 91.2
10°K (s 71 1.61 370 | 5.05 538 | 6.68 7.02 7.20
KCN(10°M) 0.92 1.72 2.73 3.64 4.56 6.38 9.12 1009 | 13.68
\J0 K57 2.25 2.44 3.24 471 5.25 570 5.78 5.79 5.98 /
Koy, = L]otko (7
1+ K[Y],
3 Plotting the inverse of Eq. (7) vields a straipght
— line (Eq. 8) from which the interchange rate ¢onstant
67 of the ion-pair k; and the ion-pair association
\—:‘é constant, K can be estimated, provided k, is known
4 o: from the zero concentration intercept of the k,, v
= [Y™], plots, (see Fig. 2.).
2
e y—u I _ 1 + 1 _ 8)
N . ke K- K (5~ KKIY ],
6 20 40 60 80 100 Table 2 shows the estimated k; and K values for the
102[Y_]0/M systems studied.

Fig. 2: Dependence of K, upon the nucicophile concentration,
left: 0, NOy 5 o, CN™; w, Br ; v, Ny ; right: o, SCN"; A, I~

RESULTS AND DISCUSSION

Reactions which follow pattern (1), Fig. 1 are
best explained in terms of the rate law derived by
Schiavan et al. [9] were found to best fit our experi-
mental data, (Eq. 7), for the reactions with 7, NO,™,
and CN~ ions.

K
R-X|"™ + ¥~ =—= [R-X]"* ... Y~ fast (3)

K; n -
R-Y]"™* + X

r.d.s.

slow (4)
[R-X]"* + H,0 .qu- R~H,0]®*D* 4 X~ siow (5)
i

k
[R-H,0]°*+Y~™ —25 [R-Y]"* +H,0 fast (6)
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Comparing the k; values in Table 2, the relative

reactivity of the nucleophiles toward the substrate at
40°C is as follows:
NO,” > N;” = Br” > CN™ > H,0 > I" > SCN~
The activity of an anion mainly depends upon the
degree of solvation [14] and basic strength [11]. k
values are independent of the ionic strength changes,
as it is due to an intramolecular rearrangement.
Therefore, a comparison of nucleophile reactivities
could be made.

The entry rate of SCNT into the substrate is
linearly dependent upon its concentration, which
supports an I, mechanism. Langford et al. }12] found
that the reaction of SCN~ with sans-|Co(en),-
NO,CI]" in binary water-dimethylformamide and in
pure DMF is independent of SCN™ concentration. It
is obvious that -NO, or -CN as non-participating
groups promotean I, mechanism. The work of Asper-
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Table 2: Kinetic data for the substitwion reuctions of !rans-[Cn(en)zCNle"' with various
nueleophiles, Y, at 40.0+0.2°C in 60% viv DMF/H,0 solvent

7y k, < 107° K K," x 107" Tonic strength| Mechanism
(s‘]) (M‘i) (M‘Js“') (M) suggested
SCN™ 7.4 12.3 1.8 0.95 L))"
. 16 20.2 29.5 0.95 Ly
Br~ | 156.5" — 560 0.70 D
NO,™ 830 73 1900 .95 1,(D)
Ny~ 270 15.4 2220 0.50 LLy*
CN 120 : 11200 0.50 Iy
H,0 82° ¢
I oo
T k?, _ ‘[‘ohs
aj} kz—n,kz_fy_j
kubQ °
b) kgpe = ——

¢} The mechanism in parentheses is obtained by other investigators [2.8,10-13)

d) Acid fydrolysis of the complex quoted from ref. 2. P. 171, for compurison

ger et al. [13] in methanol has shown that the reac-
tion of SCN™ with mans-[Co(en),(NO,)CI}T follows
an [, mechanism. But with rans-[Co(en),CNCI|* fol-
Jows an {; onc

8], An I, mechanism was obtained for
the entry of SCN™ into rans-|Co(en),(NO,)H,O*
in mixed aqueous-tetramcthylsulfone [15]. Also the
entry of SCN™ into trans-[Co(en),(NO,)Br]" in water-
sulpholane has shown to follow an I, mechanism [16].

Ny behaves like SCN™ and follows an [, mecha-
aism (Table 1). The previous works in mcthanol {§]
for the cnuy of N7 ointa mrans-|Cofen),CNCI|*
showed an |, mechanism. However, theenhanced rate
OfN;T compared with SCN7 s due to its higher hasic
stiength [13.17).

The emiry of NO,7 ) CN7, and 17 into the subs-
trate fram-[Co(en),CNCH™" follow an I; mechanism
as the entry of NO,™ in methanol |8]. But the NO,™
reaction with rrans-[Co{en),(NO,)CI]" in DMSO was
explained on the basis of Sy1CB mechanism [18).

The entry of Br™ into frnas-[Co(en),CNCI|*
tollows a D mechanism where the slow step is the
aquation process. The previous works in methanol
for the reaction of Br~ with c.f's-[(3()(f>n)21-{20C1]2'F in
the prosence of HCIO; showed a D mechanism [19].
Also the eatry of Br™ into cis-[Co(en),Cly]* in
methinol foliowed a D mechanism [20].

Cyano-group in frans-{Co(en),CNCI]*, like nitro-
group promates an A or [, mechanism in the ligand
substitution reactions, probably at somewhat reduced
rate. The strong orientating effect of the cyane-group
arises {rom the negative electromeric effect exerted
on the 3d non-bonding shell of the cobalt atom. The
group retards substitution in all positions but espe-
cially in those adfacent 1o itself. The polarization of
cobalt should provide access (o the entering anion.
But the same polarization will oppose heterolysis of
the departing chloride. The first effect w0 be expected
of such electron displacement is an inhibition of
anion attack in cis- position to the cyano-group, and
hence un orientation of the attack towards the mans-
position. Thus a predominating retention of configu-
ratjon when the mrans-chlorine is displuced has been
observed.

What seems most significant, however, is the obser-
vation that the extrapolation of the specific replace-
ment rates (0 zero reagent concentration gives a
finite value for all anions except for Br™ (which
follows u D mechanism). These results seem to favor
the bimolecular mechanism described through aqua-
tion pathway (k,). According to this mechanism the
activation energy is supplied from the complex-water
bond formation and the cobalt-chlorine bond lengi-
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hens, but nol sufficiently to cause dissociation. The
anion, Y7, which is aiready in the solvation shell,
could quickiv enter the coordination shell.

The linite intercepl at zero reagent concentration
of the plos of kg, versus [Y7), [patterns (L) and
(L) in Fig. 1] support the idea that the replacement
ofchlorine by the anions, Y7, requiresa step through
which the solvent molecule form a solvate intermediate
(aqua intermediate), which is followed by a fast replace-
mentof the coordinated selvent by the entering anion.
Asperger and Ingold [21], suggested that 4d-orbitals of
cobalt play an intermediate role in the binding of
warer, which js greatly assisted when the underlying
3d-shell is pulled out of the way by the cyano-group.

Since the wctivity of the anilons are greater than
water and DMF solvent molecules, therefore there is
no chance for these solvent molecules o compete
with the entering anions in the ion-pair outer-inner
sphere interchange [22]. However, there is a good
chance {or water molecules as a hard basc to replace
the chloride 10w with the hard free substrate, through
formation of aqua intermediate. The most novel featurc
ol this study was a radically altered competitive
position {or nucteophiles. The solvent DMF does not
torm o <rong comnplex with the substrate and is
therefore, ol potentially lower nucleophilicity than
waler. it is known that the solvent plays a major role,
not only in the magnitude of rate constants, but also
in the orders of nucleophilic reactivity. As fur as the
entry of anions into ionic complexes in organic and
mixed solvents is concerned, the nature of the solvent
and its solvating power upon the complexes and the
entering anions have 10 be considered [14]. Some of
these solvents would form stable solvated intermedi-
ates with 1he complexes, which could be isolated
casily from the reaction mixture. Unlortunately we
werg unable (o isolate such intermediates in the
present work. But the k, pathway is a good evidenee
for such intermediates. Some of these intermediates
are labile and could not be observed. The kinetics
and refated experimental evidence for some of these
solvento complex intermediatcs have been reported
in the literature [2].

However, the properties of a solvent are variable
with respect to a range of complexes, i e. each
camplex has certain characteristcs in a given solvent,
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but probably different behavier is found with respect
to the anions [14]. Therefore, it is to be expected that
the kinetics of substitution of one anionic ligand by
another in mixed solvents will be more complicated
than in aqoeous solutions and hence simple rate laws
are not common. The cxistence of ion-pair species in
equilibrium with the free complex could be investiga-
ted qualitatively by observing the shift of the visible
and near wltra-violet spcctrum of the complex under
investigation, and its association constanl could be
determined spectrophotometricatly. The smaller values
ol the ion-pair formation constants of the ans-
[Co(cn),CNCL]* with the anjons, (see Table 2),
obtained from the inverse plots of Eq. (8) indicate
that binary DMF/MH,0, solvates anions even better
than methanol does {18].

The general interpreiation of these results is that
there are specific salvation effects operating in dil-
ferent solvents, and these are not raken into account
by any of the simple models. However, il is not widely
aknowledged that these greatly weakens all of the more
simplistic rationatizations that are uscd to cxplain the
results of these types of studies. The aquation reac-
tion is faster compared with direct entry ol SCN ™ and
[” ions into the substrate ion pair and thus it seems
that aquation would necessarily precede those anions
(Table 2).
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