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A kinetic and product study of the reaction between CBr, and the cage complex
[Co(1l)sepulchrate]** in CH;CN/H,O at 20°C has been performed. The reaction
was found to be first order in both CBr, and [Co(II)sepulchrate]’*, the only prod-
ucts found being CHBr; and C,Br,. The mechanism is discussed and suggested to
be an outer-sphere electron transfer mechanism, with a rate constant for the rate
determining electron transfer step kgr = 0.020 M~' s™' (CH,CN/H,O [64/36 (v/v)];
[Tris] 36 mM, [HCIO,] 3.6 mM and [NaClO,] 9.1 mM). The possibility that the
complexation chemistry of CBr, might influence the reaction is critically conside-

red.

Recently, much work has been published' con-
cerning the possible electron transfer (hereafter
denoted ET) nature of the reduction of the car-
bon—halogen bond by different reagents such as
radical anions, carbanions and metal complexes.
Three mechanisms are discussed in this context,
namely oxidative addition (Sy or X-philic mech-
anism, metal complexes only), halogen atom
transfer and ET.'"™ Polyhalogenated aliphatic
compounds are of particular interest since they
are more easily reduced than the simple aliphatic
monohalides,” the polarographic E,, values be-
coming less cathodic in the order CH;X < CH,X,
< CHX, < CX, for polyhalomethanes. A provis-
ory E° value of ca. —0.25 V vs. NHE has been es-
timated for the reduction of carbon tetrachlo-
ride.” Moreover, there is evidence® (ESR) that
the radical anions of CX, (X = Cl, Br) have some
stability in a solid matrix at 77 K, in contrast to
the nonexistence of radical anions of monoha-
lides.* Finally, the weak ET oxidizing character
of polyhalogen aliphatics might be connected

*Part X, see Ref. 29.
**To whom correspondence should be addressed.
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with the mechanism of their long-term toxicity®
(formation of reactive neutral radicals via reduc-
tion and carbon—halogen cleavage). We have
therefore initiated a study of the possible outer-
sphere ET reactions of polyhalogenated aliphatic
compounds.

Reagents used for the reduction of polyhaloge-
nalkanes include metal complexes,® organic
molecules,” superoxide ion® and the solvated
electron.’ In line with our current interest in ET-
mediated processes, we are trying to define con-
ditions under which outer-sphere ET processes
become feasible. One possibility is to use ET re-
agents which by their very structure are prohi-
bited from undergoing polar reactions, as for ex-
ample in the oxidation of 4-methoxytoluene with
12-tungstocobalt(IIT)ate ion," a cluster ion with
the oxidizing center deeply buried inside a shell
of tungsten oxide octahedra which expose only
nonbasic oxygens toward the solution.!

In this study, Co(Il)sepulchrate, 1,3,6,8,10,
13,16,19-octaazabicyclo[6.6.6]eicosanecobalt(1I)
[Fig. 1; hereafter denoted Co(II)sep], first pre-
pared by Sargeson et al.> was chosen for a pilot
study with carbon tetrabromide as the oxidant.
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Fig. 1. The [Co(ll)sepulchrate]?* ion.

This complex has the properties desired from an
outer-sphere reagent: Co(II) is buried inside a
cage of a single organic ligand, which in its turn
exposes only nitrogens of very low basicity and
nucleophilicity toward the solution. It consists of
a central octahedrally coordinated cobalt ion
with six bonding nitrogens derived from three
1.2-ethanediamine (en) units. The complex is
further stabilized by bonding the three en ligands
with the tripodal N(CH,—), unit on both sides
(Fig. 1). The resulting cage complex is substitu-
tion-inert in both the Co(II) and Co(III) state
and thus should be a good model for an outer-
sphere ET reagent, as shown in studies of its re-
actions with inorganic metal complexes” and
nonmetallic inorganic species.'*" Its E°[Co(IIT)/
Co(II)] of —0.30 V vs. NHE*" gives a suitable
range of rate constants with carbon tetrabromide
as the oxidant. The self-exchange rate constant
for the Co(III)sep/Co(II)sep couple is known:
51 M"'s™"at 25°Cin H,0.”

Experimental

Special glassware. To be able to deaerate small
volumes of reagent and substrate solutions in a
convenient way, a special type of glass device,
here called WB (after WickBerg), was used.'
The high-purity argon was transported in nylon
(0.D. 3.2 mm) or teflon (O.D. 3.2 or 1.2 mm)
tubes. These were inserted into the WB, which
consisted of a piece of glass tubing with a con-
striction so as to assure a tight junction between
the glass and the plastic tube, but at the same
time allowing the plastic tubes to be further in-
serted or withdrawn (Fig. 2).

*Normal hydrogen electrode. All potentials referred to
in this paper are given with this reference.

)

All vessels to be used in the oxygen-sensitive
experiments were equipped with a pair of these
devices, and a protruding short glass tube to
which a rubber septum could be attached. Thus
in the smallest vessel, with WB for 1.2 mm O.D.
tubes, volumes down to 0.5 ml could conveni-
ently be deaerated and stored without loss of sol-
vent or substrate.

Chemicals. Co(IlI)sep was prepared according to
the method given by Sargeson et al.” The struc-
ture was confirmed by its NMR (Jeol MH 100)
and UV spectra. CBr, was Fluka purum and was
sublimed in vacuum at 70°C. CBrCl, was from
Janssen (Gold label) and C,Br, was a gift from
Dr. A.-B. Hornfeldt at this Department. The wa-
ter was doubly quartz-distilled. D,O was from
Ciba-Geigy and of 99.8 % isotopic purity. Baker
HPLC quality CH,CN was used without further
purification. All other chemicals were of ana-
lytical quality and were used as received.

Preparation of the Co(ll)sepulchrate solutions.
Co(Ill)sep was electrochemically reduced in a
three-compartment cell, fitted with Haldenvan-
ger ceramic frits between the compartments. The
reductions were run at constant potential by an
Amel potentiostat equipped with a current inte-
grator. An Hg pool was used as cathode and a Pt
wire as anode. The reference electrode was a pol-
ished Ag wire in CH,CN/H,O [60/40 (v/v)] 10
mM NaClO, solution connected to the catholyte
through a porous pin.

A typical preparation was performed as fol-
lows: 10-20 ml of a 2 mM solution of Co(III)
sepCl, in the appropriate medium was placed in
the cathode compartment, and the same solution

Plastic tubing

Glass tubing

Fig. 2. The WB device.



without the Co(III)sepCl, in the two other com-
partments. The compartments and their contents
were simultaneously deaerated by bubbling high
purity Ar through the solutions with the aid of
high porosity frits for about 30 min. The cath-
olyte was then protected by passing a slow stream
of high purity Ar through the catholyte compart-
ment during the electrolysis. The potential was
setat —0.6 to —0.7 V vs. the reference electrode,
i.e. —(0.3-0.4) vs. NHE. About 1F/1 mol of Co
(III)sep was passed through the cell at ambient
temperature; the catholyte turned from brown-
yellow to colourless.

The reduced solution could be transferred with
gas-tight syringes, either directly for use in prod-
uct or kinetic studies, or to a previously deaer-
ated storage vessel. Here, it could be stored for
at least two days protected by a very slow stream
of high-purity Ar.

Product studies. A 5.0 mM solution of Co(II)sep
(20 ml) in the appropriate medium (see Results)
was transferred to a deaerated reaction vessel. To
this was added 2.00 ml of a deaerated solution of
0.100 M CBr, in CH,CN. The reaction was run at
ambient temperature and protected by a very
slow stream of Ar through the vessel. Reaction
times were at least 3 h for basic and 2 h for acidic
solutions. After completion of the reaction 10 ml
of water were added and, if acidic, the reaction
mixture was neutralized with saturated NaHCO,
solution. The resulting mixture was extracted 3x
with 5 ml of CH,Cl,, BrCCl, being added as inter-
nal standard with the first portion. The combined
organic phases were washed once with water,
dried with MgSO, and the MgSO, filtered off.
The work-up was performed by stirring the two-
phase system in a conical flask with a magnetic
stirrer (thus avoiding too much evaporation of
the highly volatile products and making it easier
to protect the reaction mixture from incident
light). Care was taken not to expose the mixture
to light as the polybrominated halocarbons are
sensitive to UV light. Due to the high volatility of
the polyhalocarbons, 1 ml of the filtrate was
saved for quantitative product studies by GLC.
The rest was gently evaporated to ~1 ml,
searched for trace products and used for GC/MS
analysis. No other peaks, except those of CHBr,
and C,Br,, were detected, the detection limit be-
ing <0.1 %. The GC analysis was performed on a
Varian 3300 chromatograph equipped with a
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J&W DB-1 15 m megabore column and a FI de-
tector. A Finnigan 4021 mass spectrometer run at
19 eV and equipped with a 10 m SE-30 capillary
column was used for the GC/MS analysis. This
was used only to analyze the product runs in
CH,CN/D,0 (see Results). The major peaks for
the two products found were: CDBr, m/e (rel.
int.) 257(4), 255(8), 253(10), 251(5), 176(44), 174
(100), 172(51). C,Br, m/e (rel. int.) 348(13), 346
(61), 344(100), 342(67), 340(17), 267(7), 265(28),
263(29), 261(9), 186(4), 184(9), 182(4).

Kinetics. All kinetics were run at 20.0+0.1°C in
the thermostatted cell compartment of a Cary
219 UV/Vis spectrophotometer, equipped with a
digital interface port and connected to an HP-85
microcomputer. To a cuvette thoroughly deaer-
ated with high purity Ar and sealed with a rubber
septum, 2.50 ml of Co(II)sep solution was added
with the help of a gas-tight syringe. The cuvette
was placed in the spectrophotometer and allowed
to equilibrate for a few min. A deaerated solu-
tion of CBr, in CH,CN (0.250 ml), protected
from light, was added with a gas-tight syringe.
The reaction was followed at 474 nm, 200 data
points being collected automatically at regular in-
tervals and stored on magnetic tape. The data set
was then analyzed on an HP-9835 tabletop com-
puter by the non-linear regression method devel-
oped by Marquardt."”

Cyclic voltammetry. Cyclic voltammograms were
recorded at ambient temperature with the CV
equipment developed by Hammerich and Par-
ker.” An Hg/Pt electrode, to which the mercury
had been adsorbed by electroreduction from a
saturated HgCl, solution, was used as working
electrode. The sepulchrate solution had to be
deaerated before recording the voltammograms.
No IR compensation was used.

The pH measurements were made with a Radio-
meter pH meter employing a combination glass
electrode. In the H,O/CH,CN mixtures studied
the electrode exhibited quick response and no
drift.

Results

Product studies in slightly basic solution. A prod-
uct study was carried out under conditions similar
to those used in the buffered kinetic runs: tem-
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perature ~20°C; CH,CN/H,0 [64/36 (v/v)];
[Co(I1)sep] 4.55 mM; [CBr,] 9 mM; [NaClO,] 8
mM; [HCIO,] 9.1 mM; [Tris]* 91 mM. Only two
products were found: CHBr, and C,Br,.

Runs were also made where H,O was ex-
changed for D,O, and these gave the same prod-
uct composition but with the bromoform 98 %
deuteriated. From these runs, the products were
unambiguously identified through their mass
spectrograms, which were compared to the mass
spectrograms of authentic samples of CHBr, and
C,Br,. The CDBry/CHBI, ratio was also deter-
mined from the mass spectrograms by comparing
the relative intensities for the four CDBr; peaks
257, 255, 253 and 251 m/e, with the four CHBry
peaks 256, 254, 252 and 250 m/e. Thus, the yield
as determined from five runs, calculated on the
basis of a consumption of 2 mols of -
Co(II)sep/mol per mol of CHBTr, (see Discussion)
and per mol of C,Br, was: CHBr, 84 % and C,Br,
4%. Losses due to <100 % current efficiency in
the reduction to Co(II)sep or to possible O, re-
action with Co(II)sep were not accounted for.

Product studies in acidic solution. The conditions
were the same as for the slightly basic solutions,
but no Tris was added. No additional products

*Tris = Tris(hydroxymethyl)aminomethane.

were found. The bromoform was 98 % deute-
riated when D,O was used. The yields were:
CHBr;, 70% and C,Br,, 10%, as determined
from five runs.

Kinetics, UV/Vis spectra and data treatment

General. All kinetics were run at 20.0+0.1°C and
followed by monitoring the appearance of
Co(IMl)sep at 474 nm. All runs were performed
under pseudo-first order conditions, the [CBr,)/
[Co(I)sep] ratio normally being 33 but never less
than 10. The observed rate constant was calcu-
lated by fitting the collected data to a two-par-
ameter function [eqn. (1)], using the non-linear
regression method developed by Marquardt."”

A=A, + (A, — A)exp(—ky, 1) M

Eqn. 1 is the normal first-order expression,
where A denotes absorbance. The two par-
ameters were K, and A,. The value for A, was
taken directly from the experiments. The calcu-
lated A, was checked to be in reasonable agree-
ment (10 %) with the expected A, calculated
from Lambert—Beer’s law. For each run, the
whole collected data set, covering approximately
4 half-lives, was used in the calculations and no
data were discarded if not explicitly stated.

Table 1. Dependence of k,, on different concentration parameters; [CBr,] 60.1 mM; [Co(ll)sep] 1.8 mM.

Entry No. [NaCIO,)/ [Buffer)/ pH* pH® CH,.CN/ k! SSR/107°%*
mM mM; mM inHO in64% vol. %  min~'
CH,CN
1 12.7 - 64 0.13 50
2 10.9 Tris 18, HCIO, 1.8 9.3 64 0.13 3
3 9.1 Tris 36; HCIO, 3.6 9.3 8.7 64 0.14 4
4 5.4 Tris 73; HCIO, 7.3 9.3 64 0.14 1
5 9.6 Tris 3.6; HCIO, 3.1 7.5 7.2 64 0.15 7
6 - NaOAc 12.7; AcOH 7.1 5.0 5.4 64 0.26 100
7 - NaOAc 12.7; AcOH 635 3.0 44 64 0.34 60
8 36 HCIO, 9.1 2.0 1.8 64 0.14¢ 3¢
9 9.1 Tris 36; HCIO, 3.6 9.3 50 0.16 1
10 9.1 Tris 36; HCIO, 3.6 9.3 82 0.17 2
11 9.1 Tris 36; HCI 31 7.5 64 0.22 2
12 9.1 Tris 36; HCIO, 31 7.5 64 0.16 10
13 9.1¢ Tris 36; HCIO, 36 9.3 64 0.18 3

2See text. °Sum of the squared residuals, see text. “Calculated from the exponential part of the curve, see
text. “NaCl was used instead of NaCIO,. °NaBr was used instead of NaCIO,.
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Fig. 3. Successive runs at pH 2 (see text). 1. About
0.5 h after the onset of the reduction of Co(lll)sep.
2. Second run about 0.5 h later. 3. Third run about
1 h later. The curves have been slightly displaced in
the vertical direction in order to be distinguishable.

The visible spectrum of Co(III)sepCl, in 64 %
CH,CN, 36 % H,0, with and without buffers,
was identical to the spectrum in pure water de-
scribed by Sargeson et al."

Unbuffered solutions. The reaction between CBr,
and Co(II)sep produced ~1 mol OH7/2 mols of
Co(II)sep (see Discussion). In unbuffered solu-
tions, this was seen by the reaction mixture being
red* after completion due to the deprotonation
of one (or several) of the secondary amines in the
cage. The pK, of deprotonation of these amines
has been estimated to be 13-14," a high value
compared to those of organic amines” but con-
sistent with the pK, of 14.9 for [Co(en),]**.* The
original colour was restored upon acidification.

The spectrum found after completion of the re-
action could be reproduced exactly by adding the
amount of OH™ (0.9 mM) required by the re-
action stoichiometry to a Co(IlI)sep solution
composed as the Co(II)sep solution in the un-
buffered reaction. The deprotonation behaviour
of the sepulchrate cage has already been de-
scribed for water solutions,” although at much
higher [OH"] (about 0.1 M).

Despite this colour change, the kinetics were
very good, being highly reproducible (+5 %) and
clearly conforming to pseudo first-order behav-

*The Co(III)sep complex is yellow in neutral solutions.
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iour. The observed rate constant in unbuffered
solution was identical to the observed rate con-
stant within experimental error in the Tris/
HCIO,-buffered runs (Table 1).

Buffered solutions. In our search for a medium
giving well-behaved kinetics for the reaction un-
der study, it was clearly seen that the acidity of
the medium was of importance, and this urged us
to undertake a more detailed investigation. To be
able to at least qualitatively compare different
buffer systems, pH values for the systems were
needed. Values from measurements with the
glass electrode and values calculated from known
pK,’s in water are given in Table 1. The differ-
ences between the values in CH,CN/H,0O mix-
tures and in pure water are, at least qualitatively,
the ones to be expected for AcOH/AcO~ buff-
ers,” strong acid solutions” and amine bases.”
The glass electrode values could thus be justified
as approximate measures of the relative acidities
of the solutions. These values are referred to in
the ensuing discussion.

A Tris/HCIO, buffer was used to obtain pH 8.7
and pH 7.2 and an AcOH/NaOAc buffer to ob-
tain pH 5.4 and pH 4.4. A 10 mM HCIO, solution
produced the pH 1.8 solutions. The ionic
strength was kept constant at 0.023 M. The calcu-
lated k., the SSR (sum of the squared residuals)
and the concentrations used are listed in Table 1.
The SSR measures the deviations of eqn. (1)
from the experimental data. Here, a value of
=<10"* can be regarded as indicating a very good
fit, while higher values indicate deviations. At
pH 8.7 and pH 7.2 the kinetics were excellent,
giving perfect fits and good reproducibility; gen-
erally the variation of k,, was =*5 %. At acidic
pH’s the fits were somewhat worse and the repro-
ducibility £10 %. This was clearly due to the age-
ing of the Co(II)sep solution. Thus at pH 5.4 and
4.4 the reaction between CBr, and Co(II)sep be-
came faster with ageing of the Co(II)sep solution
(less than 1 h between the runs). A freshly pre-
pared solution of Co(II)sep at pH 1.8 (30 min old
from the onset of the electrolysis) gave in the first
run impeccable kinetics with a rate constant
equal to the rate constant at pH 8.7. However, in
the following runs (30 min between each run),
the kinetics were less well behaved, the absor-
bance end value being obtained abruptly (Fig. 3).
The rate constant calculated from the initial ex-
ponential part was, however, the same as in the
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Table 2. Dependence of k. on [CBr,]. The other
parameters were: CH,CN 64 %; [NaCIO,] 9.1 mM;
[Tris] 36 mM; [HCIO,] 3.6 mM; [Co(ll)sep] 1.8 mM.

No. of runs [CBr,J/mM K,,s/min~"
2 19.2 0.0493

2 28.8 0.0716

2 48.0 0.123

2 76.7 0.180

2 115 0.258

first run. These deviations could be explained by
the known fact that the Co(II)sep cage is unsta-
ble in acid," probably being degraded by initial
protonation of the cage nitrogens.

Complexation chemistry of CBr, Since it is
known that CBr, forms complexes with many
amines in aprotic solvents,” the effect of varying
the amine concentration while keeping the
[ClO,7] and pH constant was determined (Table
1, entries 2-4). It is evident that the buffer system
TrissHCIO, did not affect k&, at the concentra-
tions used. Also, no charge transfer bands could
be found in the UV spectrum of a mixture of
CBr, and Tris. This was also true for mixtures of
Co(III)sep with CBr,, where complexation be-
tween CBr, and the secondary or tertiary nitro-
gens in principle should be feasible. An effort to
produce the putative complex by evaporation of
a solution of CBr, and Co(III)sep in CH,CN/H,O
also failed, as judged from an ESCA* spectrum
of the nitrogens in the cage.” The ESCA spectra
were identical for Co(III)sep alone and for the
CBr,/Co(IlI)sep mixtures.

The complexation chemistry of CBr, also in-
volves halide ions.” The presence of Cl~ from Co
(II)sepCl, and of Br~ formed during the reaction
[egns. (3)~(7)] urged us to perform control ex-
periments to check their influence on the re-
action. The results for Cl- (Table 1, entries 11
and 12) and for Br~ (entries 3 and 13) showed
only a slight increase in reaction rate.

Solvent composition. Only a slight variation in
the solvent composition was possible as CBr, is
insoluble in water and Co(III)sepCl, is insoluble
in CH,CN. Thus runs were made with 82, 64, and

*Electron Spectroscopy for Chemical Analysis.
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50 % CH,CN (Table 1, entries 10, 3 and 9) corre-
sponding to dielectric constants® 43.7, 51.8 and
58.4. As can be seen in Table 1, no trend was ob-
served and the differences in &, were too small

(almost within experimental error) to be attri-
buted to any solvent effect.

Reaction order. The reaction order in CBr, was
determined by varying the concentration of CBr,
and plotting log &, vs. log[CBr,], (Table 2 and
Fig. 4). The other concentrations were kept con-
stant at: CH;CN 64 %; [NaClO,] 9.1 mM; [Tris]
36 mM; [HCIO,] 3.6 mM. The plot gave a slope
of 0.93 in reasonable agreement with the ex-
pected slope of 1.0 for a second-order reaction.
The second-order rate constant calculated from
these runs and eqn. (7) (see Discussion) is kg =
0.020(2) M~ s7,

Cyclic voltammetry. The electrochemistry of
Co(IlDsepCl, was studied at ~20°C in
CH,CN/H,0 [64/36 (v/v)], 0.1 M NaClO, at pH 3
([Tris] 40 mM; [HCIO,] 4 mM), at pH 7 (no
buffer) and at pH 2 ({[HCIO,] 10 mM). The be-
haviour was essentially the same as found in wa-
ter,” i.e. all three solutions gave a quasi-rever-
sible wave with a peak separation of 80-160 mV
(the larger separation for the acidic solution) and
an E° value of —0.30 V vs. NHE, calculated as
the arithmetic mean between the anodic and
cathodic peak potentials.

-0.5
logk
-1.0 |
-15 ] 1
=20 -15 -1.0 =05
log(CBr,],

Fig. 4. Plot of log k., vs. log([CBr,],/M).

§From linear interpolations of data taken from the lit-
erature.”



Discussion

The well-behaved pseudo first-order Kinetics
found in neutral and slightly basic medium, and
the slope of 0.9 for the plot of log kg, Vvs.
log[CBr,], gave a rate law according to eqn. (2).

d[Co(IIT)sep]

ar = ko, [CBr,] [Co(IT)sep] ()
The formation of C,Br, is good evidence for the
intermediacy of Br,C" in the reaction. Further-
more, the low yield of C,Br, and the almost ex-
clusive formation of CDBr,; in preference to
CHBr, in the runs performed in CH,CN/D,O,
show that almost all tribromomethyl radical is
further reduced to the tribromomethanide anion.
This is also in accord with the formation of 0.5
mol of OH7/1 mol of Co(Il)sep, clearly seen
when the reaction is run in unbuffered medium.

Returning to the three principal mechanisms
for reduction of alkyl halides by transition metal
complexes mentioned in the introduction, only
the ET mechanism seems to be in agreement with
the experimental facts. Oxidative addition can
hardly be a plausible alternative. It would require
both the formation of a Co(IV) complex and the
disrupture of the sepulchrate cage, and cannot
explain the products formed. Likewise, halogen
atom transfer to the cobalt ion can be excluded
on the basis that all Co(III) sep was recovered af-
ter the reaction, thereby proving that the cage
had not been destroyed. All facts presented so
far point towards the mechanism of eqns.

(3)-(6).

k, (slow)
CBr, + Co(Il)sep —— Br,C
+ Br~ + Co(IlI)sep 3)
Br,C’
Br,C —— C,Br, 4)
CH,CN
Br,C. —— Br,CH 5)
fast

Br,C" + Co(II)sep —— Br,C~

+ Co(Ill)sep (6a)
Br,C" + H,O0 — Br,CH + OH" (6b)

4 Acta Chemica Scandinavica B41 (1987)
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Radicals are reduced very rapidly, so it is reason-
able to apply the steady-state assumption to
[Br,C']. Neglecting the reactions of eqns. (4) and
(5), we get eqn. (7):

v = 2 k, [CBr,][Co(IT)sep] @)

However, another possibility that must be dis-
cussed is that CBr, can complex or react directly
with the cage surrounding the cobalt ion. As al-
ready mentioned, polyhaloalkanes are known
both to complex® and react” with amines. The
sepulchrate cage, having two tertiary and six sec-
ondary nitrogens, should thus superficially be
prone to interact with CBr,, but the lack of ex-
perimental evidence for any interaction between
Co(IT)sep and CBr, does not support this pos-
sibility.*

Moreover, Sargeson et al.”® advocate that the
tertiary nitrogens in the cage are sp*-hybridized,
with the remaining nonhybridized p, orbital par-
ticipating in bonding with the antibonding com-
ponents of the -CH,- molecular orbitals of the
cap. This is seen in, for example, the extremely
low basicity of these nitrogens (pK, of corre-
sponding acids <0). Of course, the lack of a
“free” lone pair on the nitrogens should also
hamper the reaction or complexation with CBr,.
The secondary nitrogens are bonded to the co-
balt, thereby rendering any interaction with CBr,
impossible. ,

The possibility that CBr, complexes with other
molecules and ions present, i.e. Tris, Br~ and CI~
must also be considered. From a kinetic point of
view at least, this does not seem to be the case for
Tris, as shown above. It must be noted that the
complexation chemistry of polyhaloalkanes with
amines® and halide ions® refers to aprotic sol-
vents, and the interactions are very weak as
deemed from the low complexation constants (1
M™!). In the protic solvent used here, the hydro-
gen-bond-forming water will compete with CBr,

*However, preliminary experiments show that the de-
protonated form of the cage ion may act as a reducing
agent. Thus, at a sufficiently high pH, Co(III)sep re-
duced the heteropoly ion Co(III)W,,0,’" (E° = 1.0 V)
as evidenced by the formation of the blue
Co(II)W,,0,¢". This is further confirmed by cyclic volt-
ammetry, which in addition to the quasi-reversible
wave due to the Co(III)sep/Co(II)sep couple, gives an
irreversible peak at around +0.15 V.
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for the amines and halides, preventing the forma-
tion of the weak CBr, complexes. This explana-
tion makes it unlikely that the small rate changes
seen when exchanging ClO,” for Br~ or Cl™ are
due to complexation between CBr, and the ha-
lide ion. Instead, differences in ion pairing be-
tween Co(II)sep and Cl-, Br™ and CIO, seem to
be a likely explanation.” In this context, it is
worth mentioning that the electron transfer re-
action between ferrocene and N-bromosuccini-
mide has been shown” to be accelerated when N-
bromosuccinimide is complexed to bromide ion.
The ion pairing explanation is also in line with
the results for solutions of different pH, where
the only rate constants deviating from the normal
value of ~0.14 min~' are found when AcO~ has
been used instead of ClO,". Yet, both higher and
lower pH had been used in the experiments with
Clo, .

Returning to the acidity of the solution, it is
evident that the only effect of lowering the pH is
to initiate the breakdown of Co(II)sep. The rate
of the reaction between CBr, and Co(II)sep did
not seem to be influenced. This argument is fur-
ther strengthened by the fact that the electro-
chemical reduction of the C — Hal bond is known
to be insensitive to changes in pH.” Further-
more, Co(Il)sep is neither protonated nor de-
protonated in the pH range used.”

Concluding, the results are best explained by
an ET reaction between an uncomplexed CBr,
and Co(II)sep, with the ET step rate-determining
according to eqns. (3)—(7).
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