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Abstract

The interaction of pyridine with four tetrakis(arylisocyanide)cobalt(Il) complexes, [Co(CNR)4(ClOy),] R = 2.6-
MesCgHy (A), 2.4.6-Me;CgHa (B). 2.6-Et.CgH; (C) and 2.6-iProCgH; (D). have been studied in 2.2.2-trifluoro-
cthanol medium. The kinetics of the reactions were investigated over the 293-318 K temperature range. The
reaction profile exhibited two distinct processes, proposed to be an initial fast substitution followed by a slow
reduction, for each of the reactions. The pseudo first-order rate constants for both processes increased with
increasing concentration of pyridine with the reduction processes exhibiting saturation kinetics at high pyridine
concentrations. Steric hindrance plays a significant role in the rates of the reactions, as the rates decrease in the
order K(A) = kiB) = K(C) = k(D). The activation enthalpies, AH?, increase from A to D while the activation
entropics, AS:_, are relatively similar for the four reactions, indicating similar transition states and hence similar
mechanisms, Complex B was first synthesized and characterized in this study.

Introduction

Early studies, including X-ray crystallographic results,
on alkylisocyanide and arylisocvanide cobalt(Il) com-
plexes date back to the nineteen fifties [1-3]. While the
initial alkylisocyanide Co(1l) complexes were reported
as dimers [4, 3], the arylisocyanide Co(II) complexes
tended to be pentacoordinate monomeric complexes
[6. 7). In addition to the numerous reported penta-
kis(arylisocyanide)cobalt(Il) complexes, as perchlorate
or tetrafluoroborate salts [1-3, 69|, several tetra-
kis(arylisocyanide)bis{perchlorato)cobalt(Il) complexes
[Co(CNR)4(ClO4)2] have also been synthesized. The
case of synthesis for these complexes appears to paral-
lel the steric hindrance of the arylisocyanide ligands,
Ef}—lperﬁHgN(: = EG—ET.QCSH';NC = 2__6—MCQ(_1.6H3—
NC = o-MeCgH4NC [10-13].
Reduction/ligand-substitution reactions of organois-
ocvanide Co(Il) complexes with tertiary phosphine
ligands have also been extensively investigated. Reac-
tions of alkylisocyanide Co(lI) complexes with tria-
rylphosphines and trialkylphosphines tend to yield
disubstituted five-coordinate Co(l)  complexes,
[Co(CNR)s(PR 3)2]X, X=Cl0Oy, BF4; usually in good
yields [14-20], except when disproportionation to six-
coordinate Co(lll) and five-coordinate Co(l) com-
plexes, [Co(CNR)4(PR;),]X; and [Co(CNR);(PR’;),|X,
respectively, takes place with tri-n-alkylphosphines
[19, 21, 22]. Reduction/ligand-substitution reactions
in  pentakis(arylisocyanide)cobalt(Il) perchlorate and
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tetrafluoroborate complexes, and in tetrakis(arylisocyan-
ide)his(perchlorato)cobalt(Il)  complexes. exhibit a
selection of products having 3:2 and/or 4:1 arylisocya-
nide:tertiary  phosphine composition, [Co(CNR);
(PR"3)5]X and [Co(CNR) PR’ 51X, respectively, depend-
ing primarily on the level of steric hindrance in the aryl-
isocyanide ligand but also somewhat on the tetrakis-
complex showing preference for disubstituted Co(I)
products while the pentakis-complex often gives mono-
substituted product with the same tertiary phosphine li-
gand [9, 23, 24].

In contrast, reactions of triarylarsines with alkyliso-
cyanide Co(ll) complexes produce six-coordinate
Co(ll) complexes containing four alkylisocyanide and
two triarylarsine ligands, rrans-[Co{CNR )4 AsR s)s]-
X,, X=ClO,, BFy; AsR’;=AsPh;, As(CgHsMe-p)s,
PhaAsCHACH-AsPh,  [25,  26]; except in one
instance when both Co(ll) and the triarylarsine are
spontancously  oxidized. vielding [Co(CNCH.Ph),
TOAS(CaHaMe-p)s)al(BF4)s [27]. Reactions of
triphenylstibine produce both [Co{CNR)4(SbPh3),|Xs
and [Co(CNR)4(OSbPhs)2]Xs complexes [28]. Reac-
tion of AsPhy; with [Co(CNPh)sl(ClO4)2- HaO  pro-
duced [Co(CNPh)s(AsPh3)2]ClOy4 [29], while reactions
of  AsPh; and SbPh; with [ColCNCgH;Mes-
2.6)5J(Cl04), - 0.5H,0 and [Co(CNCH,Me-0)s[(C104);
all yielded the [Co(CNR)4(ClOy,).] complexes [10, 13].
Reaction of  AsPhy  with  [Co{CNCgH;Mea-2.6)5]-
(BF;)»-0.5H,0, however, produced [Co{CNR);|BE; in
poor vield [10].

Despite numerous studies reported on the syn-
thesis and reactions of organoisocyanide-cobalt(Il)
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complexes, very little is known about the kinetics of
the reduction/ligand-substitution reactions or of the
Co(1ll) — Co(l) reduction reactions. Isolation of the
transient complexes, [Co(CNCgH ;)3(PPh3),](Cl04),
[30]. [Co(CNCHMes);{ P(CsH OMe-p)s}2)(ClO4), [31],
and [Co(CNCgH,)4(PPh3)a]{C10,), [32], in eatly stages
of  reduction/ligand-substitution,  suggests  that
[Co{CNR)4L: X, and [Co(CNR);La) X, species may be
intermediates in these reactions. Early studies have
also shown that pyridine, other aromatic amines, and
to a lesser extent dimethyl sulfoxide, cause reduction
of both pentakis(arylisocyanide)cobalt(Il) complexes
and  tetrakis(arylisocyanide)bis{ perchlorato)cobalt(IT)
complexes to the corresponding pentakis(arylisocyan-
ide)cobalt(l) complexes, [Co{CNR)sX [10, 33-35].
With sufficient steric hindrance of the organoiso-
cyvanide ligands, however, pyridine-substituted six-
coordinate Co(Il) complexes can be isolated for
both arylisocyanide and alkylisocyanide complexes,
[ColCNCgH31Pra-2.6)4(py)2]J(C104)2 - [36],  [Co(CN-
CMes)s(py)2)(ClO4), [37], and [Co{CNCHMes)4(py)s]
(Cl0y), [38]. Since reduction to the [Co{CNR)s|CIO,
complexes takes place over longer reaction times, these
transient Co(1I) species may be regarded as intermedi-
ates in the Co(ll) — Co(l) reduction process.

Qualitatively it has also been observed that aryliso-
cvanide Co(ll) complexes are reduced in the presence
of excess (free) arylisocvanide ligand or coordinating
anions [1, 2], and that reaction time increases with ste-
ric hindrance of the arylisocyvanide and with exchange
of the tetrakis(arylisocyanide) cobalt(Il) complex for
the pentakis-complex [35, 36]. For example, a sample
of [CoiCNCzH Me-0)s](BF,)s reduces completely in a
matter of seconds while comparable samples of
[Co(CNCgH;Mea-2,6)5](BF )5 0.5H,0 and [Co(CNCg-
H;Et2-2.6)5)(BF4). - H20 require 2-3 min and
10-15 min, respectively, and [Co{CNCgH;Et)4(ClOy)4]
needs at least [ h at room temperature. Our interest
in this study is to quantitatively measure the kinetics
of the reduction of some tetrakis(arylisocyan-
ide)bis(perchlorato)cobalt(Il) complexes in  pyridine
and possibly to obtain a clearer picture of the mechan-
isms for this reduction process.

Experimental
Materials and synthesis of complexes

N-arylformamides, RNHCHO, R=26-Et,C¢H;y, 2.6-
Me.CgH 3, 2.6-1ProCgHy and 2.4.6-Me;CgH 4, were pre-
pared from commercial RNHs (Aldrich) and formic
acid as described by McKusick and Webster [39], and
converted into the arylisocyanides, RNC, by Becker's
modification [40] of a synthesis by Hertler and Corey
[41], or through the synthesis by Appel eral. [42].
The complexes, [Co{CNCgH3Mes-2.6)4(Cl04).] (A),
[CO(CNCgH3EL-2,6)4(Cl04)] (C) and [Co(CNCgHs.
iPry-2,6)4(ClOy),] (D) were prepared as reported in the

literature [10-12]. The compound, [Co(CNCgHaMes-
2.4.6)s](Cl04)> was also prepared as previously re-
ported [8]. Analar grade pyridine (Rochelle Chemicals)
and 2.2 2-trifluoroethanol (Fluka Chemicals) were used
without further purification; anhydrous diethyl ether
was filtered through an alumina column immediately
before use.

Instrumentation

IR spectra were recorded on a Perkin Elmer 2000 FTIR
spectrophotometer over the range 4000-400 em™". The
samples were prepared as Nujol mulls or in solution,
solution  spectra measured  over  the  range
30001000 em™". The solutions from the reactions of
pyridine with the complexes in CF3CH>OH were used
in their original state after the reaction was complete,
pyriding CF3CH2OH mixture being used as back-
ground. Solution electronic spectra were recorded on a
Shimadzu UV-2501PC spectrophotometer over the
range 1100-200 nm. Carbon, Hydrogen and Nitrogen
elemental analyses were performed on a Vario EL
CHNOS Elemental Analyser. Percentage cobalt was
measured using a Flame Atomic Absorption spectro-
photometer, model SpectrAA 220FS (Varian, Austra-
lia). Kinetic measurements were obtained from a
Shimadzu UV-2501PC  spectrophotometer  and  a
Hi-Tech Scientific SF-61 DX2 Single Mixing Stopped-
flow spectrophotometer.

Svynthesis of tetrakis( 2,4,6-trimethyiphenyvlisocvanide )
bis( perchlorate ) cobalt (1) (B)

[Co(CNCgHsMes-2.4,6)5)(ClOyg)a (500 mg, 50.8 mmol)
was dissolved in 25 ml of CH,Cl, and filtered through
cotton. To this solution was added 150 ml of peroxide-
free diethyl ether in 10 ml aliquots. Initial precipitation
was observed after addition of 50 ml of diethyl ether,
after the addition of 100 ml the solution changed from
green to yellow, and after addition of 150 ml the mix-
ture was chilled in ice for 30 min. The pale orange
crystals  of  [Co(CNCgH,Me;-2.4.6),(C104),]  were
removed under suction; vield: 279.6 mg. The crude
product was dissolved in a minimum amount of
CH-Cls (5.0 ml) and the resulting green solution was
filtered through cotton, using additional 0.5 ml of
CH-Cl, as a rinse. Then 10.0 ml of Et20 was added to
the solution dropwise with continuous sweeping of the
sides of the flask to induce crystallization. Initial pre-
cipitation was observed upon addition of 3.5 ml of
Et,0, but a total of 10.0 ml was added. The reaction
mixture was then chilled in an ice bath for 35 min
for complete precipitation. The pale golden vellow
crystals were filtered under suction and washed with
2.0 ml of ELO. Yield: 251 mg (28 mmol, 55%); m.p.
239-241 °C (dec).

Anal. Caled. for CyH4ClCoN4Og.0.7CHLCly: C,
544: H, 5.2: N, 6.2; Co, 6.6%. Found: C, 34.2;: H, 5.3;
N. 6.2: Co., 6.4%. Infrared spectra show isocyanide



frequency [v(-N=C)] at 2201 (~2188 sh) em™" and a
split perchlorate band [v(CIO4)] at 1124 (~1111 sh)
and 1012 (~1021 sh) em™, indicating mono-coordina-
tion. Electronic spectra: Ay, (nm; e v~ ' em™'): 718
(283), 246 (82000) {CH.Cly}: 670 (132), 236 (70000)

[CH4CN}; 875 (651), 261 (65000), 215 (47000)
ICF3sCH=0OH}.

Kinetics

Kinetic measurements were taken on a Shimadzu

UV-2501PC UV-Vis spectrophotometer for the slow
reactions and on a Hi-Tech SF-61 DX2 Stopped-flow
spectrophotometer for the fast reactions. The cell com-
partments for both instruments were well-thermostat-
ted for constant temperature measurcments between
the temperatures 293 and 318 K using a Shimadzu
thermoelectric temperature controller, TCC-240A, with
the UV-2501PC UV-Vis spectrophotometer, while wa-
ter was circulated from a Neslab RTE 7 thermocircu-
lator to the cell compartment of the stopped-flow
equipment. Prior to kinetic measurements, the stabili-
ties of the cobalt(Il) complexes and conformance of
their solutions to Beer's law were investigated in the
solvents CH,Cl,, CH;CN, and CF;CH,OH. The com-
plexes were found to conform to Beer's law in
CF;CH-OH solution (see Figure 1 for a typical plot),
but not in the other two solvents.

The kinetics were followed under pseudo-first-order
conditions with the pyridine in concentrations 10 times
or more than those of the Co(ll) complexes. All
kinetic studies were followed to more than 90% com-
pletion. For the slow processes, the pseudo first-order
rate constants (k,) were obtained fromlinear regression
plots of In( A, A..) versus time, 1; where A4, and A.. are
the absorbances at time 1 and r = <, respectively. The
k, values for the fast processes were obtained from the
stopped-flow instrument kinetic software (KinetA-
s;yst"M 3) by fitting the decay curves to single exponen-
tial analysis. These k., values for the fast processes
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Fig. 1. Beer's plot for [Col CNCgH;E-2.6),(ClH0y )4 in trifluoroethanol

at 298 K.

are averages of four to five runs for each pyridine
concentration.

Resulis and discussion

It is expected that since the ClO; ions are weakly
coordinated, they are displaced by solvent molecules in
solution according to Equation 1. The solvated ions
can then undergo a rapid substitution on addition of
pyridine before final reduction of the cobalt(Il) com-
plex to cobalt(I).

[Co(CNR),(C104),] 22 [Co(CNR), (solv)** +2C10;
(1

All absorbance decay curves show an initial fast
increase in absorbance followed by a slow absorbance
decrease. Figure 2 shows a typical decay curve for the
reaction between [Co(CNCgH;Et»-2,6)4(C104)s] and
pyridine, where we attribute the initial fast increase in
absorbance to a substitution process and the slow
absorbance decrease to a reduction process. Also, on
addition of pyridine, there was an immediate change
from green to an almost colourless solution (substitu-
tion) followed by slow development of a deep vellow

0.0

5400.0

10000.0

Time (sec)

Fig. 2. Typical absorbance decay curve for the reduction of [Co(CNCgH3Et:(ClOy):] by pyridine [Co(II)] = 3.19 = 107 M,

Amax = 806 nm, [py] =3.30 = 1077 e, T=208 K.
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Fig. 3. Spectral changes of a [ColCNCsH4Etz-2,6)4(ClO4):] solution in trifluorcethanol on addition of pyridine at 298 .

solution (reduction) which persisted at the end of the
reactions. The reduction of the rerrakis(arylisocyanide)
hisiperchlorato)cobalt(Il) complexes by pyridine was
found to produce pentakis(arylisocyanide)cobalt(l) per-
chlorate salts as the final products. The isolation and
characterization of these complexes have been reported
in earlier studies [33, 43-45]. Solution infrared spectra
of the reaction mixture after completion of the reac-
tion, using CF;CH>OH-pyridine mixture for back-
ground subtraction, showed two arylisocyanide
stretching  frequencies, t}[_.\,-(;?__ for these complexes
around 2100 and 2150 ¢cm typical for the penta-
kis(arylisocyanide)cobalt(1) complexes.

Addition of pyridine to a freshly prepared solution
of [ColCNR)4(ClO4)] in CF;CH.OH, resulted in a
shift of the d-d transition band of the complex about
20 nm towards longer wavelengths (Figure 3). This
shift can be attributed to the substitution of the sol-
vent molecules from the Co(Il) inner shell by the
incoming pyridine ligand (Equation 2).

2+ exoessPy

[Co(CNR),(s0l)] [Co[CNR), (Py),)* (2)

This complex with the 2,6-iProCsH;NC ligand has
been reported by Becker [36], and similar complexes
have been observed by other authors [46-49] in reac-
tions of cobalt(Il) protoporphyrin complexes with
amine ligands. As explained carlier the fast process
was followed using stopped-flow techniques while the
slow process was followed using the conventional
UV-Vis spectrophotometry.

Figurec 4 shows a typical linear regression plot for
the determination of the pseudo first-order rate con-
stants, k»,. For convenience, we use k, for the fast
substitution reactions and k., for the slow reduction
processes. The reactions were monitored at different
concentrations of pyridine. For all the reactions, &y,
and ks, increased with increasing concentration of
pyridine. Plots of k;, versus concentrations of pyridine

were linear with intercepts. Using the data in Table 1.
Figure 5 shows such a plot for the reactions of the
four cobalt(Il) complexes with pyridine.

The data fit well to the rate law described by Equa-
tion 3

 —d[Co(CNR)T]

Rat
ate dt

= k1, [Co(CNR)ZT) (3)

This is consistent with octahedral substitution involv-
ing ligand-ligand replacement vig a solvated complex
according to the following mechanism:

[CO{CNR ), (C104),] + solv

LI “NT 1+ = Ta Ty (4]
—[Co(CNR), (solv)]™™ + 2C10; slow
[Co(CNR),(solv)]** + 2py — [Co(CNR), (py),]* fast
(5)

where ky; in Equation 3 above is given by

fery =k + kalpy]
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Fig. 4. A linear regression plot of In(A—A4.) versus time for the

reaction  of 319 x 107" m [Co{CNCeH3Et2)4(ClOyg):]  with

3.30 x 1077 w pyridine at 298 K.



Tabie I. Pseudo first-order rate constants, k. for the substitution
reactions between the four [Col{CNR )4(ClO4):] complexes and pyridine
in CF3CH:OH at 298 K

107[py]. M ke 87!

B C D
330 4.7 223 194 1.9
4.63 26.7 244 22.5 129
6.61 30.5 272 4.7 14.6
7.60 2.6 28.5 26.3 15.6
9.25 356 317 284 18.0
ky, 57! 19.2 17.1 15.1 8.3
[T 1720 1550 1430 1030

=)
[
=
N
o
=

1P [pyl. M
Fig. 5. Plots of observed rate constants (k) versws Pyndine
concentration for the reaction between the [ColCNR)(ClO4);:]
complexes  and  pyridine  (fast  process) in CF;CH.OH:
[Co(CNR)J =319 = 107 M, T=298 K.

The fact that ks is much greater than k; indicates at-
tack by the solvent is a much slower process than at-
tack by the nucleophile.

The slower reduction processes exhibit a somehow
different kinetic behaviour when compared to the sub-
stitution processes. Table 2 shows the k., values for
the four arylisocyanide cobalt(1l) complexes. Plots of
ks, versus concentrations of pyridine gave curves
(Figure 6) which are typical of saturation kinetics in
which a pre-equilibrium step precedes the rate deter-
mining step. Similar non-linear kinetics has been ob-
served by other authors, e.g. in the methylimidazole

Tabie 2. Pseudo-first order rate constants, k.. for the reduction of
309% 107 M [ColCNRL(CIOy )] complexes by pyridine in CF;CH;
OH at 298 K

100yl M 10% kay, s7°
A

B C D
2.64 10.5 5.51 2.12 0.07

3.30 12.4 6.72 2.40 0.08

463 14.6 8.60 272 0.15

6.61 19.3 9.51 3.01 0.17

7.60 210 10.9 3.11 0.18

925 22.3 114 3.32 0.21

12.14 22.9 12.5 3.41 0.22

15.18 24.4 129 3.50 0.24

19,80 24.9 13.3 3.51 0.26

K om! 180 + 8 167 + 7 142 + 5 118 + 3
kg, 57" 390 x 107 LR6 x 1077 405 x 107" 386 = 107
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Fig. 6. Plots of observed rate constants for the slow process (kz)
versus  pyridine  concentration for the reaction between the
[ColCNRLICIO,):] complexes  and  pyridine in CF;CH;OH;
[Co(CNR)PY = 3.19 » 107" M, T=298 K.

Tabie 3. Vanation of the electron transfer rate constants (ki)
with temperature for the reactions between the [ColCNRL(CIO4):]
complexes with pyridine

T. K 100, 57!

A B C D
293 353 16.1 381 -
208 39.0 18.6 4.11 0.51
303 44.0 20.4 5.40 092
308 492 133 6.62 131
313 54.1 26.2 791 1.60
318 61.2 27.1 823 212

AHY KT mol™! 145 + 0.4 160 + 0.4 248 + 0.6 395 + 08
ASE Tmol ™ K7D —242 4 1 -244 &£ 1 —226 + 2 —192 + 2

catalysed hydrolysis of some p-nitrophenyl carboxylate
esters [50], the reaction of cobalt(Il) protoporphyrin
IX dimethyl ester with pyridine and related com-
pounds [46, 49], as well as the aminolysis of sulfamate
esters in chloroform [51].

Our observations can be represented by the follow-
ing mechanism:

fem 7 e E + Ko 24 .
[Co(CNR), (py),]"™ =[Co(CNR)3 (py),[™"+: (CNR)

I
— products
slow

(6)
for which the rate law «can be given as
Rate= k4 JCo(CNR)3 "] where

kaKlpyl
fogy = ——— 7
- I + K[py] 7

Equation (7) can be re-arranged to give

| 1 1

— - 4+ 8
ke  kaK[py] ka2 ®)
From Equation (8), plots of 1/ka, versus 1/[py] were
linear for all the reactions as shown in Figure 7.
Values of ks and K obtained from such plots are also
given in Table 2.
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Fig. 7. Plots of K—‘;u‘r.cu.tl;‘)—] for the data given in Table 2. Tnset is the same plot for complex D since its scale was not in a similar range as

the other three complexes.

The kinetics of the reduction process for cach of the
cobalt(Il) complexes was studied at different tempera-
tures between 293 and 318 K. The rate constants in-
creased with increasing temperature (Table 3) and the
data were subjected to Eyring plots (Figure 8). From
these plots, activation parameters, AHF (enthalpy of
activation) and AS (entropy of activation), were cal-
culated as recorded in Table 3. The activation en-
thalpy values are positive, and increase from complex
A to complex D. This is in agreement with the corre-
sponding decrease in the reactivities of the complexes
from A to D. Conversely, the activation entropies are
highly negative and comparable for the four complexes
investigated (Table 3). This is a reflection of fairly
unstable similar transition states involving the partici-
pation of the pyridine ligand in the transition states of
all the reactions, as earlier proposed in the mechanism
shown by Equation 6. This is indicative of similar
reaction mechanism for the four reactions. The rela-
tively large pre-equilibrium contants, K, obtained for
the reactions are in agreement with such unstable tran-
sition states.

Steric hindrance is observed to play a major role in
this investigation. The bulkier the arylisocyanide li-
gand (CNR) becomes, the slower the reaction. This is

-10
-11 A —— .
. — e
—
12 . . B
. _
< .13 TmA— .
] ‘—____‘__——-n c
-14 o
THEe—
-15 4 TTTe—
e
—
-16 . : . : . .
31 315 32 3.25 kK 3.35 34 345

i0° (/) K
Fig. 8 Eyring plots for the reaction between the [ColCNR)(ClOy)5]
complexes and pyridine in CF,CH,OH.

true for both the substitution and reduction processes,
with complex A (least hindered) being the most reac-
tive and complex D (most hindered) being the least
reactive. The order of reactivity is therefore
A =B = C = D. Since there is no evidence of
coordinated pyridine in the final pentakis(arylisocyan-
idejcobalt(l) product of each reaction, the reduction
process most likely involves rapid pre-coordination
of the dissociated isocyanide ligand to give the penta-
kis(arylisocyanide)cobalt(l) product.
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