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Kinetics of Hydrolysis of trans-Dichloro- and trans-Dibromo-(N-meso-
5,12-dimethyl-1,4,8,11-tetra-azacyclotetradeca-4,11-diene)cobalt(m) Ca-
tions

By Robert W. Hay * and Geoffrey A. Lawrance, Chemistry Department, University of Stirling, Stirling FK9 4LA

The kinetics of hydrolysis of the title cations trans-[CoX,(V-meso-L%)1+ (X = Cl or Br; L% = 5,12-dimethyl-
1.4,8,11-tetra-azacyclotetradeca-4,11-diene) have been studied at / = 0.1 mo! dm=-3 over the range pH 3.0—4.5.
Hydrolysns of the first halogen ligand obeys a rate expression of the form ko, = kom, + K°Z[OH-1, where k..
is the observed first-order rate constant at constant pH. The values of £, are 8.5 x 107 (X = Cl) andca. 1 x 10?
dm?® moi~1s~1 (X = Br) at 25 °C. The base-hydrolysis rates are the highest yet reported for halogenocobalt(i)
complexes of the [CoXy(N,)1%* type. The pH-independent process is represented by kqy, = 5.4 x 10-3 s-1 for
the chloro-complex. Hydrolysis of the second halogen ligand proceeds more slowly and in this case kg =

k%T[OH-] with £°T =5.9 x 108 (X = Cl) and 1.2 x 107 dm?® mol-! s-1 (X = Br) at 25 °C. The thermo-
dynamic activation parameters for the hydrolysis of the second halogen Ilgand are AH* = 57 kd mol-Yand AS,yt

=75 J K- mol-1 (X = Cl) and AH? = 56 kJ mol-1 and AS,est = 80 J K-1 mol-1 (X = Br).

These values may

indicate rate- determlnmg deprotonation of the substrate in the base-hydrolysis reactions.

RECENTLY there has been considerable interest in the
substitution reactions of cobalt(11r) complexes of macro-
cyclic ligands. Poon ! has reviewed the area with parti-
cular emphasis on the hydrolysis of unidentate ligands in
cobalt(1tr) complexes containing macrocyclic N, ligands.
Previous studies 15 have dealt primarily with cobalt(111)
complexes of meso-5,5,7,12,12,14-hexamethyl-1,4,8,11-
tetra-azacyclotetradecane, tet a (L1, 1,4,8,11-tetra-aza-
cyclotetradecane, cyclam (L2?), and 5,7,7,12,14,14-hexa-
methyl-1,4,8,11-tetra-azacyclotetradeca-4,11-diene,
trams-[14]-diene (L3).

The present paper deals with the base hydrolysis and
aquation rates of complexes of 5,12-dimethyl-1,4,8,11-
tetra-azacyclotetradeca-4,11-diene, 1% Complexes of
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this ligand have two chiral nitrogen centres and two di-
astereoisomers occur, the N-rac {i.e. RR(SS)] diastereo-
isomer (I) and the N-wmeso (i.e. RS) diastereoisomer (II).
The N-meso and N-rac diastereoisomers have been isol-
ated and characterised in the case of [CoCl,(L%)]* (ref. 6)
and [Nil4]%*;7 the N-rac diastereoisomer is the most
thermodynamically stable.®7 The configuration of these

1 C. K. Poon, Co-ordination Chem. Rev., 1973, 10, 1.

2 J. A. Kernohan and J. F. Endicott, Inorg. Chem.,
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Chem. Soc., 1973, 95, 6987.
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complexes has been established by resolution?® of
[Ni(N-rac-L%)]2* on potato starch and by ecrystallo-
graphy ? of [Co(N-rac-L%)(SCN),][SCN]-H,O0.
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EXPERIMENTAL

trans-Dichloro(N-meso-5,12-dimethyl-1,4,8,11-tetra-aza-
cyclotetvadeca-4,11-diene)cobalt(111) Peychlovate, trans-[CoCly-
(L%)[ClO,].—This complex was prepared as previously
described ¢ using Na;[Co(COys),] and L2-2HCIO; in the pres-
ence of concentrated hydrochloric acid (Found: C, 32.0;
H, 54; N, 12.3. Calc. for C,,H,,Cl,CoN,O,: C, 31.8; H,
5.3; N, 12.35%,).

trans-Dibromo(N-meso-5,12-dimethyl-1,4,8,11-tetra-aza-
cyclotetradeca-4,11-diene)cobalt(111) Perchlovate Monohydrate,
trans-[CoBr,(L*)][C10,]'H,0.—This complex was prepared
by treating the dichloro-complex with methanolic hydro-
bromic acid as previously described ¢ and was isolated as the
perchlorate salt (Found: C, 25.5; H, 4.4; N, 9.8. Calc. for
C,,HyBr,CICoN,O;: C, 25.7; H, 4.7; N, 10.0%).

trans-Aquachloro(5,12-dimethyl-1,4,8,11-tetra-azacyclo-
tetradeca-4,11-diene)cobalt(111) Peychlorate Dihydrate, trans-
[CoCl(L%)(OH,)][C10,],*2H,0.—The complex #rans-[CoCl,-
(N-meso-L4)][C10,] (0.4 g) was dissolved in the minimum
volume of hot water (ca. 60 °C) and filtered rapidly through
a sintered glass filter after complete dissolution had oc-
curred. Concentrated perchloric acid (ca. 2 cm3) was then
added to the filtrate, which was allowed to stand in an open
beaker for several days. After this time, the green crystals
which had slowly grown were collected, washed with ice-cold
cthanol then diethyl ether, and dried in a vacuum desiccator
for a short period. The visible absorption spectrum
measured using aqueous perchloric acid as solvent had
maxima at 588 (c 52) and 425 nm (¢ 44 dm?® mol™? cm™,
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shoulder) (Found: C, 25.4; H, 5.4; N, 9.5. C,,H;,Cl;Co-
N,O,, requires C, 25.2; H, 5.3; N, 9.8%,). When the trans-
aquachloro-complex is dissolved in acetonitrile at room
temperature the colour of the solution rapidly changes from
green to red-purple. A concentrated solution of the com-
plex in acetonitrile slowly (ca. 30 min) precipitates purple-
red needles of the acetonitrile chloro-complex. The crystals
are stable in dry air and the i.r. spectrum (Nujol mull) con-
firms the presence of co-ordinated acetonitrile. The
acetonitrile ligand is very labile and is immediately displaced
on dissolution in water to give the green aquachloro-
complex.

Kinetic Measuvements.—Base-hydrolysis kinetics were
monitored using a Gilford 222 modified Unicam SP 500
spectrophotometer. The cell compartment was thermostat-
ted to 4-0.1 °C. In general, the reactions were initiated by
injecting a small aliquot portion (50 wl) of the requisite
complex, dissolved in acetonitrile, into the appropriate
buffer solution which had previously been equilibrated to
the required temperature. Absorbance changes were moni-
tored at 325 nm. The final concentration of the complex
was in the range 0.5 X 103—1.0 X 1073 mol dm™@. Form-
ate or chloroacetate buffers were employed, the ionic
strength being adjusted to 0.1 mol dm™ with sodium per-
chlorate. The dihalogeno-complexes are stable in dry
acetonitrile for long periods.

Since the #rams-aquachloro-complex reacts with aceto-
nitrile, in this case a weighed amount of the solid complex
was added rapidly with stirring to the equilibrated buffer
solution. The concentration of acetonitrile {ca. 2% v/v)
used in the runs with the dihalogeno-complexes had no
effect on the reaction. Rate constants were obtained from
plots of log (4; — A) against time. As the base hydrolysis
of the dihalogeno-complexes involves two consecutive re-
actions, plots in these cases showed marked initial curvature,
becoming linear at longer times. Such plots were resolved
into two straight lines by conventional procedures.’® Plots
for the aquachloro-complex were linear for at least four half-
lives. Values of the hydroxide-ion concentrations were
obtained using the appropriate pKy, value 1* and activity co-
efficients were estimated from the Davies’ equation.1?

RESULTS AND DISCUSSION

The reaction of LA2HCIO, with Nay[Co(COj),] followed
by treatment with HCI gives trans-[CoCly(N-meso-LY)]*.
The analogous dibromo-derivative was prepared by treat-
ing the dichloro-complex with methanolic hydrobromic
acid. The metastable N-meso nitrogen configuration
will be retained under acidic conditions. Studies 8 of the
racemisation of (—),4s[NiL4]2* in 0.5 mol dm™3 phosphate
buffer at pH 6.20 and 20 °C indicate that &gs = 1.7 X
1078 s (¢3 ca. 680 min).  The reaction is first order in the
hydroxide-ion concentration with 2= 1.1 x 103 dm?
mol™ s1 at 20 °C. No information is available for the
cobalt(111) complexes, but nitrogen inversion is expected
to be relatively slow at pH < 4.

Buckingham ef 4l.13 have compared the rates of proton
exchange and racemisation of a number of co-ordinated
secondary amines on Co™ and showed that the rate con-
stant for exchange, in aqueous solution, is generally many

10 A A. Frost and R. G. Pearson, ‘ Kinetics and Mechanisms,’
2nd edn., John Wiley, London, 1961.

11 R. A. Robinson and R. H. Stokes, ‘ Electrolyte Solutions,’
2nd edn., Butterworths, London, 1965.

1087

orders of magnitude greater than that for racemisation.
Previously we have shown that base hydrolysis of frans-
[CoCLy(N-meso-L%]* at high pH followed by treatment
with HCI to regenerate the dichloro-complex gave frans-
[CoCly(N-rac-L%))*+. Halogeno-complexes of macrocyclic-
Co™ undergo very rapid base hydrolysis.1® For com-
plexes of the type [CoX,(L4]* (X = Cl or Br) two con-
secutive hydrolytic reactions are expected. Iigure 1
shows plots of log (4; — A) for the dichloro-derivative
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Ficure 1 Base hydrolysis of #rans-[CoCly(L%)]+ at pH 3.564,

I = 0.1 mol dm™, and 25 °C, showing resolution into two
consecutive reactions
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Figure 2 Plot of %,(obs.) against [OH-] for the hydrolysis
of [CoCly(L4)]* in the range pH 3.00—4.12

at pH 3.54. The plots show initial curvature and be-
come linear at longer times. Using the procedures
described by Frost and Pearson,? it is possible to resolve
the initial curved plots into two straight lines correspond-
ing to the two hydrolytic reactions. Values of kg, at
constant pH for the two processes could then be ob-
tained. Table 1 lists values of %(obs.) for the first

12 C. W. Davies, J. Chem. Soc., 1938, 2093.

13 D. A. Buckingham, L. G. Marzilli, and A. M. Sargeson, J.

Amer. Chem. Soc., 1967, 89, 825, 3428; 1968, 90, 6028; 1969, 91,
5227.
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hydrolytic step of the dichloro-complex over the range
pH 3.00—4.30. A plot of %,(obs.) against the hydroxide-
ion concentration (Figure 2) was linear with a positive

TABLE 1

Hydrolysis kinetics for the loss of the first chloride ligand
from trans-[CoCl,(L%)]" at 25 °C and I = 0.1 mol dm™

101{OH-] l,Oi’Iel(obs.)/(Jikma mol ! s“

pH mol dm™3 a b

3.00 1.31 6.58 6.51
3.13 1.76 7.00 6.90
3.33 2.79 7.75 7.77
3.564 4.53 9.33 9.25
3.72 6.85 11.33 1.22
3.94 11.37 14.67 15.06
4.12 17.21 20.00 20.03
4.30 26.05 26.10 27.54

@ Average value of at least three kinetic runs. ? Calculated
from the equation %qps, = 5.4 X 1073 + 8.5 x 107 [OH).

intercept due to a reaction independent of the hydroxide-
ion concentration. The rate constant %(obs.) can be
represented by the equation #%(obs.) = 5.4 x 1073 4
8.5 xX 107" [OH"]. Very good agreement between the
values of %,(obs.) obtained and those calculated from the
above expression were obtained (Table 1). In the range
pH 3.00—4.30 both aquation and base hydrolysis were
observed. Base hydrolysis contributes to the extent of
some 179, at pH 3.00, rising to 809, at pH 4.30.

Values of %,(obs.} for hydrolysis of the second chloride
ligand are listed in Table 2. There is excellent agree-
ment between the values obtained above by the resolu-
tion technique and those obtained using an authentic
sample of the intermediate frans-[CoCl(L%)(OH,)}3*;
thus at pH 3.13 the resolved plot gives #&,{obs.) =
1.05 x 10 s71, while a value of 1.04 x 10 s is ob-
tained with the intermediate (Table 2). Plots of Z,(obs.)

TABLE 2

Base hydrolysis of the second chloro-ligand, trans-{CoCl(L4)-
(OH,)]2* + OH™ — trans-[CoL*(OH,),]** + Cl~, at
25 °Cand I = 0.1 mol dm™
107¢%,(obs.)/

1011{OH~-] 10%,(obs.) * [OH"]
pH mol dm™3 s™1 dm? mol™*s™!
3.00 1.31 0.80 6.10
3.13 1.76 1.056 5.96
(1.04) (5.91)
3.33 2.79 1.65 5.92
3.54 4.53 2.75 6.07
3.72 6.85 4.00 5.84
(3.98) (5.81)
3.94 11.37 6.50 5.72
4.12 17.21 10.05 5.84
(10.07) (5.85)
4.30 26.05 14.90 5.72

* Values in parentheses were obtained using an authentic
sample of frans-[CoCl(L4)(OH,)]?*+. The rate constants quoted
are the average values of at least three kinetic runs.

against the hydroxide-ion concentration were linear and
passed through the origin (Figure 3), indicating that base
hydrolysis is the only kinetically important process at
pH > 3.0. The value of the second-order rate constant
for base hydrolysis of the second chloro-ligand is 5.9 X

J.C.S. Dalton

108 dm3 mol? st at 25 °C and [ = 0.1 mol dm™=. The
temperature dependence of this reaction was studied over
five temperatures in the range 15.6—35.0 °C (Table 3).
The values AH? = 57 kJ mol™? and AS,,t =175 J K
mol? were obtained from these data.

Similar measurements to those described above were
made with the dibromo-complex. Loss of the first
bromide ligand occurs very rapidly and it is difficult to
obtain precise rate constants by conventional spectro-
photometric techniques. As with the chloro-complex,
kovs, = kom, + k,°E[OH"] over the range pH 2.2—3.0
(chloroacetate buffers); %,°His ca. 1 x 10° dm3 mol? s71
at I = 0.1 moldm™. Precise values of the rate constant

| | | — J
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12 1 16
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FiGure 3 Plot of ky(obs.) against [OH-] for the hydrolysis
of the second chloro-ligand of [CoCl,(L%)]* in the range pH
3.00—4.12

were obtained for the base hydrolysis of the second
bromo-ligand (Table 4). The average value for bromide
hydrolysis is 1.22 X 107 dm?® mol? st at 25 °C and

TABLE 3

Temperature dependence of the base hydrolysis of the
second chloro-ligand and the second bromo-ligand at

I = 0.1 moldm™3
10-%%,(obs.)/

6, 1011 {OH] 10%%,(obs.) [OH-]
°C mol dm™3 s71 dm? mol1s™*
(@) Chloride hydrolysis @
15.6 1.98 0.56 2.82
19.0 2.70 0.93 3.45
25.0 4.53 2.76 6.07
30.5 7.02 6.10 8.69
35.0 9.76 12.77 13.09
(&) Bromide hydrolysis ?
15.6 7.09 3.83 5.4
20.1 10.76 8.00 7.4
25.0 16.44 20.00 12.2
29.9 24.30 40.83 16.8
34.6 35.06 84.67 24.1

@ Measured in formate buffer (pH 3.54) at 25 °C. Hydroxide-
ion concentrations were calculated from the measured pH at the
temperature of the reaction using the appropriate values of
pKy and y;. Each rate constant is the average of atleast three
kinetic runs. 2 Measured in formate buffer (pH 4.10) at 25 °C

I = 0.1 mol dm™3. The requisite activation parameters
for this reaction are AH? = 56 k] mol™ and ASyt = 80
J K1 mol (Table 3).

The base-hydrolysis rates for the [CoX,(L41%* com-
plexes appear to be the most rapid reported for halogeno-
cobalt(1rr) complexes of the [CoX,(N,)]1?* type (Table 5).
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Thus ¢rans-[CoCly(LY)]+ with £,°F = 8.5 X 107 dm3 mol™?
s at 25 °C undergoes base hydrolysis ca. 3.7 x 10% times
faster than trans-[CoCly(en),]*, ca. 4.7 X 103 faster than
trans-[CoCL,(L%)]*,1 and ca. 1.3 X 103 times faster than

TABLE 4

Base hydrolysis of the second bromo-ligand, #rans-[CoBr-
(L% (OH,)]2* + OH™ — trans-[CoL*{OH,),]** + Br~,
at 25 °C and I = 0.1 mol dm™

1077k,(obs.)

101 [OH-] 10%%,(obs.) * [OH-]
pH mol dm=3 s™1 dm? mol™1s™
2.97 1.21 1.44 1.19
3.28 2.49 3.12 1.24
3.68 6.25 7.60 1.21
4.10 16.44 20.00 1.22
4.55 46.35 57.65 1.24

* Average of at least three independent kinetic runs.

TABLE 5

Rate constants for the hydrolysis of macrocyclic
halogeno-complexes of Co™ at 25 °C

kou/
Complex dm?® mol™?s? kmgofs™t

(@) Chloride hydrolysis
trans-[CoCl, (LY }+ 5.7 X 105 9.3 x 107
trans-[CoCl,(L3) ]+ 2.17 x 1054 3.7 x 1072
trans-[CoCly(L?)J+ 6.70 x 10* 1.1 x 1078
trans-[CoCl,(en),J* 2.3 x 10° 3.5 x 1078
trans-[CoCl,(N-meso-L4) ]+ 8.5 x 107 5.4 x 1078
trans-[CoCl(L%) (OH,)]2* 5.9 x 108
trans-{CoCl(NO,) (N-meso-L4)]+ ? 2.5 x 10% 4.4 x 107
trans-[CoCl(NO,) (L3)}+ 2.2 x 102 5.5 x 10™

(b) Bromide hydrolysis
trans-[CoBr,(L) ]+ 3.3 x 1072
trans-[CoBr,(L3)]+ (I x 108) 5.1 x 1072
trans-[CoBr,(L2) ]+ 2 x 1073
trans-[CoBr,(N-meso-L4)]+ 1 x 10°
trans-[CoBr(OH,)(L4)]+ 1.2 x 107

2 At 19.8 °C. Data taken from ref. 1, 3, and R. W. Hay and
G. A. Lawrance, J.C.S. Dalton, 1975, 15566. ? In the last refer-
ence in a we discussed the aquation and base-hydrolysis rates
of the chloronitro-derivative frans-[CoCl{NO,)(L4)]*. This
complex was prepared from the dichloro-complex which has the
N-meso configuration, i.e. prepared by the carbonato-route (ref.
6). Only onc chloronitro-isomer is expected from the N-meso
configuration, while two isomers can occur with the N-rac
configuration. The previous paper thus refers to the hydroly-
sis of the N-meso complex and not to the N-rac complex as we
presumed.

trans-[CoCl,(L?)]" (at 20 °C)! [en == ethylenediamine,
L5 = RS-3,7-diazanonane-1,9-diamine  (RS-2,3,2-tet)].
Much evidence 15 now supports the view that the base
hydrolysis of amine complexes of Co' involves de-
protonation of an amine ligand followed by a slow
dissociative reaction of the amido-conjugate base and a
rapid aquation of the five-co-ordinate intermediate which
is believed to have a trigonal-bipyramidal geometry
[Sx1(CB) mechanism]. The kinetically significant re-
actions can be represented as in equations (1) and (2).

2
Complex - OH™ === Amido + H,O 1

~1

ks
Amido — Products (2)
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Usually the proton-transfer steps, (1), are reversible and
much faster than the dissociative step (k,). However,
Ahmed et al.2* have shown that with trans-[CoCl,(L5)]*
the rate constant %, for the dissociation of the conjugate
base is considerably greater than its reprotonation rate
k_y, so that deprotonation of the substrate becomes the
rate-determining step in the base-hydrolysis reaction.
In this case {as with trans-[CoCl,(L?)]*} 18 it is possible to
observe general base catalysis with a Brgnsted exponent,
B = 0.67.

It has been suggested 415 that low values of AH? (ca.
56 kJ mol™) compared with the ‘normal ’ values of ca.
96 kJ mol! and lower positive values of AS* can be used
as a mechanistic probe for a change in rate-determining
step to slow deprotonation of the substrate. The activ-
ation parameters for loss of the second chloride ligand
from [CoCL(LY]* are AH? = 57 k] mol™ and AS,yt =
75 J K1 mol’l, values very similar to those suggested for
rate-determining deprotonation of the substrate. Ed-
wards et al.l® recently reviewed ligand-displacement re-
actions in complexes of M. For an Sx1(CB) mechan-
ism the estimated value of AS*is ca. 142 J K1 mol?,
while for an Syx2 reaction AStis ca. —63 J K1 mol™.
Substantial positive entropies of activation indicate an
Sn1(CB) process. The bulk of the experimental data for
the base hydrolysis of aminechloro-complexes of Co!l!
have ASt values in the range 84—167 J K™ mol™? con-
sistent with an Syx1(CB) mechanism. Reactions with
low AH? values and AS,t values of ca. 80 J K1 mol?
may involve rate-determining deprotonation of the sub-
strate.

Few studies have been made to investigate the extent
to which the configuration of the chiral nitrogen centres
affects the kinetics and steric course of the base-hydrolysis
trans-[CoX,(N,)]* type complexes and this aspect has
been largely ignored in previous kinetic studies of macro-
cyclic complexes. Tobe and his co-workers,%17 how-
ever, carried out an elegant investigation of the base
hydrolysis of trans-{CoCly(N-meso-L3)]* and trans-{CoCl,-
(N-rac-L%)]*. Base hydrolysis of the N-rac diastereo-
isomer is twice as fast as the N-meso diastereoisomer.
Both complexes give the same #rans-IN-meso-chloro-
hydroxo-product and every act of base hydrolysis of the
N-rac diastereoisomer leads to the frans-N-meso-chloro-
hydroxo-product.

Studies of the base hydrolysis of trans-[CoX,(N-rac-
L%)* and of the stereochemical course of these reactions
is currently in progress. Only then will it be possible to
consider the mechanisms of these reactions in detail.
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