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Foreword

The format, coverage, and approach of this third volume dealing with
Inorganic Reaction Mechanisms are similar to those for the previous volumes.
In view of the appearance of the Specialist Periodical Reports on Organo-
metallic Chemistry, we have been much more selective in our choice of
references in this area. We have concentrated on references in which kinetics
or reaction mechanisms form the principal interest, rather than attempting, as
in the first two volumes, to cite all references with some mention of
kinetics or mechanism. Solvent effects on reactivities and mechanisms of
inorganic reactions, which were somewhat neglected in Volume 2, are con-
sidered in a separate chapter in this volume.

The nominal period for coverage of the literature is December 1971 to July
1973, inclusive. However, the boundaries at both ends of this period are some-
what vague. Some pre-December 1971 references, omitted from Volume 2
because of late arrival of journals, are included in the present volume. Con-
versely many references later than July 1973, some from issues dated as late as
October 1973, have been included. The hazy end-of-coverage date merely
reflects the differences between the dating habits and distribution efficiencies of
the various journals.

Material which is derived from Chemical Abstracts rather than directly from
the original source is indicated by the inclusion of a Chemical Abstracts
citation in the reference quoted. References to Russian journals which give a
transliteration of the Russian title of the journal give the page number of the
Russian original, and have been derived from Chemical Abstracts; references
which give the title of the English translation quote the page number from the
translation. Mention of review articles is generally restricted to those which
are readily accessible to most readers.

We have usually reported kinetic results in the form (Ea plus log 4 versus
AH* plus AS*) or units (ST or other) used in the original publication, though
some conversions have been effected to make comparisons easier, particularly
within tables.

The Reporters are grateful to many of their colleagues for suggestions and
comments. In particular we would like to express our appreciation of the
valuable help rendered by Drs J. S. Coe, D. R. Rosseinsky, G. Stedman, and
A. G. Sykes in reading sections of the manuscript. Without their assistance the
number of errors and infelicities in this volume would have been much greater.

J.B.

it
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Part 1

ELECTRON TRANSFER PROCESSES

By
A. McAULEY






Introduction

BY A. McAULEY

The format of this Part follows closely that of the previous volumes in this
series. Although some degree of selection has had to be imposed owing to the
large number of papers involving electron-transfer processes, an attempt has
been made to cover comprehensively all the areas in which studies are currently
being undertaken. As in the previous volumes, compilations of data have been
assembled to allow more direct comparison of rate constants and thermo-
dynamic parameters of reactions of a similar type.

Differing aspects of the subject have been dealt with in several publications.
A very readable account of the present ‘state of the art’ in inorganic mechan~
isms has been published by Tobe! in which there are chapters dealing with
redox systems involving both interactions between two metal-ion complexes
and also reactions where ligands are oxidized or reduced. A series of review
articles on this subject has appeared in a volume edited by Edwards,? includ-
ing an account of chromium(vi) oxidations of inorganic substrates,® where
both one-electron and two-electron systems are discussed, together with the
role of CrV and the fate of Cr!V in these reactions.

Electron-transfer processes between two metal ions continue to be investi-
gated and in several papers the importance of medium effects has been noted.
In a re-examination of the role of co-ordinated water as a bridging ligand in
the Cr!! reduction of penta-amminecobalt(iir) complexes, the use of lithium
perchlorate yieldf data * which are consistent with a single-term rate law instead
of the two-term law noted previously in solutions where sodium perchlorate
was used as the supporting electrolyte. Similar effects have also been observed
in the corresponding reaction of the cobalt(ur)-malonato-complexes.® The
metal-ion reduction of cobalt(im) complexes containing co-ordinated sulphur
donor atoms has been studied with interesting differences in reactivity when
compared with the corresponding N- or O-donor systems.®:? Radical inter-
mediates of sufficiently long life for spectrophotometric identification have
been observed in the chromium(ir) reduction of the corresponding carboxylato-

1 M. L. Tobe, ‘Inorganic Reaction Mechanisms’, Nelson, London, 1972.

* Progr. Inorg. Chem., ed. J. O. Edwards, Wiley, New York, Vol. 17, Part II, 1972.

s J. K. Beattie and G. P. Haight, ref. 2, p. 93.

¢ D. L. Toppen and R. G. Linck, Inorg. Chem., 1971, 10, 2635.

¢ C. Lavalee and E. Deutsch, Inorg. Chem., 1972, 11, 3133.

¢ M. Gilroy, F. A. Sedor, and L. E. Bennett, J.C.S. Chem. Comm., 1972, 181.

* J. H. Worrell, R. A. Goddard, E. M. Gupton, and T. A. Jackman, Inorg. Chem., 1972,
11, 2734,



4 Inorganic Reaction Mechanisms

penta-ammine complex ions.® A review has also been written? in which com-
parison has been made between vanadium(iv) and iron(m) as reductants in
aqueous electron-transfer processes.

The plenary lectures at the 14th 1.C.C.C. Meeting at Toronto have been
published,® as have the papers presented at the Bressanone Conference.!!
Several other useful reviews of reactions involving metal ions have been pub-
lished. The oxidation-reduction of the cobalt centre in vitamin B,, has been
discussed '? and recent developments in the bioinorganic chemistry of this
complex have also been described.!®: 1* Electron-transfer catalysts involving
metalloenzyme systems have also been reviewed by Williams.'® The role of
transition metals in homogeneous catalysis has been described '* and homo-
lytic oxidation and reduction reactions of organic compounds by metallic ions
have been reviewed.'?

* E. S. Gould, J. Amer. Chem. Soc., 1972, 94, 4360.

* D. R. Rosseinsky, Chem. Rev., 1972, 72, 215.

° Pure Appl. Chem., 1973, 33, No. 4.

1t Coordination Chem. Rev., 1972, 8, Nos. 1 and 2.

12 J. M. Pratt, ‘The Inorganic Chemistry of Vitamin B.,". Academic Press, London, 1972.

13 R, H. Prince and D. A. Stotter, J. Inorg. Nuclear Chem., 1973, 35, 321; J. Lewis, R. H.
Prince, and D. A. Stotter, ibid., p. 341.

14 G. N. Schrauzer, Pure Appl. Chem., 1973, 33, 545.

15 R. J. P. Williams, Inorg. Chim. Acta, Rev., 1971, §, 137.

s R. G. Linck, ‘Transition Metals in Homogeneous Catalysis’, ed. G. N. Schrauzer,
Marcel Dekker, New York, 1971, p. 297.

v J. S. Littler, ‘M.T.P. International Review of Science’, Organic Chemistry, Series 1,
Vol. 10, ed. W. A, Waters, Butterworths, London, 1973, p. 237.

"



I

Reactions Between Two Metal Complexes

BY A. McAULEY

1 Reducing Agents

Chromium(II).—Quantitative data for this and for the other reducing species
are tabulated in Tables 1 and 2 on pp. 17 and 24.

Many reactions have been studied using this reagent, especially those
involving the inert ammine complexes of cobalt(ix), and in the case of organic
derivatives of these complexes a wide variety of reactivity patterns has
emerged which has not yet been encountered with any other reducing centre.
Electron transfer through organic structural units has been investigated in the
case of the alkenecarboxylatopenta-amminecobalt(iir) species,'® in which
there is a double bond lying between the —CO,Co(NHj;); unit and an aro-
matic ring. An interesting feature of these reactions is that some retardation of
the reduction rate is observed at high hydrogen-ion concentrations which is not
observed (over a sixty-fold range) in the case of the corresponding benzoato-
and p-hydroxybenzoato-species.’®® The reaction products for the systems
involving the o-hydroxycinnamato- and acetylenecarboxylato-complexes are
the corresponding carboxylatochromium(ir) species, confirming the expected
inner-sphere paths for these reactions. Specific rates for the reduction of
«f-unsaturated complexes of this type are significantly higher than those
obtained for aromatic and straight-chain derivatives, and the decrease in
reaction rate at high acidity appears to be a general effect for these species, the
observed retardations being too large to be attributable to medium effects.
The rate law may be described as

ki + koKs[H]

Rate = {TTK‘B[TIT

: [CrII][COIII]

where the rate constants k; and k, are associated with the reactivity of the
unprotonated and protonated forms of the cobalt(i) complex, K& being the
protonation equilibrium constant. Comparison of the data for the protonated
acetato-complex (in which the site of protonation is considered to be the
carbonyl oxygen) with those of the unsaturated systems where the hydrogen
ion may be associated at the double (or triple) bond suggests that the strong

1 A. Liang and E. S. Gould, Inorg. Chem., 1973, 12, 12.
e A, Liang and E. S. Gould, J. Amer. Chem. Soc., 1970, 92, 6791.

q



6 Inorganic Reaction Mechanisms

base-strengthening action of the —Co(INH;); group (when substituted for a
hydrogen atom or alkyl group) is transmitted through the conjugated systems,
giving rise to the acid dependences observed. In the reaction with the p-
formylbenzoatopenta-amminecobalt(in) ion with CrfL 1% however, the
observed rate is strongly dependent on acidity, the rate law being expressed in
the form

L[(ictoﬂ - {ko + kl[H'*]} [CrI[Co™™Y]

The rate constant for the acid-independent term is much larger than that for
the corresponding benzoato-complex, which may be due to attack by the
reducing agent at the remote carbony! of the group. Stopped-flow experiments
confirm the existence of an intermediate complex of structure
[(p-HO,C-C¢H,- CHO)Cr(H,0);]**, in which the absorption maximum is
ascribed to a m#-z* transition, the band being shifted by interaction of the
carbonyl group with the CrlII to 290 nm from the free-ligand position of
254 nm. The intermediate decays to yield [Cr(H,0)¢]*t and the free ligand in a
unimolecular reaction independent of [H*] and of Cr! at low concentrations.
In the corresponding reaction with the m-formylbenzoato-complex, whereas
55% of the ligand in the cobalt complex is released, the remainder being
bound to the chromium(1m) as a carboxylato-complex, there is no evidence of
rate promotion by hydrogen ions. The overall rate constant for this acid-
independent route is about 170 times smaller than that for the p-formyl-
benzoato-species but only a factor of two different from that of the un-
substituted benzoato-species. From values of product distribution as a func-
tion of temperature, the rate constants for both the reaction of the adjacent
carboxyl leading to formation of a m-formylbenzoato intermediate and for the
path leading to ligand release have been evaluated. In the reduction of m-
formylbenzoic acid by chromium(ir), however, the rates are a factor of 10*
lower.

Co-ordination of a (NH,);Co!I unit to glycine lowers the pKay by about 1.3
units and the reaction of substituted glycinato-complexes with Cr!! has been
investigated 2° to study the possibility of steric crowding as alkyl substitution
on the ammonium nitrogen increases such that attack at the adjacent carboxy-
group would be hindered. For the complex [(H;N);CoO,C-CH,NH;]*+ there
is no acid dependence on the rate constant within the range [H¥] = 0.019—
0.54M, the reaction proceeding via an inner-sphere mechanism. Increased
substitution of H by methyl groups causes a decrease in the reaction rate;
however, the factor of four decrease in rate for the trimethylglycinato-complex
compared with the glycinato-species is reflected in only a small (3 cal deg?
mol~1) change in AS*. The reductions of malonatopenta-amminecobalt(irx)
and the corresponding dimethylmalonato-species by Cr!! have been re-
investigated,® the acidity dependence observed previously for the malonato-

16 A, Zanella and H. Taube, J. Amer. Chem. Soc., 1972, 94, 6403.
*¢ R, Holwerda, E. Deutsch, and H. Taube, Inorg. Chem., 1972, 11, 1965.



Reactions Between Two Metal Complexes 7

complex in sodium perchlorate media being shown to be a medium effect.
Whereas over the range [Ht] = 1.0—3.95M (I = 4.0M) with NaClO, as
supporting electrolyte the observed rate constant increases from 2.64 to
3.94 1 mol~! s—1, no such variation in rate is seen in LiClO, solutions, the value
being 4.05 + 0.141mol-*s~!. A similar effect is seen for the dialkylated
species.

The outer-sphere reductions of penta-ammine pyridine and alkyl-substituted
pyridine complexes have been investigated 2! and have been compared with
similar reactions involving Eu?* as reductant. For the Cr!! reactions, the rate
constants are in the range 10-3—10-2 1 mol-*s~1. In the reactions with the
4-ethoxycarbonylpyridine, 2-methylpyrazine, and 2,6-dimethylpyrazine (1)
complexes, where there is a site for inner-sphere reduction and electron

Me 3+

Y] \
N N— CO(NH;)s

Me
o

transfer through the conjugated system, the rates are appreciably greater,
especially for the pyrazine complexes where the Cr™I products are not the
hexa-aquated ion but involve a metal ion-nitrogen bond. A probable pathway
may be written as in Scheme 1. In the reduction of the pyrazinecarboxylato-
penta-amminecobalt(mr) ion (2) with Crll, however, physical evidence has

/ \ 18+ / \
a4+ | N N—Co(NHy,| > Cmt—N N+ Colf + SNH+

>\_//

Me -Me

Scheme 1

been presented for a radical cation intermediate in the course of the reaction.®
Addition of excess CrIl to oxidant (2) results in a marked increase in absor-
bance in the range 400—600 nm within 10 ms of mixing, followed by a slower
decay to yield cobalt(ir) and the chromium(mr) product. Both reactions are first-
order, the maximum concentration of absorbing species and its formation and
decomposition rates being independent of the Crl added. The data are inter-
preted in terms of a reaction scheme (Scheme 2) where there is a precursor
complex formed which undergoes an intramolecular electron transfer to yield
the radical cation (ks = 263 s~1) with a subsequent slower transformation
(kv = 2.4s7Y) to the successor complex, which then aquates rapidly in the

31 E. R. Dockal and E. S. Gould, J. Amer. Chem. Soc., 1972, 94, 6673.
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2+
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-
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I N
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4+ . 4+
|N\] e | ]
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: —C—O0—Co(NH,); C—O—ColI(NH,);
Vo Nl
Criu O Criu O

rapiN:*
N\
[N;I—-c':=o + Co* + SNH*

('Zrm"'o

Scheme 2

acid media to yield the products. The corresponding reaction with the 4-
cinnolinecarboxylato-derivative (3) again exhibits behaviour of this type, but in
this case both formation and disappearance (k.) of the intermediate are first-
order dependent on Cr'l, a mechanism of the type shown in Scheme 3 being
invoked.

In the reduction of aromatic nitrile complexes of cobalt by chromium(m),
second-order rate behaviour is observed.22 In the case of terephthalonitrile as
ligand, no detectable ligand transfer occurs and in the case of complexes of 3-
or 4-cyanophenol the reaction proceeds with only 10—159%; of the bridging
ligand attached to the chromium(mx) product. These reactions are of interest
from the point of view that the reducing agent cannot attack at the atom or
group directly attached to the cobalt since there are no free electron pairs
available for bonding to the reducing agent. Although at first sight it would
appear that the data could be described by an outer-sphere mechanism, a
consideration of the rate and activation parameters would require some modi-

12 R, J. Balahura, G. B. Wright, and R. B. Jordan, J. Amer. Chem. Soc., 1973, 95, 1173.
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4+

Cr2t
o\C _O—Co(NHy); ]2+ OG-0 oM NHY)s
S Cor A
N/N NﬁN
(©))
Crmo\ /O*CO‘“(NH,);, o CrmO\ 40
C ‘ (o}
M X
I 'Cru-_c(ﬂlf)i N + Co?*
NN ' N7\
A Cril  + SNH,
Scheme 3

fication of this view. For a simple outer-sphere route, little difference would be
expected in the rates of reduction of the 3- and 4-cyano-substituted complexes
whereas in fact they differ by ~309% and the terephthalonitrile species reacts
about 30 times still faster. The mechanism postulated involves an outer-sphere
reduction of the nitrile ligand where the electron is transferred to the ligand
without co-ordination of a remote group to the chromium(i). A route of this
type would be favoured by an easily reducible ligand containing a remote
substituent which was not very basic towards CrIl, In support of this view a
correlation has been shown between the rate of reduction and Hammett o
constants, which themselves have been shown to be a measure of the polaro-
graphic half-wave reduction potentials of the uncomplexed aromatic nitriles.

The role of co-ordinated water as a bridging ligand in redox systems has
been discussed,* the data for the reaction

Crll 4 [CO(NH,Q,)E.OHg]“5_H+>5NH+ + Cr't 4 Co**t
4

in lithium perchlorate media being consistent with a single-term rate law. The
hydrogen-ion-independent pathway is considered too insignificant to be
measured directly and it is postulated that for all reactions of Cr!l with
complexes containing water as the only bridging ligand any hydrogen-ion-
independent pathway proceeds via an outer-sphere mechanism.

The reduction of thioether and carboxylate chelates of cobalt(tr) by Cr!
has been investigated.® The complexes [(en);Co(NH,CH,CO,)]** and
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[(en),Co(0O,CCH,SMe)]?* react via an inner-sphere mechanism with carboxy-
late bridging, whereas the species [(en),Co(NH,CH,CH,SMe)]3+ interacts in
an outer-sphere manner. The rate for [(en),Co(O,CCH,SMe)]?* is very high
and may be due to the cis non-bridging influence of the thioether function.
Symmetry rules have been applied to electron-transfer reactions of Cr!I (and
V) with complexes of the penta-amminecobalt(ir) type including a bridging
ligand,?® the reactivity of the co-ordination compounds increasing with
decreasing symmetry.

The reductions of di- and tetra-nuclear cobalt(ir) complexes have been
studied by Sykes and his co-workers. In the reaction with u-amido-u-formato-
bis[tetra-amminecobalt(mm)]24 the only observable stage in the reaction may be
represented by the rate law

—dIn[(Colll),] . koks[Cr2+]
dr = RG]+ e )
when the reductant is present in large excess. No dependence on hydrogen ion
was detected in the range [H*] = 0.04—0.98M. The observed rate law has
been interpreted by assuming an equilibrium between the u-formato-species
and an aquoformato-complex, both of which react with the chromium(ir), e.g.
as shown in Scheme 4. The reaction was also found to be strongly catalysed by

PN o N,

(HaN)4C0 CO(NHs)c + H:O == [H:N)Co Co(NHj),
0\ C/0 H,0 OCHO
I
H
+ Cr"flk, + Cr"fllr,
Scheme 4

chloride ions. In the corresponding reaction of the u-acetato-complex,
however, there is no evidence for the second term in equation (1), the observed
rate constants being a factor of four lower than for the former system. The
reaction of the u-amido-u-oxalato-complex (4) shows two reduction stages
with the formation of an intermediate.2® In this case, the reaction is much
faster than those previously described and probably proceeds vig an inner-
sphere mechanism. The first two stages of the reduction of the superoxo-

# K. B. Yatsimirskii, Teor. i eksp. Khim., 1972, 8, 617 (Chem. Abs., 1973, 78, 34 381a).
# K. L. Scott and A. G. Sykes, J.C.S. Dalton, 1972, 1832.
3 M. R. Hyde, K. L. Scott, and A. G. Sykes, ref. 8, p. 121.
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3+

(HaN)ACO\ /CO(NH,)‘
O .0
AN c/

|
C.
o” o

@

complex [(en),Co - u-(NH,,0,) - Co(en),]** (5) have been described, ¢ the reac-
tion product being the u-peroxo-species (6).

4+

N P
Cr2+ + (en),Co\ /Co(en), —> Cr3+ + (en)aCO\ /Co(en)s
0—O 0—0
o) (6)

The second redox reaction involves one cobalt(m) centre, but the second
cobalt(mm) site reacts only after the peroxo-bridge has been reduced. The Cr2+
reduction of (5) is too rapid for detection by flow techniques, but the
[Cr(H,0),]%* product is indicative of an outer-sphere route. The reduction of
(6) is also fast and here the reaction product is not a mononuclear chromium(ir)
species but the first example of a u-peroxo-complex involving different metal
atoms,

+ o)
Crt + (6) B, Co?* + 2enH+ + [(HsN)(en)2C0 / \0 /Cf(HgO);] o+

confirming an inner-sphere pathway for this reaction.

In the case of the trinuclear u-oxalato-complexes,?” parallel inner- and
outer-sphere routes have been observed. It is interesting to note, however,
that whereas the reaction of the species [Cog(NHy),;(NH)(OH)YC,0)*"
follows second-order Kkinetics, reaction of the corresponding complex
[Coy(NHy);,(OH)(C,0,)]°* is more complicated and at least two stages are
observed in the chromium(i) reduction. The reactions of three tetranuclear
p-oxalato-cobalt(rr) complexes have been reported 28 where in a 40—400-fold
excess of reductant all four Co™! centres undergo reduction, the first stage of
the reaction in each case being rate determining. The rate of reduction
of u,-oxalato-[di-x-hydroxo-bis{triamminecobalt(t)}]- [« -amido - bis{tetra-
amminecobalt(t)}] (7) is found to be independent of hydrogen-ion

2 M. R. Hyde and A. G. Sykes, J.C.S. Chem. Comm., 1972, 1340.
17 K. L. Scott, K. Wieghardt, and A. G. Sykes, Inorg. Chem., 1973, 12, 655.
* K. L. Scott and A. G. Sykes, J.C.S. Dalton, 1973, 736.

3+
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concentration over the range 0.1—0.9M, the rate law being
—d In [{Co!1},]/dt = ki{Cr?*]

A similar rate law was observed for the 6+ ion u,-oxalato-bis[di-#-hydroxo-
bis{triamminecobalt(i)}] (8) and for the 7+ species py-oxalato-{u-amido-u-
hydroxo-bis{triamminecobalt(im)}]-[ u-amido-bis{tetra-amminecobalt(tm)}] (9).

(H3N),Co—_ o—COo(NHy), [
VAR NIV VAN
H,N ;C—C O\H OH
(H3N)‘C0"'0 O\CO(NHa)s
)
[ /N{{ 2 1
(HaN)aC?\O /?O(NHs)a
OQS.;O
|
(H3N),Co— \ /O /C{(NHa)a OI/C > (l)
HO OH /C—C\HO\ /OH (H,NLC\({ /CO(NHS).
(H;N);Co—O O—Co(NHjy)s B NH, _
® ©)

In these systems no rate-determining hydroxo-bridge cleavage was encoun-
tered and the mechanism of reduction in each case is outer-sphere. It is
considered that the secondary and tertiary redox stages involving tri- and di-
nuclear u-oxalato-complexes are fast, since in these species there are possible
sites for attack via an inner-sphere route.

The reaction between the strongly oxidizing hexa-aquocobalt(ir) ion and
CrlI has been investigated 2° using stopped-flow spectrophotometry. The rate
law is of the form

—d[Co')/dt = {ky + ky/[HCoM[Crl1]
where k, corresponds to the reaction of CrZ} o and Co,., the reaction taking
place via an outer-sphere pathway. The hydrogen ion-dependent path involves
Cr2+ and CoOH?" as reactants and may be inner-sphere in character. The re-
action is catalysed by chloride ion, and two chloride-ion-dependent paths have
been identified involving the terms k,[Cr?+][CoCl3*] and k,[Cr?*+][Co*+][Cl-]

Kinetic studies have been made on the reduction of the tantalum cluster ion
[Ta¢Br;,]3t by chromium(in).?® The rate is greatly increased by relatively low

2» M. R. Hyde, R. Davies, and A. G, Sykes, J.C.S. Dalton, 1972, 1838.
3¢ J. H. Espenson and T. R. Webb, Inorg. Chem., 1972, 11, 1909.
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concentrations of ions such as Cl-, Br-, I-, and NCS-, the overall rate law in
the presence of such ions (X-) being

—d[(TasBry,)**)/de = {ky + K[XD{(TaeBr)*[Crl]

The small decrease in rate with acidity which is also observed may be due to
medium effects. In perchlorate media, the product is [Cr(H,0)¢]**, whereas in
the presence of other anions a mixture of Cr3+ and CrX?** is obtained. The
mechanism consistent with these findings may be represented as

B [TagBry,)*+ + Crt

[Ta Bry I3+ + Cr2+ ke

* XSS [Ta BryJ** + CrXe+

In the thiocyanate reaction, however, both linkage isomers [CrNCS]?** and the
less stable [CrSCN]3* appear to be produced and it may be that an ion pair of
the type [Ta¢Br;,]** NCS- is formed where the thiocyanate ion could act as a
bridging ligand, leading to the formation of the S-bonded Cr!! product.

The reaction between [UO,]*+ and Cr?+ has been monitored using flow
techniques and results in the formation of a dinuclear [UY - CrIII] complex.3!
The rate law is first order with respect to both UVIand Cr™ with no hydrogen-
ion dependence in the concentration range 0.3—2.0M. A possible mechanism
postulated involves the rate-controlling transfer of an electron after the rapid
formation of an inner-sphere complex (Scheme 5).

[Cr2+(H,0),]- UOF" “—= [(H,0);Cr2*- U053 + H,0

K,
slow

[(H,0)sCr11-UY]
Scheme 5

The inner-sphere reduction of tetraphenylporphineiron(im) chloride has
been studied in benzene,?? and using 2¢Cl it has been shown that 96 of the
radioactivity is transferred to the chromium centre. No significant role of the
delocalized porphyrin ring system as a route for enhancement of electron
transfer was detected in this system. The reaction with horse-heart ferricyto-
chrome ¢ has been investigated 3* using a stopped-flow device over the pH
range 1—7. The rate passes through a maximum at pH ~ 3.7 (Figure 1) and the
reduction is catalysed by iodide, azide, and thiocyanate ions. The rate law
shows no direct proportionality to the Crll concentration, a limiting rate being
observed at high Cr!! values. A mechanism consistent with these observations

1 A, Ekstrom and Y. Farrar, Inorg. Chem., 1972, 11, 2610.
32 I. A. Cohen, C. Jung, and T. Governo, J. Amer. Chem. Soc., 1972, 94, 3003.
3 D, P. Rillema and J. F. Endicott, Inorg. Chem., 1972, 11, 2361.
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Figure 1 Plot of rate constant against pH for the reaction of chromium(u) with ferri-
cytochrome c in chloride media: circles, I = 1.0M; triangles, I = 0.15M
(Reproduced by permission from J. Amer. Chem. Soc., 1973, 95, 1133)

may be written as

Ferricyt ¢ ‘—__—_, Ferricyt* ¢
ky

Ferricyt* ¢ + Cr! =— Cr'I + Ferrocyt ¢
ky
Values of ky and k,k,/k_, may be obtained from a plot of 1/kons against
[Cr1I}-1 [equation (2)]:
1 1 k_y

ke =k T TklCry

2

The effects of anions in these systems may be considered to derive from binding
between the anion and the iron centre by displacing a methionine sulphur
atom from the co-ordinating position, and a value of 60 s—! has been esti-
mated for the rate of rupture of the Fe—S bond in the pH range 6.1—7.0. The
anions may now act as bridging ligands in the inner-sphere reduction where a
transition state involving the grouping —Fe—X—Cr— may be envisaged. The
pH dependence may be described using a curve of the form

a/[H*] + ac/d[H*]?

k= T aamE

3

where the fit is especially good at the extreme pH values. A dependence of this
type has been described in terms of the reaction of various protonated forms of
the oxidant,
H,Ferricyt c =— H* + HFerricyt ¢
K,

HFerricyt c =— H* + Ferricyt ¢
K,
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H,Ferricyt ¢ + CrI T:
HFerricyt ¢ + CrQ T;
Ferricyt ¢ + CrI T?

and provided the protonation equilibria involved are rapid, this scheme leads
to an expression of the form

k= ka + koK [[HT] + koK K,/[H]?
T 1 4+ KJHT + KK/[HT

which is identical to that above [equation (3)] when the first term in the numer-
ator and the second in the denominator are neglected. It is found that K, > K,
and hence the concentration of the singly protonated species never builds up
to significant levels, From a kinetic analysis of the catalytic effects of the
anions, it is considered that whereas the chloride ion is involved in an adjacent
attack of the Cr!! on the iron™ centre, in the case of the azide and thiocyanate
ions there is evidence of remote attack, where use is made of an electron-
transfer site possibly on the edge of the porphyrin ring system.

The outer-sphere reduction of several trans-[Co(N,)(NHj;).]3+ complexes has
been examined, where N, represents a quadridentate macrocyclic ligand. In
the case of tetra-amine and tetraimine ligands, the observed rate constants are
fairly similar, but when allowance is made for the variations in reduction
potential of the cobalt(1i1) complexes, the rate constant increases by a factor of
102 on going from a tetra-amine to a tetraimine. The rate law is second-order
overall in these reactions with some autocatalysis observed in the tetraimine
systems. From free energy considerations, it would seem that in reductions of
complexes of this type the reorganizational parameters depend more strongly
on the reducing agent and less on the cobalt(ir) than would be predicted.

The reaction of [Cr(CN),]*~ with [Co(CN);Br]3- in the presence of cyanide
ions takes place in two stages,3 the first step leading to the formation of
[Co(CN)eJ*~, [Co(CN);]°-, and Br- with the rate law

—d[Cr(CN)§")/ds = ky[Cr(CN)§ ICo(CN);Br3-]

the rate being independent of [CN-] in the range 0.20—0.98M and of
hydroxide ion concentration between 0.02 and 0.20M. The second stage is the
reaction between the product [Co(CN);]3~ and [Cr(CN)]*- and is of impor-
tance when a large excess of the reductant is present. Again the overall
reaction is second order. An interesting aspect of the coupled reactions is that
they provide a means of carrying out the catalytic hydrogenation of «f-
unsaturated compounds without molecular hydrogen in that [Cr(CN)4]*~ may
serve as a reducing agent to liberate hydrogen from water via the intermediate
hydrogenating agent [Co(CN);H]?-:

[Cr(CN)]*~ + [Co(CN);I*~ + H,0—>
[Cr(CN)*~ + [Co(CN);H]*~ + OH~-

3¢ J. H. Espenson and D. A. Holm, J. Amer. Chem. Soc., 1972, 94, 5709.
B
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Vanadium(II).—A substantial amount of work has been undertaken using this
reductant, especially in comparison of systems where CrI has also been used
as a reducing agent in order to identify possible reaction pathways. A number
of kinetic data have been interpreted in terms of an inner-sphere mechanism
with the rate of substitution of co-ordinated water on the metal ion as rate
determining. In the reaction with azido-ammine complexes of cobalt(m),®

VI 4 [COLgNyJ** + H+*—> V3+ + Coll + HN, + SL(-+

the mechanism is inner-sphere and in the case of the complex ion
[Co(NH,);N,]2* the formation of VN3' as an unstable intermediate has been
observed. From a comparison of the data, it is considered that non-bridging
ligand effects on the reduction rate are quenched by the solvent-exchange rate
on the VX, A similar mechanism is proposed in the reaction of cis- and frans-
diformatobis(ethylenediamine)cobalt(1r).?® In the case of the frans-complex,
the second-order rate constant is independent of [H*] in the range 0.11—
0.91M whereas for the cis species the rate decreases with increasing hydrogen-
ion concentration. In this system, protonation of the complex is important,

cis-[Co(en),(HCO,),]* + Ht Z—: cis-[Co(en),(HCO,),H]*+
K

the reducing agent reacting with the non-protonated diformato-complex (ke:s)
in accordance with the rate law (k, = observed second-order rate constant)

by = — st s

Protonation of the frans-form appears to be negligible. When compared with
the corresponding data with Cr!! as reductant, it is apparent that in the latter
systems the nature of the ligand trans to the bridging group is important, since
it changes the energy of the acceptor orbital and thus determines the reactivity,
whereas for the former (V2+) reagent the dissociative character of the rate-
determining substitutions dominates the reaction. The rate constants for the
reduction of p- and m-formylbenzoatopenta-amminecobalt(iir) ions have been
reported,’? the values being a factor of ten lower than for the cobalt(ux)
systems reported above.

A comparison has been made of vanadium(ir) and chromium(ir) reactions
which occur via outer-sphere pathways and for reactions occurring by this
mechanism the ratio A(CrI%)/k(VI)=0.02 has been derived (Table 1) for

85 K. W. Hicks, D. L. Toppen, and R. G. Linck, Inorg. Chem., 1972, 11, 310.

3¢ T. J. Przystas and A. Haim, Inorg. Chem., 1972, 11, 1016.

37 P, Dodel and H. Taube, Z. phys. Chem. (Frankfurt), 1965, 44, 92.

38 J, P. Candlin, J. Halpern, and D. L. Trimm, J. Amer. Chem. Soc., 1964, 86, 1019.

8* F, Nordmeyer and H. Taube, J. Amer. Chem. Soc., 1968, 90, 1163.

40 J, Doyle and A. G. Sykes, J. Chem. Soc. (4), 1968, 2836.

4t R. G. Gaunde and H. Taube, Inorg. Chem., 1970, 9, 2627.

42 A. B. Hoffmann and H. Taube, Inorg. Chem., 1968, 7, 1971.

4 P, K. Zia, R. B. Fisher, and W. K. Wilmarth, 4bs. Amer. Chem. Soc., 161st Meeting,
Los Angeles, 1971, Inorg. 027.
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systems where the rate constants for VII reduction vary by nine orders of
magnitude. The reduction of the dinuclear p-amido-cobalt-ammine com-
plexes with u-formato- and p-acetato-bridges has been described 2¢ and the
suggestion that the lack of a co-ordination site imposes an outer-sphere
mechanism on the system is consistent with the observed ratios of the rates of
Cr!I and VI reduction. The corresponding V! reactions on the tetranuclear
bridged oxalato-complexes show strict adherence to second-order kinetics,2®
the first reduction stage of the overall four-electron change being rate deter-
mining. The reaction with the hexa-aquocobalt(u) ion is too rapid for direct
measurement by stopped-flow techniques.?® The reaction rate was deter-
mined, however, by a competitive method in which Cr™* and VI were allowed
to react with the cobalt(u), the CrlI being in large (30-fold) excess. By moni-
toring transmittance changes for the slower CriI-VII reaction, it was possible
to show that 66 %; of the cobalt(mm) was reduced by the VI, and from a know-
ledge of the Crllyq—Coyq reaction rate that of the VI,q—Colllyq reaction
could be derived. The reaction is of the outer-sphere type, as is the rapid
reduction** of [Co(bipy);]**+, where the observed subsequent reactions are
due to acid dissociation reactions of the [Co(bipy)s]** product.

The overall reaction for the reduction of chromium(vi) by vanadium(i) in
acidic media may be represented 4% as

3ver 4 OV ® 3ver 4 Ot
The rate law for this reaction with the reductant present in excess is
—d[CrVT/dt = {k1 + k[HT] + k[VUJ[HCrO7 J[VH]

the first step in the reaction resulting in the direct formation of vanadium(ur)
by means of a one-electron transfer. There is no direct formation of VIV in the
reaction. The pathway k; may be represented as

HCro; + vi_*, ¢y 4 v

and accounts for >709% of the reaction. The hydrogen-ion dependence is
considered to derive from the reactions

HCro; + H**— H,Cro,
Ka

H,CrO, + VI li) products

where k, = k,Ka. A possible mechanism for the vanadium(i)-dependent
term involves the formation of a dinuclear complex which is present in
steady-state concentrations and which undergoes reduction. There is no
evidence for any effect of vanadium(ur) on the reaction rate. The one-
equivalent reduction of titanium(iv) by vanadium(m) has been shown ¢ to be

4 R. Davies, M. Green, and A. G. Sykes, J.C.S. Dalton, 1972, 1171.
45 K. L. Bridges, S. K. Mukherjee, and G. Gordon, Inorg. Chem., 1972, 11, 2494.
¢ J. D. Ellis and A. G. Sykes, J.C.S. Dalton, 1973, 537.
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independent of hydrogen ions in the concentration range 0.35—1.85M; the
rate equation is of the form

—d[VIT)/dt = d[Ti™M}/dr = K[VI[TiV]

the value for £ being in the range consistent with a substitution-controlled
rate-determining step.

Several approaches have been made to identify free energy correlations in the
outer-sphere reactions of vanadium(i).?%:47-48 Electrochemical data have
been used to provide information on the standard redox potentials of cobalt(ir)-
cobalt(r) couples involving a variety of ligands, and the standard free
energies have been calculated. The correlation between activation free energy
and overall free energy may be described *® in terms of an expression

AG* = a + bAG® + ...

for the outer-sphere reactions of vanadium(i), the value of b being slightly
greater than the predicted Marcus value of 0.5 (0.56 + 0.08). The parameter
a is only slightly dependent on the nature of the cobalt(ir) complex being
reduced and it is suggested that there is a smaller dependence on reorganiza-
tional parameters with the oxidant than would be predicted on the basis of the
Marcus theory, changes in the axial ligands in [Co™™N,L,] complexes showing
only small variations in reaction rate. A modification of the simple Marcus
cross-reaction relationship which explicitly utilizes fractional 5 values differing
from 0.5 has been shown to agree with experimentally derived values for two
redox series.?’

Iron(I1).—An excellent review of electron-transfer (inner- and outer-sphere)
reactions involving vanadium(iv) as compared with iron(ii) as a reductant for
both cationic and anionic species has been published.® The rate constants for
oxidations of iron(ir) are almost invariably greater than those for vanadium(tv),
the difference being smaller when there is evidence for an inner-sphere oxida-
tion. For outer-sphere reactions, on the other hand, the rates may differ by
several hundred-fold.

The kinetics of the electron-transfer reactions between oxalatocobalt(tir)
complexes and iron(ir) have been described.*® For cationic complexes, the rates
decrease in the order (ox = oxalate) [Co(ox)(phen),}* > [Co(ox)(bipy).l+ >
[Co(ox)(NH,),]* > [Co(ox)(en),] > [Co(ox)(trien)]*; the variation in reactivity
is attributed to changes in the enthalpy of activation, a linear relationship
being observed between AH* and log k (k¢ = observed rate constant). The
much faster reactions of the phenanthroline and bipyridyl complexes are also
considered to derive from the efficiency of these ligands as electron mediators
in reactions of this type. A relationship has also been observed between log k&
and the half-wave potential of the polarographic reduction of the cobalt(ir)

* D. R. Rosseinsky, J.C.S. Chem. Comm., 1972, 225.
4 D, P. Rillema, J. F. Endicott, and R. C. Patel, J. Amer. Chem. Soc., 1972, 94, 394.
4 K, Ohashi, Bull. Chem. Soc. Japan, 1972, 45, 3093.
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centre. In the corresponding reduction of the s-cis-oxalato-(1,8-diamino-3,6-
dithiaoctane)cobalt(tm) ion (10), [CoN,S,(0x)]*, the rate enhancement over the
tetra-ammine analogue is very marked (3.9 x 103 greater) and is probably due to
the influence of the co-ordinated sulphur of the thioether groups. The observed
rate law may be represented by the expression

—d[Co™(N;Sy)(0x)*]/ds = ky[Com™][Fell]

no significant hydrogen-ion dependence being observed in lithium perchlorate

O +
( NHzo——c
ST
o’ o

(10)

media. Medium effects have been shown to be very significant in these reduc-
tions and whereas in LiClO~HCIO, solutions over the range 0.20—0.95M
[H+] the average value for the second-order rate constant £, = 1.65 + 0.05
I mol—*s-! it is seen from Figure 2 that over a comparable acidity range in
NaClO~HCIO, a 369 increase in k, is observed, suggesting that the data
derived from the former media are more readily interpretable than those in
sodium perchlorate solutions. The reaction mechanism is considered to
involve a bridged activated complex, and experiments with [Co(N,S,)(phen)]*+
and [Co(N,S,)(acac)]t, which were essentially unreactive on the time-scale of
reduction of the oxalate complex, would tend to rule out the possibility of a
sulphur bridge. It is suggested that the extent to which the bond to the sulphur

1.7¢
1.6
"» 15 [H30+]
'.75 1.4} dependence
£
= 1.3F [Na*]
x 1.2 dependence
1.1
1.0F

1 1 1 L 1 1 L] - 1 1
0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1.0
[H30%] or [Na*]
Figure 2 Effect of [H;O%] or [Nat] on the rate of the iron(1)-[Co(N,S;)(ox)]*+ (10)
reaction in sodium perchlorate-perchlovic acid media
(Reproduced by permission from Inorg. Chem., 1972, 11, 2735)



Reactions Between Two Metal Complexes 21

atom frans to the bridge can be stretched may be responsible for rate enhance-
ment,

Complexing of the reductant also induces rate enhancement of cobalt(mm)
complexes.® The rate constant for reduction of [Co(NH;);OAc]*+ by iron(tr)
has been given a lower limit of 5 x 10~51 mol~? s~* whereas when the reduc-
tant is complexed to N-methyliminodiacetate (L?-) in glycine buffer the
corresponding value is 1.52 x 10~% 1 mol—! s, The rate law derived is

—d[Co™M)/dt = k,[Co™(NH,);O0Ac**][FeL]

with little effect of the complex [FeL,]?>~ on the reaction rate. It may be that
whereas the reactions of Fe?+ and FeL proceed via one pathway (e.g. inner-
sphere with acetate bridging) that of [FeL,]?~ would take place by an outer-
sphere mechanism.

The reduction of cobalt(ur) complexes containing polymeric ligands, e.g.
cis-[Co(en),(PVP)X]2+ (X = Cl-, Br, or Ny and PVP = poly-4-vinyl-
pyridine), have been reported,5': 52 the rate data being compared with those
for the corresponding mono-pyridine species. The polymeric complexes are
less reactive than the simpler species, probably as a result of the higher energy
of rearrangement. The effects of bridging and non-bridging ligands are,
however, similar for both types of complex ion.

In an investigation of the non-complementary redox process

k
cis- or trans-[PtLsX;] + 2Fe™* + 2X- <= cis- or frans[PtL,;X;] + 2Fe**
kg

(L = NH,, NH,Me, NH,Et, NH,Pr, or fen, X = Cl or Br) it has been
shown %2 that, whereas the forward reactions involve the reaction of iron(um)-
halide complexes, the reverse reaction when studied in at least a thirty-fold
excess of reductant exhibits second-order kinetics, with the rate law

Rate = kJPtIV][Fell]

The reduction rate constants of the platinum(iv) complexes possessing the
same geometric configuration and bonded halide depend to some extent on the
ligand co-ordinated, the reactivity sequence being en<NH;<NH,Me<
NH,Et < NH,Pr, and a linear free energy relationship has been shown to exist
between the activation free energy, AG, ,, and the overall free energy change

AGrea for the above reaction (k). The slopes are slightly greater than 0.5, which
may indicate an outer-sphere mechanism.

0 D, R. Cannon and J. Gardiner, J.C.S. Dalton, 1972, 887.

81 Y. Kurimura and E. Tsuchida, Nuova Cim., 1973, 49, 64 (Chem. Abs., 1973,78, 102 435y).

82 B, Tsuchida, Y. Karino, H. Takahashi, and Y. Kurimura, Nippon Kagaku Kaishi,
1972, 12, 2420 (Chem. Abs., 1973, 18, 62 760s).

53 A, Peloso and M. Basato, J.C.S. Dalton, 1972, 2040.
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In the flash photolysis of [PtClg]>~, an absorption spectrum has been
derived corresponding to the production of PtI! as a transient which dispro-
portionates in a second-order process.?* The reaction with iron(ir),

Pt + Fe?* —>» PtII 4 Fed3t+

has been studied and, using the ionic strength dependence relationship based
on this reaction, the charge of the reacting platinum species has been shown to
be —1, consistent with a formulation of the ion as [PtCl,]~. The thallium(r)—
thallium(m) exchange has been shown to be catalysed by iron(m),5% the
induced exchange being due to the reactions

TIIL 4 Fell <— TJI 4 Felll
TII 4 Fell=—TIl 4 Fell

in which thallium(m) is produced as an intermediate.

The reductions of vanadium(v) by cyanobipyridyl complexes of iron(ir) are
considered 3% to be inner-sphere processes, with iron(mm)-vanadium(rv) species
as intermediates. In the reactions with [Fe(CN),(bipy)]?~ and [Fe(CN),(bipy).]
the rates are close to the limits of detection by stopped-flow methods, the rate
law being

Rate = kox [VV][Fe']

Evidence for the inner-sphere mechanism is derived from comparison with
cerium(tv) reactions, which have a substantially different rate ratio, with
[Fe(bipy),;]1>* which would proceed via an outer-sphere process.

Lanthanide(IT) Ions.—The europium(ir) reductions of penta-amminecobalt(t)
complexes with heterocyclic bases have been studied,?! the reaction rates being
shown to be independent of hydrogen-ion concentration. In the cases of the
4-ethoxycarbonylpyridine derivative and of the trans-1,2-bis-(4-pyridyl)-
ethylene species (11) strong autocatalysis is observed, a reactive radical or

/ \ 8+ EtO\ =\
— — O —

an 12

radical cation being suggested as an intermediate. In the reaction involving
the ethoxycarbonyl complex, it is suggested that the radical formed is of the
form (12) and is produced on the one-electron reduction of the free ligand
which in turn is liberated on conversion of the cobalt(in) oxidant into the
substitution-labile cobalt(1) species, e.g. Scheme 6 (co-ordinated ammonia
omitted). In the presence of [Co(NHj;) (pyridine)]*+, which is not considered

s R. C. Wright and G. S. Laurence, J.C.S. Chem. Comm., 1972, 132,
s B. Warnqvist and R. W. Dodson, Inorg. Chem., 1971, 10, 2624.
s¢ J. P. Birk and S. V. Weaver, Inorg. Chem., 1972, 11, 95.
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Ccom(L) B couy (+1)

CO 2+
Colli(L)
+ / Fut+ \
+ T

L _— Eudt

Scheme 6

likely to react via an inner-sphere process, this complex is also reduced,
suggesting that the autocatalysed reduction of the ester takes place via
an outer-sphere mechanism.

The europium() reduction of p-formylbenzoatopenta-amminecobalt(mm)
has been investigated,’®® a small acidity variation being observed. The
dependence on hydrogen ion is slight, however, and may be due to medium
effects.

Two studies have been reported on the reactions of ytterbium(ir) as a
reductant. There is some disagreement on the stability of this strongly reducing
species in aqueous media. Espenson and co-workers 7 have generated the ion
using electrochemical techniques in dilute aqueous perchloric acid and found
that although solvent reduction occurred within 10—30 min in the absence of
dissolved oxygen, the reagent was sufficiently stable to enable stopped-flow
measurements to be made with typical reaction concentrations of Yb2+ of
~1—6x 10~*M. In the reactions with cobalt(ir) and chromium(ir) com-
plexes, a one-electron transfer occurs. It is of interest that in the reaction with
[Co(en),]?*, with ionic strength maintained constant with LiClO,, the second-
order rate constant decreased from 548 to 451 1 mol-1s-* on increasing the
oxidant concentration {as [Co(en);(ClO,),]} from 2.3 to 15 x 10~3M. This may
be due to medium effects where the rate for a reaction involving cations is
dependent on the anion concentration. For the cobalt(tm) species, no hydrogen-
ion dependence was observed. For the complex [Cr(H,0)]*+, however, the

rate law
—d[Cr3+]/dt = Kk[Cr(H, O3 [Yb2+]/[H+]

may be interpreted according to the reaction scheme

[Cr(H;0)¢]** =— [(H;0)s;CrOH]** + H*
[(H;0);Cr(OH)]>* + Yb3* —> Cr2+ + Yb3+

The reactions are catalysed by chloride ions, which probably react via ion-pair
formation with the oxidant.

The reactions of cobalt(ur) and ruthenium(uir) ammine complexes with YbH,
Eull, and Sm! have been investigated using a pulse radiolysis technique.®®
Whereas the reaction rates for Eul! are similar to those of previous workers,
the data for Yb?* are in marked contrast to those described above. A previous

57 R. J. Christensen, J. H. Espenson, and A. B. Butcher, Inorg. Chem., 1973, 12, 564.
ss M. Faraggi and A. Feder, Inorg. Chem., 1973, 12, 236.
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study on the stability of this reductant® indicates a half-time of at most one
second, markedly less than that for the species generated electrochemically.
It is possible that there may be enhancement of the decay owing to the
presence of hydrogen peroxide produced during the radiolysis, and it may be
necessary to adopt modified procedures for more satisfactory evaluation of
data for this strongly reducing species. Comparison of the rates for the
three lanthanide ions suggests that in the reactions with cobalt(im) com-
plexes, an inner-sphere mechanism is adopted, although with the rate for
Sm!! one order of magnitude lower than for YbI! there may be some outer-
sphere contribution, With the halogenopenta-ammine complexes the ‘normal’
reactivity order (F < Cl<Br<]1) is found for Sm™ whereas the ‘inverse’ order
holds for Eu!f and Yb™X, In the case of the ruthenium(ur) complexes, cata-
lysis by Cl- of the outer-sphere reactions with [Ru(NH;)]*+ is observed with
Sm!! and Yb!L

2 Oxidizing Agents
Cerium(1V).—The oxidation of vanadium(iv) by cerium(iv) has been studied
in 1—2M perchloric acid,® the reaction being first-order with respect to each
reactant. Under the experimental conditions prevailing, the predominant
oxidizing species is CeOH3*, the reaction being

CeOH®+ + VO _*, Celll 4+ VOi + H*

The dependence of the rate on [H*], which in a previous study ®! suggested an
increase with increasing hydrogen-ion concentration, has been shown to be
anomalous, the variation being expressed in the form

kz + ko + kl[H+]_1

although it is not conclusive that the k, term is an additional pathway since
medium effects may be important. The oxidation of neptunium(v) has been
investigated in perchloric acid using stopped-flow techniques.®? The rate of
disappearance of Cel!V is first-order with respect to both [Ce!V] and [NpV] and
is essentially first-order with respect to hydrogen-ion concentration. In a
treatment different from that described above, the authors have chosen to
include the contribution of a small amount of [Ce(OH),}?>* which might be
present in their reaction media. They have found that the kinetically impor-
tant reaction is
NpOf + Ce*t —> NpOz+ + Cell

with little observed variation of rate with temperature. It is of interest to note
that the corresponding reaction with hexa-aquocobalt(ir) is relatively slow.
In the few reactions of MOj species studied it appears that oxidations by

5% M. Faraggi and Y. Tendler, J. Chem. Phys., 1972, 56, 3287.

¢¢ N. A. Daugherty and R. L. Taylor, J. Inorg. Nuclear Chem., 1972, 34, 1756.
¢t G. N. Rao, Current Sci., 1969, 22, 541.

*2 A. Ekstrom and A. McLaren, J. Inorg. Nuclear Chem., 1972, 34, 2015.
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Fe!l or VIV show either small positive or no acid dependences, whereas those
involving cerium(iv) have an inverse hydrogen-ion dependence which is
taken to imply participation in the reaction of hydrolysed metal ions and
an inner-sphere mechanism.

The cerium(iv) oxidation of ferrocene-1,1’-disulphonic acid in sulphate
media has been described,®® kinetic data being derived from potential-time
curves. Three moles of oxidant are consumed with breakdown of the sandwich
structure (X = C;H,SO;H):

FeX, + 3CeY —> Fe®+ + 2X + 3Celd

Redox systems of the hexamethylbenzene cluster compounds of niobium and
tantalum have been investigated,®* and reactions of the type

[(MesCo);MX Bt + 2CelV ——> [(Me,Co)sMuX st + 2Cell

have been shown to occur readily (M = Nb or Ta, X = Cl or Br). These
systems are analogous to the metal-chloro cluster ions [M4Cl;,]** previously
studied. The reaction

4Ru(NH,)¢]*+ + 14H+ + 6CI- —> 2[Ru,ClL,(NH,)J*+* + H, + 12NH%

yields a blue cationic complex with ruthenium in mixed oxidation states &3
which is unstable in oxygen. It is suggested that there are three chlorine
bridges between the ruthenium atoms, and evidence for both Rul® and Rult
has been derived from oxidation by cerium(1v). The oxidation of mercury(r)
dimer by cerium(1v) in sulphate media is catalysed by ruthenium(iv). A linear
dependence on RulV is observed ®® and a possible mechanism involves inter-
mediate formation of ruthenium(v):

Rul¥ + CelV—> RuV + Cell!
Ru¥ + Hgl!— Ru!V + Hg!

At high concentrations of mercury(1), however, all the ruthenium(v) is
reduced to ruthenium(im). In the photochemical oxidation of Hg! by CelV in
acid perchlorate media it has been suggested 87 that the oxidant species is the
one involved in the primary photochemical process. In aqueous solution, or
even in the presence of excess cerium(iv), there is no indication of the oxida-
tion of free carbon monoxide. When bound to ruthenium in the cation
[Ru(NH,;);CO]%+, however, ®® the CO is readily oxidized (in a ten-fold excess of
oxidant) to bound CO,. The activation of the bound ligand is considered to
derive from its binding to the (H;N);Ru?* centre, but the presence of excess

s J, Holecek, K. Handlin, and 1. Pavlik, Coll. Czech. Chem. Comm., 1972, 37, 1085.

* R. B. King, D. M. Braitsch, and P. N. Kapoor, J.C.S. Chem. Comm., 1972, 1072.

*¢ E. E. Mercer and L. W. Gray, J. Amer. Chem. Soc., 1972, 94, 6426.

¢¢ K. B. Yatsimirskii, L. P. Tikhonova, L. N. Zakrevskaya, and 1. P. Svarovskaya, Zhur.
neorg. Khim., 1972, 17, 3206.

*2 A. Nuyt and M. Zador, Canad. J. Chem., 1972, 50, 2413.

* G. D. Watt, J. Amer. Chem. Soc., 1972, 94, 7351.
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cerium(tv) may also be important since a stable intermediate is formed when
CelV] : [Ru(NH,);CO?t] is <3.

The uranium(iv)-cerium(rv) reaction has been investigated in tributyl
phosphate-chloroform solutions.® The reaction is second-order overall and in
20—309%; Bu,PO, the rate constant is about two orders of magnitude lower
than for the corresponding aqueous reaction at the same temperature. As in
the aqueous system, the rate is inversely dependent on hydrogen-ion concen-
tration. The activation energy is also similar to that in water and is indepen-
dent of tributyl phosphate concentration and pH.

Chromium(VI).—The oxidation of ferrocene has been studied’® in water—
acetone solvent mixtures (1 : 1 v/v) with a mole fraction of the acetone in the
solvent of 0.195. The stoicheiometry may be represented by the equation

3[Fe(C;H;),] + HCrO; + TH* — 3[Fe(CsH;)ol* + Cr3t + 4H,0

The side reactions, the oxidation of acetone by CrVL, which occurs if the
medium is acidic, and the slow decomposition of ferrocene in acidified
solutions of acetone, were overcome by reaction of a solution containing both
CrVI and ferrocene but no perchloric acid in one reservoir of the stopped-flow
apparatus with a solution of perchloric acid in aqueous atetone. The above
reaction takes place much more rapidly than either of the side reactions. The
oxidation rate is dependent on hydrogen-ion concentration, and allowance has
been made for the small amount of H,CrO, present in the solutions:

H,CrO,“= + HCrO; K.
H+

The rate law may be expressed as

—dlCrY] _ —dFe(CsHy)] _ k[H*Ka

dz - 3dr = [HT + Ka [Fe(CsHs)oJ[Cr¥ ot

The reactive chromium(vi) species is considered to be HCrO7 and the
activated complex may be formulated as [Fe(CsHs),H,CrO,], the rate-
determining process being

[Fe(CsH;),] + HCrO~ + H* —> [Fe(CsHy) It + H,CrO7

with two subsequent rapid electron-transfer reactions involving Cr¥ and CrIV
to yield the hexa-aquochromium(ur) ion.

The association reactions of CrVI with Np!V, ThlV, and Fe!l have been
investigated spectrophotometrically.? In the case of the reaction with Np!V, a
redox reaction occurs at a rate much lower than that for complex formation,
the products being NpV, [Cr(H,0)¢]**, and a NpV-CrIX! complex which may
result from the importance of Cr!V as an intermediate. The corresponding

¢ L. M. Frovola, V. S. Lakaev, G. A. Timofeev, and A. G. Rykov, Radiokhimiya, 1972,
14, 763 (Chem. Abs., 1973, 78, 62 779¢).

"¢ J. R. Pladziewicz and J. H. Espenson, Inorg. Chem., 1972, 11, 3136.

" M. J. Burkhart and R. C. Thompson, J. Amer. Chem. Soc., 1972, 94, 2999,
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reaction with Pu!V has been used to prepare the CrIl-PuV complex,?? which
has been isolated by ion-exchange techniques. Several redox reactions with
this dinuclear species have been investigated and it is found that ‘complexing’
the PuO1 to the inert Crl! centre slows down the rate of oxidation of the PuV
by Ce!V and NpVi. The stoicheiometry of the reaction with cerium(rv),
however, is dependent on whether or not the oxidant is in excess.

The oxidation of uranium(iv) by CrV! proceeds?® quantitatively to yield
U3 and [Cr(H,0)4]*, the rate being inversely dependent on the hydrogen-
ion concentration. The rate law may be expressed as

—d[CrV/dr = {ky, + Kk [HTHUIVIHCrO¢]

where a small but significant acid-independent pathway is observed which
may, however, be due to medium effects. The mechanism may be described as

U + CrV1—> UVI + CrlY

fast
Crlv + CrVI—>2Crv

fast
Cr¥ + UV —>Crlll 4 UV

Evidence for the formation of CrV as an intermediate has been derived using
the induced oxidation of iodide ions, which may act as a scavenger in the
competing reactions:

Crv + I + Ht — CrII + HOIL
HOI + I-—>1,

The yield of iodine, which has also been evaluated as a function of [I-] : [UIV]
concentrations and [H+], indicates that no uranium(v) is produced. Support
for the absence of any species of this type is also given from the effects of
iron(mm) on the rate, the rate constants being identical to within experimental
error with those where Fel™ is absent. It is of interest to note that [as in the
case of cerium(1v) oxidations] although in general the reactions of CrVI with
metal ions have either a small positive or no hydrogen-ion dependences,
exceptions are provided in the cases of UIV, Np!V, and PulV, The effect is
considered to arise largely because an aquo-ion (e.g. U**) is oxidized directly to
an oxo-cation (UO3*) in the reaction

U% + HCrO; + 4H,0 — UOj* + [Cr(OH),(H,0),] + H*

where the hydrogen ion produced is removed from one reactant prior to the
formation of the transition state.

Iron(1ir).—The reactions of iron(mr) with platinum(m) ammine complexes in
the presence of halide ions have been described:??

[PtL,X,] + 2Fe®* + 2X- “=— cis- or trans-[PtL,X,] + 2Fe?*

72 T, W. Newton and M. J. Burkhart, Inorg. Chem., 1971, 10, 2323.
s J. H. Espenson and R. T. Wang, Inorg. Chem., 1972, 11, 955.
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The rate law for the oxidation of the platinum(ir) bromo-complexes when no
iron(n) is added to the reaction mixture may be expressed as

Rate = Kk [PtI[Fe**][Br-] + k,[PtI][Fe*+][Br-]2

In an excess of iron(i), however, the forward reaction does not go to com-
pletion. Under these conditions, the rate of approach to equilibrium is still of
the pseudo-first-order type and is consistent with a reversible process. In the
case of the bromo-complexes, the mechanism postulated involves a five-
co-ordinate intermediate of platinum(m), e.g. (amine ligands omitted)

Fe*t + Br— Z— FeBr2t

K,
PtIl + Br-“— PtUBr-
PtUBr- + FeBr?t =—; Pt!UBr + Fe?*t + Br-

A further rapid one-electron oxidation of the intermediate platinum(im)
complex by iron(in) is then postulated.

The kinetics of the oxidation of uranium(iv) by HNQ, in the presence of
iron(mm) have been studied spectrophotometrically 74 in nitrate media. The
reaction is first-order with respect to iron(ur) and uranium(iv) and zero-order
in nitrous acid, the rate being inversely proportional to the concentration of
hydrogen ion. The mechanism is considered to involve the non-complementary
formation of uranium(vi) with rapid reduction of the nitrous acid:

slow
UV 4 2Felll —> UVI 4 2Fell
fast

Fell + HNO, —> Felll + NO

The products of the reaction of [Fe(CN)g]*~ with the cobalt(r) carbonyl com-
plex [Co(CN).(PEt;),(CO)]~ (13) are dependent on acidity conditions.?® In
aqueous alkaline media in excess of the oxidant, there is a quantitative
reaction to yield the adduct [(NC);Fel’'(CN)Co™(CN),(PEts),(H,0)]*~. In
neutral conditions, however, addition of oxidant results in a rapid reaction
with stoicheiometry [Fe(CN) ]~ : (13) = 2.0 : 1, in which the product is the

[(NC);Fe'(CN)Co™(CN),(PEt,),CO,H]*~
(14)

adduct (14). It is of interest that the complex (14) could not be generated by
oxidation of (13) by non-bridging outer-sphere oxidants such as {Co™(edta)]-,
where the reaction with (14) did not proceed beyond the 1 : 1 stage with
the formation of the cobalt(i) complex [Co(CN),(PEt,)CO]. Adduct forma-
tion also takes place’® at high pH in the corresponding reaction with

¢ V. S. Koltunov and V. 1. Marchenko, Zhur. fiz. Khim., 1972, 46, 1465.
¢ J. E. Bercaw, L. Y. Goh, and J. Halpern, J. Amer. Chem. Soc., 1972, 94, 6534.
s J. Halpern and M. Pribanic, Inorg. Chem., 1972, 11, 658.
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hydridopentacyanocobaltate(i) :

[(NC);CoH}*~ + 2[Fe(CN)¢]*~ + OH- —>
[(NC);Fel'(CN)Co™{(CN);]°~ + [Fe(CN)e]*~ + H,O
The rate was observed to be independent of oxidant concentration, the
mechanism being consistent with the rate-determining formation of a cobalt(r)
complex (Scheme 7). The subsequent rapid electron-transfer reactions may be

[Co(CN);H]*~ + OH- —> [Co(CN);}*- + H,0

[Co(CN); I+~ + [Fe(CN)J*" —> [(NC);Fe(CN)Co(CN),]*~

1 \lfe(cm,1’~

[Fe(CN)J&= + [Co(CN)Js- —E= 07 [(NC)Fe(CN) Co(CN), 1~ + [Fe(CN) 4~

Scheme 7

described in two pathways which are kinetically indistinguishable. The
conclusion drawn from this is that the reaction between [Co(CN)g]¢~ and
[Fe(CN)g]*~ has a rate constant which is close to that for diffusion-controlled
reactions. In the reaction”” of diaquocobal(m)oxime with [Fe(CN)¢]*-, the
complex formed may be written as [(NC);Fe(CN)Co(dmgH),H,0]>~
(dmgH = dimethylglyoxime) the rate constant being >3 x 107 I mol-* s-1,
The reaction is seen to be rapid when it is considered that the cobaloxime
complex is in the low-spin configuration and that the electron is transferred
into the ey orbital.

The redox kinetics of the hexacyanoferrate(r) reaction with uranium(iv)
have been reported,?® the rate being dependent on [H*]-! with the hydrolysed
complex, UOHS3+, as the reactive species. The rate law is of the form

2k Kn[Fe(CN)g J[UV]
Rate = =10 + Kn
An intermediate complex possibly involving uranium(v) is postulated and the
reaction is considered to involve two one-electron steps. The oxidation in
alkaline media of copper(mr) by [Fe(CN)¢]*~ (and MnO;) has been described,
the copper(m) product being stabilized as the tellurato-complex.?

The reaction of vanadium(iv) with tris-(2,2"-bipyridyl)iron(ir), [Fe(bipy);]3+
has been investigated,®® the Guggenheim method being used to treat the data
since aquation of [Fe(bipy),;]*t caused interference in the later parts of the
reaction. The order is unity for both reagents and the rate law may be written

—d[Fe(bipy)s*]/ds = (ka + ko[H-)[VIV][Fe(bipy)s']

77 A. Adin and J. H. Espenson, Inorg. Chem., 1972, 11, 686.

78 L. Adamcikova and L. Treindl, Coll. Czech. Chem. Comm., 1972, 37, 762.

" G. I. Rosovskii, A. K. Misyavichyus, and A. Yu. Prokopchik, Zhur. neorg. Khim., 1972,
17, 420.

s J, P. Birk and S. V. Weaver, Inorg. Chem., 1972, 11, 95.
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The hydrogen-ion dependence is consistent with the mechanism
vVOo* + H,0 == VO(OH)+ + H* K,
VO(OH)* + [Fe(bipy)s;]** == VO3 + H* + [Fe(bipy):]**

VO2+ + H,0 + [Fe(bipy);*t = VOi + 2H* + [Fe(bipy)s]**
The results are in qualitative agreement with the corresponding reactions
involving [Fe(phen),]*+ as oxidant. The reaction with [Fe(phen);}*+ has also
been used to obtain information on the reactivity of the differing forms of the

n-amido-u-peroxo-bis[bis(ethylenediamine)cobalt(m)] complex,®' which is
known to exist in three configurations (15)—(17) (amine ligands omitted).

3+ 4t 4
H, NH, NH,
N . VRN
Co C Hf — Co Co =1 Co! Co
el v o
0—0 Q-0 i
\ ./ éH
(15) H
16 an

The overall stoicheiometry of the reaction in the presence of excess of the
peroxo-species is 1 : 1,

/N{{z 3+ /N\H, s
Co| + [Fe(phen),]** —> |Co” "Co| 4 [Fe(phen);]*+

34 54

the reaction rate approaching the limit for detection by the stopped-flow
apparatus. On the basis of a comparison of data derived from runs in which
acid was present in the cobalt(1) solutions (i.e. sufficient time was allowed to
elapse such that there was equilibration among the three forms) and from
runs where the peroxo-complex was made up in water with no acid originally
present [in this case on mixing there was insufficient time during the reaction
for isomerization to species (17) to occur], it is suggested that only the complex
(15) contributes to the reaction rate. In this regard, the behaviour is similar to
that for the oxidation of the u-peroxo-complex by four superoxo-complexes.

3 Miscellaneous Redox Reactions

Quantitative rate data for reactions discussed in this section are given in
Table 3. Several systems involving the reductant [Ru(NHj)]2+, which, unless
oxidation is slow compared with the loss of NHj, is constrained to react via an
outer-sphere mechanism. A test for mechanisms of this type has recently been
described in a cross-section correlation 7 which accommodates deviations of «
from 0.5 in the Marcus expression, and in the case of the oxidation of

81 D, P. Keeton and A. G. Sykes, J.C.S. Dalton, 1972, 2530.
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[Ru(NH,)¢]%* by cobalt(ur) ammine complexes the larger values of the equili-
brium constants have been allowed forin « = 0.415, which yields values close
to the experimentally observed relationships. An assessment of the linear free
energy relationships derived in the corresponding reactions % with cobalt(ir)
macrocyclic complexes has also been made. A plot of log k,, against the
standard free energy of reaction AG), for all the appropriate data for the
reduction of cobalt(im) centres by [Ru(INH,;)¢]*+ shows remarkedly good
linearity over the range 0< AGy, < 18 kcal mol~1, In using the simple relation-
ship of this type, the value of « is slightly larger (0.58) than the theoretical value
of 0.5. In the reduction of p-formylbenzoatopenta-amminecobalt(m), how-
ever,'® the kinetic behaviour is complex, the values of the rate constant
increasing with time. This acceleration of the rate may be the result of the
acid-induced aquation of the ruthenium complex. Whereas no thermal
reaction takes place between [(H;N);CoX]?+ (X = halogen)and [Ru(bipy),]*+,
on exposure of a solution mixture to radiation at 410 nm a rapid reduction of
the cobalt(1r) complex takes place ®2 owing to the action of an excited (triplet)
state of the ruthenium(ir) species as an electron-transfer reductant.

Equilibrium and kinetic studies have been made ®2 on the reactions between
NpI and the complexes [Ru(NH;),]*+ and [Ru(NH,);(OH,)]*+. No hydrogen-
ion dependences have been observed and the reactions were carried out in
trifluoromethanesulphonate media which as a counter ion excludes complex
formation and also eliminates any side effects due to the Ru™-ClOj reaction.
Rate parameters for the forward reactions (X = NH; or H,;0),

Np** + [(H;N);RuX]3+ == Np** + [Ru(NH,;);]**

are similar (see Table 4, p. 43) and, although for the hexa-ammine complex the
classical inner-sphere pathway is excluded, it may be that these systems
involve a transition state in which one of the oxygen atoms bound to the
reducing agent attacks an octahedral face of the ruthenium complex, thus
expanding the co-ordination number of the ruthenium to seven. The high
negative entropy of activation (~ —47 cal deg—* mol~1) is seen to be consistent
with the attainment of an unorthodox transition state, for the reaction of these
highly charged cations.
The reaction of the dinuclear complex [Cr!I-PuV] with Pulll,

Pu** + [Cr-PuO,]** + 4H* —> 2Pu*t + Cr®** + 2H,0
has been described,®* the rate law in perchlorate media being
d[PulV]/dr = 2/ka[Pul][CrII-PuV]

Studies were made with both lithium and sodium perchlorate as counter ions;
the rates were sensitive to the nature of the cation present, being lower in

82 H. D. Gafney and A. W. Adamson, J. Amer. Chem. Soc., 1972, 94, 8238.
s D. K. Lavallee, C. Lavallee, J. C. Sullivan, and E. Deutsch, Inorg. Chem., 1973, 12, 570.
8¢ C. Lavallee and T. W. Newton, Inorg. Chem., 1972, 11, 2616.
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NaClO, than in LiClO,, probably owing to medium effects. Such effects are
also observed in the hydrogen-ion dependence, which may be described in the
form

ko = ky + kJH*]

where k,/k, = 0.3 1 mol~! in NaClO, solutions and 0 in LiClO, media.

The reduction of vanadium(v) by titanium(un) in acidic perchlorate (or
chloride) media occurs in three steps,®® two of which are important in the
presence of excess reductant. Solutions of titanium(ur) were prepared in
chloride media owing to the reduction of ClOg. The reaction

Ti** + VOi —> TiO?* + VO

was found to predominate although in excess Ti®+ a slower secondary reduc-
tion, YO2+—>V3+, may take place. Under conditions of acidity, where no
interference from Ti'™ dimer formation would be expected, and in excess of
Till, two distinct optical density changes were observed, both independent of
chloride-ion concentration. The first step (k,) corresponds to the formation of
a VV--TilV dinuclear complex which then undergoes dissociation (k,)

Ti* + H,0 = TiOH** + H* Ka
ke
TiOH?* + VO Z— [Ti(OH)VO,}**
kg
whence
B kK[ Tit1]
R

The second stage, which is also dependent on hydrogen-ion concentration,
may be described as

[TI(OH)VO,]*+ == [TiIOVO,]*+ + H* Ky
k
[TIOVO,]2+ —> TilV + VIV
and
P kKa Kok Ti'T]
! k(KoHT + [HBHA + K[TiM)
with

. kaa

T k(Ka + [HYD
In the presence of excess vanadium(v), the third process may be identified as
the formation of the dinuclear complex [Ti'V-VV], the rate again being directly
dependent on hydrogen-ion concentration. Studies have been reported on the
reduction of cyanocobalamin (B,,) by titanium(im) in HCI-KCI media,®¢ the
rate being pseudo-first-order in the presence of excess reductant.

ss J. P. Birk and T. P. Logan, Inorg. Chem., 1973, 12, 580.
s¢ K. Pan and M.-T. Hsu, J. Chin. Chem. Soc. (Taipei), 1972, 19, 153 (Chem. Abs., 1973, 78,
89 036x).
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The redox reaction between hexachloroiridate(tv) and organo(dimethylgly-
oximinato)cobalt(ir) complexes [Co(dmgH),(H,O)R] (R = PhCH,),

[Co(dmgH),(H.O)R)] + 2[IrCls]*~ + 2H,0 —>
[Co(dmgH),(H,0),1* + 2[IrCl]*- + ROH + H*

has been investigated,®’ the reaction being rapid in the presence of excess
oxidant. Two one-electron transfer steps are considered to be involved, the
rate-determining first reaction being

[Co(dmgH),(H,O0)R] + [I‘rClslz“E‘*[CO(dn’lgH)z(I“IzO)R]+ + [IrCle]*~

with subsequent rapid reaction of the intermediate, possibly via a radical
mechanism. In an excess of cobalt complex, however, a different reaction takes
place (quantitatively):

[Co(dmgH),(H,O)R] + [IrCle]>~ + HY —>
+
[IrClg]>~ + Co™ + H,0 + dmgH, + HON=CMe—CMe=NRO~

Similar reactions are observed for para-substituted analogues of R, the
reactivities increasing with increasing electron-donating properties of the
substituent groups.

Studies have been made on the complementary reaction between thallium(i)
and arsenic(tm) in perchloric acid,®8 the empirical rate law being of the form

—d[TI}/dr = A[TIMT[AsTI)/[H]

The rate was also shown to increase in the presence of chloride ions. A
mechanism consistent with the data involves the hydroxothallium(ur) complex
as the reactive species,

T 4+ H,0 —> TIOH?** + H* Kn

+H,0
TIOH?+ + HAsO, —> TI' + H,AsO, + H*

although it is possible that an alternative scheme involving the prior formation
of a thallium(ur) complex might be considered. The catalytic effect of Cl- is
due to the formation of thallium(im)—chloro-complexes and, although not
conclusively confirmed, a two-step process, each step involving a single-
electron transfer, is preferred to an overall two-electron path. The cor-
responding reaction with antimony(irr) in acid perchlorate has been investi-
gated ® using conventional techniques, the overall stoicheiometry of 1 : 1 being
confirmed by product studies. In this case, however, unlike the reaction with
AsTI two transition states are involved, the mechanism postulated involving

87 P. Abley, E. R. Dockal, and J. Halpern, J. Amer. Chem. Soc., 1972, 94, 661.
8¢ P, D. Sharma and Y. K. Gupta, J.C.S. Dalton, 1972, 52.
¢* P. D. Sharma and Y. K. Gupta, J.C.S. Dalton, 1973, 789.
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hydrolysis both of the thallium(i) and of the antimony(im),

T+ + H,0 Z=— TIOH*" + H* Kn
SbO*+ + H,0 =— HSbO, + H* Ka

TIOH?*+ + HSbOZ__k_‘).products
TI3+ + HSbO, " products

and it is suggested that the pathway k, contributes ~85% to the overall
reaction. A comparison of the rate data for the reactions of As™! and Sb™
shows that the rate of oxidation of the latter is lower in spite of a lower
activation energy, a larger entropy change more than compensating for the
decrease in Ej.

In contrast to cobalt(ur), manganese(ir) shows no reaction with thallium(r)
except when chloride ions (or MnO,) are present. This chloride-ion catalysis
has recently been investigated,®® the mechanism postulated being consistent
with the prior formation of a manganese(mm)-chloro-complex which reacts
with chloride ion to yield the oxidizing species Cl;:

MnI + Cl- Z— MnCI** K
fast

ka
MnCI** 4 ClI- = Mn** + Cl;
ks

ks
Tt + Cly —> TI'' + 2CI-

fast
T + Cly —> THT 4 2CI1-

fast
T + 4Cl- — TICI;

The intermediate formation of TIM is assumed and, invoking the steady state
of both this species and the intermediate Cl3, the rate law
—d[MnIE Je.,[Mn11]
MA[dt'iﬁJ =k, K[Mp][Cl-]? {1 oM™l }
may be derived, the ratio k,/k, being ~ 15, It is noteworthy that the mechanism
differs from that of the corresponding chloride-ion-catalysed oxidation using
cerium(tv), where the rate is independent of thallium(i) concentration.

The stoicheiometry and kinetics of the oxidation of vanadium(iv) by
[Mo(edta)]~ and [Mn™(cydta)]~ (cydta = trans-1,2-diaminocyclohexane-
tetra-acetate) in acid media have been reported,’! the rate law being of the
form

—d[MnULY/dt = {ky + ky/[HH{MnL-JVIY]

** D. R. Rosseinsky and R. J. Hill, J.C.S. Dalton, 1972, 715.
** D. J. Boone, R. E. Hamm, and J. P. Hunt, Inorg. Chem., 1972, 11, 1060.
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for both complex ions. The mechanism suggested (Scheme 8) involves the
rapid formation of a complex with subsequent slow decomposition. In this

[VO(H,0)])*+ == VOOH* + H* Ky

1L+ [MnL(H, O}~ 1 + [MnL(H,0)}"
[MnL(H,0)VO]*+ [MnL(H,O)VOOH]
- e
» products products

Scheme 8

Scheme k, = k,K; and k' = k,K,Kn, where K; and K, are the equilibrium
constants for the formation of the intermediate complexes of VO2+ and
VOOH respectively. Under the hydrogen-ion concentrations used, however,
some hydrolysis of the [MnTedta(H,0)]~ complex cannot be completely dis-
counted and a possible hydroxo pathway from this source would also have to
be taken into consideration.

The four-step reduction of 12-molybdophosphoric acid by stannous
chloride has been reported,?? one mole of Sn!! being involved in each case. It is
suggested that the molybdophosphate anion can accept up to eight electrons
without decomposition and that in this ion eight of the twelve molybdenum
atoms originally in the +6 oxidation state have been reduced to the +35
state.

The reductions of platinum(iv) complexes by ferrocene,?®

trans-[PtL.X,] + 2Fe(CsHjy), —> trans-[PtL,Xo] + 2[Fe(C;Hs) 1t + 2X-

(L = AsEt,, PPr,, PEt;, or SEt,, X = Cl or Br) have been studied in
hydroxylic solvents such as methanol, ethanol, and n-propanol. The rates of
the reactions, which are outer-sphere in nature, are strongly solvent dependent,
the rate law being consistent with a two-step redox process in which a plati-
num(1) species is formed as an intermediate:

PtIV + Fe(C;H;), —> PHIIT + [Fe(CsHj),l*
Pt 4+ Fe(CsHj)y —> Pt + [Fe(C;H;).l*

There is no information about the formulation of the intermediate but it may
be similar in structure to those formed in other non-complementary reactions
of platinum(tv) with iron(m).52 The metal-metal-bonded complex bis-(7-
cyclopentadienyldicarbonyliron), [(n-C;H;)Fe(CO),],, is rapidly oxidized by
[Ru(bipy).,CL]* and by the tetrahedral cluster ion [(#-CsH;)Fe(CO)], in
acetonitrile solutions.®® For both reactions, the rate law is first-order with

** H. K. El-Shamy and M. F. Iskander, J. Inorg. Nuclear Chem., 1973, 35, 1227.
2 A, Peloso and M. Basato, Coordination Chem. Rev., 1972, 8, 111.
* J. N. Braddock and T. J. Meyer, Inorg. Chem., 1973, 12, 723.
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respect to both oxidant and reductant, the rates being sensitive to added
electrolyte, Bu3N+PF;. From product studies it is apparent that the metal-
metal bond is the source of electrons in the net electron transfer, the rate-
determining step involving the transfer of an electron from the iron dimer to
the oxidant to yield the intermediate [(=-CsH;)Fe(CO),]+, which then under-
goes reaction by a variety of pathways.

4 Electron Exchange Reactions

Quantitative data for this section are in Table 4.

The chromium(ir) reductions of oxalatotetra-ammine- and maleatopenta-
ammine-chromium(iir) have been investigated,?® the rate law for the oxalato-
complex having the form

—d In [(NH,),Cr(ox)t]/dr = k,[Crl]
whereas in the case of the maleato-species it is necessary to take into account
reaction of both the protonated (ko) and deprotonated (k) forms of the com-
plex, [(H;N);CrO,C-CH=CH-CO,H]* and [(H;N);Cr0.C-CH=CH-CO,J*+
(Ka = dissociation constant), the hydrogen-ion dependence of the observed
first-order rate constant being expressed as

kobs = kO + lea./[Hﬂ

The reduction of the deprotonated complex has unusually low activation
parameters when compared with other reactions of this type and the possibility
exists of a radical mechanism in this instance. 5*Cr Labelling has been used ® in
the study of the corresponding reduction of [Cr(H,0),(ox)]* in which there is
no dependence on hydrogen-ion concentration up to 2M-H*, unlike the
corresponding reaction of cis-[Cr(ox),(H,0),]-, which exhibits an inverse
hydrogen-ion term. The electron transfer is accompanied by the exchange of a
single oxalate group, the inner-sphere reaction taking place via a completely
symmetrical transition state (18).

O=C=O : *
(HEO)‘CI‘\ }:r(HEO)A
0#Cg

8)
In the Crl-catalysed aquation of [(H,0);Cr(py)]** a hydroxy-bridged
mechanism for electron transfer is proposed,?? the rate law being expressed as
—d[Cr}/dr = ko[(H.O)sCr(py)* HCr J[H*]*

No contribution from an acid-independent pathway was observed and
attempts to derive the pK, for the pyridine complex proved unsuccessful.

*s R. Davies and R. B. Jordan, Inorg. Chem., 1971, 10, 2432,
°¢ T, Spinner and G. M. Harris, Inorg. Chem., 1972, 11, 1067.
#7 M. Orhanovic and V. Butkovic, Inorg. Chim. Acta, 1972, 6, 652.
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Several studies have been made on electron-transfer reactions involving iron
in various oxidation states. The iron(im)-(ur) isotope exchange has been
investigated in acetonitrile solutions of different solvent compositions;®® the
rate of exchange is a function of the nature of the solvent, the effect of water in
the primary co-ordination sphere having been displaced by MeCN at high
mole fractions being important. In anhydrous acetonitrile, the electron
transfer occurred within the time of observation. In anhydrous formamide
solution, however, Mossbauer data® are consistent with no electron exchange
at 20 °C, but in a solution containing 89} water, where the ions may have
primary co-ordination spheres of mixed solvent composition, the second-
order rate constant for the iron(m)-(1r) exchange is greater than 2 1 mol~*s-1,
Enthalpies of activation of the iron(i)—-(mr) redox reaction at platinum and
palladium electrodes have been measured in both sulphate and chloride
media.1®® In the former case the values obtained are dependent on the nature
of the electrode whereas in 6M-HCI no such dependence is observed.

The mechanism of electron-transfer reactions of ferrocenes has been
investigated ! in 1 : 1 PrOH-H,O solutions at an ionic strength of 0.05M.
The reactions between ferrocene and the ferrocinium ions occurred too
rapidly to be followed using pseudo-first-order kinetics, the following kinetic
scheme being observed (Fe, and Fe} = ferrocene and ferrocinium ions,

respectively):
ky
Fel + Fe‘;:Fei— + F62 Keq = kl/k—l
ky
and

—d[Fe,)/d = k,[Fe,][Fes]—k_i[Fe{][Fe,]

Under the experimental conditions prevailing, an integrated form of the rate
law was required, use being made of Keq values derived potentiometrically.
Eight ferrocene derivatives were studied, the corresponding ions (all of which
have identical spectra) being generated using iron(m) [or cerium(1v)] in dilute
perchloric acid. Using the substrates, twenty-eight ‘cross reactions’ were
possible, of which twenty-two were investigated and described in terms of the
Marcus outer-sphere electron-transfer model. By numbering the ferrocene
derivatives (and the corresponding ferrocinium ion) as described in Table 5, a
nomenclature may be designated in which the second-order rate constant for
reaction of ferrocene (7) with ferrocinium (5) is k4. Quantitative data for these
reactions are given in Table 6 (p. 46).

Table 5 Ferrocene compounds studied in electron-transfer reactions

(19) Fe(C;HMe), (23) Fe(C;H;)(C;H,HgCl)
(20) Fe(C;H,Bum), (24) Fe(C;H;)(C;H,CH,OH)
(21) Fe(C;H;)}(C;HBun) (25) Fe(C;H;)(C;H,Ph)

(22) Fe(CsHy), (26) Fe(C;H;)(C;H,D)

* T, G. Stavros and W. L. Reynolds, J. Inorg. Nuclear Chem., 1972, 34, 3579.
9 A. Vertes and M. Suba, Acta Chim. Acad. Sci. Hung., 1972, 74, 439 (Chem. Abs., 1973,
78, 48 479a).
100 F, R. Smith and C. S. Su, J.C.S. Chem. Comm., 1972, 159.
10t J R. Pladziewicz and J. H. Espenson, J. Amer. Chem. Soc., 1973, 95, 56.
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Using self-exchange rate constants for the Fe,/Fej couples, calculated values
of the rate constants ki were compared with the experimental values, the
agreement being extremely good. The reaction of the ferrocenes with iron(i)
was investigated in 1 : 1 v/v H,O-THF (mole fraction THF = 0.180) with
ionic strength 1.00M, the order being unity with respect to each reagent. No
hydrogen-ion dependence was observed in the range 0.1—1.0M. The cor-
responding reaction with a carbollyl derivative was also investigated, the rate
being about two orders of magnitude greater than for the ferrocinium ions.
The electron-exchange reactions between ferricinium ions and the carbollyl
complexes were, however, too rapid for measurement.

The rapid reductions of cobalt(ur) complexes of the type [(H,;N);CoX]?*+ by
[Co(dmgH),(H,0),] [diaquocobal(ir)oxime] have been studied ?? by products
[Co(dmgH),(H,0)(X)] resulting from the transfer of the bridging group.
Aqueous solutions of the reductant are stable in the absence of hydrogen ion
and oxygen, decomposition being arrested by the use of buffers. The reaction
rates vary considerably with the ligand X, the order of effectiveness of halide
ions as bridging groups being in the order Br—> Cl->F-. The cobalt(ir)-
catalysed ligand exchange of trans-chloro(triphenylphosphine)bis(dimethyl-
glyoximinato)cobalt(im) has also been reported.1®? Self-exchange rates for the
couples [Co(N,)(OH,),]3t/2+, where N, represents a quadridentate macrocyclic
ligand, have been shown 1 to vary by a factor of 10%° depending on the nature
of the macrocycle, the observed difference amounting to about 14 kcal mol—2
in free energy of activation. Using n.m.r. line-broadening, the rate of ~ 103
1 mol~* s~ for the vitamin By,,/:., exchange has been shown to be the highest
yet observed for a cobalt(i)—(1mr) couple.

The effects of organic molecules on the rate of the thallium(r)~thallium(tr)
exchange reaction have been described.’®* With «,«-bipyridyl, the substantial
decrease in the exchange rate is probably the result of the formation of an
unreactive TIHI complex. With oxalic acid, some decrease is again observed
but in this system an internal redox reaction of TI'! oxalate is a complicating
factor. It is suggested that for acceleration of the reaction fairly strong bond-
ing is needed to both the oxidized and reduced species. The exchange between
T and complex addition compounds of the type [HTIBr,py], where
py = pyridine or a methyl-substituted pyridine, has been described;1?® the
exchange rates followed the order of adducts py <Me-py < 2,4-diMe-py <
2,4,6-triMe-py and is consistent with an increased distance between the
positively charged organic nucleus and the TIBr; complex. The kinetics of the
exchange of TI' and TII™ diethylthiocarbamates in chloroform have been
reported,’?® the value for the bimolecular reaction rate constant (1.7 x 103

102 1. G. Marzilli, J. G. Salerno, and L. A. Epps, Inorg. Chem., 1972, 11, 2050.

to2 D, P. Rillema, J. F. Endicott, and N. A. P. Kane-Maguire, J.C.S. Chem. Comm., 1972,
495.

104 O, Farrer, Acta Chem. Scand., 1972, 26, 534.

105 A, Cecal and I. A. Schneider, J. Inorg. Nuclear Chem., 1973, 35, 1565.

ro¢ F, Hradilova and J. Stary, Radiochem. Radioanalyt. Letters, 1972, 11, 343.
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1 mol—! s~1) being significantly different from that in aqueous media.
The rate law for the Pul™I-PuV exchange,?*

Pu®*t + PuO} + 4Ht —> 2Pu*t + 2H,0
has been established with
Rate = k[Pulll][PuV][H*]

the rate being substantially lower than for the corresponding reduction of the
CrI-Py¥ complex described previously. The exchange between NpV! and
NpVH in 0.3—0.5M sodium hydroxide is complete within ~ 3—4 min '°? with
solutions of ~10-*M-NpV1! and ~10-*M-NpVL

The autocatalytic reduction of the bis-dimethylglyoxime (dmgH) complex
[RhIII(dmgH)(dmgH,)Cl,] in alkaline aqueous ethanol has been reported,1°8e
the product in an inert atmosphere being the rhodium(r) species. The kinetic
data are consistent with a rate law of the form

d[RhI}/d¢ = A[Rh'™[RhIJ{OH]-*

the rate being independent of chloride ion but strongly decreased by hydroxide
ions. The results are interpreted in terms of the reaction of [RhI(dmgH),Cl,]~
with the complex [Rh!(dmgH),]~, which is considered to be rapidly formed in
solution. Addition of free dimethylglyoxime markedly slows the reaction.
A similar reaction was observed with the complex [RhII(e,a-bipy),Cl.]*,
giving [Rh¥{(e,e-bipy),]*,1°¢ but in this instance the rate law, although still
indicating a dependence on hydroxide ions, involves a squared term in the
oxidant concentration.

The palladium(m)-catalysed interconversion of frans-[Pd'V(en),CL]** and
trans-[Pd1V(en),Br,]*,

[trans-Pd(en),Cl,]** + 2Br— = trans-[Pd(en),Br,]>** + 2CI-

has been investigated using stopped-flow techniques,®® a two-term rate law
being observed. Spectrophotometric evidence is provided for ion-pair forma-
tion between trans-[Pd(en),Br,]2+ and Br-, the mechanism postulated being
described (amine ligands omitted) as

Pd*+ + Br- == PdBr*
PdBr+ + Cl—Pd—CI?t =—; [Cl—Pd—Cl—Pd—Br}**
Cl- + Pd* = Cl—Pd* + Cl—Pd—Br?+

the process being repeated for the second ligand.

107 V_F. Peretrukhin, N. N. Krot, and A. D. GeI’'man, Radiokhimiya, 1972, 14, 628 (Chem.
Abs., 1973, 78, 48 484y).

182 J D, Miller and F. D. Oliver, J.C.S. Dalron, 1972, 2469.

108 J, D. Miller and F. D. Oliver, J.C.S. Dalton, 1972, 2473.

100 W, R. Mason, Inorg. Chem., 1973, 12, 20.
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Metal lon-Ligand Redox Reactions

BY A. McAULEY

Two reviews 1?-# have recently been published on homolytic redox processes
of this type.

Quantitative data for metal ion-ligand redox reactions are collected in
Table 1 on p. 50.

1 Chromium(VvI)

The mechanism of formation of the intermediate complex in the oxidation of
hydrogen thiosulphate by CrVI has been described,*'° the equilibrium constant
K (1.1 x 10* 1 mol-1) for the reaction

HS,0; + HCrO; == 0,CrSS0O;~ + H,O

being ~ 100 times greater than for other complexes of HCrOjz. This complex is
relatively stable to intramolecular redox reaction, although this reaction is
only ~ 509 faster than the hydrolysis of the intermediate. In the correspond-
ing oxidation of hypophosphorous and phosphorous acids (P),*** the presence
of intermediate species has been inferred from a Michaelis-Menten kinetic
treatment, the rate law having the form

—d[CrVT] ko K[CrVY[P]

dr T 1 + K[P]

with K values of the order of unity. The mechanism is considered to involve a
two-electron transfer with the formation of a phosphonium ion which reacts
rapidly with water to yield products (R = H or OH) as in the Scheme on p. 51.
In the presence of acrylamide, no polymerization was observed, a factor which
is presented to indicate a lack of evidence for the formation of an RPO,H
radical. The oxidation of phosphine by chromium(vi) in aqueous sulphuric
acid is greatly accelerated by halide ions,***
H+
Cr,02- + 3PH, —> H,PO, + Crit

10 K. A. Muirhead, G. P. Haight, and J. K. Beattie, J. Amer. Chem. Soc., 1972, 94, 3006.

1t K. K. Sengupta, J. K. Chakladar, and A. K. Chatterjee, J. Inorg. Nuclear Chem., 1973,
35, 901.

uz D, V. Sokolskii, Ya. A. Dorfman, and G. S. Utegenova, Zhur. fiz. Khim., 1972, 46, 507.

49
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Table 1 Metal-ion-ligand redox reactions

AH=*[ AS*/
ks oc/ 1/ kecal cal deg™1

Reaction Imol-*s~*  mol I~ mol-! mol-t Ref.
Mn?*+ 4 [(NH,),CSH]+ 2.6%10* 4.0 9.1 -6 133
MnOH?+ + [(NH,),CSH]* 3.6x10* 4.0 10.9 0.4 133
Mnt + [(MeNH),CSHJ+ <1.6x10? 4.0 — — 133
MnOH?*+ + [(MeNH),CSH}*+ 3.25x10* 4.0 10.3 -—-1.4 133
Mn?+ + [(EtNH),CSH]+ <6x 102 4.0 — — 133
MnOH?+ + [(EtNH),CSH]*+ 2.3x 104 4.0 6.6 —10.6 133
Mn?*+ 4+ [(CH,NH),CSH]*+ <2x103 4.0 — — 133
MnOH?+* + [(CH,NH),CSHI*+ 8.3x10% 4.0 9.5 2.3 133
Mn?*+ + SCN- ~108 4.0 — — 133
Fe3+ 4+ I- 16.0 1.0 — — 1394
Fe3+ + H,A 30 1.0 — — 1400
[Fe(phen),]*+ + HSO3 20 1.0 9.7 -20 143
[Fe(phen),]*+ + SO3; 4.2 1.0 7.4 =31 143
[Fe(phen)s]*+ + S,0%~ 7.2%10° 1.0 14.0 6 143
[Fe(phen),]*+ + OH- 193 1.0 — — 144¢
[Fe(bipy)s}*t + OH- 13.6 1.0 — — 1444
VYV + NH,0H* 5.2x10°3 1.0 — — 165
VYV + NHz* 0.157 1.0 12,9 -21.3 166
[U(OH),]** + Cl, 4.2 2.5 — — 168¢
UOH3+ 4+ HOCI 0.84 2.5 — — 168¢
[U(OH),]** + Br, 0.106 1.0 — —_ 173
[U(OH),J*t + I, 0.178 1.0 — — 1737
UOH?*+ + HOI 2.9x107 1.0 _— — 1737
Cl; + phenol 2.3x10% 1.00 — — 169
Cl, + isopropyl alcohol 1.45%x10-2 0.2 — — 170
Br, + isopropyl alcohol 1.2x10-2 3.0 18 -8 171
[Au(CN),]- + I, 2.8x10* 0.1 7.4 —-13.5 176
[Au(CN),]- + T° 4.4x108 0.1 5.3 —10.5 176
VO + Cl, 7%x10-3 1.0 — — 175
VO2+ 4+ HOCI 5.6 1.0 — — 175
VO + ClO; 1.3x102 1.0 — — 178
AgOH* + NH,OMet* 2% 104 5.33 — — 221¢
Ag*t + NH;OMe+ <103 5.33 — — 2219
AgOH* 4+ NH,OH* 1.4x 108 5.95 —_ — 221¢
Ag?** + NH;OH+ <10* 5.95 —_ — 2219
AgOH* + MeNH,OH* ~1.6x10° 2.56 — — 221¢
NpVi + HCO,H 0.40 1.0 7.0 — 225
NpVIl + HCO.H 5.38 1.0 11.1 — 2250
VI + HN, 2.8x10-2 1.0 14.4 —17 226
Crl + HN, 18 1.0 7.1 =29 226

¢ Third-order rate constant (second-order term in reductant). ® H,A = ascorbic acid,
T = 0 °C, initial reaction assuming rate first-order in oxidant and reductant. ¢ 1.0M-
NaCl, T = 149°C. 2 10M-NaCl. ¢ T = 30°C. /T = 40°C. ¢ T = 22°C,
assumption that Kn = 0.32+0.14 mol1-*. * First-order rate constant, no allowance
made for dissociation constant of HCO,H.
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/OH rapid /OH
R—P__ + H* + HCO~ <= R—P(_ _OH X
OH 0—Cr0,
_OH . OH
R—P _OH o> R—P + o
0—Cr0; 0

. fast . 7
26V == (Crv + Cr'1

Crtv + CrVt == 2CrV

OH OH
" ~
R~‘< +2HO —> R—PEO  + H,0*
o OH

the involvement of chromium(vi)-bromide complexes of the type
[CrO(OH)Br,]*+ being suggested as a complementary pathway.

The reaction of a mixture of oxalic acid and isopropyl alcohol with
chromium(vi) occurs at a rate much greater than that for either of the two
substrates alone,''2 both substrates undergoing oxidation. In the presence of
free-radical scavengers, the products are a 1 : 1 ratio of acetone and CO,,
indicating a two-electron oxidation of the alcohol and a one-electron transfer
for the oxalic acid. In the absence of acrylonitrile, however, the yields of these
products are not compatible with a simple mechanism. The suggested
mechanism is considered to involve a one-step, three-electron oxidation with
the change in the chromium reactant from CrVI->Cr!I, Over a wide con-
centration range, the rate may be described by the rate law

Rate = k,[HCrO;[ROH][H*]? + k,[HCrOz][(CO,H),J[ROH]
+ kg[HCrOzl[(CO,H),]?

(where ROH = alcohol), the undissociated oxalic acid being the kinetically
reactive species. The second term in the rate law predominates and a mechan-
ism consistent with the formation of a ‘mixed’ transition state is postulated to
involve an ester-type intermediate with the rate-determining fission of a C—H
bond in the alcohol molecule (see below), the free-radical anion undergoing
further oxidation with chromium(vi) to yield CO, and (probably)
chromium(v), which decomposes. It is suggested that a possible driving force
for the reaction lies in the fact that whereas oxidation of a single component,
e.g. the isopropyl alcohol, leads to an unstable and very reactive CrIV species,
the presence of the second substrate affords the possibility of the direct
reduction of the stable Cr'l jon, thus avoiding the formation of the
energetically unfavourable Cr!V complex.

13 F, Hasan and J. Rocek, J. Amer. Chem. Soc., 1972, 94, 3181.
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O, 0.
NG N~ B
\? O\ //O e Q 0
C /Cr 4+ ROH =—= & /Cr\ + H*
O
R
slow
Me
CO; + C Loy c=0
: SN S
-0 O Me

The oxidation of ethylene glycol''4 has been shown by e.s.r. techniques to
involve the formation of intermediate CrV species. Kinetic data suggest that
the intermediate is formed by the reaction of Cr'V and CrVI. Addition of water
to the reaction medium affects the stability of the complex, which has a
structure (1) consistent with eight equivalent protons in the e.s.r. spectrum.

HC— ¢ —CH,

0
~l_0
/Cr\

H,c—© “CH,

()]

Maximum concentrations of the species were obtained when the reaction was
carried out at low pressure with removal of the water formed in the course of
the reaction. In this way the CrV species stabilized by ethylene glycol was
stable at room temperature for several days. When the reaction was studied in
dioxan,!1% a variety of hydroxy-carboxylic acids were shown to give rise to CrV
signals whereas oxalic acid and mercapto-carboxylic acids do not. The kinetics
of the oxidation of «-hydroxybutyric and other «-hydroxy-acids in water have
been investigated,!® with no evidence for intermediate complex formation.
Failure to detect any reduction of HgCl, has been attributed to the absence of
free radicals, the authors considering the rate-determining process to involve
the formation of a carbonium ion which yields the ketone product by release of
a proton,

1
Rl\ /O v slow R\ +
/ClJ—C\ + CrVl — /Cl‘. + CO, + H+ 4+ Crv
2
R on OH R* OH
R} R
NG N
/C“OH e ,,,/C:O + Ht
R.I R_

1¢ p, R, Boutchev, A. Malinovski, M. Mitewa, and K. Kabassonov, Inorg. Chim. Acta,
1972, 6, 499.

15 M., Mitewa, P. R. Boutchev, and V. Bojinov, Inorg. Nuclear Chem. Letters, 1972, 8, 51.

us K. K. Sengupta, A. K. Chatterjee, and J. K. Chakladar, Indian J. Chem., 1972, 10, 493.
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In the corresponding reaction with hydroxylamine in sulphuric acid, the
mechanism and stoicheiometry are dependent on hydrogen ion.11?

2 Cerium(IV)

The oxidation of hydrogen peroxide in perchloric acid has been reinvesti-
gated.’*® In conditions where the cerium(iv) is generated electrochemically
from cerium(tm) there is no evidence for the complex formation described
previously.**® It is suggested that solutions of the oxidant prepared from
precipitation with ammonium hydroxide and acidification with perchloric acid
contain polymeric species which yield orange intermediates. E.s.r. evidence for
the production of the radical HO; was found. In view of the differing reacting
species involved, the kinetic treatment suggested in the earlier paper must be
reconsidered. The oxidation of hydrazine in acid perchlorate media has been
described,'2 the stoicheiometry of the reaction being
CelV + N,Hf — Cel' + NHj + iN,

under conditions where the mole ratio N,H, : CelV>3. Use of the stopped-
flow technique indicates that CeOH?3+ reacts more rapidly than Ce*+ with the
substrate, the second-order rate law being dependent on hydrogen-ion con-
centration but independent of cerium(ur). CeOH?3* is also considered to be the
reactive species in the oxidation of malonic acid,!2?

H,C(CO,H), + 6Ce(OH)** —> 2CO, + HCO,H + 6Celll

the reaction being second-order overall. Acrylic acid polymerization has con-
firmed the existence of radical intermediates during the course of the reaction.
No such species have been detected, however, in the corresponding reaction
with formaldehyde, the oxidation taking place via an outer-sphere process.122
Cerium(1v) reacts with cyclobutanol ~10°—105 times faster than with
cyclopentanol, the reaction taking place within the ‘time of mixing’ in aqueous
solutions or in 1M-perchloric acid.?® The products are derived from the
ring-opened free-radical intermediate ‘CH,(CH,),CHO, suggesting the
mechanism
v

OH O0—Ce
0 v = ww
. 0CeY
D/ ~slow,  “CH,(CH,),CHO + Cell

The high reactivity of the cerium(1v) toward cyclobutanol is consistent with the
reaction of one-electron oxidants which yield open-chain products, the two-

17 G. A. Rao, H. C. Mishra, and B. P. Gyani, Indian J. Chem., 1972, 10, 489.

18 A, Samuni and G. Czapski, J.C.S. Dalton, 1973, 487.

1 C, F. Wells and M. Husain, J. Chem. Soc. (4), 1970, 1913.

120 J, I, Morrow and G. W. Sheeres, Inorg. Chem., 1972, 11, 2606.

122 M. Ignaczak, Soc. Sci. Lodz Acta Chim., 1972, 17, 135 (Chem. Abs., 1973, 78, 34 427v).
122 P_ S, Shankla and R. N. Mehrotra, Indian J. Chem., 1972, 10, 1081.

123 K, Meyer and J. Rocek, J. Amer. Chem. Soc., 1972, 94, 1209.
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electron process to produce cyclobutanone taking place much more slowly.
In acetonitrile solutions, using cerium(lv) ammonium nitrate as oxidant,
however, the open-chain radical reacts with the oxidizing complex, to yield
y-nitrobutyraldehyde:

‘CH,(CH_),CHO + ONO,Ce!Vv —» CHO(CH,);ONO, + Celll

This reaction is suppressed in the presence of molecular oxygen, and succin-
aldehyde is produced. The corresponding reactions with 1-methylcyclobutanol
are similar and the high reactivity of these species towards one-electron
oxidants provides for their possible use in the classification of one- and two-
electron-transfer reagents. In the oxidation of cyclopentanone and cyclo-
hexanone,2¢ where the nitrato-complex of the oxidant is used, nitrato-
carboxylic acids are produced. Several studies have been made in sulphate
media. In the reaction with malic acid,'?® the reactive species has been
confirmed as CeSO;", with a contributing pathway involving Ce(SO,),, the
oxidation being considered to take place via an intermediate complex. In the
oxidation of formaldehyde,!?® a solvent effect k(H,0)/k(D,0) = 1.70 has
been evaluated, with the reaction rate inversely proportional to hydrogen-ion
concentration. In the reactions of propane-1,3- and butane-1,4-diols, how-
ever,127 the rate is accelerated by hydrogen ions at constant HSOj3 concentra-
tions. The oxidation of arsenic(im) is catalysed by iron(ur) but inhibited by
cerium(im),*28 arsenite complexes of both reagents being detected in the
reaction media.

The oxidation of co-ordinated thiol at carbon rather than at sulphur has
been reported'®® in the reaction of cerium(iv) [and neptunium(vi)] with
(mercaptoacetato-0.S)bisethylenediaminechromium(r),

+
/S_CH2 . /S—-CZO

1w C —_— en),Cr |
Celv + (en), r\o—(ljzo (en), ~0—t=0

to yield the first example of a monothio-oxalato-complex. Four moles of
oxidant are required for reaction, which is complete within the time of manual
mixing. Oxidations of this type may provide a model for the functioning of
enzymes such as hepatic aldehyde dehydrogenase and xanthine oxidase which
are capable of catalysing the dehydrogenation of aldehydes to carboxylic
acids. In the reaction of cerium(1v) perchlorate with [Cr(H,0),(C.0,]*,*3°
approximately 65% of the reductant is consumed within ~30s at low tem-
perature (~ 0 °C), all of the oxygen in the carbon dioxide evolved originating

12 P Soucy, T. L. Ho, and P. Deslongchamps, Canad. J. Chem., 1972, 50, 2047.

128 R, Dayal and G. V. Bakore, Indian J. Chem., 1972, 10, 1165.

122 p_ S, Sankhla and R. N. Mehrotra, J. Inorg. Nuclear Chem., 1972, 34, 3781.

127 pP_ S, Sankhla and R. N. Mehrotra, J. Inorg. Nuclear Chem., 1973, 35, 891.

138 A D. Miller and Y. I. Grosse, Kinetika i Kataliz, 1972, 13, 859 (Chem. Abs., 1973, 78,
62 859f).

129 C, J. Weschler, J. C. Sullivan, and E. Deutsch, J. Amer. Chem. Soc., 1973, 95, 2720.

130 S, G. Gourley and R. M. Milburn, Inorg. Chem., 1972, 11, 2262.
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from the co-ordinated oxalate, thus eliminating any possibility of a carbon-

oxygen bond fission:
slow
[(H,0),Cr™(C,0)]" 2 [(H:0),Cr(C,09)** + Cell

+CelV
rapid
[(Hzo)‘icr(czo-;)]“;c_e;, [(H0),Cr]*+ + 2CO,

An interesting example of oscillation in a chemical system has been de-
scribed in the bromate—cerium(rv)-malonic acid reactions in sulphuric acid
media.2%! In a stirred acidic solution containing initially KBrO,, malonic acid,
and cerium(1v) sulphate, the concentrations of the cerium(rv) and of bromide
ion produced may be monitored potentiometrically using a tungsten and a
bromide-ion-sensitive electrode, respectively, and have been shown to undergo
marked repeated oscillations. A mechanism has been postulated in which both
the overall chemical reactions and those responsible for the oscillations have
been identified. In the conditions of malonic acid (0.1—0.5 mol 1I-!), BrO3
(~0.06 mol 1-1), and Ce!V (~ 102 mol 1-?) in 0.8M-sulphuric acid, there are
three overall reactions,

E+
BrO; + Br~ + 3CH,(CO,H), —> 3BrCH(CO,H), + 3H,O
H+
BrO; + 4Ce®*t + CH,(CO,H), —> BrCH(CO,H), + 4Ce!! + 3H,O

4Ce** + BrCH(CO.,H), + 2H,0 —>
Br- + 4Cell + HCO,H + 2CO, + S5H*

leading to the formation of bromomalonic acid. Product analysis shows no
evidence for di- or tri-bromo-derivatives. For the oscillation processes ten
reactions have been identified, involving the reduction of bromate ion to
bromine by successive two-equivalent redox reactions (oxygen atom transfer)
and the bromomalonic acid is produced via an enolization reaction:
BrO; + Br- + 2H* —> HBrO, + HOBr
HBrO, + Br- + H¥*— 2HOBr
HOBr + Br- + H*=— Br, + H;0
2HBrOQ, —- BrO; + HOBr + H*
BrO; + HBrO, + H+*=—2BrO; + H,0
BrO; + CelV + H,O0 —> BrO; + Celll + 2H*
BrO; + Cell + H*=— HBrO, + CelV
Br, + CH,(CO,H), —> BrCH(CO.H), + Br~ + H*
6CelV + CH,(CO,H), + 2H,0 —> 6Ce™ + HCO,H + 2CO, + 6H*
4CelV + BrCH(CO,H), + 2H,0 —>
Br- + 4Ce!! + HCO,H + 2CO, + 5Ht

1 R, J. Field, E. Koros, and R. M. Noyes, J. Amer. Chem. Soc., 1972, 94, 8649.
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When the bromide ion becomes too low in concentration effectively to remove
the HBrO, in a rapid reaction, the latter reacts with bromate ion to yield BrO;
radicals, which react with cerium(i) in a one-electron transfer. The indefinite
build-up of the HBrO, produced autocatalytically in this way is, however,
reduced by the disproportionation of the HBrO, species. The bromide ion is
regenerated, however, in the cerium(iv) oxidation of the bromomalonic acid,
thus arresting the autocatalysis, terminating the formation of HBrO, by these
pathways, and also initiating a repetition of the cyclic system. Manganese(Ir)
and [Fe(phen);]*+ have also been shown to act as catalysts (like Ce'™!) in these
reactions,*3? the free-radical nature of these systems being confirmed.
Molecular oxygen, hydrogen peroxide, and acrylonitrile act as inhibitors for
the processes, however, and chloride ions act by a different mechanism from
these radical scavengers in that, in the presence of these anions, the induction
period for the oscillating reaction is lengthened and the reaction is no longer
periodic. The effect is probably the result of inhibition of the catalytic
bromination of the malonic acid.

3 Manganese(I1I)

The inner-sphere oxidation of thiocyanate, thiourea, and alkyl-substituted
thioureas have been investigated.!®® The reactions are rapid, the process for
SCN- being too fast to be followed by the stopped-flow method, although in
this case the stoicheiometry of the reaction in excess ligand is identical to that
for the thioureas,

2Mnt 4+ 2R,N,H,CS* —> 2Mn!! + [(R,N,H,CS),]** + 2H*
(R = H, Me, or Et), the protonated form of the ligands (LH*) being con-
sidered to predominate under the hydrogen-ion conditions prevailing. The
mechanism consistent with the experimental data may be described by
Mn*t + H,0 =—— MnOH?+ + H* Kn
LH*=—L + H* Ka

kq
Mn3* + LH*—> Mn2t + RS’ + 2H*

ks
MnOH*" + LH*—> Mn?*+* + RS’ + H*

ks
Mn*t 4+ L—> Mn* + RS" + H*

k.
MnOH?** + L —> Mn?*t + RS’
2RS" —> RSSR

132 7. Varadi and M. T. Beck, J.C.S. Chem. Comm., 1973, 30; Magyar Kém. Folydirat,
1972, 79, 46 (Chem. Abs., 1973, 78, 89 073g).
133 G, Davies, Inorg. Chem., 1972, 11, 2488.
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where RS’ is the radical produced in the oxidation, and which rapidly
dimerizes. The reactions are first-order with respect to each reactant, and the
rate law for this mechanism may be written in the form

Kone = k[H*] + koKn + koKa + ko KnKa[H']!
o = (HY + K + KH'TD

where Kn and K, are the hydrolysis and acid dissociation constants shown.
There are two limiting cases of the rate law which may be considered:

(@ if Ka(ks + kKn[HT )<k [H'] + kKn
and 1> K [H*]?

then kobs((H*] + Kn) = k[H*] + k.Kn
a situation which has been shown to obtain for the reaction with thiourea, and
(b) if k:Kn>k,JH*] in (a)
then kovs = koKn/([H*] + Kn)

and plots of k;;s against [H*] should be linear, leading to values of Kn and k,.
This limiting condition arises in the case of NN’-dimethyl- and NN’-diethyl-
thiourea in hydrogen-ion concentrations up to ~2.5 mol 1=, The rate-deter-
mining reaction is considered to involve the substitution of the inner co-
ordination sphere of manganese(in). In the case of ethylenethiourea there is
marked deviation from situation (b) above at lower acidities, and in the
reaction of this substrate both charge and steric effects may be important in
determining the substitution rate at the manganese(itr) centre, the fact that the
terminal nitrogen atoms in this ligand are linked through an ethylene bridge
being considered to impose possible steric or solvational restrictions as com-
pared with the other thiourea derivatives. Alkylation of the nitrogen atoms
also causes a marked increase in the reaction rates with Mn3+,

Kinetic studies have been made on the slow oxidation of formic acid by
manganese(mn) *** in perchlorate media, both spectrophotometric and
sampling techniques into iron(i) solutions and measurement of the iron(im)
produced being employed. No effects of dissolved oxygen were found, the
overall reaction being

2MnlI + HCO,H —> 2Mn™ + 2H*+ + CO,

At concentrations of reductant >0.4 mol 1-! an increase in optical density in
the region 260—300 nm was observed, the first-order rate constant k, tending
toward a limiting value at high [HCO,H]. Use of a Michaelis—-Menten treat-
ment confirms that two complexes are involved which are related in an acid—

¢ C, F. Wells and D. Whatley, J.C.S. Faraday I, 1972, 68, 434.



58 Inorganic Reaction Mechanisms
base equilibrium:
Mn®*+ + HCO.H Z— [Mn(HCO,H)}**+
[Mn(HCO,H)}*+ =— [Mn(HCO,)]>t + H*
. kq

Mnl + ‘CO,H + Ht Mnl + *CO,H
rapid

MnII 4+ *CO,H —> Mn! + CO,
Evidence for radical formation was given by acrylonitrile polymerization, and
hydrogen-bonding and solvent effects are considered important in the
formulation of the transition-state complexes. In the reaction of olefins with
aliphatic ketones in the presence of oxidizing agents (e.g. MnI!L, CelV, Cull)
cyclic ketonic products are formed,'3% radical intermediates being involved.
With radicals of the type RCHCH,CH,C(O)Et, the relative rates of the three
oxidants are in the order Cu!* > Ce!V > Mn!I,

The composition of the [Mn™(cydta)j- complex ion in methanolic solu-
tions has been reported, the equilibria involved being similar to those in
aqueous media.'*® In the oxidation of acidic methanol using deuteriated
compounds, the mechanism may be formulated as

[Mn(cydta)(OH,)]~ == HMn!'Y(cydta)(OH,)
+H*

&

HMn(cydta)(OH,) + CH;OH — MnII + CH,0’

rapid

Mnll + CH,0 5 Mo+ CH,0->-CO,
with rapid reaction of the radical intermediates formed. In the presence of
sterically hindered phenols, under acidic conditions 137 the radicals produced
from methanol decomposition are competed for by both the manganese(ir)
complex and the phenol.

The oxidations of hydrazine by [Mn(edta)]~ and [Mn(P,0,);]°~ and other
oxidants have been described,!?® the consumption ratio (change in oxidant
concentration divided by the change in reductant concentration) being
observed to be dependent on the method of mixing the reagents, as well as on
pH. The rapid reaction with MnOj at high pH requires 4.0 moles of oxidant,
with the formation of the manganate(vi) ion. Pathways for the oxidation of
non-metallic substrates by metal complexes have been described diagram-
matically (Figure 1), where it is considered that although lability of the oxidant
to substitution may be important, it is rarely the sole factor in determining the
mechanism or stoicheiometry of oxidation of a given substrate. The oxidizing
dower, as measured by standard redox potentials, has a complementary effect.
An example of this may be cited in the case of the direct formation of free
radicals where an outer-sphere route is likely to be the least energetically

133 E, I. Heiba and R. M. Dessau, J. Amer. Chem. Soc., 1972, 94, 2888.
12¢ B, L. Poh and R. Stewart, Canad. J. Chem., 1972, 50, 3432.

137 R, Stewart and B. L. Poh, Canad. J. Chem., 1972, 50, 3437.

s A, Brown and W. C. E. Higginson, J.C.S. Dalton, 1972, 166.
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inert

Red+Int
(free radical)

Red - Int
(radical stabilized
by complexing)

labile
Oxd+Sub.

Oxd-Sub Complex

Products

Reaction co-ordinate

Figure 1 Pathways in the oxidation of non-metallic substrates by metal-ion complexes.
Oxd = metal complex oxidizing agent, Red = reduced form of metal
complex, Sub = non-metallic reducing substrate, Int = Intermediate, a
free radical if Oxd is a one-equivalent oxidant. Oxd-Sub = complex
between oxidizing agent and reductant. Reaction by this route does not
involve the formation of free radicals or other relatively high-energy inter-
mediates

(Reproduced from J.C.S. Dalton, 1972, 166)

favoured first step for weaker oxidizing agents but may be the preferred path-
way for stronger, substitution-inert oxidants. The influence that the lability
of the oxidant may have on these mechanisms may be seen in free-energy
terms, and the effects of an increase in redox potential may be realized in the
Figure by decreasing the free energies of activation of the various oxidation
steps.

4 Iron(II)

The kinetics of the redox reaction between iron(ur) and iodide ion have been
reinvestigated over a very wide range of reactant conditions using the method
of initial rates.?® Both stopped-flow and conventional spectrophotometry were
used, the first-order dependence on the oxidant and second-order on iodide
being confirmed. No evidence was found for any intermediate complex and the
reaction scheme proposed may be described as

ks
Fe* + I-=——Fe*",I- K,
ky
ks
Fe*t,I- + I-“==Fe** + I3
ks
kq
Fest + I;=—=TFe* + I,
ks

120 G, S. Laurence and K. J. Ellis, J.C.S. Dalton, 1972, 2229,



60 Inorganic Reaction Mechanisms

leading to the rate expression

di] kK [Fe*HI ]

dt 1+ (klFe*/ky[Fe*])

The iron(i)-dependent retardation has been confirmed, although at high
concentrations of Fel! it would appear that the rate law may be more complex
than that stated, possibly involving a term in iodide. An outer-sphere associ-
ated species is preferred to the complex Fel?*, and it may be that the ion pair is
a precursor to a species of the type [I-, Fe3+, I-], which undergoes a relatively
rapid electron-transfer reaction in competition with the formation of the
inner-sphere complex:

Fe3+, I~ =— Fel2+

A stopped-flow study of the oxidation of ascorbic acid*4® has revealed the
existence of an intermediate complex exhibiting a broad absorption band with
Jmax = 560 nm (Figure 2). Optical density changes are consistent with a
reaction (H,A = ascorbic acid)

Fe** + H,A =— FeHA + H* K,

which takes place via two steps, the first of which takes place at 0 °C at a rate
which is close to the limits of detection by the apparatus owing to the small

(Optical density x 10%)

-
1%| 1 1 1 ] I

400 500 600
A/nm

Figure 2 Spectrum of the intermediate formed in the oxidation of ascorbate ions by
iron(m). [Fe!'] = 2.5x 10-2 mol 11, [ascorbic acid] = 2.5x10~2 mol 171,
[HCIO4] = 0.2mol 1Y, T = 25°C. Observations made at maximum
complex formation (0.4 s after mixing)

(Reproduced from J.C.S. Dalton, 1972, 1667)

1o G, S. Laurence and K. J. Ellis, J.C.S. Dalton, 1972, 1667.
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optical density changes. Initial rate data, however, are indicative of a rate law
for this initial process which is first-order with respect to both metal ion and
ligand. The second process, which does not show any appreciable change in
spectrum, is considered to involve some rearrangement of the initial complex.
A possibility exists that what is observed is the formation of a monochelated
species with the secondary process of ring closure. Following this rearrange-
ment, an intramolecular electron transfer from ascorbate to the iron takes
place, with the reduced metal complex dissociating to produce Fell and a
radical which undergoes further oxidation,

FeHA®* =— [Fe**.. . HA' ] == Fe?** + H* + A'-
Fe?+ + A'-——» Fe?* + A

to yield the product dehydroascorbic acid. A reaction of this type is also
observed in the metal-ion [iron(mr) and copper(i1)] catalysis of the depolymeri-
zation of hyaluronic acid by autoxidants.}4! r-Ascorbic acid is known to
depolymerize this high-molecular-weight species, the effect being due to
reactions of the type

H,A + 2Felll —» A + 2Fell + 2H*
4H* + 2Fel + O, —> 4Fe!l + 2H,0
hyaluronic acid + Fe! + O, —-> Felll 4 depolymerized acid

1t is of interest to note that when solutions of ascorbic acid and the polymer
which have been treated with a sequestering resin are allowed to react, the rate
is much lower, indicating the importance of the role of the metal ions.
A probable inference from this is that most if not all studies of oxidation
effects of L-ascorbic acid have involved metal-ion catalysis (presumably by
iron or copper ions). The function of the ascorbic acid in such systems would
then be to regenerate the Fe! or Cu® ions which are the actual catalysts. In the
reaction of iron(ir) with penicillamine, 42 redox reactions involving molecular
oxygen are observed in basic media with the formation of red complexes. In
acid conditions, however, a less stable blue species is observed.

The electron-transfer reaction between [Fe(phen);]>* and sulphur(iv)
occurs rapidly according to the rate law 43

—d[Fe(phen);*)/ds = {k; + kj[H'1"' + kj[HSO;]}[Fe(phen);*[HSO3]
the overall process involving formation of sulphate,
2[Fe(phen);]** + HSO3; + H,0 —> 2[Fe(phen);]** + SO;~ + 3H*

Studies were carried out in conditions of excess reductant, since in solutions
where [Fe(phen),;]>+ was present in excess competition from the aquation of the
complex was observed. The mechanism involves reaction of SO;~ and HSO3

11 M. J. Harris, A. Herp, and W. Pigman, J. Amer. Chem. Soc., 1972, 94, 7570.
12 1. G. Stadtherr and R. B. Martin, Inorg. Chem., 1972, 11, 92.
13 D, W. Carlyle, J. Amer. Chem. Soc., 1972, 94, 4525.
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and of the dinuclear species S,0%~,

k
[Fe(phen);]*+ + HSO; —> [Fe(phen),]** + SV

ks
[Fe(phen)s** + SO~ —> [Fe(phen),}?* + SV
2HSO; =— S,0;~ + H,0 Ka<1

ks

[Fe(phen);]*+ + S,0%~ —> [Fe(phen),)2+ + SV
fast

[Fe(phen);]*+ + SY —>[Fe(phen),]>+ + SVI

An alternative route with rapid formation of an outer-sphere complex
[Fe(phen)3*S1V] followed by reaction with a second mole of sulphur(v) is also
consistent with the rate law. No evidence was found for copper(ur) catalysis in
the reactions. The oxidation of hydroxide ion by [Fe(phen),]** and
[Fe(bipy)s]*+ {[Fe(LL),;13+} according to the reaction

4[Fe(LL)s]** + 40H- === 4[Fe(LL),]** + O, + H,O

has been investigated in alkaline sodium chloride solutions,4* a second-order
rate law being observed. The rapid reaction involves the formation of the
radical (HO; ) as an intermediate, the slow re-oxidation of the products by
molecular oxygen being confirmed using an oxygen electrode. In the photo-
reduction of [Fe(phen),]*+ in acidic media, the electron donor is the water
molecule,

hy
[Fe(phen),]** + H,0 —> [Fe(phen),]** + H* + "OH

with secondary thermal reactions between the iron(m) complex and the
hydroxyl radicals produced.14®

Several studies have been made using the complex hexacyanoferrate(r)
anion. The oxidation kinetics of triethanolamine in alkaline conditions 148

N(CH,CH,OH), + 60H- + 6[Fe(CN)y*~—>
6HCHO + NH; + 3H,0 + 6[Fe(CN)s]*~

exhibit a rate law that is first-order in amine, oxidant, and hydroxide ion, the
mechanism being considered to involve intermediate anion formation of the
amine (B)

BH + OH- =B~ + H,0

ks
B~ + [Fe(CN)¢]*- —> Complex
fast
Complex + [Fe(CN) 3~ —> 2[Fe(CN)¢]*~ + (product intermediates)

14 G, Nord and O. Wernberg, J.C.S. Dalton, 1972, 866.
s B, L. Wehry and R. A. Ward, Inorg. Chem., 1971, 10, 2660.
ue K. S. Shukla, P. C. Mathur, and O. P. Bansal, J. Inorg. Nuclear Chem., 1973, 35, 1301.
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with further rapid reaction of the intermediate products with the oxidant. The
nature of the complex is not specified and medium effects have been identified,
the rate decreasing linearly with decreasing dielectric constant of the solution.
The importance of metal-ion-catalytic effects in the oxidations of hexacyano-
ferrate(m) has recently been discussed.!4” Much of the variation in kinetic
data for the oxidation of thiols by this complex ion appears to arise from
copper(n) ions which are present as impurities in the solutions. Using atomic
absorption detection of (~ micromolar) concentrations of this ion in solutions
of the hexacyanoferrate reagent,'*? it has been possible to show that in the
absence of Cull there is only a slow reaction between [Fe(CN)¢]3>~ and cysteine
and related thiols. A linear dependence on [Cu!] is observed, with no cor-
responding effects of FelIl or Fell. The thiols also show a greater than first-
order dependence in the initial rate of reaction, the equation

being applicable in all cases. A mechanism consistent with a rate law which
also shows both a zero-order and a first-order term in [Fe(CN)]*~ in the
absence of [Fe(CN)]*~ may be written as shown (RSH = thiol),

[Cul(SR)I* + RSH “—[Cu(SR),] + H* Ky

ko1
[CuT(SR)e] + [Fe(CN)eI*~ Z— [Cu™(SR),]" + [Fe(CN)]*-
ky
[Cum(SR)z]*LCuI + RSSR

kg
[CuX(SR),] + RSH —> [CulSR] + RSSRH'

ky
[Fe(CN)J*~ + RSSRH'—> RSSR + H* + [Fe(CN)]*-

ks
[Fe(CN)¢]*~ + RSSRH'—> RS- + RSH + [Fe(CN)4]*-

rapid
CulSR + [Fe(CN)g]3~ —> [CuMISR]* + [Fe(CN)g}*~
rapid
Cul! + [Fe(CN)gl>~ —> Cull + [Fe(CN)]*-

with the steady-state formation of both a copper(ur) complex and the RSSRH"
radical. In view of the overall stoicheiometry of [Fe(CN)¢]*~: RSH = 1:1
the authors make the valid point that this reaction ‘provides a very clear
example of a reaction which is stoicheiometrically simple but which involves
several competing paths’. In a complementary paper,1*® the use of edta as a

17 G. J. Bridgart, M. W. Fuller, and 1. R. Wilson, J.C.S. Dalton, 1973, 1274.
us G. J. Bridgart and I. R. Wilson, J.C.S. Dalton, 1973, 1281.
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sequestering agent for the copper provides supporting evidence for the role of
the metal ion. The copper(m)-catalysed path which predominates in the
absence of the aminopolycarbonate ligand is still present but to a much less
marked extent, the changes in rate being consistent with a change in the redox
potential of the copper(1)/(z1) couple together with differing labilities of the
complexed ions in their various oxidation states compared with the aquo
species. A mechanism similar to that proposed above but incorporating com-
plex formation has been formulated. Two other studies of thiol oxidations by
the [Fe(CN)¢]*~ ion have been reported,'?-1%° but in view of the discussion
above and the absence of any detailed effects of metal ions the data may have
to be treated with some reserve. The reaction with 2-dimethylaminoethanethiol
hydrochloride'*® exhibits simple stoicheiometry, the rate being inversely
dependent on hydrogen ion, and participation of free radicals being demon-
strated by the initiation of polymerization of vinyl cyanide. No effect of
iron(ir) on the rate is observed and the mechanism is considered to differ from
that for reaction with 2-mercaptoethylamine hydrochloride. In the oxidation
of thiomalic and thiolactic acids,’®® however, the rate increases with
increasing [H*].

The mechanism of the osmium-tetroxide-catalysed oxidation of glycollic
and lactic acids has been reported,’?! the rate being independent of oxidant
concentration. Evidence is presented for complex formation, and glyoxalate
and pyruvate ions are postulated as intermediates,

Cco, CO;
+ OsVIl =—— Complex =—; | + OsVI + H, 0 + Ht
H,COH . oH" CHO

rapid
OsVI 4+ 2[Fe(CN)]*~ —> OsVIL + 2[Fe(CN)g]4-

which undergo rapid further oxidation. An attempted characterization of
intermediates in the horseradish peroxidase system by reaction with [Fe(CN),]3~
has been described.52

Kinetic and equilibrium studies of the reactions of iron(im) and iron(iv)
dithiolate complexes with organic bases have been investigated '*3 in aceto-
nitrile solutions. Bis-(cis-1,2-dicyano-1,2-dithioethylene)iron(ir), [Fe(mnt),]-,
reacts rapidly with pyridine and triphenylphosphine (B)

[Fe(mnt),]- + B =—= [BFe(mnt),]~

whereas the corresponding tris-iron(iv) complex, [Fe(mnt);]>-, equilibrates
with a formal reduction of the metal centre and the formation of a
disulphide,

2[Fe(mnt),]*~ + 2B =— 2[BFe(mnt),]- + (mnt);"

19 R, K. Chohan, B. P. Sinha, and R. C. Kapoor, J. Phys. Chem., 1972, 76, 3641.

0 B, P, Sinha, R. C. Kapoor, and O. P. Kachwaha, Indian J. Chem., 1972, 10, 499.
181V, Lal, V. N. Singh, H. S. Singh, and M. P. Singh, Indian J. Chem., 1972, 10, 392.
12 M. L. Cotton and H. B. Dunford, Canad. J. Chem., 1973, 51, 582,

13 J, K. Yandell and N. Sutin, Inorg. Chem., 1972, 11, 488.
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The rate with triphenylarsine oxide is first-order with respect to both the iron(rv)
complex and the base. The reaction mechanism is considered to involve the
attack of the nucleophile on [Fe(mnt),]*~ (or on a half-bonded intermediate)

[Fe(mnt),}>~ + Ph;AsO —> [(PhyAsO)Fe(mnt),]- + mnt~
fast
mnt- + mnt~ —> (mnt);~
fast
mnt~ 4+ [Fe(mnt),;]2- —> [Fe(mnt),]- + (mnt)j~

followed by either disulphide formation or the reduction of a second iron(1v)
complex by the radical formed. The oxidation of substituted benzyl alcohols
with ferrate(vi) ion has been reported,'®* the presence of electron-withdrawing
substituents increasing the rate. The reactions are fast at high pH (~12—13)
and a mechanism is proposed where a proton is removed by hydroxide ion
with the electron transfer to the ferrate(vi) ion,

Ar

HO- + HC—OH + FeOj —> H,0 + ArCHOH + (FeO}’)

|
H
A rapid
ArCHOH + FeOi~—> ArCHO + HFeOj;~

The presence of electron-withdrawing groups assists the rate-determining
removal of the proton by base, a factor supported by high isotope effects.

5 Cobalt(1mn)

The existence of solely monomeric species in dilute cobalt(tr) solutions in
aqueous perchloric acid has been confirmed by the use of silver() as a
potential mediator in potentiometric measurements of the cobalt(m)/cobalt(nr)
couple, 155

Colll + Agl=—=Coll + Agl
AgT + e = Agl

where Co™! represents theions [Co(H,0),]*+ and the conjugate base Co(OH)?+.
In the concentration range [Coll'] = 5x10-%—5x10-*moll-?, with
[Co!I]~0.02—0.05 mol 1=, the only species present are the ions indicated
above. This evidence supports recent kinetic and isotope-distribution studies
where no dimeric ions have been encountered.

Stopped-flow studies have been made on the cobalt(mr) oxidation of sali-
cylate ions in perchloric acid.%® In excess ligand the formation of both mono-

158 R, J. Audette, J. W. Quail, and P. J. Smith, J.C.S. Chem. Comm., 1972, 38.

155 G, Davies and B. Warnqvist, J.C.S. Dalton, 1973, 900.

18 R, G. Sandberg, J. J. Auborn, E. M. Eyring, and K. O. Watkins, Inorg. Chem., 1972,
11, 1952.
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and di-co-ordinated complexes has been observed, the optical density changes
at 400 nm showing two distinct features, an initial increase associated with the
formation of the mono-co-ordinated species and a slower subsequent decrease
attributed to the formation of the di-salicylate complex. The rate of intra-
molecular electron transfer in these ions is much lower than has been observed
for other intermediates, the formation of pink cobalt(m) solutions being
observed only after ~1h. Rate data have been derived for the separate
reactions from the first 709 of the initial increase and the decreasing portion
of the optical density vs. time curve, the following reaction scheme being
consistent with the data (HA = salicylic acid):

Co®* + H,0 =—[Co(OH)]** + HT Kn
ky
Co?*t + HA —> [Co(HA)]**+

[Co(OH)]** + HA —k—'* [Co(OH)(HA)]*+
[Co(HA)** + H,0 = [Co(OH)(HA)I** + H* K,

[Co(HA)*+ + HA '—k‘-> [Co(HA) P+
[Co(OH)HA)* + HA"'IE;[CO(OH)(HA)Q]2+

An interesting feature of these reactions is the lack of any contribution from
the reverse reactions (k_,, k_,), although a small intercept in plots of the
observed rate constant against ligand concentration observed by the authors
may arise from this source. Rate constants for the various reactions have been
derived from hydrogen-ion dependences of the observed rates. The stabilization
of the hydroxy-acid complex with respect to intramolecular electron transfer is
thought to result from the complex ions being in a low-spin state, the transfer
of electronsfromligand tometal being made more difficult owing to the filled 2,4
orbitals. Also if the two oxygens of the salicylate ligand have empty m-orbitals
capable of overlapping with the filled cobalt #,; orbitals then some stability is
conferred on these orbitals from the gain of ligand orbital character. The
m-interaction of this type is considered to cause an increase in the Dq value for
the complex, thus making it more stable.

The cobalt(m) oxidation of bromide and chloride ions has been reported in
moderately concentrated (~5 moll-!) perchloric acid,'®” the previous
evidence for the existence of a chloro-complex being confirmed. The reaction
order with respect to bromide ion is, however, no longer unity. Conventional
techniques have been used to investigate the reaction with hydroxylamine,15®
under the same conditions. The reaction stoicheiometry was found to be
dependent on the concentrations of the initial reagents. With a six-fold excess

17 B, Sramkova, J. Sramek, and J. Zyka, Coll. Czech. Chem. Comm., 1972, 37, 518.
s B, Sramkova, J. Sramek, and J. Zyka, Analyt. Chim. Acta, 1972, 62, 113,
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of oxidant present, the six-electron oxidation to nitrate,
6Co™™ + NH,OH + 2H,0 —> 6Co' + NO; + 7H*

takes place, the order with respect to the hydroxylamine being dependent on
the concentration of the substrate (0.46—0.82). In conditions of excess
hydroxylamine, however, [NH,OH]/[Co™I]> 8/1, the reaction stoicheiometry
was1:1,

Col 4 NH,OH —> Co® + N, + H,0 + H*

the reaction order with respect to both reagents being unity and, the rate
being inversely proportional to hydrogen-ion concentration. The mechanism
is considered to involve the formation of the NH,O" radical:

ky
[Co(OH)]** + NH,OH*—> Col + NH,0' + H,0 + H*

ka
Co®** + NH;OH+—> Col + NH,O" + H*
rapid
2NH,0'— N, + 2H,0

In the presence of excess oxidant, however, the further reactions proposed are
Coll + Coll = [Co*+(H,0)Co?t]

[Co*+(H,0)Co?*] + NH,0O'—> 2Co!! + HNO + H*

rapid
4CoI + HNO + 2H,0 —> NOj + 4Coll 4+ SH+

the latter process probably involving a series of single-electron-transfer steps.
The formation of the mixed oxidation complex is postulated to explain the
cobalt(m)-ion catalysis of the formation of nitrate ion. Conventional and
stopped-flow techniques have been used to investigate the oxidation of iso-
propyl alcohol by cobalt(imm).1%® The rate is first-order with respect to both
oxidant and reductant, and there is no evidence for any intermediate com-
plexes even under conditions of very high (~ 3.5 mol 1-%) isopropyl alcohol
concentration. Hydrogen-ion-dependence studies indicate the reaction of both
Co?+ and CoOH?+ with the unprotonated alcohol, with the formation of a
radical which then reacts rapidly with a second mole of oxidant to yield the
product. As in the oxidations of secondary alcohols by MnI and CelV, the
rate constants follow the order t-butyl alcohol<isopropyl alcohol <cyclo-
hexanol, and in accord with redox potentials the rates of oxidation of iso-
propy! alcohol are in the sequence ColI> CelV > MnllI,

The spontaneous reduction of the complex ion [Co(NH,);(OH,);]13+ (prob-
ably in the form of the 1,2,3-isomer) has been investigated at high tempera-
tures.1® The reaction product is the cobalt(tr) ion, the rate law having the form

—d[Co(NH,)y(H,0)53*]/ds = {ky + kao/[H'THCo(NH,)y(H,0);"]

159 R, Varadarajan and C. F. Wells, J.C.S. Faraday 1, 1973, 69, 521.
30 S, Lum, W. D. Stanley, and C. S. Garner, J. Inorg. Nuclear Chem., 1973, 35, 1293.
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the acid-independent term being shown to contribute only slightly as a
reaction pathway. The mechanism postulated involves the formation of a
conjugate-base complex which undergoes internal electron transfer:

[Co(NH,)(OH,), '+ === [Co(NH)s(OH,(OH)}** 4 H*

CoY + oxidized products of NH; and/or H:0

A similar study of the corresponding reaction of cis-[Co(en),(OH,),]** has
been reported,'®! the rate law being identical to that shown above. At 80 °C,
the rates are in the order en < dien < NH, for the co-ordinating ammine.

Hydridopentacyanocobaltate(mr) reacts with carbon monoxide in aqueous
media,®?

[Co(CN);HP~ + 2CO + OH~ —> [Co(CN);(CO),]*~ + 2CN- + H,0
according to the rate law
—d[Co(CN);H3-1/dt = k[Co(CN);H3*-][OH]

The mechanism is similar in form to that for other reactions of the hydrido-
pentacyano-complex, including the reaction with [Fe(CN)¢]*-, involving the
formation of the cobalt(r) complex [Co(CN);]4,

[Co(CN);H]*- + OH- == [Co(CN)s]*~ + H,O
[Co(CN);]*- —> [Co(CN), >~ + CN-

+CO

rapid
[CO(CN)I*~ + €O > [Co(CNA(CONI* ——> [Co(CN)(CONI~ + CN-

The dissociation of [Co(CN);]4~ is considered reasonable in view of the known
behaviour of isoelectronic five-co-ordinate d® complexes, e.g. [Ni(CN);1*—, to
undergo processes of this type and since the complex has an eighteen-electron
valence shell the substitution of CN~ by CO would not be expected to take
place via an associative process. Reductive degradation of nitrogen-containing
ligands in the presence of cobalt(tr) ions has been reported.'®? The complexes
[Co(dmgH),(H,0)Cl] (dmgH = dimethylglyoximato) and [Co(bipy)sJ3*+
react with BHj in aqueous buffer with decomposition of the complex and
degradation of the ligand to ammonia.

6 Vanadium(V)

The oxidation of iodide by vanadium(v) has been studied in the absence of
oxygen, kinetic data being derived using the method of initial rates.1®4 In the

16t S, Lum, L. Ereshefsky, and C. S. Garner, J. Inorg. Nuclear Chem., 1973, 35, 1591.
162 G. Guastalla, J. Halpern, and M. Pribanic, J. Amer. Chem. Soc., 1972, 94, 1575.
162 J, Chatt, C. M. Elson, and G. J. Leigh, J. Amer. Chem. Soc., 1973, 95, 2408.

1% F, Secco, S. Celsi, and C. Grati, J.C.S. Dalton, 1972, 1675.
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range of hydrogen-ion concentrations used (0.05—0.4 mol 1-?) the oxidant is
considered to be present as the tetrahydroxovanadium(iv) ion, the reaction

2H,VO{ + 21~ + 4H*—>2VO0* + I, + 6H,0
conforming to the rate law

—d[vvy
dr

= &IVVIHL] + &IVVIIIHT + A[VVIHACT

The postulated mechanism involves complex formation prior to the rate-
determining redox step, e.g. for the pathway k, the reactions formulated are

H,VOi + H* =—[V(OH),]** + H,0
rapid

[V(OH),]** + X~ == [V(OH),I]*
[V(OH),IJ* —> [V(OH)]** + OH- + HIO

the role of the proton being to weaken the strong V—O bond. In conditions of
high iodide concentration, the k, pathway involves the reaction

[VOOH)IP* + I-—>[V(OH),]* + L,

The products VIII and HIO react rapidly with the reactants to yield the
observed products:

VI L YV —> VIV

HIO + I- + H-—> I, + H,0
The configurations of the transition states for these two processes have been

formulated as (2) and (3), respectively, although in the latter case if a one-
electron transfer from iodide to vanadium(v) took place the radical ion I3

OH * OH *
[---V—OH 1-»1-—-\‘1 —(OH,)
OH OH

2) (3}

might be formed. The corresponding reaction with hydroxylamine has been
described, %3 in which the two-term rate law involves a second-order reaction
between the reactants (VO3 and NH,OH™) and a term which is second-order
in oxidant concentration:

—d[VV)/dt = k[NH,OH*][VY] + k[NH,OH*][VV]*

18 (G, Bangtsson, Acta Chem. Scand., 1972, 26, 2492.
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A mechanism accounting for the data may be written as

VYV + NH,OH* =— [VV(NH;OH)]* K
rapid
ky
[VV(NH;OH)]* —> VIV + NH,O" + H*

Ky
VV + [VY(NH;OH)]* —> 2VIV + HNO’

with fast subsequent reaction of the radical intermediates. The reaction of
vanadium(v) with a vanadium(v) complex is also a feature of the reaction with
hydrazine ¢¢ in acid media,

4V0§ + N,H;* + 2H* —>4VO* + N, + 4H,0

In this case, the mechanism proposed is (protonation of the hydrazine omitted)
k_y
VYV + NH, == [VY(N.H),)]
ky

ks
VY 4 [VYON;H) > 2V + N,

fast
VII 4 YV —> VIV

although the involvement of an electron transfer to yield VIV and the radical
N,H, would conform to the same kinetic law. A hydrogen-ion dependence on
the rate is observed which is attributed to differently protonated forms of the
hydrazine.

No intermediate is observed in the hydrogen-ion-dependent oxidation of
arsenic(1n), %7 where the mechanism

slow
H;AsO; + VYV + H,O0—> H,AsOf + H,Ot + VI
fast
H,AsO7 + H,0* —> H,AsO, + 2H+

fast
VYV 4+ YOI —> VIV

is preferred to one involving the formation of the free radical H,AsQ; since no
evidence was found for polymerization on the addition of acrylonitrile.
A variation in rate behaviour in sulphuric and perchloric acids has been
established in that whereas the rate is retarded by sulphate ion [probably owing
to vanadium(v)-sulphate complex formation], in the presence of perchlorate a
marked acceleration is observed.

186 G, Bangtsson, Acta Chem. Scand., 1971, 25, 2989.
17 B, B. Pal, D. C. Mukherjee, and K. K. Sengupta, J. Inorg. Nuclear Chem., 1972, 34,
3433.
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7 Halogens and Halogen Ions
The reaction of chlorine with uranium(v),

2H,0
Ut + Cl,—> UOZ" + 2CI- + 4H*

has been studied in perchlorate media,® the rate law at [H*]>0.8 mol I-*
being of the form

—d[U]/d¢ = k [JUNV]CLI[H*]-2

The mechanism postulated involves two principal reaction paths,

ky
[U(OH),]*+ + Cl,—> UO3* + 2CI- + 2H*
and

Ey
[U(OH)}*+ + HOCI— UOi" + CI- + 2H*

the first pathway predominating. A decrease in rate with increasing chloride-
ion concentration is observed which is due almost entirely to the formation of
chloro-complexes, particularly UCI**, which react at negligible rates com-
pared with the uncomplexed species. In the reaction of chlorine with phenol,16?
at pH<2, the rapid formation of an intermediate [Cl,-PhOH] has been ob-
served, the rate of which is first-order with respect to both reagents, and
independent of chloride-ion concentration. A second reaction corresponding
to the decomposition of the intermediate, the rate of which is dependent both
on hydrogen and chloride ions, takes place via several pathways,

—d[Cl;*PhOHY/dt = {k,[H*][CI-] + kofH*] + kg}[Cl,-PhOH]

The reaction products are chlorophenols and no effect of these species is
observed in the kinetic data, the rates falling in the order phenol > m-chloro-
phenol > o-chlorophenol > p-chlorophenols 2,4-dichlorophenol.

The oxidation of propan-2-ol by chlorine has also been reported, with
chloride-ion catalysis of the reaction.'”® The data have been treated to include
the two forms of the oxidant,

Cl, + H,O0 = H* + Cl- + HOCI

and are consistent with Cl, being a much more significant oxidant than HOCI,
an effect which was also observed in the phenol reaction. An amperometric
study of the corresponding reaction with bromine, 17! however, reveals a more
complex rate law, the observed reduction in the rate with increasing bromide-
ion concentration being attributed to the formation of kinetically inactive Brj.

18 A, Adegite and M. H. Ford-Smith, J.C.S. Dalton, 1973, 138.

1 E, Grimley and G. Gordon, J. Phys. Chem., 1973, 77, 973.

170 N. Ventakasubramanian and N. S. Srinivasan, Indian J. Chem., 1972, 10, 1085.
31 3, G, Mason and L. G. Baird, J. Amer. Chem. Soc., 1972, 94, 6117.
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The rate is also dependent on hydrogen ions,

—d[Bry] _ ko[Br,]: [PrOH}

dt (1 + K[BrD( + Kl[H*)

where [Br,]t and [PrOH]: represent the total concentrations of the reagents,
K the formation constant for the tribromide ion, and K, the acidity constant
for the protonation of the alcohol. The protonated form of the alcohol is
considered to be kinetically unreactive and the variation in rate with acid at
constant ionic strength is thought to arise from activity-coefficient effects. In
the oxidations of formate and oxalate by aqueous bromine,'?2 although the
reactions are apparently similar, differing rate laws are observed, viz

—d[Bry} k[ox®][Br,)c
dr [Brld + K[Br))
and
~d[Bry}s &, Ka[HCOO-][Br,}:
dt [H¥(I + Ka[Br))
where ox2~ = oxalate and K, is the ionization constant for formic acid. In

the former case, the rate-determining step is considered to be the attack of
HOBr on the hydrogen oxalate ion, whereas in the latter bromine is the
oxidizing agent.

The reactions of bromine and iodine with uranium(rv),

UV + Hal, + 2H,0 —> UO}* + 2Hal~ + 4H*

have been investigated spectrophotometrically.'?? In the iodine reaction, where
decrease of the rate with increasing [I-] is observed, the rate law

—d[L}/dt = k[UVIILH*]-®

obtains although some deviation is observed at lower hydrogen-ion concentra-
tions. The mechanism is considered to involve the complementary two-electron
transfer

Ul 4+ I,—> UYL + 2I-

although the sequence of one-electron steps

UV 4+ L=SUY + ;

—_—

UY + I; — U + 20~

would be kinetically indistinguishable. The effect of added anions has been
investigated, in the case of sulphate, the complexes USO}+ and U(SO,), being
kinetically significant. The reaction with bromine has been shown to take
place with a rate law similar to that described above, although in this case,
unlike the iodide system, there is no reaction of the tribromide ion.

173 R, H. Smith, Austral. J. Chem., 1972, 25, 2503.
173 A, Adegite and M. H. Ford-Smith, J.C.S. Dalton, 1973, 134.
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A comparison has been made!?® between the oxidations of uranium(iv) by
halogens and the corresponding reactions of iron(ir). Although the former
reactions are thermodynamically more favoured and whereas those involving
uranium(iv) are complementary those of iron(m) are not, the iron(in)
reactions are faster, and the variation in rate constants from chlorine to iodine
(~108) is greater for iron(1r) than for uranium(rv) (~ 102). The increase in rate
constants from I, to Cl, in both cases probably results from increasingly
favourable entropy factors. The reduced rates for UV may be a consequence
of the need to remove the less accessible 5forbital electrons in this reductant
compared with 3d in the case of iron(r).

The non-complementary oxidation of vanadium(mir) by bromine has been
studied,*?*

2V3+ 4+ Br, + 2H,0 —> 2VO?%* + 2Br~ + 4H*

the rate being inversely dependent on hydrogen-ion concentration. The
mechanism postulated,

Vi + H0 == VOH** + Hr
ky
VOH** + Br,—> VOH** + Br,

ks
VOH?* + Bry —> VOH?** + 2Br-

fast

VOH* —> VO** + H*

involving the rate-determining reaction of VOH?2* and Br,. The contribution
of a pathway with V*+ as reactant is considered negligible. The reaction is
catalysed by chloride ions, however, probably as a result of an addition pro-
cess where the VCI12+ complex ion acts as an oxidant. When allowance is made
for the hydrolysis of the vanadium(ui) ion, the rate constant %;~1.8 x 103
1 mol-1s~* is considered to be of the order where inner-sphere oxidation in a
substitution-controlled process may be operative.

A study has been made of the oxidation of vanadium(iv) by both chlorine
and hypochlorous acid.'?s Both reactions are first-order with respect to each
reactant, the stoicheiometry of the HOCI system conforming to the equation

2vO?+ + HOCI—>2VO% + CI- + 3H+
The rate law derived is of the form

—0.5d[ViV] _ { ka [VIVJIHOCI

dr 1+ (kn/ko)[H]

174 A, Adegite and M. H. Ford-Smith, J.C.S. Dalton, 1972, 2113.
178 K. Dreyer and G. Gordon, Inorg. Chem., 1972, 11, 1174.
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consistent with the proposed mechanism,

ko
VOt + HOCIZ=—— VOOCI+ + H*
ka

ko
YOOCI+ —> VOf + CI’
fast
vVO* + CI'—>VO; + 2H* + CI-
o0
The corresponding reaction with chlorine, however, obeys a rate law of the
form

—0.5 d[ViVi/dt = ka[VIVICL)/[H*]?

and in this oxidation it is proposed that the increase in the squared term in
hydrogen ion is accounted for by hydrolysis of a VIV-Cl, complex. In this
regard it is not unlike the situation proposed for UIV reactions of this type
where two protons are considered to dissociate from the metal ion prior to the
rate-determining step.

The oxidative addition of iodine to the dicyanoaurate(r) anion?¢

[Au(CN).J- + L, == [Au(CN).L]-
obeys the rate expression
d[Au(CN):Iz)/dr = kJAu(CN)IL] + ksfAu(CN):]I5]

The corresponding reactions of [Au(CN),]~ with Cl, and Br; are too rapid to
be measured. The reaction is thought to proceed in a single step to give the
trans-[Au(CN),I,]- isomer, suggesting that the reaction is inner-sphere and
that the transition state has a configuration (4), in which the I—I axis is

- N -

normal to the C—Au—C axis. An outer-sphere mechanism would on the
other hand give either [Au(CN)y(H,0),]* or [Au(CN),(OH),]~ as products.
An interesting feature of the reaction is that whereas normally the ratio of
rates of reaction k(I,)/k(I5) is >1, in this system the ratio is 6.4 x 10~3,

Tonic strength effects have been investigated in the oxidation of iron(i) by

176 M, H. Ford-Smith, J. J. Habeeb, and J. H. Rawsthorne, J.C.S. Dalton, 1972, 2116.
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chlorate in strongly acid media,??
6Fell + ClO; + 6H*—> 6Fe™ + CI- + 3H,0.

A third-order rate-determining step involving iron(ir), ClO3, and a proton is
suggested, and slight differences in rate have been noted using Lit and Na* as
counter-ions in the perchlorate electrolyte. Chloride ion has been shown to
inhibit the vanadium(iv)-chlorate redox reaction.!’® When the VO2* ion is
present in excess, in the presence of initially added chloride ion, the stoicheio-
metry is four, whereas in the absence of initial Cl—, 5 moles of reductant are
required. The rate law under both conditions is of the form

ky + k[HY]

Rate = {TTT[@—]

} [VIV[CIO3]

The change in stoicheiometry as a function of Cl- is considered to arise from
differences in the rate of reaction between HOCl and Cl- to form Cl, or HOCl
and vanadium(1v) to form VV. Complex formation between VIV and added Cl-
results in the decrease in the rate. The corresponding reduction of bromate by
neptunium(v) in perchlorate solutions,'” where four moles of reductant are
consumed per mole of bromine(v), has been shown to have an induction
period in at least one pathway. The rate law is complex, having the form

k = {JHQ + AH*DIBrV]®

The reaction scheme may be similar to that proposed for other redox reactions
of the BrV species,

BrO; + HBrO, + H+ = 2BrO, + H,0
BrO, + NpV + H*Z*—-HBrO, + NpV!
2HBrQ, — BrO; + HOBr + H*

where the direct reaction of NpV and BrOj is considered to be slow and
bromine dioxide is the oxidizing species. The kinetics of the reaction between
BrO3 and I- have been investigated in unbuffered media at constant pH.180
The reaction is first-order with respect to both oxidant and reductant and
second-order in hydrogen ion, the reactive species being HBrO; and the inter-
mediate HOI. Comparisons have been made between the oxidations, in acid
media, of ethylene, propylene, and butylene glycols and of primary and
secondary alcohols by bromate ion and chromium(vr).18! In the case of the
glycols, unlike the metal complex, the rate decreases with increasing methyla-
tion. The rate-determining process in the reactions of the alcohols is a C—H
bond rupture.

177 K, P. Ang, G. A. Creak, and W. L. Kwik, J.C.S. Dalton, 1972, 2560.

178 'W. S. Melvin and G. Gordon, [norg. Chem., 1972, 11, 1912.

17? G. C, Knight and R. C. Thompson, Inorg. Chem., 1973, 12, 63.

180 A, I, Morozov, M. S. Sytilin, and I. A. Makolkin, Zhur. fiz. Khim., 1972, 46, 2279.
182 A, C. Chatterjee, Indian J. Chem., 1972, 10, 831.
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The interaction of halide ions and other reductants with BiV has been
investigated,'8? all the oxidations obeying the rate law

—d[BiV]/dt = k[BiV]

The rates are independent of hydrogen ion in the concentration range 0.5—
2.0 mol I-Y, the rate-determining process involving formation of a Billl
peroxo-complex )

OH O
Bi"< —> Bimi + 2H*
OH O

Bi(O,) + X~ _rapid, g X, products

(in preference to a mechanism in which free ‘'OH radicals are produced), where
X~ = I-, Br-, Cl-, or SCN-. TI+ and [IrCl ]~ are also oxidized. No detect-
able reactions were noted with CN-, OCN-, or Nj although it may be that a
redox reaction does occur and that neither reactant nor product species
absorbs in the visible-u.v. region. The energy of activation for the reactions is
very low (~2 kcal mol-?) and there is no evidence for a mechanism involving
Bi'l - X complex formation.

The reaction between iron(ir) and chlorine(iir) has been shown to occur via a
one-electron-transfer mechanism,®3 the rates being unaffected by the presence
of chloride ion (and phenol), which were added to eliminate complicating side-
reactions from the primary reaction product chlorine():

HCIO, + 2Fe** + 2H* —> 2Fe** + HOCI + H,0

Under the moderately acidic conditions used, a small amount (~3%) of
iron(1mr) dimer was produced. The rate law derived may be expressed as

—d[Fet]/dr = ky[FeJ[CI'] + K [FeM[CI™M]/[H*]

the hydrogen-ion dependence indicating the existence of two parallel path-
ways, the [H*]-independent route being considered to involve the formation of
the activated complex [FeClO,H]?+,

HCIO, === H*+ + CIO
ky
Fel! + HCIO,—> Fe’* + CIUI

ki

Fell + ClO; —> Fe** + CIH!
rapid

Fe! + CIt—> Fe*+ 4+ HOCI

Comparison of the results of the present investigation with those for other
inner- and outer-sphere oxidants suggests that two-electron transfers must be

133 M, H. Ford-Smith and J. J. Habeeb, J.C.S. Dalton, 1973, 461.
188 M. G. Ondrus and G. Gordon, Inorg. Chem., 1972, 11, 985.
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preceded by substitution of the oxidant into the inner co-ordination sphere of
the metal ion, whereas if only one electron is exchanged either pathway would
be available. In the reaction of uranium(rv) with chlorine(um), with phenol
present, the stoicheiometry is consistent with the process 184

UV + CII1 4 phenol—> UVI + H*+ + chlorophenols

The rate law is first-order in both oxidant and reductant with an inverse term
in hydrogen-ion concentration. The results of an 120 tracer study indicate that
the principal reaction pathway involves a two-electron oxygen-atom transfer
from the oxidant to the reductant.

The hydrolysis of cyanogen chloride is the rate-determining step in the
destruction of cyanide in industrial wastes by chlorination.#® This reaction has
been studied in borax-buffered media, the rate being dependent on pH. The
reaction of cyanogen chloride with sulphite ion has also been investigated
kinetically, and in this case a stable adduct (2 : 2 stoicheiometry) is formed at
pH <9 which is considered to have a six-membered S—N—C ring configura-
tion, the sulphur being oxidized to a formal oxidation state of + 6. At higher
pH’s the ring breaks down, however, probably owing to attack of hydroxide
ion at the C or S atoms. A complex reaction with industrial associations is the
autocatalytic oxidation of hydrobromic acid by nitric acid in the presence of
HNO,, which yields bromine as a product. Kinetic studies !¢ reveal a reaction
order of 1.5 in [HNO,] and of between 1 and 2 with respect to bromide ion.
The mechanism of the oxidation of formaldehyde by chloride in aqueous media
has been described,'®” the overall reaction order being two. The rate-
determining step is considered to involve the reaction of hydrated formaldehyde

HCH(OH), + ClO;—> HCO,H + CIO- + H.0

with the formation of chlorine(r). The rate is increased in the presence of Ag™,
Cel, and F- ions.

A detailed study of the chlorination of anisole has been undertaken,®® the
rate data obeying a three-term rate law of which two pathways include a term
that is second-order in [HOCI]. The mechanism of reaction in these instances is
considered to involve the rate-determining formation of chlorine monoxide,

2HOCI=—CI,0 + H,0
Cl, O + AH —> products

where AH = anisole and the products include chloroanisoles. No term in the
rate law is consistent with the rate-determining formation of Cl+ and the
authors comment ‘it is now extremely improbable that Cl* is significantly
involved in any thermal reaction ever studied in solution’. Detailed kinetic

18« R, Buchacek and G. Gordon, Inorg. Chem., 1972, 11, 2154.

185 P, L. Bailey and E. Bishop, J.C.S. Dalton, 1973, 912, 917.

1ss H. Feilchenfeld, S. Manor, and J. A. Epstein, J.C.S. Dalton, 1972, 2675.

187 V. P. Kudesia, Bull. Soc. chim. belges, 1972, 81, 623 (Chem. Abs., 1973, 78, 48 512f).
188 C, G. Swain and De L. R. Crist, J. Amer. Chem. Soc., 1972, 94, 3195.
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studies have also been made of the oxidation of amines by chlorine dioxide.8®
Stopped-flow techniques have been used to monitor both the disappearance of
the oxidant and the formation and decomposition of a radical intermediate in
the reaction with triethylenediamine, consistent with the mechanism

[Ej + Clo, = [§j + Clo-
lCIog

H
N
S\
2HCHO + [ j + 2Ht <M o=  N=CH,
_ \__/
N
H

8 Copper(I1) and Copper(IlI) Complexes

The kinetics and mechanism of the oxidation of thiosulphate by copper(ir)
ammine complexes have been reported,’®® the initial reaction being the
formation of the tetrathionate ion. In the experimental conditions used, the
predominant oxidant species are [Cu(NH,),(H,0).]** (~97%) and
[Cu(NH;),(H,0),12+ (~ 3 %). The reactions were carried out in the absence of
oxygen since an oxidation route of this type may also contribute. Stoicheio-
metric studies indicated a disproportionation reaction of the tetrathionate
product if the reaction mixture was allowed to stand for some time prior to
analysis. The reaction order with respect to both reagents was unity, although
at concentrations > 0.1 mol1-1 of S,0%” some tendency for involvement of
higher complex formation was observed. The rate law was of the form
(Cull = ammoniated complex)

—d[Cull)/dt = ko[Cu'T][S,037)/[NH,]
and the mechanism may be explained on the basis of the scheme

[Cu(NH)yJ** + H,O == [Cu(NH,)y(H:0)]** + NH,

ky
[Cu(NH,),(H,O)]** + S,0;™ —> [Cu(NH,);S,0;] + H.0

[Cu(NH;),(S;05)] —> [Cu(NHy),]* + S.05
fast
28,05 —> S,04™

where a rapid intramolecular redox reaction generates the S,03 radical,
which rapidly dimerizes. Evidence for the associated complex is given by the
observation that on addition of the S,03~ ions to the copper(i)-ammine

189 G, T. Davis, M. M. Demek, and D. H. Rosenblatt, J. Amer. Chem. Soc., 1972, 94, 3321.
1e0 J, J, Byerley, S. A. Fouda, and G. L. Rempel, J.C.S. Dalton, 1973, 889.
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solution there was an initial increase in optical density at 612 nm, Copper(ir)-
pyridine complexes have also been used ** in the catalytic oxidation of thiols
to disulphide, in DMF solutions.

The oxidation of alkyl radicals by copper(ir) involves the transient formation
of alkyl-copper complexes,'?* and a general scheme has been proposed for the
electron-transfer processes (R = radical, X = ligand) in which the forma-
tion of the complex is followed by either oxidative elimination, (e), oxidative
displacement, (d), or oxidative solvolysis, (s):

R" + CuX, == [RCuX,]

[RCuX,] € R(~H) + HX + CuX

d .
RCuX, —l—‘)—‘ R*CulXy;~ —> RX + CulX

[RCUX, == RCuX'X- =i RCuX*ClO, + LiX

\R+Cux —£SH, RS + CuX

The detailed mechanisms have been found to be strongly dependent on the
ligand. In the presence of acetate, oxidative elimination is promoted, whereas if
the copper is complexed with trifluoromethanesulphonate the oxidative solvo-
lysis pathway is observed with even the simplest alkyl radicals. If either of
these two routes is hindered or unavailable, the oxidative displacement,
involving an intramolecular transfer of a ligand from the metal ion to the
alkyl group, is encountered, this latter mechanism being a feature of the oxida-
tion of the methyl radical. The rapid oxidation of the 4-(cyclohex-1-enyl)butyl
radical in benzene has been investigated at high temperatures.'®®

The oxidation of alcohols by diperiodatocuprate(mm) in aqueous base has
been reported,’®* the rate law for primary and secondary alcohols having the

form

—d[Cutt] K[Cul''[ROH]
Cdr T [HIOZI( + a/[OH-])

The addition of periodate anion (a reaction product) reduced the rate dramati-
cally, suggesting an auto-inhibitory mechanism. The mechanism proposed is

191 Y, Akashi, Yuki Gosei Kagaku Kyokai Shi, 1972, 30, 967 (Chem. Abs., 1973, I8,

88 973p).
192 C, L. Jenkins and J. K. Kochi, J. Amer. Chem. Soc., 1972, 94, 843.
193 A, L. J. Beckwith, G. E. Gream, and D. L. Struble, Austral. J. Chem., 1972, 25, 1081.

194 W, G. Movius, Inorg. Chem., 1973, 12, 31.
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described by the scheme (L = periodate)

Cu(HL), == CuL(HL) + H* K,
CuL(HL) == CuL + HL K

ko
ROH + CuL — products

in which there is loss of a periodate ligand from the copper(iir) complex prior
to the rate-determining step. If K, is small, the observed rate law is adhered to,
where k. = k.K,and a = Ky/K,. It is of interest that methanol and ethanol
are oxidized at the same rate within experimental error and secondary alcohols
(e.g. propan-2-ol) react at just less than half the rate, possibly as a result of
steric factors. In the case of benzyl and allyl alcohols, however, where the rate
is a factor of 10 greater than for the primary compounds, the stabilizing effect
of any radicals formed is considered to be important.

9 Peroxodisulphate

A detailed study has been made 195 of the oxidation of vanadium(iv) by peroxo-
disulphate in weakly acidic media:

S:03” + 2VO?* + 2H,0 —> 2VO:t + 2HSO; + 2H*

In the hydrogen-ion concentration range 0.1—0.5 mol 1=, with the oxidant in
large excess, the rate becomes independent of vanadium(iv) concentration at
levels greater than ~ 10-3 mol I-1, The rate of formation of vanadium(v) was
also shown to be twice the rate of disappearance of oxidant, the order with
respect to hydrogen ion being unity. At sufficiently high concentrations of
reductant, the rate law conforms to the expression

—d[VV)/dr = k,[H*[S:057] + ky[S:.057]
the overall rate being lower than for the corresponding reaction with peroxo-
diphosphate, where the mechanism is considered to be inner-sphere. In the

present system the proposed mechanism involves an activated complex which
is both solvated and protonated,

H 4
0 0
o—b—o_ A
HS,0,” + H,0 == —S§— 8
¥ g \0/§\0
0 O—H
/
H

HSO,~ + HSO,~ + H*
HSO, -+ 2VO* + H,0 —> 2VO," + HSO, + 2H*

198 §, A, Frennesson and S. Fronaeus, Acta Chem. Scand., 1972, 26, 3917.
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which decomposes to yield the peroxomonosulphate ion. This reagent then
acts as the oxidant in a rapid reaction sequence with two moles of vanadium(iv).
Evidence for a reaction of this type was yielded by addition of oxovanadium(iv)
to a solution in which the redox reaction was complete. Peroxomonosulphate
ion was then added and immediately an amount of VIV equivalent to that of the
peroxomonosulphate was oxidized to VV,

The copper(ir)-catalysed oxidation of hypophosphite by S,03~ in perchloric
acid media has been described,?¢ the rate law having the form

=d[S,027] _  koK[Cu][S;03 H;PO,]

dt [H¥] + Ka + K[HPO,]

where Kj is the dissociation constant for hypophosphorous acid and X is the
equilibrium constant for formation of the Cu>-H,PO3 complex. A mechan-
ism consistent with the rate law is presented in the reaction scheme

Cu,* + H,PO, =— CuH,PO; + H*

CuH,POf + Szo,;i>Cu1[I + H,PO; + SO; + SO;
H,PO; + S,03~—> H,PO{ + SO; + SO%~
H,PO; + H,0 — H,PO, + H+
CuH,PO} + SO; —> Cu!!l + SO~ + H,PO,
H,PO; + SO; —> H,POf + SOi~

in which the radical ion SOj and the species H,PO; are produced as inter-
mediates. A possible identification of metal-ion catalysis in the k; reaction step
involves the oxidation of the hypophosphite to yield Cul, which is subse-
quently rapidly re-oxidized to Cu'! by the peroxodisulphate. The reaction rate
is decreased by the presence of both Mn!I and HSO;. Two studies have been
reported in which silver(r) ions catalyse reactions of S,0:~. The oxidation of
maleic acid exhibits a rate law that is first-order in Ag! and S,0%~ concentra-
tions only,*” therate-limiting step corresponding to the formation of silver(ur),

AgI + SzOs—HAgIII + 2SO4—

which then oxidizes the organic substrate. A similar rate law is observed in the
corresponding reaction of a-alanine,*® in which case a radical chain mechan-
ism involving Ag!! is considered. Small negative salt effects are exhibited by
NH,NO;, NaNQ;, and K,SO,. Free-radical mechanisms have also been
proposed for the oxidations of malonic acid and glucose,*® where a complex
between the oxidant and the sugar is formed, the overall reaction involving
both C—C bond cleavage and oxidation of the terminal group.

19¢ R, Swaroop and Y. K. Gupta, J.C.S. Dalton, 1972, 851.

1#* B, P. Yadava, and S. N. Shukla, Current Sci., 1972, 41, 811.

1% G, Chandra and S. N. Srivastava, J. Inorg. Nuclear Chem., 1972, 34, 197.

1% W. C. Vasudeva and S. Wasif, J. Inorg. Nuclear Chem., 1972, 34, 3153; W. C. Vasudeva,
M. I. Taha, and S. Wasif, ibid., p. 3159.
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The mechanisms of decomposition of peroxomono-sulphates and -phos-
phates in alkaline media have been investigated,2®® the rates being first-order
with respect to hydroxide ion and the peroxo-species. The reaction is con-
sidered to proceed via a one-electron transfer from the OH- to the peroxo-
anion,

0,5S002% + OH-—>S0;~ + [20-] + H*
20- + H,0 —> 10, + 20H-

10 Miscellaneous Redox Reactions

The reduction of iridium(rv) by ascorbic acid has been studied in 809,
acetone-water mixtures,?*! the rate being first-order with respect to each
reactant and inversely proportional to [H*]%. The reaction involves the forma-
tion of an ascorbate free radical, AH":
H,IrCly =— HIrClz + H*
H, A =—HA- + Ht
slow
HIrC; + HA-—> HIrCli™ + AH’
fast
HIrCls + HA*—> HIrCli~ + A + H*

Evidence has been presented for adduct formation in the oxidation of
certain olefinic compounds by thallium(i).?°2 Alkenols react with the oxidant
in a stoicheiometric ratio of 1 :1 and two types of behaviour have been
described depending on the reducing substrate. In the case of prop-1-en-3-ol,
pent-1-en-5-0l, and hex-1-en-6-0l, spectroscopic changes monitored using a
stopped-flow apparatus are consistent with two separate reactions: (@) an
oxythallation,

T 4+ CH,=CHR + H,0 —> [TIICH,—CH(R)OH}]*+ 4 H*

followed by (b) a de-metallation and formation of the oxidation products; e.g.
for pent-1-en-5-0l, reaction (b) may be represented as

H
O

[THUCH,CH(CH,),OH}>' —> TI'-----CH,C(CH,),OH

OH H

TI' + H* + CHa(”‘CHAZCHZCH'20H

100 Y, A. Lunenok-Burmakina and G. P. Aleeva, Zhur. fiz. Khim., 1972, 46, 2788.
201§ P. Mushran, M. C. Agrawal, and K. C. Gupta, Indian J. Chem., 1972, 10, 642.
202 J, E. Byrd and J. Halpern, J. Amer. Chem. Soc., 1973, 95, 2586.

203 P, Ablev J. E. Bvrd and J. Halvern J. Amer. Chem. Soc.. 1973, 95, 2591.
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For reactions of but-1-en-4-ol and pent-1-en-4-0l, however, no step (b) was
observed, the rates being second-order overall. In these reactions it would
appear that enhancement of reaction (b) is the result of neighbouring-group
participation to form a cyclic structure,

OH 2+
TUNCH,CHCH,CH,OH |7 —> | Tit---CH;~CH

OH HO CH,
\ /
CH,

/

T + H* + CH, —CH(OH)

) CH,
~cu;”

A similar situation exists in the hydroxymercuration and thallium(ur) oxida-
tion of cycloalkenes and cycloalkanes,?°? the rate laws showing strict second-
order behaviour for both metal ions, In the thallium(ir) reactions two pro-
ducts have been observed, a 1,2-diol and a ketone or aldehyde. Two-electron
coupling with TI'! trifluoroacetate has been shown to promote oxidative
phenol coupling.2°¢ The mechanism of oxidation of olefins by palladium(ir)
has been investigated.2° In the presence of PdCl, in aqueous media, the data
conform to the rate expression

—d[olefin] _ k;[PdCli"][oleﬁn]

ds [HH[CI?

Product studies on the oxidation of cyclohexene by a combination of PdCl,
and CuCl, in acetic acid show that in addition to cyclohex-2-en-1-ol and
cyclohex-3-en-1-0l acetates obtained in the absence of Cull, the saturated
disubstituted chloroacetate or diacetate derivatives are also observed. The
relative activities of tetra-, penta-, and hexa-chlororhodate(rr) complexes as
catalysts for the oxidation of ethylene to acetaldehyde in aqueous acid media
have been described, 2°® and in the presence of iron(mr) and other oxidants in
the same media the complex ion [RhCl;(H,0)}?- is considered to promote the
reaction.

The mechanism of redox isomerization of af-dichloro-bc-bis(pyridine)-de-
trimethyleneplatinum(rv) (5) to the platinum(m) complex of pyridinium

104 M. A. Schwartz, B. F. Rose, and B. Vishnuvajjala, J. Amer. Chem. Soc., 1973, 95, 612.
108 P, M. Henry, J. Amer. Chem. Soc., 1972, 94, 4437, 7305.
106 B, R, James and M. Kastner, Canad. J. Chem., 1972, 50, 1698, 1708.
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propylide (6) has been described.?*” Analogues of (5)containing 3- or 4-picoline
also give ylide species. On prolonged heating both (5) and (6) give trans-
[Pt (py).Cl;]. The reaction is considered to involve a rate-determining

{|/ /j
cl kN‘/ Cl
H.C /Tﬂ( —enEehes /CH—P(”—-py
CH,” | Py B
®) ©)

dissociation of a pyridine ligand to give a five-co-ordinate intermediate which
can recombine with pyridine to form (5) or rearrange by heterolytic
cleavage of a Pt—C bond to produce a complex which may be formulated in
two ways:

CH,—CH, Cl
cl / e/
CH, l ~CH, Pt—py
6 == HC \Pt—-py/ clrl
N\ /| N Cl
CH. 4 /
: CH, “Pt—py
e’ Nen” ]
CH, CH:

A concerted mechanism incorporating attack of a pyridine and a hydride shift
would then yield the product (6):

CH, Cl Et ¢
A4 y —> H L
Ha ¥ YUi=Tp —Ptl1—py
Nen N\ TS
% cl N Cl

X
Py i
Z

®

The rate of exchange of oxygen atoms between trans-dioxobis(ethylene-
diamine)rhenium(v) ion, [Re(en),0,]*, and solvent water has been measured
using 80-labelling techniques,2°® and is generally dependent on the nature of
the cation of the supporting electrolyte. When the ion is oxidized, a general
feature is the complete transfer of the trans-[O=Re=0] unit to the product
ReOj; ion.

17 R, D. Gillard and M. F. Pilbrow, J.C.S. Dalton, 1973, 102.
s0s T, B. Kriege and R. K. Murmann, J. Amer. Chem. Soc., 1972, 94, 4557.
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The reaction of tetracyanonickelate(in) with hydroxylamine in aqueous
media, 2°
[Ni(CN),]*~ + NH,OH + 310, + OH-—>

[Ni(CN))(NO)]*- + CN- + 2H,0
conforms to the rate expression
Rate = k[Ni(CN); ]INH,OH]J[OH-}®

the rate being increased by metal ions and inhibited by cyanide. The data may
be interpreted in terms of the mechanism

rapid
[Ni(CN)J*~ + NH;OH + 30H- =—[Ni(CN),(NO)]*~ + 3H,0 + CN-
K

[Ni(CN);(NO)]*~ + 40, + H,0 —> [Ni(CN);(NO)]>~ + 20H-

The importance of the redox nature of molybdenum centres in biological
systems has been recognized in several studies. Model systems for nitrogenase,
involving molybdate, catalytic amounts of iron(t), and cysteine, effect the
reduction of aliphatic nitriles to alkanes and ammonia in the presence of
sodium borohydride.?!® The reaction is accelerated by substrate concentra-
tions of ATP, the active species being considered to be mononuclear molyb-
denum-thiol complexes. The dinuclear molybdenum complex (7) formed by

CO,~

S 0 o N
\M/o/o\\ /

o
/N /1N
o N!.OH HoolHS

@)
hydrolysis from the di-oxo-bridged species has been shown to react fairly
rapidly with flavin mononucleotide,?!* the molybdenum(v) being oxidized to
MoVL, In the presence of excess cysteine, which suppresses a hydrolysis side-
reaction, the reaction at pH ~ 10 essentially goes to completion, and, in
contrast to previous work in acidic conditions, the kinetic data preclude the
possibility of MoV as the active intermediate and are compatible with a two-
electron transfer from the complex to the flavin. The importance of the
sulphur-containing ligands in the complex is reinforced by the observation that
a dimeric complex similar to that above in which the cysteine residues have
been replaced by OH, H,O, or (borate) buffer shows little or no reactivity
towards the flavin. The molybdenum(vi) oxidation of cyclic polyketones
containing five carbonyl groups has been investigated photometrically in acidic
media.?'? A one-electron reduction to MoV takes place and oxidation of the
organic group is limited to two electrons. The epoxidation of olefins, e.g.

208 J, Veprek-Siska and S. Lumak, Coll. Czech. Chem. Comm., 1972, 37, 3846.

2o G, N. Schrauzer, P. A. Doemeny, R. H. Frazier, and G. W. Kiefer, J. Amer. Chem. Soc.,
1972, 94, 7378.

m P, Kroneck and J. T. Spence, Inorg. Nuclear Chem. Letters, 1973, 9, 177.

s J F, Verchere and M.-B. Fleury, Bull. Soc. chim. France, 1972, 2611.
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cyclohexene, with alkyl hydroperoxides is catalysed by molybdenum(vi)
acetylacetone complexes,?!® and in the reaction of 2,3-dimethylbut-2-ene,
dimeric molybdenum species have been postulated as intermediates. The
mechanism of the photochemical reduction of octacyanomolybdate(v) ion in
aqueous solution has been reported, !4

rapid
[Mo(CN);]*~ —> [Mo(CN),(OH)]*~ —> [Mo(CN),O(OH)}*~
yellow blue
with the blue tetracyano-oxohydroxomolybdate(iv) complex ion as product.
The existence of cyanogen and other nitrogen-containing species as products
of the oxidation of CN~ has been confirmed but no O, or H,0O, was detected
after photolysis.

The rapid oxidation of hydroxide ion by the cation containing three
ruthenium atoms in non-integral oxidation states,?'%¢ [(H,N)Ru—O—
Ru(NH;),—O—Ru(NHj);]7+ (8), has been described, the corresponding 6+
cationic complex (9) being the product of the one-electron redox process. The
corresponding oxidant in which two ethylenediamine ligands replace the four
ammonias on the central ruthenium is reduced faster but the activation enthalpy
is similar.

A more recent study, however, has produced evidence for an intermediate in
this reaction.?'% The previous spectrophotometric measurements were made
at wavelengths of greatest absorbance difference between the reactant and
product ions, the main spectroscopic change being complete within a few
milliseconds. In the region of relatively low u.v. peaks, a second, slower change
is observed to follow the initial reaction, this second process having no effect
on the visible spectrum, suggesting that the intermediate has a spectrum in the
visible region similar to (9). The measurements made in this latter region
indicate that the reactive form of the intermediate (10) is that of a conjugate
acid, the reaction scheme being represented as (NH; ligands omitted for
clarity)

slow

HO- + [RuORuORu]’* —> [RuORu(OH)ORul** @
rapid
2[RuORu(OH)ORu}é+ —>
[RuORuORul®** + [Ru(OO)RuORu]*+ + H,0O
&) 10)
[Ru(OO)RuORu]* + H+—> [RuORu(OH)ORu]"*

10
(in acid) 2[RuORu(OH)ORu]"+ —>
[RuORuORul** + [RuORuORu]’** + $HO; + 1H-

rapid
4HO; —> 2H,0 + 30,

2 R. A. Sheldon, Rec. Trav. chim., 1973, 92, 367.

34 C. W. Gray and J. T. Spence, Inorg. Chem., 1971, 10, 2751.

218 (q) J. E. Earley and T. Fealey, Inorg. Chem., 1973, 12, 323; () J. E. Earley and H.
Razavi, Inorg. Nuclear Chem. Letters, 1973, 9, 331.
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The decomposition of the conjugate acid of the intermediate is dependent on
the acidity of the medium product. Studies have shown that after the initial
reaction has been allowed to take place, re-acidification in the presence of a
trace of catalyst yields a mixture of (9) with some 25 of (8) even though the
spectrum of (8) had been destroyed by the initial addition of base, whereas
in basic media only the product (9) is generated:

2[RUORu(OH)ORu]™ —> 2[RuUORUORU]** + 2H* + O,
®

In the initial reaction (i), the nucleophilic attack of the base takes place at the
central ruthenium atom of (8), the facile oxidation being favoured by (2) non-
labile, non-acidic ligands occupying all the co-ordination sites on the ruthenium
atoms and so preventing an inner-sphere binding of the OH~ and () the
tendency of the ruthenium to assume a co-ordination number of seven
utilizing low-lying antibonding orbitals of the metal cluster to accept electrons
from the nucleophile. The presence of vicinal oxygens would allow for
formation of the dioxygen ligand with its attendant enhancement of the
stability of the intermediate.

The rates of hydrolysis of monomeric ruthenium(m) chloride complexes
which are generated electrochemically have been reported 21¢ and are much
more rapid than those observed for the corresponding ruthenium(iir) species.
It is suggested that Ru! chloride complexes may exist as unstable intermediates
when the ruthenium(r) species are reduced. Ruthenium(ir) dimethyl sulphoxide
complexes have been shown to be the products of refluxing the hydrated
ruthenium(tm) chloride with DMSO.2!7 The use of ruthenium tetroxide as an
oxidant has also been described.?!® In the oxidation of tetrahydrofuran in
aqueous perchloric acid, an inverse hydrogen-ion dependence is observed, the
proposed mechanism involving hydride abstraction with recombination to
yield an ester. A scheme consistent with isotope-labelling data may be
represented as

H -0, O
( )< + RuO, —tlow, OJ'\ + “rZ
O H O H HO/ A

(0]
lra pid

O /O
\ ——— /
Z A~=0 + H,RuQ,; =<— (>< Ru
G ) o” “H.y Tom

In the corresponding reaction with propan-2-ol, however, a five-electron

#1¢ P E. Dumas and E. E. Mercer, Inorg. Chem., 1972, 11, 531.
7 ], P. Evans, A. Spencer, and G. Wilkinson, J.C.S. Dalton, 1973, 204.
#8 D, G. Lee and M. Van den Engh, Canad. J. Chem., 1972, 50, 2000, 3129.
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change is observed,

OH
m* 1
5MeCHMe + 2RuO, —> 5MeCMe + 2Ru?*
H.0

the reduced ruthenium ion being characterized spectrophotometrically.
A hydride-abstraction mechanism is considered to be operative.

The oxidation of titanium(ui) chloride by chlorinated alkyl cyanides has
been shown 22? to result in the formation of TilV—chloroalkyl cyanide species,
the mechanism suggested involving the transfer of a chlorine atom from the
co-ordinated alkyl cyanide to the metal followed by loss of a CCl,CN group.
A comparative spectro-electrochemical, stopped-flow kinetic, and polaro-
graphic study has been made on the Ti''-hydroxylamine reaction.2?® The
rate has been shown to be dependent on pH, and in the presence of ~0.2M-
oxalic acid (H,0x) the proposed reaction scheme may be expressed as

x

Ti™' + NH,OHt+—> TilV + H,0 + NH;
rapid

NH; + H,ox —> NH,; + products

the oxalic acid acting as a scavenger for the amino-radicals.

The silver(t) oxidations of hydroxylamine and O-methylhydroxylamine
have been investigated in perchloric acid media 22! (1.03—5.83 mol 17%). In the
presence of excess oxidant, the reaction products from NH;OH* and
NH,OCH{ are NO; and NOj + CO,, respectively. In the hydroxylamine
reaction, no dependence of the rate on either Ag! or ionic strength is observed.
Both reactions show inverse dependences on the hydrogen-ion concentrations,
the effect arising from differences in the reactivities of the Ag?*+ and AgOH*
ions. The overall kinetics conform to a second-order rate law, the mechanism
for the oxidation of hydroxylamine being described by the scheme

ko
Ag?* + NHOH*—> Ag+* + NH,O' + 2H*

Ey
AgOH* + NH,OH*—> Ag* + NH,0" + H;0*
fast
2H,0 + 5Agl + NH,0'—> 5Ag* + NO; + 6Hf

Evidence that the radical produced derives from the loss of the hydroxyl and
not the amine hydrogen may be found from a consideration of the results for
O-methylhydroxylamine. If the first step in both compounds involved the loss
of the amine protons, the rates would be expected to be similar, whereas that

19 G, W. Fowles, K. C. Moss, D. A. Rice, and N. Rolfe, J. C. S. Dalton, 1972, 915.
120 M. Petek, T. E. Neal, R. L. McNeely, and R. W. Murray, Analyt. Chem., 1973, 45, 32.
311 D, S. Honig, K. Kustin, and J. F. Martin, Inorg. Chem., 1972, 11, 1895.
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for NH;OH+ is more than an order of magnitude greater than that for the
NH,OMe reaction. In the latter case, the mechanism involves processes of the
type shown (Ag! = Ag?** or AgOH):

Agll + NH;OMet—> Agt + '"NHOMe + 2H*t
fast
‘NHOMe + Agll—> Ag! + [Intermediate]

nH,O + [Intermediate] + 10AgT —> NO; + CO, + 10Ag+t + xH*

In both reactions it is evident that AgOH* is a more reactive species toward the
substrates than Ag?+; however, both species may be reacting via direct electron
transfer. Pathways in which AgII might be considered a reactive species are
excluded since a second-order dependence on [Ag!] and an inverse first-order
dependence on [Ag!] would be predicted in this situation. The use of silver(ir)
as a reagent for oxidative cleavage of hydroquinone ethers has been reported. 222
In the apparently homogeneous reaction between Ag! and chloro-amines,?23 in
the presence of base, the rate is probably promoted by a trace of silver metal
and is sensitive to oxygen.

The kinetics of the reduction of gold(ur) by thiomorpholine (L) have been
investigated in 50/50 v/v ethanol-water mixtures in the presence of halide
ions,?2¢ the mechanism involving reactive hydrolysed anionic forms of the
oxidant,

AuX; + H,0 =—[AuX;OH"] + H* + X~

rapid
[AuX;OH] + L—>[AuX;L] + OH~-

rapid
[AuX;L] + H,0 —> [AuX,(OH)L] + H+* + X~
[AuX,(OH)L] + L—> AuXL + LO + H* + X-
All the complexes are sulphur-bonded to the metal and the mechanism
proposed is not too different from that for the corresponding reaction of
[PATVCl,)%-.
A kinetic investigation has been made of the oxidation of formic acid by
neptunium(vii) in aqueous perchlorate solutions:22%
2NpVH + HCO,H —> 2NpV! + 2H* + CO,
The data are consistent with a rate law of the form
—d[NpVH}/dt = {k; + ky/[H*}NpVI[HCO,H]

Deuterium isotope effects have been studied using D,0, HCO,D, and DCO,H,
and the mechanism is considered to involve either successive one-electron steps

322 C, D. Snyder and H. Rapoport, J. Amer. Chem. Soc., 1972, 94, 227.

23 O, E. Edwards, D. Vocelle, and J. W. ApSimon, Canad. J. Chem., 1972, 50, 1167.
#2¢ D, De Filippo, F. Devillanova, and C. Preti, Inorg. Chim. Acta, 1971, 5, 103.

228 M. Thompson and J. C. Sullivan, Inorg. Chem., 1972, 11, 1707.
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or the sequence

NpVil + HCO,H —> NpV + CO, + 2H*
rapid
NpVIL + NpV—> 2NpV!

Evidence for the origin of the hydrogen-ion term deriving from the acid dis-
sociation of the HCO,H species is supported by the observation that whereas
the k, term shows no isotope effects, the k, term shows a ratio ki /k? =
4.2 + 0.5,a value comparable in magnitude to the ratio (2.9) of the respective
ionization constants.

11 Metal-ion Reductants

The kinetics and mechanism of the reduction of hydrazoic acid by
chromium(1r) and vanadium(ir) have been reported,2® both reactions yielding
1 mole each of nitrogen and [Cr(NH,)]** per two moles of reductant con-
sumed. No hydrogen-ion dependence of the rates was observed over the range
[H*] = 0.1—1.0 mol 171, the overall kinetics being second-order,

—d[HN,)/d7r = A [MUHN,]

Since hydrazoic acid is a two-electron oxidant, the rate behaviour requires an
intermediate oxidation state of one of the reactants, and in the case of Cr!!
there is evidence for preliminary formation of a Cr—N bond; a possible
mechanism involves an oxidation to a CrlV state with subsequent reaction
with a second mole of reductant, e.g.

H
Crl + HN,; —> [CrN-N,J**

[CrN'gz]“ + HY —> [CrNH,]?* + N,
[CrNH,]**+ + Crlf —> [Cr,NH,]**
[CPNHLP* 4+ Cr! + H+Y —> [CrNHPPT + Cr®f
[CtNH, 3+ + Cl- + H —> [CrNHP + CI
Cr 4+ CI'—> CrClI**

This scheme is consistent with the fact that one mole of [Cr(NH)]** is
produced per mole of Cr3+, that small amounts of a dimeric species are
formed, and with the observation that CrCI?* is produced in the presence of
chloride ion even at fairly low concentrations. The mechanism of the
vanadium(i) reaction is not as readily described, the results being compatible
with either an inner-sphere or an outer-sphere pathway. The spectrum of an
intermediate complex formed in the chromium(u) reduction of isonicotinic
acid has been described, the initial stage of the reaction involving partial

2 R. G. Linck, Inorg. Chem., 1972, 11, 61.
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electron transfer from the reductant to the organic acid.??? The reduction of
t-butyl peroxide by Crl! results in the formation of an alcohol radical which
may react with a second mole of reductant to yield the methylpenta-aquo-
chromium(mr) cation, 228

ButOOH + Cr?*t—> ButO' + Cr3+ + OH-
ButQ® + Cr?t—>acetone + [Cr(H,0);Me]**
ButO* + Cr?* + H,O0—> Bu'OH + Cr3* + OH-

in a pathway which competes with the major reaction in which the alcohol is
produced. The cation formed is not stable at room temperature and de-
composes to methane. The reaction of chromium(ir) with cephalosporic acids
has been reported,??® the interaction of a carbonium ion with the reducing
centre being considered a possible reaction pathway.

The rapid reaction of the aquopenta-ammineruthenium() cation with
hydrazoic acid yields NH,, N,, and ruthenium(ir) complexes, 2% the ammonia
produced being co-ordinated to the oxidized metal centre with the formation
of [Ru(NH;)¢]*+ {compare the corresponding reaction with [Cr(H,0)¢]*F,
ref. 225}. One mole of nitrogen is produced per mole of azide ion and the
mechanism is considered to involve the co-ordination of the hydrazoic acid
into the labile co-ordination sphere of the [Ru(NH,);(H,0)]?+ ion:

[(HsN)sRu(OHp)** + HN; —> [(H;N);Ru(N;H)]** + H.O
[(H;N)sRu(N;H)]>* —> [(H;N);RulYNH]** + N,
[(HsN);RulVNH]*+ + H+ —> [(H;N);RulV(NH,)]**

rapid

[(HN)RUVINHQI + [Ru(NHy) ]2 —>

[Ru(NHy)e}** + [Ru(NH;)s(H,0)]**

The ruthenium complex {[Ru(NH,);NH]?** is not considered to be a nitrene
complex but rather a species where an imido-group is co-ordinated. The
mechanism accounts for the fact that no free ammonia was observed, so that
N—N bond cleavage must have occurred after the Ru—N bond was formed.

The reduction of alkyl halides by iron(ir) porphyrins and heme proteins has
been investigated, 23! with three general transformations taking place, either
(a) coupling, (b) hydrogenolysis, or (c) elimination of vicinal halides

227 D, Katakis and E. Vrachnou-Astra, Chim. Chron., 1972, 38, 210 (Chem. Abs., 1973, 78,
48 450j).

*28 M. Ardon, K. Woolmington, and A. Pernick, Inorg. Chem., 1971, 10, 2812.

320 M. Ochiai, O. Aki, A. Morimoto, T. Okada, and H. Shimadzu, J.C.S. Chem. Comm.,
1972, 800.

20 p, S, Sheridan and F. Basolo, Inorg. Chem., 1972, 11, 2721.

1 R. S. Wade and G. E. Castro, J. Amer. Chem. Soc., 1973, 95, 226, 231.
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(FellH = heme):

(a) 2RX + 2FellH —> 2Fel"HX + R,

(b) RX + 2Fe'"H + H* — FellHX + Fell'H + RH

| -
© ——C—-(fm + 2Fe"H —> 2FeHX + >c=c\
X X

The kinetic data are consistent with a mechanism in which a cleavage to
radicals (—=FeIHX + R)is the rate-determining process, the reaction in this
regard being somewhat similar to the reduction of organic halides by CrI, with
some inner-sphere character. The rapid oxidation of haemoglobin and myo-
globin by bromomalononitrile, whereas cytochrome c is inert, is consistent
with this proposal since the globins are characterized by a protein conforma-
tion which allows easy access to one of the axial positions on the iron whereas
in the cytochrome the heme is enveloped in such a manner as to block off the
axial ligands. In the reactions of bis(dioximinato)cobalt(i) complexes with
organic halides, 232

2[Co"(dmgH),B] + RX —> [RCo(dmgH),B] + [XCo(dmgH),B]
where dmgH, = dimethylglyoxime and RX = benzyl halide, the rates are
markedly dependent on the phosphine group, B. For the sterically hindered
ligand P(cyclo-C¢H,,); the rate is ~ 3 x 102 times slower than for the reaction
where B = PMe,. A free-radical mechanism similar to that described above is
proposed, and marked increases in activity in the sequence RCl<RBr<RI
have been observed. The fact that the presence of electron-withdrawing sub-
stituents on the group B enhances the rate is considered to confirm the sug-
gestion that the reactivity of cobalt(ir) complexes of this type is strongly
influenced by the axial ligands. The reaction of iron(ir)-salen complexes with
organic nitro-compounds and halides leads to deoxygenation and dehalogena-
tion; 232
Fell salen + PhNO, —> Fe(salen),O + PhN(O)=NPh

The redox reactions of cobalt cyanide complexes with borohydide ion have
been reported, 23 the reactive species in the reduction of [Co(CN);]*~ being the
hydrolysed ion BH;OH~. The overall reaction is rapid (k~10%1 mol-*s-?%)
and is controlled by the formation of the hydrolysed species.

In the reaction of sulphur dicyanide with thiocyanate ion 2% the species
(SCN), is produced as an intermediate,

S(CN), + SCN- + H,O0*—> (SCN), + HCN + H,0

232 J, Halpern and P. F. Phelan, J. Amer. Chem. Soc., 1972, 94, 1881.

283 C. Floriani and G. Fachinetti, J.C.S. Chem. Comm., 1973, 17.

234 J, Hanzlik and A. A. Vicek, Coll. Czech. Chem. Comm., 1972, 37, 693.
235 D, F. Kerr and I. R. Wilson, J.C.S. Dalton, 1973, 459.
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the rate being first-order with respect to S(CN), and conforming to the rate law
kovs = k; + ky[SCN-]
in the presence of excess thiocyanate at constant [H*] and [HCN]. The
products of decomposition of the (SCN), are SCN-, HCN, H*, SO}, and
HOCN, and are consistent with the several reaction pathways. The dis-
proportionation of dithionate ion,
H* + ~048—S03 —> SO, + HSO;

has been shown 2?¢ to be catalysed by hydrogen ions at high temperatures.
The rate constant is a function of acidity but temperature-dependence studies
show the Arrhenius plots to be curved.

12 Pulse Radiolysis and Flash Photolysis Studies
Quantitative data for this section are collected in Table 2.

Table 2 Rate constants derived from pulse radiolysis and flash photolysis studies

AH*|  AS*/
kg5 °c/ kcal cal deg?

Reaction Imol-*s~* I/moll-* mol-? mol-? Ref.
Fe?** + OH’ 2.3x108 0.1 <1 — 238a
Fe** 4+ OD- 9.4x 107 0.1 <1 — 2382
[Fe(CN)¢}+- + OD- 9.8x10° 0.1 — — 238
Fe** + Br, 3.6x10° 0.2 25.5 —42 241
Fe** + Cl; 4.0%x 108 0.2 31.5 —21 241%
Fe*+ + CI; 1.0x107 0.2 22.7 —42 241¢
OH" + N,H, 1.4x 10 — — — 245
OH' + N,H{ 1x10° — — — 245
NoH; + NH; 1.2x10° — — — 245
e~ + PNBPA 8 x 1010 — — — 2464
CO; + PNBPA 1.9x 10 — — — 2464
e~ + HgCl, 4x 101 — — — 250
H' + HgCl, 1x 10 — — — 250
HgCl + HgCl 4% 10° — — — 250
Cr* + CH,CO,H 2.5x10% 0.1—-1.0 —_ — 254
Cr*+ + CH,0H 1.6x108 0.1—-1.0 — — 254
Cr** + MeCHOH 7.9%107 0.1—1.0 — —_— 254
Cr?+ 4+ MeC,0H 5.1x107 0.1—1.0 — — 254
Cr?* + Me,CHOEt 3.4x107 0.1—-1.0 — — 254

¢ No temperature dependence noted in the range 17—67 °C. ? Inuer-sphere reaction.
¢ Quter-sphere reaction. ¢ Complex = p-nitrobenzoatopenta-amminecobalt(iir).

A review of reactions of the solvated electron has recently been published.?3”
The oxidation of iron(m) by hydrolysed radicals has been investigated by pulse

s W, Y. W. Lew and R. E. Powell, Inorg. Chem., 1973, 12, 957.
37 F_ S. Dainton, ‘Chemical Kinetics’, Physical Chemistry, Vol. 9, M.T.P. International
Review of Science, Butterworths, London, 1972.
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radiolysis, 228 the rate of reaction of ‘OH being ~ 2.5 times greater than that
involving "OD radical. The reaction is seen to be a simple electron transfer, the
isotope effect being due to differences in the energies of hydration. In the case
of the corresponding reaction with [Fe(CN),]¢-, the rate data in D,O and H,O
are identical, and in this case, since there is no hydrogen-atom abstraction and
no water molecules are present in the inner co-ordination sphere of the
iron(m), hydration effects are considered to be less important. The nature of
the hydroperoxyl radical in aqueous media has been discussed 23® together
with methods for its preparation. Complexation with various metal ions (Ce!!,
TilV, VV) has been confirmed from e.s.r. measurements. The reactions of this
radical with iron(ir) have been investigated,24® the initial product being an
outer-sphere hydroperoxo-complex which subsequently reacts with a second
iron(m) ion in a fast reversible process to yield a dinuclear bridged species,
slower secondary dissociations of both complexes being observed. It is of

Fe*' + HOy —> Fe' ‘HO,™

Fe**+HO; + Fe?* == [Fe*"HO, -Fe*’]

lka l"ﬂ
Fe*t + HO,~ Fe** + Fe®* -HO,”

interest that although the activation energy for the initial reaction is 10 + 1
kcal mol~1, no variation of rate with temperature was observed for the
reaction of Fe?* with "OH radicals. The oxidation of iron(ir) by the halogen
radical ions Brz and Cl;, generated by flash photolysis, has been studied, 24!
the reaction product in the case of Brz being the complex FeBr2+, When de-
aerated solutions of Fe!l, H*, and Br— were photolysed, an initial increase in
absorbance was observed (corresponding to the formation of Brz ion),
followed by a slower decrease in which two reactions are considered to take
place, the second of which is attributed to the dissociation of the FeBr2*
complex. In the reaction with chloride ion, however, the absorbance changes
are markedly different, and after formation of the intermediate two reactions
are important:

Fe** + Clz —> FeCl** + CI-
Fe** 4+ Clz —> Fe); + 2CI-

The mechanism in the bromine anion reaction is considered to involve an
inner-sphere substitution-controlled process whereas in the chlorine system

28 G. G. Jayson, B. J. Parsons, and A. J. Swallow, J.C.S. Faraday I, 1972, 68, 2053.
239 G, Czapski, Israel J. Chem., 1972, 10, 987.

240 G, G. Jayson, B. J. Parsons, and A. J. Swallow, J.C.S. Faraday I, 1973, 69, 236.
21 A, T, Thornton and G. S. Laurence, J.C.S. Dalton, 1973, 804.
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the two paths represented above correspond to inner- and outer-sphere reac-
tions. The kinetic parameters for the inner- and outer-sphere reactions are not
very different but the activation enthalpy for the latter reaction is lower,
reflecting the lower reorganizational energy requirements involved in this
pathway.

The oxidation of bromide ions by ‘OH has been investigated.?42. 243 The
formation of the Br; radical anion as an intermediate is postulated, a mechan-
ism consistent with the data being represented by the following scheme:243

Br- + 'OH = BrOH-
BrOH-—> Br’ + OH-
BrOH- + H+—> H,0 + Br’
BrOH- + Br-—> OH~- + Br;
Br- + Br'—> Br;

Br; + Br'—>Br;

Rate constants for the reactions of Cl; with charged and neutral surfactants
have also been derived.24*

In the one-electron oxidation of hydrazine 243 with hydroxyl radicals, the
reaction rates are dependent on the state of protonation of the molecule,

k
‘OH + N,H,— 'N,H, + H,0

the rate for the reaction of the protonated ion N,HF being a factor of ~14
slower than for the reaction shown. The u.v. spectrum of the hydrazyl radical
formed has been derived, the mode of its decay being a second-order process to
yield tetrazane, N,H,. Evidence has also been presented for the formation of
N;H;, which is one of the products of the unimolecular decomposition of
tetrazane.

A transient species has been detected in the reaction of the solvated electron
with cobalt(m) penta-ammine complexes. 24¢ In the reaction of ;4 (or CO3) with
[(7-O,NCH,CO,)Co(NH,);]2* (PNBPA) an intermediate is observed
(PNBPA-) in which the electron transferred is localized on the co-ordinated
p-nitrobenzoato-ligand. This species then decays in a ligand-metal intra-
molecular electron transfer with the formation of cobalt(m):

(O:NC¢H,CO,)Co'™{(NH,;); —> Co* + O,NCH,CO; + 5NH;

In the reductions of [Co(bipy),]*+ and [Co!!(terpy),]** with e3,, transients
are also observed,?*” which are also considered as radical anions of the

42 D. Behar, J. Phys. Chem., 1972, 76, 1815.

22 D, Zehavi and J. Rabani, J. Phys. Chem., 1972, 76, 312.

2¢ J. H. Fendler, E. J. Fendler, G. Bogan, L. K. Patterson, and K. M. Bansal, J.C.S.
Chem. Comm., 1972, 14.

28 E. Hayon and M. Simic, J. Amer. Chem. Soc., 1972, 94, 42.

2 M. Z. Hoffman and M. Simic, J. Amer. Chem. Soc., 1972, 94, 1757.

#® J. H. Baxendale and M. Fiti, J.C.S. Dalton, 1972, 1995.
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pyridyl ligands rather than excited spin states of the metal ion. The products
are the corresponding cobalt(i) species. The intermediate formed has also
been shown to react with oxygen and [Cr(CN),]*~ but not with Zn*+, Aspects
of the reactions of the pentacyanocobaltate(r) ion [Co(CN);]¢~, generated
from [Co(CN);]*~ and the solvated electron, have recently been reviewed. 248
The reductions of cobalt(ur) and ruthenium(ir) hexa-ammine complexes by
aliphatic radicals have been investigated.24® Radicals on the carbon atom « to
an HO or H,N group are considered stronger reductants than those on a
carbon « relative to a carboxylic acid or amide group. Outer-sphere mechan-
isms of reaction are proposed, the order of reactivity of the radicals in the case
of the [Ru(NHj)e** system being ‘CH,OH>MeCHOH >Me,COH >
MeC(OH)COO- > MeC(0)C(0-)Me, although the reverse order holds for
reactions with [Co(NH;)¢}*+ and CuZj. The reduction of mercuric chloride by
hydrated electrons and reducing radicals has been reported,?5® the first step
being a dissociative electron capture to yield Cl- and HgCl. The reaction of
HgCl with oxygen has been studied kinetically, as has its rate of dimerization
to Hg,Cl,.

Pulse radiolysis techniques have been used to confirm that in the oxidized
form of the [Ni(dimethylglyoxime),]+ complex produced on reaction with NH3
radicals the metal ion is in the +3 and not the +4 oxidation state.25! The
corresponding ammoniacal nickel(r) complexes have been generated in a
similar manner252 and the absorption spectra of these unstable species
measured. In the case of the ethylenediamine species, the rate of decay of the
complex is governed by a second-order rate law, the products being mainly
NH,; and NH,CH,CHO. No evidence for nickel(tv) was obtained in these
studies. Tervalent nickel was also confirmed as an unstable reaction product in
the reaction of Ni*+ with N,0.2%% The reactions with Co* and Cd* have also
been investigated. The reactions are considered to take place with oxygen-
atom transfer:

M+ + N,O—* N, + MO+

the order of reactivity being Co* > Zn* > Ni* > Cd*. The precise nature of the
hyperoxidized metal-ion complexes is not known but chain-kinetic experi-
ments tend to indicate two forms MO+ and MO(OH), the second of which
may result from hydrolysis of the former.

The formation of chromium-carbon o-bonds in aqueous media has been
investigated,?5¢ the specific rates of reaction of chromium(ir) with aliphatic
radicals being measured. Pulse radiolysis of solutions of CrII and organic
molecules generates "OH and H' radicals which react with the organic species

¢ J. Halpern, G. Guastalla, and J. Bercaw, Coordination Chem. Rev., 1972, 8, 167.

2% H. Cohen and D. Meyerstein, J. Amer. Chem. Soc., 1972, 94, 6944,

#¢ N, B. Nazhat and K.-D. Asmus, J. Phys. Chem., 1973, 71, 614.

51 J, Lati and D. Meyerstein, Israel J. Chem., 1972, 10, 735.

22 J, Lati and D. Meyerstein, Inorg. Chem., 1972, 11, 2393, 2397.

#3 @G. V. Buxton, F. S. Dainton, and D. R. McCracken, J.C.S. Faraday I, 1973, 69, 243.
#s¢ H. Cohen and D. Meyerstein, J.C.S. Chem. Comm., 1972, 320.
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to yield radicals. A correlation of reaction rates of these transients with Cr!!
has been made in that the order of reactivity "CH,CO,H >°*CH,OH >
MeCHOH > (Me),COH > MeCHOE:t is in agreement with the order of spin
densities of the unpaired electron on the « carbon atom, calculated from hyper-
fine splitting constants obtained from e.s.r. measurements. The second-order
rate constants vary by about an order of magnitude, and one of the major
factors influencing the rate is the probability of localizing the unpaired
electron on a given carbon atom and the nature of its orbital, the differences in
rate being too large to be explained solely in terms of steric hindrance.

The effects of solvent on the reactivity of the solvated electron have been
discussed.?5® The rates of reaction of €, with various compounds have been
measured in liquid 2-methyltetrahydrofuran, and a comparison with data in
other solvents suggests that neither a Hammett-type correlation of rate con-
stants with substituent constants, o, nor the correlation with electron absorp-
tion coefficients in the gas phase can be used to describe the reactivity of these
solutes towards the electron in solution.

The reaction of hydrogen atoms with glutathione disulphide (RSSR) has
been investigated 25¢ and the spectrum of the RS radical obtained. Rates of
reaction of RSSR with electrons are a factor of four slower than for the H'
atom, leading to the formation of the RSSR™ radical anion. The rates of
reaction of hydrated electrons with other thiol-containing compounds in
solution show the rate constants to be strongly dependent on the acid-base
properties of the thiol species, the rates decreasing on deprotonation of both
the amino- and mercapto-groups.?®?

255 J, Teply and I. Janovsky, Chem. Phys. Letters, 1972, 17, 373.
8 A, Shafferman, Israel J. Chem., 1972, 10, 725.
337 M. Z. Hoffman and E. Hayon, J. Phys. Chem., 1973, 77, 990.
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Reactions involving Oxygen and Hydrogen
Peroxide

BY A. McAULEY

1 Cobalt(it) Complexes

The mechanism of formation of oxygenated adducts of cobalt(ir) and of the
oxidized products continues to receive considerable attention. The oxygen
complexes of triethylenetetraminecobalt(i) have been described.?5® Potentio-
metric measurements and oxygen-absorption studies indicate that in the pH
range 4—38 the product formed is a dinuclear species, and that an acid-base
equilibrium is established at a rate lower than for oxygen uptake. The oxy-
genated species at pH 9 is destroyed on addition of acid, molecular oxygen
being released in the reversible system. It is considered that the species formed
under the conditions employed are labile cobalt(ii) complexes with the
dinegative O?~ ion co-ordinated. Evidence in support of the increase in oxida-
tion state of the metal centres is given from the observation that addition of
base to the oxygenated species leads to hydrolysis of one of the co-ordinated
water molecules, behaviour which would not be expected in the pH range
studied for the corresponding cobalt(ir) complexes. The reaction mechanism
may be illustrated by Scheme 1, in which L = triethylenetetramine.

Co** + LHu"* === CoL* + nH*
2Col?* + O, == [LCo"---0;---ColIL]4+

[LColt O, CowiL]+ ==is [LCollI--- () ,2----ColIL ]+

OH N,V
/}/O-f()\ 3+

LCofu\ “ComL
OH

Scheme 1

The slower formation of the u-hydroxo-u-peroxo complex ion is the pre-
dominant step at high pH’s and leads to irreversibility in the exchange of the

238 R, Nakon and A. E. Martell, J. Amer. Chem. Soc., 1972, 94, 3026.
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oxygen. A similar reaction scheme is considered to describe the reaction of
cobalt(m) with NNN"”N "-diglycylethylenediaminetetra-acetate,?® where the
bonding in the oxygenated species is again thought to involve Co™, Two
protons are observed to be released per mole of ligand on reaction, indicating
ionization of the amide nitrogens with formation of a complex of composition
[Co,0.(H_,L),]8~. The species is remarkably stable with respect to irreversi-
bility of oxygenation and may be a model system for further study of cobalt(ir)
peptide reactions of this type. In the corresponding reactions of cobalt(m)-
polyamines where there is insufficient ligand present or where the chelating
agent has too few donor sites, u-hydroxo-bridged species are formed.2% The
species are again viewed as cobalt(i) peroxo-bridged complexes. A rapid
auto-oxidation reaction has been observed in solutions where cobali(ir),
tetraethylenepentamine, and ascorbic acid are mixed. The rate of reaction is
attributed to the formation of a mixed-ligand complex where after oxygenation
it is possible for the electron transfer to take place directly from the ascorbic
acid to the cobalt(u) centres. Oxygen uptake in aqueous solutions of cobalt(ir)
and ethylenediamine is at a maximum when the relative concentration ratios
are 1 : 3.2%1 The reaction products, however, which have been isolated by
addition of alcohol to the reaction media, show varying stoicheiometries.
Calorimetric studies of the oxygenation of ethylenediamine and histidine
complexes show that the reactions are characterized by large negative heat and
entropy changes.?¢? Dinuclear complexes of polyamine ligands where O, is a
bridging group have been prepared 252 and are found to liberate oxygen spon-
taneously in acidic solutions. The aerial oxidation of 1,2,4-trimethylbenzene in
the presence of cobalt(ir) picolinate has been described,?®4 a mixture of
substituted benzoic and terephthalic acids being produced. The kinetics of the
oxidation reaction of mesitylene by cobalt(i) complexes are not simple, a
rapid initial uptake of oxygen being observed.

The thermodynamics of reaction of molecular oxygen with five- and six-co-
ordinate amine complexes of «,fB,y,d-tetra-(p-methoxyphenyl)porphinato-
cobalt(n) in toluene have been investigated.?%® In the absence of oxygen, the
differences in thermodynamic stability of the five-co-ordinate complexes with
amines may derive in part from extra stabilization of the cobalt-nitrogen bond
arising from involvement of the n* orbitals of the aromatic amines in some
degree of 7 back-bonding. In the reactions of these five-co-ordinate complexes
with O,, the negative heat and entropy effects identified for the simple amine
complexes are again observed, but no apparent relationship between the dis-
sociation constant of the conjugate acid of the amine and AG or AS has been

2% R. Nakon and A. E. Martell, Inorg. Chem., 1972, 11, 1002,

250 R. Nakon and A. E. Martell, J. Inorg. Nuclear Chem., 1972, 34, 1365.

21 P, Bijl and G. De Vries, J.C.S. Dalton, 1972, 303.

202 H. K. J. Powell and G. H. Nancollas, J. Amer. Chem. Soc., 1972, 94, 2664.

83 M., Zehnder and S. Fallab, Helv. Chim. Acta, 1972, 55, 1691.

26¢ A, D. Stefanova, D. I. Dimitrov, and L. K. Jankov, Monatsh., 1972, 103, 1011; A. D.
Stefanova, L. K. Jankov, and D. 1. Dimitrov, ibid., p. 786.

=5 F., A. Walker, J. Amer. Chem. Soc., 1973, 95, 1150, 1154.
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found. Similar studies have been made at low temperatures on the cor-
responding reaction of the protoporphyrin(IX) dimethyl ester complexes, using
pyridine and imidazole ligands as bases.?%® Kinetic studies have been made on
these reactions,?®” where the formation of the peroxo-bridged species con-
forms to a rate law which is first-order with respect to cobalt and oxygen. The
order in amine (A) varies with increasing concentration, the rate-determining
step involving a slow rearrangement of the 1 :1 oxygenated complex
(CoP = porphyrin complex):

CoP + A“— ACoP
ACoP + O, == ACoP(0O,)

slow

ACoP(0,;) —> ACoP(0y)*

fast
ACoP(0,) + ACoP —> ACoP(0,)PCoA

When imidazole ligands are present in the fifth co-ordinating position, the
rates are markedly increased compared with those for the other amines and
this may reflect some hydrogen-bonding between the co-ordinated oxygen and
the acidic proton on the imidazole ring.

Several papers have been published on the reactions of cobalt(i)-Schiff base
complexes. A correlation between electronic structure and the chemical
parameters of oxygenation has been described,?¢® the predominant single
factor which is controlled by the fifth (axial) ligand being the energy change in
the process Coll->Colll, The latter oxidation state is favoured if the d,. level of
cobalt(n) is raised, making this electronic configuration less stable. Several
optically active complexes of this type have been prepared?®® and their
reactivities with oxygen compared. Five-co-ordination is considered an essen-
tial feature for oxygenation but it is not always necessary to have a large con-
centration of the thermodynamically stable five-co-ordinate species in order
that oxygen is taken up at a reasonable rate. High reactivity in dimethyl-
formamide solutions is observed although not explained. Steric effects may be
important and related to two factors, the repulsive interaction of axial sub-
stituents of the diamine ring with the oxygen molecules approaching the metal
centre and also the repulsive interaction with the axial base donor which is
then maintained at a distance from the cobalt atom greater than would be
observed in other complexes of this type. The structure of the oxygen complex
[Co(bzacn)(py)O,], where bzacn is NN’-bis(ethylene)bis(benzoylacetoinimide),
which provides configurational models for bonding in haemoglobin, has been

ze¢ H. C. Stynes and J. A. Ibers, J. Amer. Chem. Soc., 1972, 94, 1559.

27 D, V. Stynes, H. C. Stynes, J. A. Ibers, and B. R. James, J. Amer. Chem. Soc., 1973, 95,
1142.

*¢ E, I. Ochial, J. Inorg. Nuclear Chem., 1973, 35, 1727.

869 C, Busetto, F. Cariati, A. Fusi, M. Gulotti, F. Morazzoni, A. Pasini, R. Ugo, and V.
Valenti, J.C.S. Dalton, 1973, 754.
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reported.2”® An e.s.r. study of the cobalt(i)-salen complex 2?* has shown that
the reversible room-temperature oxygenation

2[Co(salen)] + O, “— [(salen)CoO.Co(salen)]

occurs in solvents in which the electronic configuration is (dzy)?(dzz)*(daz)?
(de2)'(dzs_ys:)* whereas no such reaction occurs at room temperature in
solvents such as dimethylformamide, where there are two electrons in the dz.
orbital and only one in the dyzy.

2 Iron(ir) Complexes

The effect of the structure of amino-acid ligands on the oxidation of iron(ir)
complexes in aqueous sulphate media has been investigated.?”* At 40 °C, the
rate of reaction of oxygen with 0.25M-iron(11) is accelerated more by f-amino-
acids than by «-amino-acids, the electron-transfer process being considered to
take place more readily in a six-membered than in a five-membered ring.
A high catalytic activity of histidine was observed, where the relative positions
of the amino- and carboxy-groups is seen to be an important factor. The order
of reactivity follows the sequence glycine < alanine < isoleucine < norleucine.
Studies on the oxidation of iron(ir) cyanates have been reported.??® Complete
oxidation to the iron(in) state takes place in methanol if the iron(11) : cyanate
concentration ratio is maintained at 1 : 3, the reaction product being bridged
dinuclear species. Chloride ion, however, retards the reaction. A review of the
factors involved in aerial oxidation of iron(m) in aqueous media has also been
published.?7¢

Tris(biacetylbismethylimine)iron(1) has been observed to undergo a free-
radical chain auto-oxidation in aqueous acidic (sulphate) media in the presence
of molecular oxygen.2?5 The rate of oxidation of the aliphatic di-imine ligands
is accelerated by iron(tir) but retarded by iron(in) ; the rate-determining process is
the attack by oxygen on the co-ordinated ligands, about four moles of O,
being absorbed. The presence of free radicals has been confirmed by the
polymerization of acrylonitrile added to the reaction mixture. A dependence of
rate on hydrogen-ion concentration has been described, decreasing acidity
causing a decrease in rate. Comparison of the data with those of the cor-
responding cyclohexane-1,2-dionebismethylimine complex, which reacts
faster, whereas the tris(glyoxalbismethylimine) complex does not react under
these conditions, suggests that oxidation occurs at the methyl (or methylene)
groups attached to the carbon atoms of the di-imine skeleton, without cleavage
of the metal-ligand bond or oxidation of the iron(ir).

170 G, A. Rodley and W. T. Robinson, Narure, 1972, 235, 438.

#1 E, I. Ochiai, J.C.S. Chem. Comm., 1972, 489.

#72 A, N. Astanina, A. P. Rudenko, and N. A. Kuznetsova, Zhur. fiz. Khim., 1972, 46, 369.

37 M. Quastlerova-Hvastijova, J. Kohout, and J. Gazo, Coll. Czech. Chem. Comm., 1972,
37, 2891.

#2¢ H, Tamura, K. Goto, and M. Nagayama, Shikizai Kyokaishi, 1972, 45, 629 (Chem. Abs.,
1973, 78, 62 710a).
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3 Other Metal Complexes

The oxidation of copper(r) by oxygen in the presence of chloride ions has been
studied potentiometrically,2?® the rate being a function of hydrogen-,
copper(1)-, and chloride-ion concentrations. In HCI-LiCl media the data are
consistent with the reaction scheme

[CuClJ>~ + O, ===[CuCl,-O)*~ + H,0

slow
[CuCls-O.)*~ + H* —> [CullCl,]Jtz-V~ + HO;

+8H*
3[CuClx)*~ + HO; —> 3[Cul'Cl,]*-V- + 2H,0

The rate-determining step is thought to involve the attack of a proton on the
oxygenated copper(1) species to yield the HO; radical. The reaction has also
been studied in 0.2—0.8M-HCI solutions,??? the rate being first-order with
respect to both Cu! and oxygen concentrations. Copper(i) ions retard the
rate, however, possibly owing to a chloro-bridged dinuclear complex between
the copper-(1) and -(r) oxidation states. The effect of copper() ions on the
enzymic activity of polyphenol oxidase has been suggested as a possible
analytical method for trace (10-% g1-') quantities of this ion in aqueous
solution.2?® Chemical bonding of the polyphenol oxidase to polyacrylamide
renders the enzyme insoluble and copper ions may then be removed. The result-
ing apoenzyme may be reactivated by incubation with 10—200 ng of copper
ions and the extent of reaction with catechol in the presence of oxygen is a
direct measure of the copper(ir) concentration in the enzyme.
The oxidation of [Ru(NH,),}?** by molecular oxygen,2?®

2[Ru(NH,)¢]** + O, + 2H+ — 2[Ru(NH,):]** + H,0,
takes place quantitatively, the data being consistent with a rate law
—d[0,]/dt = ARu(NH,);*][0,]

no hydrogen-ion dependence on the rate being observed over the range
1.0M-H*+*—pH 6.05. The first step in the corresponding reaction with
[Ru(en);]** takes place sufficiently rapidly that no side reactions arising from
oxidation of the ligand occur. These reactions are of interest in that whereas
most studies of this type involving transition-metal ions have dealt with inner-
sphere processes, it is clear that oxidation by molecular oxygen can take place
whilst the primary co-ordination sphere remains intact. The rate data do not

278 D, V. Sokol’skii, Y. A. Dorfman, and L. S. Ernestova, Zhur. fiz. Khim., 1972, 46, 1855.

277 T. Yano, T. Suetaka, and T. Umehara, Nippon Kagaku Kaishi, 1972, 11, 2194 (Chem.
Abs., 1973, 78, 34 391d).

278 J, V. Stone and A. Townshend, J.C.S. Dalton, 1973, 495.

220 J. R. Pladziewicz, T. J. Meyer, J. A. Broomhead, and H. Taube, Inorg. Chem., 1973, 12,
639.
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allow for distinction between two possible mechanisms (@) and (b):

[Ru(NH;)e12+ + O, == [Ru(NH,)¢]** + O3
+2H*
0: + [Ru(NHy)e** == H,0, + [Ru(NH,):]** (@)

rapid

[Ru(NHg)e]** + Op == [Ru'V(NHy)s0,]**

rapid
[RuNH.)eO5]* + [Ru(NH,)** —> ARu(NH) I + H,0, (8)

In (@) the equilibrium constant for the first reaction is ~10-% and in () the
formation of a ruthenium(tv) complex of co-ordination number seven is
postulated. The activation parameters for the reactions of both [Ru(INH,)¢]?*
and [Ru(en);]** have been measured and are very similar, being characterized
by moderate — AS* values. The secondary oxidation of [Ru(NH,)]*+ by H,0,
is a very slow reaction (see below), and in the conditions employed the authors
consider that the reaction observed was in fact a pathway involving catalysis
by iron salts. The oxidation of the trinuclear ruthenium complex
[RuORuORu]*+ by both O, and H,0, has been shown2!4? to be slow. The
acid-catalysed aquation of [(H;N);Ru(imid)]?+ (imid = imidazole) is about
500 times faster than that of the corresponding penta-ammine—pyridine
complex,?®® and although the major product is [(H;N);Ru(OH,)]*+, about
109; of the product ruthenium after aerial oxidation has been isolated as a
solid of composition [(H;N),Rul*(imid)Cl;]. The cation (1) in this complex is
considered to involve bonding of the ruthenium centre to the C-2 of the
imidazole ring. The 4,5-dimethyl analogue may be prepared directly from the

+

H H
H
N
(H;N)Ru—C |
I N
Cl H H

(D

reaction of [(HsIN);RuOH,]?* with a dimethylimidazole buffer at pH 5.5 in air.

The influence of complexing on the rate of oxidation of titanium(ur) by
molecular oxygen has been investigated in hydrochloric acid media.?8* Using
concentrations of reductant 0.05—0.4M in 1—8M-HCI, the reaction order
was unity with respect to [Til]], the rate passing through a maximum at
SM-H*, In solutions of 1—3M-HCI, the reactant species are believed to be
Ti®+ and Ti(OH)?*+ whereas under conditions of [Ci—-]=5 mol 1-%, chloro-
complexes are the reactive ions. In the reaction of the corresponding tris-
acetylacetonate complexes,?®? an intermediate has been detected using e.s.r.

*0 R, J. Sundberg, R. E. Shepherd, and H. Taube, J. Amer. Chem. Soc., 1972, 94, 6558.

1 D, P. Fel’dman and B. P. Matseevskii, Latv. P.S.R. Zinat. Akad. Vestis. khim. Ser.,
1972, 5, 558 (Chem. Abs., 1973, 78, 34 436x).

** G, Y.-S. Lo and C. H. Brubaker, jun., J. Inorg. Nuclear Chem., 1972, 34, 2375.
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techniques, the titanium(rv) species possibly having a structure of the type
[(acac),Ti—O—Ti(acac),].

N.m.r. relaxation rates of 2°°TI! in aqueous media show a marked depen-
dence on the presence of molecular oxygen,28* where a complex is considered
to be formed. The interaction may be due to the oxygen molecule penetrating
the loose solvation sphere of the thallium(r) to form a weak complex via the 6s
lone-pair electrons. E.s.r. studies?®* on the rhodium(r)-molecular oxygen
adduct formed in dimethylformamide containing chloride ions show the
presence of a paramagnetic species which may be described as a rhodium(m)—
superoxide complex. This observation is consistent with the proposed forma-
tion of Rh™ complexes in catalytic oxidations. Mixed-oxidation-state com-
plexes of amminedinitrogenosmium ions have been prepared 285 by the action
of heat on [(NH;);OsN;]?+ with cis-[(NH3),0s(N,),}2t followed by acidifica-
tion and oxidation by air. The designation of an intermediate oxidation state
on the osmium is consistent with the observation that these complexes
containing the [OsNNOs]*+ unit are stable in acid for days whereas the
[(H;N);OsN,]*+ ion loses N, much more rapidly. Enthalpies of oxidation of
CrII and VI in sulphate media have been reported,2® the calorimetric data
indicating that the heat of reaction for the former (— 18 kcal mol-?) is almost
10 kcal mol—* more exothermic than that for the latter.

The kinetics and mechanism of the metal-chelate-catalysed oxidation of
pyrocatechols to quinones have been investigated.28” Comparisons have been
made of the base- and MnI! jon-catalysed auto-oxidations of 3,5-di-t-
butylpyrocatecho! (3,5-DTBP) to the corresponding o-quinone (3,5-DTBQ)
with the rates when manganese(i)—4-nitrocatechol, manganese(t)-tetra-
bromocatechol and cobalt(m)—4-nitrocatechol (Co™4NC) were present as
catalysts. The rates are dependent on hydrogen-ion concentration, and the
stoicheiometry and products depend on the nature of the catalytic reagent, viz.

3,5-DTBP + O, + Mnl—» 35-DTBQ + H,0,
whereas in the presence of the cobalt chelate,
3,5-DTBP + 10, + [Coll-4NC]—> 3,5-DTBQ + H,O

the decomposition of the product H,O, having been catalysed by the cobalt(ix)
complex, The rate data are consistent with a 1 : 1 chelate (ML) as the catalytic
reagent in mild alkaline conditions which reacts with an anionic (deprotonated)
form of the catechol (C-) to yield a ternary complex prior to the electron-
transfer step, e.g.

ML + C-==[MLCJ-
MLC- + O, == [ML(CXO,)]~

352 M. Bacon and L. W. Reeves, J. Amer. Chem. Soc., 1973, 95, 272.
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The co-ordination of the two ligands in the plane of the metal ion would then
permit a #-bonded interaction of the oxygen molecule with the metal centre.

Stereoselective auto-oxidations have also been described in the reactions of
dimeric vanadium(rv)-tartrate complexes.2®® The rate of uptake of O, in the
presence of these complexes is dependent on the isomeric form (D, L, or meso)
of the ligand, the influence of pH being observed to be important. The overall
stoicheiometry conforms to the equation

0, + 4VIV + 4H* === 4VV + 2H,0

with the possibility of some reduction by the tartrate ion at higher pH’s of the
vanadium(v) produced. A reaction scheme may be expressed as

"0, 0,
VIV, —> intermediate (A) —> orange VV species (B)

where the complex ion (B) is considered by comparison of Raman spectra to
be the decavanadate(v) ion. Solutions of the intermediate (A), which is thought
to be a mixed-valence VIV-VV species, are sensitive to pH changes. A possibility
exists that (A) may contain a peroxo-bridge, but no evidence for this was
derived on testing with luminol. The spectra of D-(A), L-(A) and meso-(A)
differ, however, and rate of uptake of oxygen in the pH range 3—7 is in the
order meso>D>1. The stability constants for the dimeric vanadium(iv)-
tartrate bridged complex ions are in the order K11, > Kpp> Kmeso_meso, Which is
the converse for that found for auto-oxidation, suggesting that reaction with
molecular oxygen takes place via monomeric vanadium(rv) ions to yield a
vanadium(v)-tartrate complex which then combines with a VIV species still
present to give the mixed-oxidation-state dimer (A).

The mechanism of oxidation of cerium(u) and silver(r) ions by ozone has
been reported.?® The reaction is second-order overall in aqueous nitric acid
and proceeds via a free-radical mechanism,

ks
0, + M+ Z—= MO+ —> MO*+ + O,

slow

MO+ + H,0 —> M®+D+ + OH- + HO'

rapid
M+ 4+ HO'—> M®+D+ + OH-
H* + OH- = H,0

where the hydroxyl radicals formed are rapidly reduced by a further reaction
with the metal ion. The decomposition of the MO¥* complex is thought to
involve the transfer of an electron from a lone pair on the oxidant to the free
d-orbitals of the metal ion. No effect of cerium(rv) was detected at low
concentrations.

2 R. D. Gillard and R. A. Wiggins, J.C.S. Dalton, 1973, 125.
#8? Y. E. Ivanov, G. P. Nikitina, M. F. Pushlenkov, and V. G. Shumkov, Zhur. fiz. Khim.,
1972, 46, 2149.
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4 Reactions of Hydrogen Peroxide

Continuous-flow e.s.r. studies have been made on the oxidation of vanadium(iv)
by hydrogen peroxide.?*® Both the VO?* ion and the intermediate complex
formed, [OVOOJ?*, have been monitored over a wide range of initial VIV,
H,0,, and H* concentrations. In the presence of excess H,O,, a mechanism
accounting for the deviation from pseudo-first-order kinetics may be repre-
sented as

ke
VO** + H,0, == [OVOOH]* + H*
ks

ks
[OVOOH]* —> VO3 + HOr

ko
VOt + HzOg—ﬁvog + HQO

VOt + HO'—> VOi + Ht
VOi + HO®'—> intermediate + products

The reaction to produce the peroxovanadium(v) complex, [VO,]*, is faster
than the first two steps, and the redox reactions involving the radicals are also
assumed to be rapid. A possible formulation of the intermediate as [OVOQ]**+
is also proposed, the e.s.r. spectrum being consistent with a vanadium(v)
complex containing a paramagnetic oxygen ligand. The products are, however,
pH dependent in that below pH 2 the [VO,]* ion is formed, whereas at pH 4
the diperoxovanadium(v) ion [VO;]- predominates. The inner-sphere nature
of the redox reaction has been confirmed in that whereas iminodiacetic acid
does not affect the rate of VIV decay, edta lowers the rate by a factor of more
than 100, supporting a mechanism of this type for the initial equilibrium.
Confirmation of the formation of the [VO(O,)]* and [VO(O,),]~ ions has been
obtained in a stopped-flow investigation over a reduced pH range.?*! Second-
order behaviour was observed, the rate-determining step involving the
reaction

VIV + H,0,—> VV + HO- + HO’

the hydroxyl radicals formed reacting with excess oxidant. Increase in pH
results in an increase in reaction rate.

The kinetics and mechanism of formation of the complex between
plutonium(v) and H,0,,%?

2PulV + H,0, = [Pu(OO)(OH)Pul*+ + 3H*
have been investigated,??! the rate law conforming to the expression

d[Complex]/ds = {ka[H*]™* + ku[H*]"3{H,O,|[PuV]?

290 H. B. Brooks and F. Silicio, Inorg. Chem., 1971, 10, 2530.
291 A Samuni, D. Meisel, and G. Czapski, J.C.S. Dalton, 1972, 1273.
202 A FEkstrom and A. McLaren, J. Inorg. Nuclear Chem., 1972, 34, 1009.
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Several forms of the reductant are present under the experimental conditions
used, the hydrogen-ion dependences being ascribed to the reaction of hydroxo-
complexes: ’

Pu!V + H,0 == [PuOHJ*+ + H*

Pu*t + [PuOHPB+ == [Pu,(OH)]"*

2[PUOHP+ === [Puy(OH),]%*

OH 5+
[Pu(OH)]"* + H,0, —> Pu/ \Pu
\O—— o/

The oxidation of tin(i) by hydrogen peroxide does not follow a simple rate
law.2°% Second-order plots from absorbance versus time curves show devia-
tions from linearity, particularly during the initial rapid portion of the
reaction, and there is spectroscopic evidence for the formation of an inter-
mediate absorbing in the ultraviolet. The overall stoicheiometry of the
reaction, where 1 g atom of Sn!! reacts with 1 mol of H,0,, is adhered to in
ratios of Sni! : H,O, varying from 20 : 1 to 1 : 20. The reaction rate is inhibit-
ed by copper(mr) ions where the kinetic behaviour becomes second-order. The
mechanism suggested involves both one- and two-equivalent oxidations and it
is of interest that the extent of reaction as monitored by chemical quenching
[using cerium(1v)] and spectrophotometry shows marked differences. The
kinetics of the oxidations of chromium(i), titanium(in), and vanadium(iv)
have been investigated 2°* using stopped-flow techniques. Under experimental
conditions where [Crli]>[H,0,] the rate law

—d[Cri}/dr = 2k,[CrIT[H,0,]
holds, the reduction of the peroxide taking place via two consecutive steps:
ks
CrI + H,0,—> CrI + HO' + HO-
ks

Cri! + HO'—> CrlI 4+ HO-
No difference in k, values was observed in perchlorate or sulphate media
(0.1M). In conditions of excess oxidant, however, the decay of Cr! fitted
neither first- nor second-order rate laws, possibly as a result of side reactions of
the type

HO® 4+ H,0,—> HO; + H,0

HO; + HO; — H,0, + O,

CrlI + HO; —> CriIT 4+ HOZ;

213 N. A. Daugherty and J. H. Niewahner, Inorg. Chem., 1972, 11, 535.
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The corresponding reaction with titanium(rr) in excess exhibited second-order
behaviour, the production of OH radicals as intermediates being confirmed by
the addition of propan-2-ol, which reacts rapidly with HO' and thereby
decreased (by a factor of 2) the rate of decay of reductant. Confirmation that
any secondary rate constants (k;) are much greater than that for the rate-
determining initial step have been derived from a study of the reductants with
hydroxyl radicals. The k5 values for the reactions of Cril and Til'l are 1.2 x 101°
and 3x10°1mol-'s~! respectively. An independent investigation of the
Till-H,0, reaction *** in the presence of metal ions has been carried out. The
mechanisms of redox systems in the presence of Ce!V and Fe!l ions are con-
sidered in terms of induced electron transfer. The reaction with iron(mr),
however, has been shown 2° to be inhibited by tetranitromethane. The oxida-
tion of ferrocene (Fc) by H,0, in ~ 40 9%, methanol containing 0.2M-sulphuric
acid is slow and autocatalytic.2°® Two reactions are observed; the preliminary
formation of a blue, semi-oxidized, dimeric cation (Fcyb) is followed by a
second-order reaction

Fcf + H,0,—> Fct + reduced species

in which the ferrocinium ion is formed.

The oxidation of [Ru(NH,)]** by H,0, is very slow and is probably
catalysed by iron impurities in the complex.?? The reaction shows a zero-
order dependence on ruthenium(ir) and extrapolation of data from experi-
ments with added iron(mr) indicates that much of the observed rate for the
process is the result of the iron(um) pathway, with little or no contribution from
the intrinsic reaction. The corresponding reaction with O, is at least 10* times
faster. The mechanism of the catalytic decomposition of H,O, by chromium(vr)
in neutral media has been reported.?®? In dilute hydrogen peroxide solutions
(<1.5M), the formation of an intermediate complex [Cr,0,]>~ has been
proposed:

[Cr,0:7~ + H,0, == [Cr,0,]*~ + 2H,0

[Cry04]2~ —> [Cr,0;1*~ + O,

The activation parameters and reaction order vary with increasing concentra-
tion of the peroxide, the differences being described in terms of a second
peroxo-complex [HCrO,]~, which increases in concentrations of H,O, up to
~10M.

The oxidation of indigo carmine by H,0O, is catalysed by the metal ions 28

¢ 1. J. Csanyi, F. Cseh, and F. Szil, Acta Chim. Acad. Sci. Hung., 1972,75, 1 (Chem. Abs.,
1973, 78, 48 497¢).

95 B, V. Erofeev and V. A. Plakhotnik, Doklady Akad. Nauk S.S.S.R., 1972, 206, 110
(Chem. Abs., 1973, 78, 34 386f).

¢ C, Le Feuvre and R. Gaboriand, Compt. rend., 1973, 276, C, 9 (Chem. Abs., 1973, 78,
102 474k).

297 N. I. Korneeva, V. I. Shekhobalova, and N. I. Kobozev, Zhur. fiz. Khim., 1972, 46, 362;
N. I. Kobozev, V. 1. Shekhobalova, and N. I. Korneeva, ibid., p. 1461.

#%¢ A, Krause and E. Nowakowski, Sci. Pharm., 1972, 40, 178 (Chem. Abs., 1973, 78,
8285¢).
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Cull, FellI, CrlII CrVI, and [Fe(CN)¢]*~, whereas La®**, Bi*t, Mn2+, and
WO}~ inhibit the reaction. In contrast, however, WO}~ promotes the de-
composition of H,0, alone. The oxidation of pyrocatechol violet in the
presence of amino-acid complexes of copper(ir) has been suggested as a means
of determining ultramicroquantities of amino-acids;2*? e.g. in the presence of
glycine the 1 : 1 complex acts as a catalyst, the pH-dependent reaction in
borate buffer obeying the rate law (PV = pyrocatechol violet)

Rate = ko[Cu(gly)l[H.O,][PV][borate]~*

Hydrazine has been considered to react with hydrogen peroxide to yield water
and N,. The results, however, were not reproducible,®® the reaction rates
being apparently first-order with respect to peroxide and zero-order in
hydrazine. The presence of edta completely suppresses the reaction, the results
being compatible with complex formation between trace metal ions in the
water and the hydrazine, the resultant species then catalysing the decomposi-
tion reaction.

The catalysis of the reaction of chlorine with hydrogen peroxide by MnIl-
Mn™! jon pairs has been described,?®! where it is postulated that a free-
radical chain mechanism is initiated,

Mn™I + H,0, =— [MnO,H]** + H*
[MnO,H)** + Cl—> Mnll + H* + CI- + O, + CI'
Mnl + CI'—> Mni"! + CI-

in which the manganese(ti) is regenerated. In conditions where increase in the
Mn!! concentration no longer affects the reaction rate, the reaction is first-
order with respect to Cl, and H,O,:

Rate = {k; + k[Mn™J}[CL][H,0,]

From hydrogen-ion-dependence studies, the possibility of the formation of
[MnOOH]* as an intermediate which could undergo electron exchange with
Mn!H has also been considered. This catalytic reaction has also been recently
re-appraised,°? and a mechanism has also been proposed for the uncatalysed
step, the results being consistent with the formation of the intermediate
HOOCI, which is assumed to be in steady-state concentrations:

H;0, + Cl,=—-HOOCI + H* + CI-
HOOCl —> H* + 0O, + CI-

The mechanism proposed for the manganese(i)—(1r) promotion of the rate has
been questioned (see above), especially on the basis of lack of hydrogen-ion-

293 T, J. Janjic and C. A. Milovanovic, Analyt. Chem., 1973, 45, 390.

200 L. P. Kuhn and C. Wellman, U.S. Nat. Tech. Inform. Serv., A.D. Rep. 1972, No.
746 956 (Chem. Abs., 1973, 78, 34 419u).

so1 J, I. Morrow and L. Silver, Inorg. Chem., 1972, 11, 231.

t02 G, Davies and K. Kustin, /norg. Chem., 1973, 12, 961.
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dependence data, and a sequence of possible steps has been suggested. The
possible formation of MnMI—chloro-complexes has been considered, and
support for the existence of a manganese(ir)-peroxo-species in aqueous acid
media is thought to be necessary. The mechanism of decomposition of hydro-
gen peroxide by iodine in acid media has been investigated,3°? use being made
of the formation of solid T iodide to control the iodide concentration. The
rates of oxygen evolution and proton formation are consistent with the
mechanism
HIO, + H,0,— HIO + H,0 + O,
H,0I* + H,0,—> HIO, + H* + H,O
H,OI*+ =— HIO + H*
HIO + H;0,—> H* + I~ + H,0 + O,
I- + H* + H,0,—> HIO + H,0
HIO, + Ht + I-—> 2HIO

in which a steady-state concentration of HIO, is assumed to be present. The
present data are considered related to a system in which the oscillating decom-
position of peroxide occurs and in which iodate may play an important role.
Little reaction between phosphine and H,0, is observed in the absence of Br—.
When the bromide anion is present, however, potentiometric data are con-
sistent®°* with a quantitative reduction of the peroxide, the mechanism involv-
ing the intermediate formation of bromine,

+2H*
2Br- + H,0, — Br, + 2H,0

PH; + 4Br, + H,0 — H,PO; + 8Br- + IH+

with tentative evidence presented for a [PH,-Br] intermediate.

Use has been made of in situ radiolysis in the characterization of metal
complexed hydroxo-species which are intermediates generated in the reaction
of metal ions with hydrogen peroxide.?*®* Formation of such species is con-
sidered to involve two processes, either direct interaction of the metal ion with
HO; or by a one-electron oxidation of the peroxo-complexes by HO" or H,0,.
Several studies have been made of oxidations involving Fenton’s reagent.
Carbonyl compounds such as acetone are readily attacked by hydroxyl
radicals produced in the reaction of iron() with H,0,.2°¢ The resulting
carbonyl conjugated radicals are however reduced by addition of iron(ir). The
competitive kinetics were investigated by dropwise addition of H,O, to the
iron(m)-substrate solutions and show the course of the reaction and the
stoicheiometry A[Fel!)/A[H,0,] to be dependent on the fate of the organic
radicals formed. In the case of a solution containing methanol and acetone,

s02 I Matsuzaki, R. Simic, and H. A. Liebhafsky, Bull. Chem. Soc. Japan, 1972, 45, 3367.
804 V. Sokol’skii, Y., A. Dorfman, and T. L. Rakitskaya, Zhur. fiz. Khim., 1971, 45, 2771.
808 A, Samuni, J. Phys. Chem., 1972, 76, 2207.

20 C, Walling and G. M. El-Taliawi, J. Amer. Chem. Soc., 1973, 95, 844.
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the following reaction scheme is proposed:
Fe?+ + Hgog-—k;Fe“ + HO- + HO’
HO® + Fe2+-£’->Fe3+ + HO-
HO" + MeOHﬁ*I-hO + MeO’

kga
HO" + Me,CO —> H,0 + ‘CH,COMe
ky
MeO® + Fe?t —> Fe?t + product
H+

ks
‘CH,COMe + Fe*t —> Fe?* + ~CH,COMe —> MeCOMe

Application of steady-state treatments of the kinetics yields the stoicheio-
metric equation

A[FelT] _ KfFe™] | ky[MeyCO]
2A[H,0,]— A[Fe**] ~ ku[MeOH] = ks,[MeOH]

from which ratios of the relative rate constants may be derived. The acetone
thus acts as a hydroxyl trap and retards the oxidation of the methanol.
Significant oxidation pathways in reactions of this type have also been assessed
using redox titration techniques®®? where the procedure assists in defining the
overall reaction and represents a means whereby both an estimate of relative
rates of oxidation and the extent of reaction of the peroxide with the organic
substrate may be measured. The extent of reactivity of the substrates towards
dissolved oxygen has also been considered, the peroxide utilized in the reaction
decreasing as the concentration of oxygen in solution increases. In the oxida-
tion of carbohydrates and other polyhydroxy-compounds, a cyclic process is
described in which ene-diols are formed which reduce iron(mr).

The catalysis by chelated diketonates of vanadium(iv) and by [MoOy(acac),]
of the reactions of t-butyl hydroperoxide with cyclohexene or cyclo-octene
have been investigated,3*® the products being only t-butyl alcohol and the
corresponding epoxycycloalkanes. The reactions are highly selective and in the
case of the vanadium-catalysed systems the rate law is of the form

k[olefin][V,]
Rate = @Iy + 1
where [V,] is the total concentration of added vanadium, {P] is that of the
hydroperoxide, and K, is the association constant for the formation of the
vanadium hydroperoxide complex which is considered to be a reactive inter-
mediate. Competitive inhibition by ButOH is observed, reflecting the forma-
tion of complexes between the alcohol and the catalytic complex. In the

307 D, L. Ingles, Austral. J. Chem., 1972, 25, 87, 97, 105.
308 C,-C. Su, J. W. Reed, and E. S. Gould, Inorg. Chem., 1973, 12, 337.
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reactions with [MoQO,(acac),], however, where the rates are ~ 102 faster than
for the vanadium species, a more complex rate equation is derived resulting
from the formation of molybdenum-hydroperoxide, molybdenum-olefin,
and molybdenum-hydroperoxide-olefin complexes. A possible scheme may
involve a reaction of the type shown in Scheme 2, although the possibility of

H
/Bu° /But I
O\ o- of
MoV! /0 + @ — Mo + b
H

Scheme 2

the interaction of a ternary complex in the rate-determining process may also
have to be taken into account.

A reaction scheme has been proposed3®® for the catalysis of the dispropor-
tionation of H,0, by the cobalt(ur)-haematoporphyrin complex of haemato-
porphyrin(IX), [Co'IHP], which represents a model for catalase-like activity.
Unlike other cobalt(tir) complexes, the axial co-ordinating positions are labile
in this complex. In the pH range 5.5—6.5, initial rate data exhibit an inverse
dependence on hydrogen-ion concentration, the rate data being consistent
with the reactions

H,0, == HOO- + H+
[COUIHP] + HOO- “— [(HP)Co'™{(OOH-)]
[(HP)Co™(OOH)] + H,0, === [(HP)Co'[(H,0,)(O0H-)]
[(HP)Co™(H,;0,)(O0H-)] —> [CoHP] + H,0 + OH- + O,

A trans configuration of the ligands is suggested for the reactive complex

H
0-Xo”

/ Cout —> [Co"HP] + H* + O, + 20H-
H
~ O/ \H

Scheme 3

200 P Waldmeier and H. Sigel, Inorg. Chem., 1973, 11, 2174.
310 P, Waldmeier and H. Sigel, J. Inorg. Nuclear Chem., 1973, 35, 1741.
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containing the (OOH-) and the H,0, groups and the involvement of the metal
centre in the electron-transfer process is considered essential (Scheme 3;
N, = HP). Activity of this type is inhibited by amino-acids, adenine, and
related ligands, where formation of a complex adduct similar to that illustrated
is restricted as a result of competition by the nitrogen-donor bases for the axial
(fifth and sixth) positions of the primary co-ordination sphere of the cobalt
centre. Some peroxidase-like activity of the complex in the presence of these
bases is observed with oxidation of the ligands. Catalytic activity via inter-
mediate complex formation has also been described®!! in the reactions of
[CoN,CL}]* ions [N, = py,, (phen),, or (bipy).]. The stability constants for
the species [Co(HO,)N,]2+ fall in the sequence py > bipy > phen, which also is
the order of activity towards the peroxide. The mechanism of reaction of
manganese(in)-histidine 32 and -1,10-phenanthroline®!® complexes has also
been investigated. In these reactions, however, no peroxo-complex formation
is observed, and it is suggested that the catalase and peroxidase activity for the
histidine complexes derives from the outer-sphere electron transfer between
[Mn(his),] and the HO; ion or a neutral hydrogen peroxide molecule.
A radical chain mechanism is considered operative and the presence of borate
buffer accelerates the rate owing to ternary complex formation between the
borate anion and the [Mn(his),] complex.

311 G, A. Shagisultanova and N. P. Glukhova, Zhur. fiz. Khim., 1972, 46, 508.

s13 A Y. Sychev and V. G. Isak, Zhur. fiz. Khim., 1972, 46, 1864, 2164.

13 Y, D. Tiginyanu, A. Y. Sychev, and V. M. Berdnokov, Zhur. fiz. Khim., 1971, 45, 1723,
2533.
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Non-metallic Elements

BY J. BURGESS

As in Volumes 1 and 2 of this Report, substitution, addition, dissociation, and
intramolecular rearrangement reactions of the non-metallic elements will be
discussed in this chapter. A few reactions of compounds of the metallic ele-
ments of Groups III and I'V will also be discussed, in cases where a mention in
this chapter seems more appropriate than in Chapter 3.

1 Group III

Boron.—Tetrahedral Anions. The stepwise hydrolysis of the [BH,]~ anion has
been investigated in some detail in 88 % methanol solution, 0.1—1.1M acid.
The first step, which results in the production of [BH3;(OH,)), is rapid, even at
—178 °C. The rate law for the subsequent hydrolysis of this species to
[BH(OH,).]" is

—d[BHy(OH,))/dt = {k; + k,[H'}[BH;(OH,)]

with &4, = 0.0015s™* and %, = 0.0016 1 mol-*s~* at —78 °C. The two
remaining steps were studied at —36 °C; both exhibited simple first-order
kinetics. Alkaline hydrolyses of the related anions [BH;(OH)}~, [BH,(OH),I-,
and [BH(OH),]~ also follow first-order kinetics in strongly alkaline solution,
with rate constants of 1.8x10-%s-1 at 20 °C, 2.2x10-5s~* at 0 °C, and
1.1 x 10-% s~1, again at O °C, respectively.? The lifetimes of [BFy(OH),]~ and
[BF(OH),]~ are much less than those of [BF,]~ or [BF;(OH)]-. That of one
fluorine in [BF,(OH),]~ appears, from °F n.m.r. spectroscopy, to be about
0.6x 10-% s at 27 °C.2 A qualitative impression of the effect of nickel(mr) on the
kinetics of hydrolysis of [BF,]~ has been afforded by a study of Ni(BF,),
solutions.? The mechanism of halogen-exchange reactions* of [BX, ]~ anions
has been studied by n.m.r. spectroscopy. The most likely first step is dis-
sociation:

BX; =—BX; + X~ (€))
The BX; may then react with the replacing halide Y- to give [BX;Y]-, and
* F. T. Wang and W. L. Jolly, Inorg. Chem., 1972, 11, 1933.
* R. E. Mesmer and A. C. Rutenberg, Inorg. Chem., 1973, 12, 699.
* V. N. Plakhotnik and V. V. Varekh, Russ. J. Phys. Chem., 1972, 46, 1783.
¢ J. C. Lockhart, ‘Redistribution Reactions’, Academic Press, New York, 1970.
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thence by three similar steps for complete exchange to give [BY,]~. Alterna-
tively the BX; generated according to equation (1) may react with [BY -,
giving a transition state or transient intermediate containing two boron atoms:

Y.
/N
BX; + BY,” = X,B BY;| == BX;Y~ + BY;

(63}

The intermediate species (1) is reminiscent of the known [B,F,]~ anion.?
Hydrolyses of pyrrolyl-1-borate anions [BPhn(C,H,N),;_»]~ are second-
order reactions, and are catalysed by acids. The activation enthalpy for
hydrolysis of the [B(C,H,N),]~ anion, which is 14.8 + 0.9 kcal mol?, is inter-
mediate between those for the hydrolyses of the [BH,]- and [BPh,]}~ anions.®

Boron-Hydrogen Compounds. Reactions of tetraborane with Lewis acids can
result in symmetrical or unsymmetrical cleavage of the former molecule. The
alternative courses of reaction are slightly different for 2,4-dimethylenetetra-
borane. This undergoes symmetrical cleavage with trimethylphosphine, but the
boron hydride framework is extensively broken down by reaction with
ammonia or with trimethylamine.” Experiments on the hydrolysis of diborane
at —78 °C, in acid aqueous methanol, have yielded further evidence for asym-
metric cleavage of this compound.® The application of topological methods to
establishing mechanisms of nucleophilic and electrophilic substitution in
boron hydrides has been discussed in detail.?

Several reports deal with intramolecular processes of neutral and anionic
boron-hydrogen species. There are two modes of intramolecular hydrogen
exchange within B,H,,. The faster process exchanges hydrogen atoms between
the bridge and four of the terminal positions. This process has a rate constant
of 1.7x10-2 s~ at 22.5 °C and an activation energy of ca. 18.5 kcal mol—1.
The slower process exchanges hydrogen atoms between the bridge and the
remaining two terminal positions. The rate constant is 5x 10-% s~! at 22.5 °C
and the activation energy ca. 21.5 kcal moi—*. Several mechanisms are dis-
cussed, but the evidence available at present is insufficient for an unequivocal
choice to be made.l® Both [B;;H;;]?~ and [B,;H;Br,]>~ isomerize readily in
solution; the half-lives are within the n.m.r. time-scale range at low tempera-
tures. These observations contrast with the general impression that isomeriza-
tions of [B,H,]?~ are generally difficult, slow processes.!! Rearrangements in
eleven-particle polyhedra have been probed by !B n.m.r. spectroscopy, and

s J. S. Hartman and G. J. Schrobilgen, Inorg. Chem., 1972, 11, 940.

¢ J. Emri, B. Gyori, and P. Szarvas, Z. anorg. Chem., 1973, 400, 321.

7 R. E. Bowen and C. R. Phillips, J. Inorg. Nuclear Chem., 1972, 34, 382.
* P. Finn and W. L. Jolly, Irnorg. Chem., 1972, 11, 1941.

* 1. R. Epstein, Inorg. Chem., 1973, 12, 709.

R. Schaeffer and L. G. Sneddon, Inorg. Chem., 1972, 11, 3098.

E. L

1. Tolpin and W. N. Lipscomb, J. Amer. Chem. Soc., 1973, 95, 2384.
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possible mechanisms discussed.’? TH and !'B n.m.r. spectroscopy have been
used to demonstrate tautomerism of bridging protons in [2-MeB,;H,]- and
isomerization of [1-MeB;H,]~ to [2-MeB;H,]~.13

Boron-Nitrogen Compounds. The formation of adducts Me;N,BXY, has been
studied, by n.m.r. and isotopic labelling techniques, in relation to mechanisms
of halogen exchange in boron trihalide adducts. Me,N,BF; reacts with BCl;
in methylene chloride solution without boron-nitrogen bond breaking. The
mechanism of halogen exchange can therefore either involve halide dissocia-
tion from the boron or halogen-bridge formation {as mentioned above (cf.
ref. 5) for halide exchange with [BX,]~ anions}. The pattern of reactivities and
products for the above and analogous reactions favours the halogen-bridging
mechanism, except possibly when iodide is leaving from the boron. These
mechanisms for these reactions in solution contrast with the boron-nitrogen
bond-fission mechanism established for the same halogen-exchange reactions
in the gas phase.'* Various reorientation processes within the adduct
Me,B,NMe, can be detected by H n.m.r. spectroscopic techniques. For
reorientation of the boron methyl groups about their C, axes, the variation of
spectra between —194 and —143 °C indicates an activation energy of
1.9+ 0.1 kcal mol-1.1% Donor-acceptor bond-breaking reactions are rapid for
the closely related boron-sulphur adducts Me,S,BX;, in methylene chloride
solution, ¢

Rate constants are reported for the hydrolysis of 16 borazines
R'R?R3B,N,R%,, where R1, R2, R® = e.g. H, Me, Ph, Cl, or Br, and
R* = e.g. Me, Ph, or o-tolyl, in 909, tetrahydrofuran-109; water. The
kinetics are first-order; there is some slight evidence for steric factors affecting
reactivities.1? The adduct o-toluidine-phenyldichloroborane reacts according
to Scheme 1; the orthoboronation sequence was elucidated by deuterium
labelling and intermediate characterization. Orthoboronation occurs most
easily for boron tri-iodide adducts; there is some indirect evidence for the
possible intermediacy of diamineboronium cations.'®* The much greater
reactivity of R,BCl, compared with R3B, towards organic azides has been
ascribed to the greater Lewis acidity of the former. This greater Lewis acidity
favours the formation of the intermediate azide-boron adduct.®

Aluminium.—Plots of pH against time have been determined for basic solutions
of aluminium perchlorate. It seems possible to follow five stages of polymeriza-
tion in such solutions.2® A spectrophotometric study of the reaction of hexa-

12 R, J. Wiersema and M. F. Hawthorne, Inorg. Chem., 1973, 12, 785.

13 V. T. Brice and S. G. Shore, Inorg. Chem., 1973, 12, 309.

14 B. Benton-Jones and J. M. Miller, Inorg. Nuclear Chem. Letters, 1972, 8, 485.

1+ T. T. Ang and B. A. Dunell, J.C.S. Faraday 11, 1972, 68, 1331.

s M. J. Bula and J. S. Hartman, J.C.S. Dalton, 1973, 1047.

17 1. B. Atkinson, D. C. Blundell, and D. B. Clapp, J. Irorg. Nuclear Chem., 1972, 34, 3037.

1 J. R. Blackborow and J. C. Lockhart, J.C.S. Dalton, 1973, 1303.

19 H, C. Brown, N. M. Midland, and A. B. Levy, J. Amer. Chem. Soc., 1972, 94, 2114.

20 Yu. A. Volokhov, N. I. Eremin, and V. E. Mironov, Issled. Obl. Neorg. Tekhnol., 1972,
255; N. L. Smirnov, Yu. A. Volokhov, N. L. Eremin, and V. E. Mironov, ibid., p. 251
(Chem. Abs., 1972, 71, 144 267e, 144 292j).
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Scheme 1

aquoaluminium(ir) with methylthymol blue (mtb) indicates that the apparent
activation energy for the formation of [Al(mtb)]*+ is 17.4 kcal mol-1. The
activation entropy is + 2.2 cal deg~! mol~1.2! Aquation of [Al(mtb)]3*+ and of
[Al(mtb),]**+ is acid-catalysed. Activation parameters for hydrolysis at
pH = 0.55 are E, = 18.3 kcal mol-! and AS* = —12.5cal deg~* mol-!
for the mono-mtb complex, and E, = 20.1 kcal mol-! and AS¥ = —-7.3
cal deg~! mol—? for the bis-mtb complex.??

Kinetic results for methyl exchange have been determined from n.m.r.
studies of Al,Me,—GaMe,;, AlMe,(base)-GaMe,, and Al,Me—AlMe,(base)
mixtures in cyclopentane or decalin solution. The kinetic pattern corresponds
neither to simple first-order nor to simple second-order processes. The
remarkably fast exchange in solutions containing Al,Me, and AlMe;(base),
where the base is co-ordinated via a Group VI element, is ascribed to an
associative mechanism in which the second lone pair of the Group VI element
of the co-ordinated base interacts with the Al,Me;.2? Methyl exchange between
Al,Me,; and GaMe, or ZnMe, is stated to occur by an initial rate-determining
dissociation of the Al,Meq dimer. From rates of methyl exchange in these
systems and an estimated rate of dimerization of AlMe, it has proved possible
to suggest a mechanism for bridge = terminal methyl-group exchange in
Al,Me,.2¢ Rates of methyl exchange between GaMe,; and CdMe, in cyclo-

2t T, V, Mal’kova and V. D. Ovchinnikova, Russ. J. Inorg. Chem., 1972, 17, 813.

22 T, V., Mal’kova, V. D. Ovchinnikova, and G. V. Ryzhalova, Russ. J. Inorg. Chem., 1972,
17, 194,

= T, L. Brown and L. L. Murrell, J. Amer. Chem. Soc., 1972, 94, 378.

3¢ E. A. Jeffery and T. Mole, Austral. J. Chem., 1973, 26, 739.
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pentane or toluene, between InMe, and ZnMe, in diethyl ether or triethyl-
amine, and in diethyl ether solutions of CdMe, depend greatly both on the
natures of the metal centres and on the co-ordinating ability of the solvent.25

Intramolecular rearrangement of tristropolonatoaluminium(mr) complexes
is discussed, along with similar processes for analogous cobalt(ur) and
rhodium(mr) complexes, in Section 9 of Chapter 3.2¢

Gallium.—Xinetics of chloride exchange with [GaCl,]~ have been monitored,
in concentrated hydrochloric acid, by 25Cl nuclear relaxation. The activation
parameters are AH* = 30.1 kJmol-' and AS* = —24JK-1mol-127
The rate-determining step in the formation of gallium(mm)-methylthymol blue
complexes is loss of water from the hexa-aquocation [Ga(OH,)e¢]**. This
conclusion was based on the observed lack of dependence of the reaction rate
on the concentration of methylthymol blue.28 Some methyl-exchange reac-
tions involving trimethylgallium have already been mentioned in the section on
aluminium (p. 120).

2 Group IV

Carbon.—Two further papers on the kinetics of hydration of carbon dioxide
have been published.?® A kinetic study of the reaction of carbon disulphide
with the disulphide anion indicates that the initial step is the bimolecular
reaction

CS, + S —>CSi~

From the published rate constants at 0, 10, and 20 °C one can calculate an
activation energy of 20.5 + 0.4 kcal mol— for this reaction.3® Rate constants for
decomposition of the trithiocarbonate anion, CS§~, and its protonated deriva-
tives, in aqueous solution have been estimated.3!

The kinetics of the acid hydrolysis of cyanide ion were studied several
decades ago. The kinetics of base hydrolysis of cyanide ion have only recently
been investigated, though the reaction products were established as formate
ion and ammonia many years ago. Rates of alkaline hydrolysis are first-order
in cyanide ion, zero-order in hydroxide. The rate-determining step cannot
therefore be attack of hydroxide at cyanide ion. However, both water attack at
cyanide or hydroxide attack at hydrocyanic acid are consistent with the
reported rate law. The overall kinetic pattern for the reaction, including the

25 J. Soulati, K. L. Henold, and J. P. Oliver, J. Amer. Chem. Soc., 1971, 93, 5694.

¢ §. S. Eaton, J. R. Hutchinson, R. H. Holm, and E. L. Muetterties, J. Amer. Chem. Soc.,
1972, 94, 6411.

% S. F. Lincoln, A. Sandercock, and D. R. Stranks, J.C.S. Chem. Comm., 1972, 1069.

* T. V. Mal'’kova and V. D. Ovchinnikova, Trudy Ivanovsk. khim.-tekhnol. Inst., 1970, 59
(Chem. Abs., 1972, 71, 52 788x).

#* L. C. Garg and T. H. Maren, Biochim. Biophys. Acta, 1972, 261, 70; R. G. Khalifah,
J. Biol. Chem., 1971, 246, 2561.

30 H. Dautzenberg, J. Schumann, and B. Philipp, Faserforsch. Textiltech., 1971, 22, 546
(Chem. Abs., 1972, 76, 104 313q).

1 V. A. Kremer and L. A. Zatuchnaya, Kontrol Tekhnol. Protsessov Obogashch. Polez.
Iskop., 1971, 132 (Chem. Abs., 1973, 78, 48 522j).



122 Inorganic Reaction Mechanisms

effects of added salts and of solvent variation (ethanol-water mixtures),
suggests that the latter alternative [equations (2) and (3)] is the more likely.32

CN- + H,0“=—HCN + OH- Q)
fast
slow

HCN + OH- — products A3)

General base catalysis of the hydrolysis of cyanogen chloride is reported,??
as, for example, by borax (Scheme 2). At pH = 10.1, the activation energy is

Cl—C=N

*Cl
OH — ;cEN —> OCN-
1‘; HO
N\
Scheme 2

59.1 kJ mol-?, which result may be compared with a value of 51.9 kJ mol-?
reported earlier®? for hydrolysis at pH = 11. The effects of ammonia,
hydrogen peroxide, cyanide ion, and carbonate ion on hydrolysis rates were
determined. The catalytic effect of chlorine is ascribed to base catalysis by the
species CLLOH-, an entity previously proposed as an intermediate in the
hydrolysis of chlorine.?? The kinetics and mechanism of the formation and
dissociation of the adduct between cyanogen chloride and sulphide ion (2)

SN
AN/
R N\
Cl
(03]

have been described. Formation takes place by attack of sulphite ion at the
carbon atom of the cyanogen chloride, and has an activation energy of
54 kJ mol-1. Decomposition in basic solution is a second-order process overall
~ first-order in hydroxide ion — and has an activation energy of 58.3 kJ mol~1.3%
This value is noticeably similar to that for hydrolysis of cyanogen chloride
itself.

Silicon.-—What is claimed to be the first unequivocal evidence for the operation
of an Su2 mechanism* at silicon in solution has been presented for the

* There has been some controversy (see ref. 36) over the precise definition and usage of the
term Su2.

3 G. H. Wiegand and M. Tremelling, J. Org. Chem., 1972, 37, 914.

3 P, L. Bailey and E. Bishop, J.C.S. Dalton, 1973, 912.

3¢ G, E. Eden and A. B. Wheatland, J. Soc. Chem. Ind., 1950, 69, 166.
35 P, L. Bailey and E. Bishop, J.C.S. Dalton, 1973, 917.

** 'W. A. Pryor, Nature, 1971, 231, 181; R. A. Jackson, ibid., p. 181.
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photochemically initiated reaction between organodisilanes and 1,2-dibromo-
ethane.?? Kinetic evidence for the slow formation of a five-co-ordinate inter-
mediate for nucleophilic substitution has been detailed. The reactions con-
cerned are competitive reactions of an excess of a Grignard reagent or an allyl-
lithium compound with a pair of silicon substrates which differ only in their
leaving groups, for example (3) with X = F or Me.?8 Topological aspects of
possible intramolecular isomerization in five-co-ordinate intermediates in
associative nucleophilic substitution at Group IVB atoms have been
considered.®

Chloride exchange at silicon in the chlorosilane (4) has been studied by
n.m.r. spectroscopy. This proved a doubly useful technique in this situation,

a-naphthyl
Si< Me\s./ a
X C/ "<
CiH, NMe,
3 @

for as the CH,Cl protons are diastereotopic both stereochemical and kinetic
information can be derived from the n.m.r. spectra. The reaction of (4) with
chloride ion from tetraethylammonium chloride in methylene chloride solu-
tion is first-order in each component, has an activation energy of about 4 kcal
mol~!, and proceeds with inversion.® This last observation parallels that of
inversion accompanying chloride exchange at chlorosilanes R,;SiCl in acetone—
dioxan mixtures.4! The application of kinetic methods to problems in analysis
is illustrated by analysis for fluorosilicate anions. Here [SiF¢]?~ can be dis-
tinguished from [SiF(OH,)]~ and other aquofluorosilicon(1v) species through
the difference in mechanisms of hydrolysis. [SiF¢]2~ differs from the mixed
aquofluoro-complexes in that it alone cannot hydrolyse by an Sxicb
mechanism.4?

The reactions of trans-(+ )-[PtCI(SiMePh{1-naphthyl})(PPhMe,),] and of its
PPh; analogue with lithium aluminium hydride, triethylsilane, or thiophenol
involve silicon-platinum bond cleavage. There is predominant retention of
configuration at the silicon centre. A mechanism involving successive oxidative
addition and reductive elimination steps, with platinum(rv) intermediates, is
thought to operate for these reactions.43

A qualitative study of the reactions

(Me;zSi);NM + SiMeX —> N(SiMe,); + MX

7 A. Hosomi and H. Sakurai, J. Amer. Chem. Soc., 1972, 94, 1384.

22 R. J. P. Corriu and B. J. L. Henner, J.C.S. Chem. Comm., 1973, 116.

#* M. Gielen, C. Dehouck, and B. DePoorter, Chem. Weekblad, 1972, 68, 15 (Chem. Abs.,
1973, 78, 48 478z).

¢ S. DiStefano and H. Goldwhite, J.C.S. Chem. Comm., 1972, 1195.

41 M. W. Grant and R. H. Prince, J. Chem. Soc. (4), 1969, 1138.

4 1. G. Ryss and V. N. Plakhotnik, Russ. J. Phys. Chem., 1971, 45, 818.

¢ C. Eaborn, D. J. Tune, and D. R. M. Walton, J.C.S. Chem. Comm., 1972, 1223.
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showed that reactivity trends were M = Na>Li, X = CN>I>Cl. There
was evidence for a transient intermediate in the reactions which involved
Me;SiCN.44 In the liquid phase trisilazane, N(SiH,);, or methyldisilazane,
MeN(SiH,),, undergo condensation reactions to give silane and silazane
oligomers. Boron compounds, such as diborane or 1-BrB;H,, which are
weakly acidic but not strong enough to form a stable adduct, catalyse these
condensations. The isolation and characterization of [(SiH;),N},SiH, and of
(SiH;-N-Me),SiH, permits some speculation on the mechanism.*3 When
Me,SiCl, and Me(O)P(OMe), are mixed, they start condensing at once, by
formation of MeCl and an —Si—Q—P— bridge. The final oligomeric product
contains an alternating —Si—O—P—0—Si—O—P—0O— backbone. The
complementary reaction between Me,Si(OMe), and Me(O)PCl, goes much
more slowly. Its first stage is exchange between P—Cl and Si—OMe.*¢

Germanium.—The effect of the nature of univalent cations M+ (M = Li, Na,
K, Cs, or Me,N) on the rate of alkaline hydrolysis of [GeF¢]>~ has been
examined.*” The reaction of hexamethyldigermane with 1,2-dibromoethane,
under photochemical conditions, is thought to have an Su2 mechanism.??

Tin,—The application of a full n.m.r. lineshape-fitting exercise*® to halogen
exchange with Me,SnX, in toluene solution gives some Kkinetic evidence
relevant to the assignment of mechanism. Reaction through a five-co-ordinate
intermediate is suggested.®® A similar treatment of the kinetics of halogen
exchange with Me,SnX has been described.°

The solvolysis of trans-[SnCl,(py).] in triethyl phosphate has been moni-
tored conductimetrically. Observed first-order rate constants are a function of
complex concentration, so the mechanism must be more complicated than
straightforward nucleophilic substitution. The composite activation para-
meters for this solvolysis are reported, to an incredibly high level of precision,
as AH* = 3498kcalmol-! and AS* = 4049 caldeg *mol-!. The
reaction of zrans-[SnCly(py),] with acetyl chloride in triethyl phosphate results
in replacement of py by Cl-. This reaction occurs much more rapidly than
solvolysis; rates and activation parameters are reported for the two stages
which can be distinguished kinetically.5!

Lead.—An analysis of kinetic parameters and standard free energies of
transfer of the reactants for the reaction of tetra-alkyl-lead compounds with
iodine suggests that the charge separation in the transition state for this Su2

4« M. Murray, G. Schirawski, and U. Wannagat, J.C.S. Dalton, 1972, 911.

42 W. A. Scantlin and A. D. Norman, Jnorg. Chem., 1972, 11, 3082.

4+ J. R. van Wazer and S. H. Cook, Inorg. Chem., 1973, 12, 909.

47 N. F. Kulish, T. G. Shukstelinskaya, and T. N. Delyukina, Vopr. Khim. khim. Tekhnol.,
Respub. Mezhvedom. Temat. Nauch.-Tekh. Sbornik, 1972, 95 (Chem. Abs., 1973, 78,
102 458h).

¢ §. O. Chan and L. W. Reeves, J. Amer. Chem. Soc., 1973, 95, 670.

49 S, O. Chan and L. W. Reeves, J. Amer. Chem. Soc., 1973, 95, 673.

80 S. O. Chan and L. W. Reeves, Inorg. Chem., 1973, 12, 1704.

5t R. C. Paul, V. P. Kapila, and J. C. Bhatia, J. Inorg. Nuclear Chem., 1973, 35, 833.



Non-metallic Elements 125

reaction is probably greater than in the Menschutkin reaction of NN-dimethyl-
aniline with methyl iodide.?? Earlier workers suggested that the effects of
solvent variation on reactivity in these reactions could be ascribed to initial
state-solvent interactions.®® It now seems more likely that initial state—
solvent and transition state-solvent interactions are both important in
determining reactivity. However, the conclusions are not entirely unequivocal,
as the interpretation depends on an assessment of the relative importance of
charge separation and polarizability and may in certain cases be complicated
by a change of mechanism from Se2(open) to Sg2(cyclic).52

3 Group  V

Nitrogen.—Oxoanions. Peroxonitrite ion reacts with the nucleophiles cyanide,
iodide, or thiocyanate in alkaline solution. These reactions involve an associa-
tive mechanism for oxygen atom transfer to the nucleophile, to leave nitrite
ion.** In aqueous solution the N-hydroxohydroxylamine-N-sulphonate anion
(5) decomposes to nitrous oxide and sulphate. In the pH range 6—10 the rate
law is

—d[ON(SO,)NO?-]/dt = A[ON(SO3)NO2-J[H]

Thus it is the conjugate acid of the anion which actually undergoes decomposi-
tion. cis-Hyponitrite ion is a suggested intermediate. The activation parameters

ON SO, |*”
N

N
!
O
®)

are AH¥ = 11.4+1.0kcal mol-*and AS* = -—2+3 cal deg-1 mol-1. The
decomposition of the N-hydroxohydroxylamine-N-sulphonate anion is
specifically catalysed by boric acid. The mechanism for this catalysis may in-
volve the co-ordination of the boric acid to a sulphonate oxygen atom. This
would generate an intermediate similar to the species B(HSO,);, known to
exist in concentrated sulphuric acid. The activation enthalpy for this catalysed
decomposition, 5+ 1 kcal mol-?, is much less than that for the uncatalysed
reaction.®® Effects of added salts on rates of labelled oxygen exchange between
nitrate and water have been discussed in terms of ion association?® and of the
effect of the added cations on the structural properties of the water.57

52 M. H. Abraham, J.C.S. Perkin II, 1972, 1343.

% @G. Pilloni and G. Tagliavini, J. Organometallic Chem., 1968, 11, 557.

54 M. N. Hughes, H. G. Nicklin, and W. A. C. Sackrule, J.C.S. Dalton, 1971, 3722.

5 E. G. Switkes, G. A. Dasch, and M. N. Ackermann, Inorg. Chem., 1973, 12, 1120.

% M. O. Tereshkevich, S. A. Volkova, A. V. Kuprik, R. E. Duglach, and T. S. Kuratova,
Teorya Rastvorov, 1971, 178 (Chem. Abs., 1972, 77, 156 902w).

57 M. I. Valenchuk and M. O. Tereshkevich, Russ. J. Phys. Chem., 1972, 46, 1650.
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Simple Compounds. The kinetics of chlorination of ammonia by Me,CCOCI,
producing successively NH,Cl, NHCl,, and NCl,, have been investigated in
cyclohexane solution containing 0.2M-t-butyl alcohol. Possible mechanisms
are discussed.®® Flash photolysis and pulse radiolysis of aqueous solutions of
hydroxylamine involve

NH,OH —™ NH, + OH

as the primary photoprocess, with NHOH also involved as an intermediate.
The photolysis of the NH,OH* cation was similarly investigated.’® The
stoicheiometry of photolysis of aqueous solutions of hydrazoic acid is

HN; + H.O0—> N, + NH,OH

The quantum yield is unity. The suggested mechanism, involving singlet NH as
an intermediate, is supported by the results of ancillary experiments on photo-
lyses conducted in the presence of chloride ion or of allyl alcohol.®®

The rate law for the reaction of chlorine monoxide and nitrosyl chloride, in
solution in Frigen 113,

CLO + NOCI—> Cl, + NO,CI

—d[NOCI)/dt = £k,[Cl,O]INOCI]

The activation enthalpy is 7.5 kcal mol~! and the frequency factor 1042, The
rate law and kinetic parameters are best interpreted in terms of the following
reaction sequence:8!

Cl,0 + NOCI =— Cl,0,NOCl
fast

r.d.s.
CLO,NOCI —> Cl; + NO,Cl

Oxygen exchange between nitric oxide and water only takes place at an
appreciable rate in the presence of nitrites.®2 Oxygen-18 tracer studies suggest
that the rate law is probably

Rate = A[NOJHNO,J[H"]

It is thence proposed that oxygen exchange takes place by attack of nitric
oxide at H,NO3, possibly with the generation of N,Of as an intermediate.®?
Such attack by nitric oxide would parallel that by acetate in the acetate-
catalysed exchange of oxygen between water and nitrite.®* The rate law for

88 P, Bekiaroglou, A. Drusas, and G.-M. Schwab, Z. phys. Chem. (Frankfurt), 1972, 77, 43.

5* D. Behar, D. Shapira, and A. Treinin, J. Phys. Chem., 1972, 76, 180.

¢° D. Shapira and A. Treinin, J. Phys. Chem., 1973, 77, 1195.

st H. Martin, J. Robisch, H.-D. Knauth, and K.-G. Prusseit, Z. phys. Chem. (Frankfurt),
1972, 77, 227.

sz F. T. Bonner, Inorg. Chem., 1970, 9. 190.

¢ F. T. Bonner and S. Jordan, Inorg. Chem., 1973, 12, 1363.

¢+ C. A. Bunton and M. Masui, J. Chem. Soc., 1960, 304.
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nitrogen exchange between nitric oxide and nitrite,

Rate = A[NOJHNO,]

suggests that HN,O, is involved as an intermediate or at least as the transition
state.®® The kinetic pattern for oxygen exchange and for nitrogen exchange
between nitric oxide and nitric acid is complicated by an induction period,
which corresponds to the build-up of catalytically effective amounts of nitrite.®®
The kinetics of the forward and backward reactions of the equilibrium

NEt, + SO, == Et,N,SO,

were studied voltamperometrically in dimethyl sulphoxide solution. An
unexpectedly slow forward reaction was discussed with reference to a postu-
lated transition state Et;N----SO,- - - -OSMe,.%¢ There is a reference to the
hydrolysis of sulphur trioxide adducts of nitrogen bases in the sulphur section
of this chapter (p. 137).

Miscellaneous. Several studies of the kinetics and mechanisms of reactions of
nitrogen compounds have already been alluded to in previous sections (boron,
silicon) of this chapter. They include the hydrolysis of borazines,?? the forma-
tion of adducts Me,N,BX*X2,14 the condensations of trisilazane and of
methyldisilazane, 5 and the reaction?4

(MegSi).NM + SiMeX —> MX + N(SiMey),

Reactions of phosphonitrilic halides are dealt with in the next section on
phosphorus; intramolecular rearrangements of all the Group V elements are
discussed together at the end of this Group V section.

Phosphorus.—Oxoarnions. Oxygen-18 tracer experiments suggest that the
reaction of peroxomonophosphate, PO3~, with hydroxide ion takes place by
an associative mechanism. Both oxygen-oxygen bond fission and electron
transfer take place in the [PO;™: - - -OH-] transition state postulated.®” This
mechanism is similar to that established, in a more detailed kinetic and tracer
investigation, for the reaction of peroxomonosulphate with hydroxide (p. 135).
The kinetics of the hydrolyses of several condensed phosphates have been
studied in aqueous solution, at 6 < pH <9. The phosphates involved were the
P,0%;, P03, P,0%, P03, PyO%;, and P,,0O%; anions.®® Converse reactions
in which larger condensed phosphates are built up from smaller units such
as diphosphate, diphosphite, and triphosphate have Snx2 mechanisms.®*
The formation of oligomers containing the alternating backbone

¢ S. Jordan and F. T. Bonner, Inorg. Chem., 1973, 12, 1369.

*¢ R. Bonnaterre and G. Cauquis, Bull. Soc. chim. France, 1972, 3297.

*7 V. A. Lunenok-Burmakina and G. P. Aleeva, Russ. J. Phys. Chem., 1972, 46, 1591.

¢¢ .. M. Ukrainskaya and L. I. Kuznetsov-Fetisov, Trudy Kazansk. khim.-tekhnol. Inst.,
1971, 14 (Chem. Abs., 1972, 17, 156 930d).

** N. Yoza, M. Tokuda, T. Inoue, and S. Ohashi, Inorg. Nuclear Chem. Letters, 1973, 9,
385.
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—0—Si—O0—P—0—S8i—0O— has been mentioned in the section on silicon
(p. 124).48

Previous experiments have established that the likely mechanism for hydro-
lysis of the monofluorophosphate anion, PO,F?-, is7°

H,PO,F + H*=— H,PO,F*
H3P03F+ + H20~_>H3PO4 + HF + Ht

A deuterium kinetic isotope effect of 2.1 is consistent with this mechanism.
Activation energies for solvolysis by H,O and by D,O are the same,
16.9+0.8 and 16.7+0.3 kcal mol-?, respectively.”* In aqueous solution,
magnesium(t) ions have only a small catalytic effect on the hydrolysis of
phenyl phosphosulphate (6). In acetonitrile-water mixtures the catalytic effect
of magnesium(ir) is much greater, varying markedly with solvent composition.
The catalytic effect of the magnesium(i) is ascribed to the greater hydrolysis
rate for the 1 : 1 complex, with the magnesium(mr) co-ordinated to a phosphate
oxygen atom.”?

©®

Phosphazenes. In Volume 2 of this Report the mechanism of the reaction of
[PNCl,]; with dimethylamine in tetrahydrofuran solution was described.”®
Further work on the reaction of chlorocyclotriphosphazanes, this time with
methylamine, again shows the important role of the tetrahydrofuran solvent in
making the reaction go. Activation parameters have been determined. Com-
parison of the kinetic parameters for the reactions with methylamine and with
dimethylamine shows that both basicity and steric requirements are important
in determining reactivity in these reactions.?’* A comparison of the kinetics of
reaction of P;N,;Cl;(NHMe) plus NHMe, with those for the converse reaction
P;N,Cl;(NMe,) plus NH,Me shows that rates are much more dependent on
the nature of the incoming group than on the nature of substituents already
present in the phosphazene.”® The intermediacy of donor-acceptor complexes
in the reaction of [PNCL], with pyridine has been suggested.?’¢ The reaction of
[PNCl,]; with Ph,SnLi or Buz,SnLi does not follow the expected route of
nucleophilic replacement of chloride on phosphorus by the SnR; group.

70 L. N. Devonshire and H. H. Rowley, Inorg. Chem., 1962, 1, 680.

7t K. W. Min, D. G. Rands, and R. L. Bain, Inorg. Chem., 1972, 11, 184.

72 'W. Tagaki, Y. Asai, and T. Eiki, J. Amer. Chem. Soc., 1973, 95, 3037.

7 J. M. E. Goldschmidt and E. Licht, J. Chem. Soc. (A), 1971, 2429.

7 J. M. E. Goldschmidt and E. Licht, J.C.S. Dalton, 1972, 728.

76 J. M. E. Goldschmidt and E. Licht, J.C.S. Dalton, 1972, 732,

¢ T. P. Zeleneva, O. B. Khachaturyan, and B. 1. Stepanov, Trudy Mosk. khim.-tekhnol.
Inst., 1970, 147 (Chem. Abs., 1972, 76, 18 398q).
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Rather there occurs rupture of the phosphazene ring with concomitant forma-
tion of the appropriate Sn,R, compound. The species (7) is suggested as an
intermediate in the reaction sequence.””

i |
Ll\ /C
20
>
XN
T
)

Li

Both product characterization and kinetic studies have been described for
alkaline hydrolysis of fluoroalkoxycyclophosphazenes. The reactions exhibit
second-order kinetics. A comparison of the rates of reaction of the trimers
[NP(OCH,CF;),ls, INP(OCH,C,F;).];, and [NP(OCH,C;F,),]; shows that the
ease of leaving is in the order OCH,C,F;> OCH,CF; > OCH,C;F,. Tetra-
meric cyclophosphazenes usually react somewhat faster than trimeric cyclo-
phosphazenes, as in chloride exchange or aminolysis. This is also the case in the
present system, for alkaline hydrolysis of [NP(OCH,CF;).], and of
[NP(OCH,C;F,),)s is slightly faster than that of the trimers cited earlier. All
the fluoroalkoxy-derivatives hydrolyse more quickly than other cyclo-
phosphazenes; this is ascribed to electron withdrawal by the fluorine atoms
facilitating nucleophilic attack at the phosphorus. Oxygen-18 tracer studies
confirmed that these reactions do indeed involve cleavage of phosphorus—
oxygen, rather than carbon—oxygen, bonds.?® Faster reactions of tetrameric
cyclophosphazenes than of their trimeric analogues are also observed in the
reactions of NMe,-substituted derivatives with antimony trifluoride. This
reaction provides a convenient alternative route to fluorophosphazene
derivatives. A step-wise non-germinal mechanism is thought to operate, as in
the generation of fluorophosphazenes from chlorophosphazenes.” A general
and comprehensive review of cyclophosphazene chemistry includes a short
section on mechanisms of substitution in this type of compound.?°

Other Compounds. The products of hydrolysis of PF,Cl have been established,
and thence a mechanism through intermediates OPF,H and F,POPF, has
been suggested. Rates of redistribution reactions in PCl;~PBr; mixtures are
very sensitive to traces of water. Under strictly anhydrous conditions redistri-
bution reactions were shown, using 3P n.m.r. spectroscopy, to occur very
much more slowly than had been reported earlier.®! Phosphoryl and thio-
phosphoryl compounds, R,P(0)X and R,P(S)X respectively, react with hexa-
methyldisiloxane, (Me;Si),0, or with hexamethyldisilthiane, (Me,Si),S, to give

7 H. Prakash and H. H. Sisler, Inorg. Chem., 1972, 11, 2258.

78 H. R. Allcock and E. J. Walsh, J. Amer. Chem. Soc., 1972, 94, 119.

7® P, Clare, D. Millington, and D. B. Sowerby, J.C.S. Chem. Comm., 1972, 324,
8¢ H. R. Allcock, Chem. Rev., 1972, 72, 315.

st A. D. Jordan and R. G. Cavell, Inorg. Chem., 1972, 11, 564.
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esters (8) (E! = OorSand E2 = OorS):
eg. R,P(O)X + (MesSi),0 —> R,P(0O)OSiMe; + Me,SiX

Five-co-ordinate phosphoranes are intermediates in these reactions; for the
reaction where R = X = CF, the intermediate (9) was isolated and charac-

OSiMe,
E2
Y CF;
R2P< F,C —P<
E'SiMe, I CF;
® OSiMe,
©

terized.®? There is preparative evidence for an Sx2 mechanism for the follow-
ing reactions ;83

(CF,),PF + (Me,Si),0 —> (CF;),POSiMe; + Me,SiF
(CF,),PCl + (Me,Si),S —> (CF;),PSSiMe; + Me,SiCl

Mechanisms of reactions of organophosphorus compounds are compre-
hensively reviewed elsewhere.34

Antimony.—The exchange reaction between Me,SbCl, and Me,SbCI(NO,) can
be monitored by *H n.m.r. spectroscopy. In nitrobenzene, activation para-
meters of AH* = 10.6+2.1 kcalmol-! and AS* = —16+6caldeg™?
mol~! (at 32 °C) have been estimated from rate constants determined over the
temperature range 20—60 °C. The negative activation entropy may be the
consequence of a four-centre transition state or of solvent-ordering in a
transition state Me,SbCI*Y~, with Y = Cl or NO,. The rate constant for the
reaction in methylene chloride is about seven times smaller than that in
nitrobenzene, at 64 °C.8% The observations from a Mossbauer study of
hydrolysis of antimony trichloride are consistent with a stepwise hydrolysis
mechanism; no kinetic results are available.3¢ Some kinetic information on
fluoride-exchange reactions can be gleaned from a F n.m.r. study of fluoro-
carbenium ions in HF-SbF;-SO,CIF media.®” The newly demonstrated
polyantimonate [SbO,],"~ transforms into the normal [Sb(OH)¢]~ form very
slowly at 25 °C, quickly at 100 °C, in the presence of tetramethylammonium
hydroxide.®® Rates of transformation of the water-soluble a-form of anti-

82 R. G. Cavell, R. D. Leary, and A. J. Tomlinson, Inorg. Chem., 1972, 11, 2578.

s3 R. G. Cavell, R. D. Leary, A. R. Sanger, and A. J. Tomlinson, Inorg. Chem., 1973, 12,
1374.

8¢ ‘Organophosphorus Chemistry’, ed. S. Trippett (Specialist Periodical Reports), The
Chemical Society, London, Vol. 4, 1973; Vol. 5, 1974; P. Gillespie, F. Ramirez, 1. Ugi,
and D. Marquarding, Angew. Chem. Internat. Edn., 1973, 12, 91.

8 C. G. Moreland and R. J. Beam, Inorg. Chem., 1972, 11, 3112.

% A. Vertes and M. Ranogajec-Komor, Magyar Kém. Folydirat, 1972,78, 380 (Chem. Abs.,
1972, 77, 79 953j).

87 G. Olah, Y. K. Mo, and Y. Halpern, J. Amer. Chem. Soc., 1972, 37, 1169.

s J. Lefebvre and J. Lemerle, Compt. rend., 1971, 273, C, 1201.
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monic acid into the water-soluble y-form and into the water-insoluble 8-form
have been measured under various conditions of concentration and ionic
strength.®®

Intramolecular Processes.—Inversion. The first report of kinetics of racemiza-
tion of a pyramidal monoarsine reveals that the barrier for AsMeEtPh is, as
would be expected from the known configurational stability of arsines, high. In
fact AG¥ = 42.4 kcal mol-! at 217.6 °C in decalin solution.?® Silyl sub-
stituents are known to reduce the barrier to inversion in pyramidal phosphorus
compounds. They have the same effect for arsenic compounds, for the barrier
to inversion is about 18 kcalmol-! lower in AsPriPh(SiMe,) than in
AsMEeEtPh.** A more organic example is provided by inversion in the arsindole
(10). Here, again as in analogous phosphorus cases, the barrier is considerably
lower than in related acyclic compounds.??

Simple electronegativity considerations suggest that the barrier to pyramidal
inversion should increase when a trimethylsilyl group attached to phosphorus is
replaced by a trimethoxysilyl group. In fact the reverse is the case, as has been
discovered by estimating the barrier to inversion for PPriPh{Si(OMe),}, in
deuteriotoluene. It proved necessary to invoke negative hyperconjugation to
explain this unexpected result.®®

Linear free-energy relationships connect inversion barriers at several pairs of
atoms taken from the group N, P, As, C, O, Si, and S.%* The adequacy of
molecular orbital calculations in estimating barriers to inversion and to
rotation about single bonds has been assessed for several nitrogen com-
pounds, including ammonia.?® The effect of the presence of fluorine bonded to
nitrogen both on inversion at nitrogen in N-fluoro-amines and on rotation
about carbon-nitrogen bonds in N-fluoro-amides has been examined.’® The
barriers to rotation about nitrogen-silicon bonds are much lower than those
for rotation about nitrogen—-phosphorus or nitrogen-sulphur bonds. The
potentially diastereotopic methyl groups are equivalent at all accessible
temperatures for six compounds of general formula (11).8? A barrier of
9.2 kcal mol~* (at —108 °C) has been found for inversion of the N-germyl
imine (12). This barrier is much less than those known for N-alkyl- or N-aryl-
imines.®%®

8 J. Lemerle, Rev. Chim. minérale, 1972, 9, 863 (Chem. Abs., 1973, 78, 164 725b).

*0 G, H. Senkler and K. Mislow, J. Amer. Chem. Soc., 1972, 94, 291,

*1 R. D. Baechler, J. P. Casey, R. J. Cook, G. H. Senkler, and K. Mislow, J. Amer. Chem.
Soc., 1972, 94, 2859.

2 R. H. Bowman and K. Mislow, J. Amer. Chem. Soc., 1972, 94, 2861.

** R, D. Baechler and K. Mislow, J.C.S. Chem. Comm., 1972, 185.

*¢ R. D. Baechler, J. D. Andose, J. Stackhouse, and K. Mislow, J. Amer. Chem. Soc., 1972,
94, 8060, and refs. therein.

»s L. C. Allen and J. Arents, J. Chem. Phys., 1972, 57, 1818.

8 J. Cantacuzene, J. Leroy, R. Jantzen, and F. Dudragne, J. Amer. Chem. Soc., 1972, 94,
7924.

*7 §. Chan, S. DiStefano, F. Fong, H. Goldwhite, P. Gysegem, and E. Mazzola, Inorg.
Chem., 1973, 12, 51.

s R, J. Cook and K. Mislow, J. Amer. Chem. Soc., 1971, 93, 6703.
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Et .

R

o
Q \ Q R*—5i—NMe,

T W
1
DzC\ /OMe
CH
Ph
C=NGeMe;
p'CFa'CGHl/
(10) (12)

Pseudorotation. Intramolecular rearrangement of PF,H and of PF;H, is
briefly mentioned in a paper on the vibrational spectra of these compounds.®®
The barrier to intramolecular rearrangement in PF,H can be estimated from
earlier reports that all four fluorines are equivalent in n.m.r. spectra from
+32 °C down to —114 °C and a recent statement that PF,H has a trigonal-
bipyramidal structure, with the hydrogen atom equatorial, in CHCIF, solu-
tion below —120 °C. Both 'H and *F n.m.r. spectra were obtained under
these conditions.1%® Second-order intermolecular fluoride exchange has
recently been claimed for Me,PF, and Me,PF;. This is contrary to earlier
descriptions of intramolecular pseudorotation by the Berry mechanism for
these compounds, and contrasts with recent evidence for intramolecular re-
arrangement in Ph,PF,. The barrier to rearrangement in this last compound
is ca. 20 kcal mol—1,101

A general graphical topological approach to representing intramolecular
processes of trigonal-bipyramidal molecules has been presented,°? and these
processes have been used to illustrate a general topological treatment of
polytopal isomerizations.103

All previous n.m.r. studies of compounds ML; with five identical groups
attached to the central atom in trigonal-bipyramidal geometry (‘octahedral’
IF; and polymeric SbF; are thus excluded) have indicated very low barriers to
intramolecular rearrangement. One has to turn to transition-metal derivatives
to find higher barriers. For although such compounds as [Fe(CO);] and
[Os(PF,);] also appear to have very low barriers to intramolecular rearrange-
ment, the barrier for the [Rh{P(OMe);},]* cation is 7.4 kcal mol-*at — 107 °C,
in CD,Cl,~CHCIF, solution. That this pseudorotation is intramolecular is
shown by the persistence of the coupling to °®Rh, which has a nuclear spin of
4.104 Recent work!?® has failed to substantiate an earlier claim!°® for stereo-

** R. R. Holmes and C. J. Hora, Inorg. Chem., 1972, 11, 2506.

100 A, H. Cowley and R. W. Braun, Inorg. Chem., 1973, 12, 491.

11 C, G. Moreland, G. O. Doak, and L. B. Littlefield, J. Amer. Chem. Soc., 1973, 95, 255.
to2 A T. Balaban, Rev. Roumaine Chim., 1973, 18, 841.

13 W, G. Klemperer, J. Amer. Chem. Soc., 1972, 94, 8360.

104 J P, Jesson and P. Meakin, J. Amer. Chem. Soc., 1973, 95, 1344,

106 E. L. Muetterties, J.C.S. Chem. Comm., 1973, 221.

10¢ R, B. King and M. 8. Saran, Inorg. Chem., 1972, 11, 2112.
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chemical rigidity of the t-butyl isocyanide complex [Co(CNCMe,)s]+ at
temperatures below —30 °C.

Miscellaneous. 1t is possible to monitor several reactions of silyltriazenes (13)
by 'H n.m.r. spectroscopy. 1=23 migration of the silyl groups occurs by an
associative intramolecular mechanism with a transition state (14). The order
of migration rates for various SiR; groupsis R = Et<Me<OMe< CL.1°7 At
lower temperatures it is possible to isolate cis- and trans-isomers. Isomeriza-
tion of these compounds occurs by inversion at nitrogen. Activation para-
meters for the isomerization of (15) are strongly solvent dependent. Thus, for

Me
N—N N
AN AN
RS SN—Me Me—N" " §N——Me
a4
Me,Si
—N
Me,Si N—Ph
as)

example, the activation energy and activation entropy for cis—trans isomeriza-
tion are 7.7 kcal mol-* and —47 cal deg~* mol—! in pentane, but 19.1 kcal
mol-! and —9 cal deg~! mol-! in ether.1°® It is also possible to monitor
rotation about the nitrogen—nitrogen single bond by variable-temperature *H
n.m.,r. spectroscopy of appropriate silyltriazenes.1®® The dimethylamino-
proton region of the n.m.r. spectrum of the aminophosphinite (16), in CF,Cl,—
CFCl, solution, varies greatly with temperature, but the *F n.m.r. and
OSiMe; proton n.m.r. are very nearly independent of temperature. These
observations are explained by a freezing-out of the movement of one of the
NMe, groups at low temperatures. It is not possible to decide whether this is
due to restriction of rotation about the phosphorus-NMe, or phosphorus—
OSiMe, bonds.83 N.m.r. and i.r. spectroscopy both suggest that the equili-
brium (17)=(18) is established in solution, for example in tetrachloroethane.
Thermodynamic, but not kinetic, parameters were obtained.!1®

Several cyclopentadienyl derivatives of Group IV elements have long been
known to behave as fluxional molecules. Now *F n.m.r. spectroscopy of
P(h'-C;H;)F, shows that this Group V derivative is also a fluxional molecule.
No quantitative kinetic data were quoted, but a qualitative impression can be

107 N, Wiberg and H. J. Pracht, Chem. Ber., 1972, 105, 1388.

10 N, Wiberg and H. J. Pracht, Chem. Ber., 1972, 105, 1392.

109 N, Wiberg and H. J. Pracht, Chem. Ber., 1972, 105, 1399.

1o R, A. Zingaro, K. J. Irgolic, D. H. O’Brien, and L. J. Edmondson, J. Amer. Chem. Soc.,
1971, 93, 5677.



134 Inorganic Reaction Mechanisms

NMe, Me Me
- AN
F,C—P /As—S ——-S——As/
OSiMe, Me Me
(16) an
S
Me
\“ /Me
As —S-——As\
Me Me
(18)

extracted from the published description of the variation of the spectrum with
temperature.1!

4 Group VI

Oxygen.—The rates of hydrolysis of oxygen difluoride in basic aqueous
solution show a one-third-order dependence on hydroxide-ion concentration.
At pH = 10, the activation energy for this hydrolysis is 8.5 kcal mol —1,112
The rate law for photolysis of hydrogen peroxide, in the presence of hydroxyl-
amine or of methylamine, is

_d[Hzoz]/dt = kol)[H;0,]

Quantum yields, which were pH dependent, were lower in the presence of the
named additives. A chain mechanism for these photolyses is presented and
discussed. 13

Sulphur.—The hydrolysis of elemental sulphur,
4S + 4H,0 =—-3H,S + HSO; + H*

has been examined over the temperature range 200—320 °C in sealed tubes.
Exchange of 10 between water and bisulphate ion proved too fast for the
quenching techniques used, but the half-life for 34S exchange between hydrogen
sulphide and bisulphate ion is of the order of a day.1!*

Activation parameters for the alkaline hydrolysis of pyrosulphate (S,0%7)
have been recorded as Es = 11.0+0.12 kcal mol-*and AS+ = 39.05+0.41
cal deg—* mol—1.115 Initial rates of reaction of thiosulphate with hydrochloric
acid, in aqueous solution, indicate the rate law

~d[S,057)/ds = K[S,0571"[H"]

m J, E. Bentham, E. A. V. Ebsworth, H. Moretto, and D. W. H. Rankin, Angew. Chem.
Internat. Edn., 1972, 11, 640.

1z § N. Misra and G. H. Cady, Inorg. Chem., 1972, 11, 1132.

us B, Sethuram and T. N. Rao, Z. phys. Chem. (Frankfurt), 1973, 85, 137.

e B, W, Robinson, Earth Planet. Sci. Letters, 1973, 18, 443 (Chem. Abs., 1973, 78,
164 702s).

us T. G. Ryss and A. Kh. Drabkina, Kinetika i Kataliz, 1973, 14, 242 (Chem. Abs., 1973, 79,
10 307a).
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The rate-determining step is therefore thought to be reaction between S,0%~
and its conjugate acid HS,O3; the eventual product is colloidal sulphur. At
an ionic strength of 0.035 mol 1-, the activation energy is 15.9;+0.14 kcal
mol~! and the frequency factor 1.64(+0.13) x 101,118 The rate of subsequent
formation of elemental sulphur is a function of the surface area of that
sulphur which has already precipitated.!? In acid solution dithionates
decompose thus:

S:0~ + H*—> S0, + HSO;

The dependence of the rate of this reaction on the acidity function A_ in
sulphuric acid of concentration 7—10 mol 1-! suggests that the transition
state is derived from monoprotonated dithionate. The Arrhenius plot for this
reaction is curved: a surprisingly high activation enthalpy of 52 kcal mol~*
(25 °C) is reported.'*® The rate law for the reaction of peroxomonosulphate
with hydroxide is

—d[SO5)/dt = k,[SO;JIOH]

The activation parameters are E; = 17.3 kcal mol-* and AS*¥ = —18cal
deg-1mol-t. The negative activation entropy and the rate law are both
consistent with associative attack of the hydroxide at the sulphur atom. %0
Tracer experiments, in which the isotopic distribution of evolved oxygen was
determined, suggest a redox radical mechanism involving a one-electron
transfer from the hydroxide to the peroxomonosulphate and cleavage of the
oxygen—oxygen bond of the latter.11®

The kinetics of the reaction between peroxomonosulphate and thiocyanate
were earlier interpreted in terms of the intermediacy of species such as
HS(O)CN, (SCN),, and HO(SO)CN. No definite proof of this is available, but
the detection of similar intermediates, RSO,CN and R(SO)CN, in reactions
between alkyl thiocyanates and peroxomonosulphate lends support to the
intermediacy of HS(O)CN and HO(SO)CN in the peroxomonosulphate—
thiocyanate reaction.'?® The kinetics of decomposition of the N-nitroso-
hydroxylamine-/N-sulphonate anion to sulphate and nitrous oxide have already
been described under nitrogen.®® The mechanism of substitution at sulphur(iv)
in sulphinyl compounds, RS(0)Y, is still a topic of unresolved discussion,
despite much effort in this area. The question awaiting answer is whether the
mechanism is simple Sx2 or whether there is a four-co-ordinate intermediate
of significant lifetime. 12,122 Though the determination of Brgnsted coefficients
did not provide definite mechanistic evidence relating to substitution at

ue E_Johnston and L. McAmish, J. Colloid Interface Sci., 1973, 42, 112 (Chem. Abs., 1973,
78, 76 377j).

a7 §, Tuzun, Turk fiz. Dernegi Bul., 1972, No. 116 (Chem. Abs., 1973, 78, 102 476n).

us W.Y. W. Lew and R. E. Powell, Inorg. Chem., 1973, 12, 957.

112 YV, A. Lunenok-Burmakina and G. P. Aleeva, Russ. J. Phys. Chem., 1972, 46, 1591.

130 G, J. Bridgart and 1. R. Wilson, Austral. J. Chem., 1971, 24, 2481.

2 J 1. Kice and C. A. Walters, J. Amer. Chem. Soc., 1972, 94, 590.

123 T, Senatore, E. Ciuffarin, A. Fava, and G. Levita, J. Amer. Chem. Soc., 1973, 95, 2918.
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sulphur(tv),122 the determination of these coefficients for the reactions of four-
co-ordinate sulphur(vi), in the form of benzenesulphonyl chloride (19),
proved more fruitful. A large effect of solvent composition on Brensted
coefficients was observed for the reaction of benzenesulphonyl chloride with
pyridines or with primary amines in aqueous dioxan and aqueous acetonitrile.
This was interpreted in terms of varying degrees of bond making in transition-
state formation for different nucleophiles and different solvent mixtures.?®
Both rate constants and activation enthalpies are markedly different for the
reaction of benzenesulphonyl fluoride with aniline, n-butylamine, or hydroxide
from the values for reaction of the other benzenesulphonyl halides with these
same reagents. This difference in kinetic characteristics is interpreted in terms
of significant sulphur to nucleophile bonding in the transition states for the
reaction of benzenesulphonyl chloride, bromide, and iodide, in contrast to

0
Ph-——|S-—C1 Ph—O—S$-—Cl Me,N—S—Cl
(19) (20) @n

rate-determining sulphur-fluorine bond breaking in the corresponding reac-
tions of benzenesulphonyl fluoride.'2* Steric effects on the reactivity of 4-
substituted benzenesulphonyl chlorides with 2-methyl- and 2,6-dimethyl-
aniline suggest that there is less bond making involved in the generation of the
transition state when there are electron-releasing substituents present in the
(substituted) benzenesulphonyl chloride.?? Pheny! chlorosulphate (20) reacts
with methoxide by parallel sulphur-oxygen and sulphur-chlorine bond-
breaking pathways. The activation parameters for these two routes differ
considerably: AH* = 90.0kJmol-*and AS* = + 29 JK-'mol-? for the
sulphur-oxygen bond-breaking route, but AH* = 63.2kJmol-! and
AS* = 58 JK-1mol-? for the alternative sulphur—chlorine bond-breaking
route.12¢

The value of ACp* of —76 cal deg~! mol-! for hydrolysis of dimethyl-
sulphamoyl chloride (21) in aqueous solution indicates a degree of solvent
reorganization during transition-state formation that is similar to that involved
in the Sx1 hydrolysis of tertiary halides.12? For organic solvolyses, ACp* = ca.
~—50 cal deg—! mol-* for Sn2 reactions and ACp* = ca. — 80 cal deg~! mol—?
for Sx1 reactions. However, the situation with respect to substitution je
sulphur is complicated by the reported value of ACp* = —72cal deg~* mol—*
for hydrolysis of 4-methylbenzenesulphonyl chloride, which should (see

12 I, J. Stangeland, L. Senatore, and E. Ciuffarin, J.C.S. Perkin 11, 1972, 852.
13« E. Ciuffarin, L. Senatore, and M. Isola, J.C.S. Perkin II, 1972, 468.

135 O, Rogne, J.C.S. Perkin II, 1972, 472.

12¢ E. Buncel, L. . Choong, and A. Raoult, J.C.S. Perkin II, 1972, 691.

127 B, C. F. Ko and R. E. Robertson, J. Amer. Chem. Soc., 1972, 94, 573.
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previous paragraph) be Sx2 in character.'?® There has been some discussion
on the determination and meaningfulness both of ACp* from 0AH* /0T and of
OACp* [T .10

The reactivity of sulphur(vi) in (22) towards nucleophilic attack has been

[
Ph—S—S—Ph

I
0

22)

investigated for some twenty nucleophiles. The reactivity trend is very similar
to that exhibited by carbon(tv), except that fluoride ion is a markedly better
nucleophile towards sulphur(vi) than would be predicted from its nucleo-
philicity towards carbon(rv). However, it has been shown earlier that fluoride
ion is also more reactive towards phosphorus(v) than would be expected from
its behaviour towards organic substrates.®®

Rate constants and activation parameters have been determined for the
decomposition of the benzenesulphydroxamate anion (23). This decomposi-
tion is not hydrolytic in nature, but involves dissociation of the anion into
PhSO, and HNO, which Jatter eventually gives nitrous oxide.'®* The silver
salt of trisulphimide, Ag,(NSO,);,5H,0, has been identified as the product of

M ) CI\S/O o\ NH:
Ph—S—N o NN N SI/O
I o Sk !_1/ N N
XN \ O (6]

c1/ H

(23) 4 (25)

hydrolysis of «-sulphanuric chloride (24) under mild conditions in aqueous
silver nitrate solution. This suggests that all three sulphur—chloride bonds in
(24) undergo hydrolysis before ring cleavage; the final hydrolysis products are
imidosulphamide (25) and sulphuric acid.!3?

Activation parameters for the hydrolysis of the sulphur trioxide adduct of
tetramethylhexamethylenediamine are E, = 24.6+0.2 kcal mol-* and
AS* = —9.6+0.4 cal deg-* mol-1. Investigation of the kinetics of hydro-
lysis of the sulphur trioxide adduct of tetramethylethylenediamine was
precluded by the low solubility of this adduct.13®

128 R, E. Robertson and B. Rossall, Canad. J. Chem., 1971, 49, 1441.

129 J, M. W. Scott and R. E. Robertson, Carad. J. Chem., 1972, 50, 167; S. Wold, J. Phys.
Chem., 1972, 76, 369.

1o J, 1, Kice and E. Legan, J. Amer. Chem. Soc., 1973, 95, 3912.

121 F, Seel and C. Bliefert, Z. anorg. Chem., 1972, 394, 187.

12 A, C. Hazell, Acta Chem. Scand., 1972, 26, 2542.

133 T, P. Bogdanova and T. N. Kotlyar, Kinetika i Kataliz, 1973, 14, 245 (Chem. Abs., 1973,
79, 10 303w).
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The possibility of a hydrolytic pathway for fluoride exchange should always
be borne in mind. Previous reports of n.m.r. spectra, both H and *F, of
Me,N,SF; and of Et,N,SF, spoke of poor resolution, attributed to line-
broadening from fluoride exchange. Under rigorously anhydrous conditions
the n.m.r. spectra of these two compounds are well resolved. Moreover, when
(Me,Si),NH was added to SF, to take out the last traces of water and of
hydrogen fluoride, the temperature at which line-broadening began to be
significant in the °F n.m.r. spectrum was 30 °C higher than heretofore
reported.13*

Variable-temperature n.m.r. spectroscopy indicates barriers (AG*) of
10.3 and 11.4 kcal mol—? for intramolecular rearrangement of S(NEt,), and
S(NPr;)z at — 61 °C, in CCL,F, solution. This rearrangement is rotation about
a sulphur-nitrogen bond rather than inversion at nitrogen. Similar barriers to
internal rearrangement are observed for S,(NR;),, where R = Me, Et, or Pri,
Here again the observed barrier is attributed to rotation about a sulphur—
nitrogen bond rather than to rotation about the sulphur-sulphur bond or
inversion at nitrogen.'®> Inversions at sulphur bonded to platinum() or
palladium(m)*?® and at sulphur bonded to gold(m)!®? in appropriate square-
planar complexes are discussed in Chapter 2.

Selenium.—%0 tracer studies of oxygen exchange between selenate and water
indicate a rate law

Rate = k[H*][HSeO3] 4)

At high acidities (above about 1.5M-H,SeO,) a second term in [H*]}[HSeO7]?
begins to become significant. The reported activation parameters are listed in
the Table. The mechanism corresponding to equation (4) is thought to be
associative attack by water at the selenium in H,SeO,. The term in
[H+]?[HSeO;]? at high acid concentrations is attributed to an associative
reaction involving two H,SeO, molecules.'®® The effects of added ions on %0
exchange rates between selenate and water have been studied.5®

Table Activation parameters for oxygen exchange beiween selenate or selenite
anions and water

Eal AS*/
Anion Conditions kcal mol—? cal deg~* mol~* Ref.
Selenate pH = 1.12, 60—95 °C 23.1 -5 138
1.64M-H,SeO,, 3050 °C 21.8 -10 138
Selenite pH = 9.1 14.0 139
pH = 10.1 19.6 139

F. Janzen, J. A. Gibson, and D. G. Ibbott, Inorg. Chem., 1972, 11, 2853.

W. Hu, J. W. Gilje, and T. T. Bopp, Inorg. Chem., 1973, 12, 955.

J. Cross, 1. G. Dalgleish, G. J. Smith, and R. Wardle, J.C.S. Dalton, 1972, 992.
Coletta, R. Ettorre, and A. Gambaro, Inorg. Nuclear Chem. Letters, 1972, 8, 667.
O
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Oxygen exchange between selenite and water obeys a more complicated rate
law. At 0 °C, 8.7<pH < 12.5, this is

Rate = k,[Se037] + k,[HSeO;] + ks[HSeO3]? + k£, [HSeO5][Se037]
&)

Composite activation energies are listed in the Table. At high selenite con-
centrations, when the %k, and k, terms of equation (5) become important,
mechanisms involving reaction between two selenite units make a significant
contribution to the exchange process. It is possible that the Se~O-Se linked
species involved are intermediates rather than simply transition states, in the
light of the known [Se,O;]*~ anion.1%?

5 Group VII

Fluorine and Chlorine.—The Kkinetics of hydrolysis of oxygen difluoride have
been mentioned in the section on oxygen (p. 134). Some qualitative kinetic
observations derive from a F n.m.r. study of the CIF;, cations, withn = 2,
4, or 6. Thus solutions containing the CIF; cation, which is presumably iso-
structural with SF,, in HF-AsF; show two lines below —70 °C, only one
broad line above. It is not possible to tell whether the line coalescence can be
assigned to intramolecular rearrangement or intermolecular fluoride exchange.
Fluoride exchange is detectable between CIFF and HF, in the presence of
AsF;, but no exchange is observed between CIFs and HF. These facts can be
rationalized by the plausibility of

CIF; + HF; = CIF; + HF
and the unlikelihood of14°
CIF§ + HF; =—— CIF, + HF

Radiolysis and photodecomposition of chlorite and chlorate have been
studied in aqueous solution. Reaction schemes, rate constants, and quantum
yields are reported.t4! The first stage in the reaction of chlorine with phenol is
the second-order formation of [Cl,- PhOH], with arate constantk, = 2.3 x 10¢
1mol-ts-* at 5 °C. This [Cl,PhOH] intermediate, whose properties are
similar to those of known charge-transfer compounds of halogens with
aromatic compounds, decomposes by three parallel pathways. Chlorine reacts
more slowly with chlorophenols than with phenol itself.'4? The reaction of
chlorine dioxide with phenol follows a comparable rate law:

—d[ClO,)/dt = {ky + k[H*]"1}[CIO.][phenol]

139 A, Okumura and N. Okazaki, Bull. Chem. Soc. Japan, 1973, 46, 1084.

e K. Q. Christe, J. F. Hon, and D. Pilipovich, Inorg. Chem., 1973, 12, 84.
G, V. Buxton and M. S. Subhani, J.C.S. Faraday I, 1972, 68, 947, 958, 970.
13 B, Grimley and G. Gordon, J. Phys. Chem., 1973, 77, 973.
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Activation parameters are AH,;* = 11.6+0.3kcalmol~! and AS,* =
—2140.5 cal deg—* mol-? for the k, path,and AH,* = 13.540.3 kcal mol-?
and AS,* = —22+1 cal deg~* mol-! for the k, path.14®

Exchange between chloride ion and chlorine in aqueous solution can be
monitored by n.m.r. spectroscopy below about — 35 °C; above this tempera-
ture linewidths are controlled by relaxation processes rather than by chemical
exchange. The chemical exchange takes place via the equilibrium

k-t
Cl- + Cly==CI;
kq
The value of k, in 6M chloride solution, extrapolated to 25 °C, is 9x 10
I mol-ts-1,144

Bromine.—Oxygen exchange between bromate and water has been much
studied in acid solution. The first quantitative study in alkaline solution,
reported last year, shows that the overall rate law for this oxygen exchange is

Rate = {ky + kJOH™] + k,JJH]*[BrO;] (6)
In alkaline solution the activation parameters are AH* = 22.5 kcal mol—!
and AS¥ = —19 cal deg~! mol~?, determined from %, values {equation (6)].

The activation parameters for exchange with D,O are the same, within
experimental uncertainty.'*® The kinetic'salt effect was also studied for this
bromate-water oxygen exchange. The experiments in alkaline solution were
not successful, but sufficient results were obtained to yield further information
germane to the k, and k, paths of equation (6).1*® The effects of added cations
(Li+, Na*) on oxygen-exchange rates between bromate and water have been
discussed in terms of ion association.®®

Todine.—IO,, 10;, and 103~ are postulated intermediates in the flash photo-
lysis and radiolysis of aqueous iodate solutions at pH 7. The 10, disappears by
a second-order process.*? The reaction of iodate with iodide in acid solution
has been studied at very low iodide concentrations, < 10~7 mol 1=}, in order to
gain background information pertaining to oscillating reactions involving
these compounds and hydrogen peroxide.48
The reaction of iodide with iodine
ko
L + 1I"2=—I;

kg
is too fast to follow by conventional 7T-jump techniques, but has been moni-
tored by a recently developed laser 7-jump apparatus. At 25 °C and an ionic
strength of 0.02moll-?, ki = 6.2(+0.8)x10°1mol-*s~! and k» =
8.2(+1.0) x 10%s~%, This value of k¢ is reasonably close to the earlier

13 E, Grimley and G. Gordon, J. Inorg. Nuclear Chem., 1973, 35, 2383.

14« H, W. Dodgen, A. D. Jordan, and R. B. Jordan, J. Phys. Chem., 1973, 77, 2149.

us H, Gamsjiger, A. Griitter, and P. Baertschi, Helv. Chim. Acta, 1972, 55, 781.

us H. Gamsjiger and P. Baertschi, Helv. Chim. Acta, 1972, 55, 2154.

147 F. Barat, L. Gilles, B. Hickel, and B. Lesigne, J. Phys. Chem., 1972, 76, 302.

s R, Furuichi. I. Matsuzaki, R. Simic, and H. A. Liebhafsky, Inorg. Chem., 1972, 11, 952.
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estimate from 1271 n.m.r. of 5.4 x 10 I mol-*s~1, at 35 °C, a value con-
sidered unreasonably high at the time. The rate of the forward reaction is
thus extraordinarily high, but is still within the diffusion-controlled limit, ca.
1.5x 101 s-1 at 25 °C. The mechanism proposed includes an outer-sphere
complex,

I, + I + HO== LOH)I-=—=I; + H,0

with the left-hand equilibrium being set up at diffusion-controlled rates and the
right-hand equilibrium providing the ‘rate-determining step’.14?

Previous studies of the iodide-tri-iodide exchange reaction have been
discussed in terms of a dissociation-formation model:

L=I, + I-

The use of this model leads to derived rate constants which exceed the diffusion-
controlled limit. Further 12’I n.m.r. studies and a reconsideration of earlier
published experimental data lead to a new proposal of an associative mechan-
ism for iodide exchange, in which iodide attacks at one end of the tri-iodide. It
is possible, from the observed kinetic pattern, that the I3~ so generated has a
sufficient lifetime to be considered an intermediate rather than a transition
state.15® A transfer diffusion investigation of the same reaction also culminates
in the proposal of an associative mechanism, with a linear I{~ transition
state. Allowing for the non-spherical nature of the tri-iodide, it is possible to
calculate a diffusion-controlled rate constant, which turns out to be the same
as the experimentally determined (by this method or from *2’I n.m.r.) second-
order rate constant.5! Some calculations on the transition state have been
made in connection with this transfer diffusion study of the iodide—tri-iodide
exchange reaction.!®? Further study of the iodide-thiocyanate reaction has
resulted in an estimate of the association constant for the initial rapid associa-
tion of the reactants to give the intermediate charge-transfer complex
I,,SCN-,153

1 D, H. Turner, G. W. Flynn, N. Sutin, and J. V. Beitz, J. Amer. Chem. Soc., 1972, 94,
1554.

10 E, E. Genser and R. E. Connick, J. Chem. Phys., 1973, 58, 990.

12 1, Ruff, V. J. Friedrich, and K. Csillag, J. Phys. Chem., 1972, 76, 162.

183 1, Ruff, V. J. Friedrich, and K. Csillag, Magyar Kém. Folyéirat, 1972, 78, 449.

1 1, Orszégh, G. Bazsa, and M. T. Beck, Inorg. Chim. Acta, 1972, 6, 271.
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::nert Metal Complexes: Co-ordination Number
our

BY J. BURGESS

1 Tetrahedral Complexes

The titles of this section have, in the interests of reasonable brevity, been
somewhat oversimplified. For in this section we shall deal not only with inert
complexes of co-ordination number four of undisputed tetrahedral stereo-
chemistry, but also with some complexes and oxoanions of uncertain co-
ordination number or stereochemistry and some complexes of undoubted
lability. Thus, for instance, several reactions of molybdates and of vanadates
are included in this section as they seem less inappropriate here than elsewhere
in this Report. The arrangement of sections is by order of Periodic Table
groups.

Group V.—Vanadium. The kinetics of formation of [VO,(H,edta)]- from
vanadate and edia have been examined in acid (1.5 < pH < 2) aqueous solution,
using stopped-flow techniques. The rate law is

—d[VO;] _ KledtaH} VY]

dr 1 + k'edtaH3]
The most likely mechanism is that of a pre-equilibrium
[V(OH),J* == [VO(OH).]* + H.O )
followed by bimolecular reaction with edta:

[VO(OH),)* + edtaHi —> [VOy(edtaH,)]- + H,O )

Rate constants were estimated for the forward and reverse reactions of
equilibrium (1) and for the bimolecular step (2).! The study of the reaction of
vanadate with edta over a wide pH range is complicated by the existence of
variously protonated and deprotonated forms of the reactants. Thus the overall
kinetic scheme is complicated. The reaction of vanadate with alizarin (1,2-
dihydroxyanthraquinone) is simpler, as there are only two reaction paths.
These are the reactions of [VO,(OH);]2~ and of [VO,(OH),]~ with the alizarin
monoanion.? Formation reactions of VV are also important in some reactions
- for example the oxidation of ascorbic acid by vanadium(v) proceeds by

1 J. Lagrange and P. Lagrange, Bull. Soc. chim. France, 1972, 19.
* K. Kustin and D. L. Toppen, J. Amer. Chem. Soc., 1973, 95, 3564,
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rapid complex formation followed by rate-determining redox decomposition
of this complex.3
Base hydrolysis of decavanadate follows the rate law

—d[Vy,0% J/dt = {ky + k[OH V1,05 ]

The rate constants show some dependence on the nature of the cation present
from the added MOH. This is ascribed to significant ion-association, which is
not too surprising with a 6— anion, albeit a relatively large one. At a pH
between 9 and 10, and at an ionic strength of 2.5 mol 17 (NaCl), the
activation parameters are AH¥ = 28.3+0.5 kcalmol-?! and AS* =
+17+2 cal deg—* mol~1. There is a marked similarity of the kinetic pattern
here to that estabiished for the paramolybdate ((M0,0.4]%") anion.*

Group VI.—Chromium. The kinetics of the reaction
HCrO; + HS,0; == [0;CrSS0;)*- + H.0 3

have been determined in aqueous solution at 25 °C. The rate constant for the
forward reaction is 2.0 x 10* I mol~* s~, for the reverse reaction 2.1 s~, The
electronic spectrum of the product, and its formation constant, suggest the
bonding of chromium to thiosulphate sulphur hinted at in equation (3).% In the
reaction of HCrOj; with thiocyanate it is not possible to tell whether there is
chromium-sulphur or chromium-nitrogen bonding in the product. This does
not prevent the elucidation of the rate law for the reaction.® The current
interest in substitution at HCrOs is connected with investigations of the
mechanisms of oxidation of a variety of substrates by chromium(vi). In these
redox reactions the initial step is often postulated as formation of a
chromium(vi)-substrate adduct.®»? Thiosulphate catalyses hydrolysis of
Cr,0% ; it has now been shown that the above-mentioned [0;CrSSO,]-
anion is an intermediate in this Cr,0%~ hydrolysis. This is claimed as the first
direct evidence for catalysis of hydrolysis of dichromate by a nucleophile.?
The influence of added cations (Na*, NMe;) and added organic cosolvents
(dioxan) on acid hydrolysis of dichromate has been studied using the T-jump
technique. The results obtained were interpreted in terms of the effects of the
additives on the structure of the solvent.8

Molybdenum. The protonation of the [MoQ,]?~ anion, determined by ultra-
sonic techniques, is about ten times slower than that of the [M0,0,,]*~ anion.
This difference is ascribed to the necessity of changing the stereochemistry
about the molybdenum from tetrahedral to octahedral on adding H+ to the
[MoO,]?~ anion.® 7-Jump studies of molybdate solutions show two relaxations,

8 K. Kustin and D. L. Toppen, Inorg. Chem., 1973, 12, 1404.

¢ J. B. Goddard and A. M. Gonas, Inorg. Chem., 1973, 12, 574.

s K. A. Muirhead, G. P. Haight, and J. K. Beattie, J. Amer. Chem. Soc., 1972, 94, 3006.
¢ C.T. Lin and J. K. Beattie, J. Amer. Chem. Soc., 1972, 94, 3011.

7 A. Haim, Inorg. Chem., 1972, 11, 3147.

# R. Koren and B. Perlemutter-Hayman, J. Phys. Chem., 1972, 76, 582.

9

D. S. Honig and K. Kustin, J. Phys. Chem., 1972, 76, 1575.
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which have been assigned to the following reactions:

7IMo0O,J*~ + 8H* “— [M0,041°~ + 4H,0
[M0,0,,1°" + [MoO,J2~ + 4H+“—[Mo0sOy]*~ + 2H,0

The rate of ‘heptamerization’ of the [M0Q,]?~ anion is remarkably high, which
again suggests that monomeric molybdate in acid solution is octahedral,
perhaps [MoO(OH);]~ or [Mo(OH),], rather than tetrahedral.'® The kinetic
pattern for the reaction of molybdate with catechol is interpreted in terms of
the reaction of the incoming ligand with either of the two tetrahedral species
[Mo00O,]%- or [M0oO4(OH)]-.1*

Tungsten. Rate laws and rate constants have been determined, and reaction
mechanisms proposed, for reactions of dodecatungstosilicate, [SiW1,0,0]¢,
and of dodecatungstophosphate, [PW;,0,,]°~, with vanadium(iv), VO3**. Two
parallel paths are suggested for each reaction, rate-determining loss of one
tungstate unit followed by rapid reaction with VO2+, and equilibrium forma-
tion of an ion-pair between the reactants followed by rate-determining inter-
change within this ion-pair.!? The heteropolytungstates [SiW;;050]®~ and
[P,W1;,06.]1°- react with hexachlororhenate(tv); rapid oxidation of the
products has prevented a kinetic study of these reactions.'® The left —right
reaction of the heteropolytungstate equilibrium

2[PVW ;0404 5 [PVa W Og)* + [PW 1204013~

is second-order in the [PVW,;0,,]*~ anion. The reaction proceeds in this
direction at pH> 1.5 since under these conditions the [PW;,0,0]>*~ anion
rapidly gives [PW;;05]7~. The mechanism proposed here resembles that
proposed for disproportionation of ‘heteropoly blues’, for example the
[PWVYWVIO, ]~ anion,'*

Group VIII.—Cobalt. Chelate ring inversion in the pseudo-tetrahedral com-
pound [Co(tmeda)(NO),]*+ is discussed with other similar chelate ring inver-
sions for octahedral complexes in Section 9 of Chapter 3.1%

Nickel. Kinetics of redistribution reactions involving pairs of complexes
[Ni(LL),] and [Ni(LL"),] have been investigated, in C,Cl, or CDC]; solution,
by n.m.r. spectroscopy. The ligands LL and LL’ are asymmetric bidentate
salicylaldiminato- or p-ketoiminato-derivatives. Reversible second-order
kinetics are reported, with no evidence for persistent mixed complexes
[Ni(LL)(LL")]. Activation energies are in the range 64—120 kJ mol~1.1¢ The
thermodynamic determinations which form the background to these re-

10 D. S. Honig and K. Kustin, Inorg. Chem., 1972, 11, 65.

11 K. Kustin and Sung-Tseun Liu, J. Amer. Chem. Soc., 1973, 95, 2487.
11 P, Souchay and G. Salamon-Bertho, Compt. rend., 1972, 274, C, 1677.
12 B. Charreton and R. Meunier, Compt. rend., 1972, 275, C, 945.

1 D. P. Smith and M. T. Pope, Inorg. Chem., 1973, 12, 331.

18 K. G. Caulton, Inorg. Nuclear Chem. Letters, 1973, 9, 533.

1¢ J, C. Lockhart and W. J. Mossop, J.C.S. Dalton, 1973, 662.
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distribution kinetic studies have been published separately.!” There is n.m.r.
evidence for bridged intermediates in reactions between [Ni(LL),] and
[Zn(LLL),], where L. = an N-methylsalicylaldimino-ligand.'®

Rates of tetrahedral=square-planar interconversions for compounds
[NiX,(PR;),] are faster, for a given phosphine PR;, when X = Cl than when
X = Br.'% 2 Activation enthalpies for the tetrahedral—square-planar
reaction lie between 9.2 and 10.7 kcal mol-* (indeed they are equal within the
quoted experimental uncertainty of + 1.0 kcal mol—?), and activation entropies
lie between —3 and +1 cal deg~* mol-2, for four compounds of this type.
Whereas steric factors are unimportant in determining the thermodynamics of
these tetrahedral=square-planar systems, they are important in determining
reactivities.2®

2 Square-planar Complexes

Platinum().—General. The normal rate law for nucleophilic substitution at
platinum(m) complexes, as at other square-planar d® complexes, is

—d[complex]/dt = {ky + kJ[Y]}complex] “)

in which Y is the incoming nucleophile. The k, term usually corresponds to
simple associative substitution (Sn2), but in certain reactions there are indica-
tions that this k, pathway may consist of two steps. One such reaction is that of
trans-[Pt(PEt;),(R)CI], where R = phenyl, o-tolyl, or mesityl, with pyridine in
methanolic solution. The kinetic evidence for an intermediate, of formula
[Pt(PEt,),(R)(MeOH)]t, was presented briefly some years ago;?! it has now
been discussed in detail, in a more accessible journal.?? In this case the two
stages of the &, reaction are solvolysis and subsequent replacement of solvent by
the incoming ligand. An alternative two-stage sequence involves the formation
and subsequent decay of a five-co-ordinate platinum(ir) intermediate. Indirect
support for the operation of such a mechanism,* at least in favourable circum-
stances, is provided by the characterization of several more stable five-co-
ordinate platinum(it) complexes. A spectroscopic investigation of one of these,
[PtCI(PEt;).(phen)]*, suggested that it had a trigonal-bipyramidal structure
(1).23

The values of the rate constants &, and &, of equation (4) for any given reac-
tion are solvent-dependent. One way of probing some effects of the tetra-
gonally interacting solvent molecules would be to replace one of them by

* See also, for instance, ref. 44 below.

17 J. C. Lockhart and W. J. Mossop, J.C.S. Dalton, 1973, 19.

12 M. N. S. Hill, S. Karunaratne, and J. C. Lockhart, J.C.S. Chem. Comm., 1973, 50.

1% G. N. LaMar and E. O. Sherman, J. Amer. Chem. Soc., 1970, 92, 2691.

20 L. Que and L. H. Pignolet, Inorg. Chem., 1973, 12, 156.

1 G. Faraone, V. Ricevuto, R. Romeo, and M. Trozzi, Atti Soc. Peloritana Sci. fis. mat.
natur., 1968, 14, 341 (Chem. Abs., 1971, 74, 35 109x).

2 V. Ricevuto, R. Romeo, and M. Trozzi, J.C.S. Dalton, 1972, 1857.

= K. R. Dixon and A. D. Rattray, Canad. J. Chem., 1973, 51, 618.
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boron trifluoride. It proved impossible to put this idea into practice in the
system investigated, as the selected platinum(ir) substrate, which was frans-
[Pt(py).(NO,),], reacted not with one but with two boron trifluoride molecules
in all attempts to form the mono-adduct.2*

Normally, substitution at platinum(xr) in solution is nucleophilic in charac-
ter. It is interesting therefore to note the first report of an .Su2 substitution at
platinum(ir),2® which is reported for the reactions of cis-[PtR,L,], where
R = Me, Et, CH,Ph, or CH,SiMe, and L = a phosphine, with *OBut or
°*SPh radicals. Indeed this is the first report of radical substitution at any
transition-metal centre.

Solvent Effects. Kinetic parameters for the reaction of [Pt(dien)Br]+ with
3-cyanopyridine have been determined in deuterium oxide solution, in order
to make a comparison of reactivities in deuterium oxide and in ordinary
water. To avoid any complications from protium-deuterium exchange between
solvent and co-ordinated ligand, the perdeuterio-diethylenetriamine complex
was used as substrate in deuterium oxide solvent. The kinetic parameters are
compared in Table 1. The results were discussed in terms of an associative
mechanism and the smaller solvating effects of D,O compared with H,0.%®

Table 1 Kinetic parameters for the reaction between [Pt(dien)Brl* and 3--
cyanopyridine in HyO and D,0 (at 30 °C)
1033/ AHY/ AS%/

2
Complex Solvent I mol-1s-1 kcal mol-! cal deg~* mol-! Ref.
{Pt(dien)Br]*+ H20 3.03 17.5 —-12 27
[Pt(2Hs]dien)Br]* D20 2.86 15.6 —-19 26

The variation of aquation rates of cis-[PtL,Cl,], where L = acetoxime,?®
dimethylamine,?® or ethylamine, 28 with solvent composition in mixed aqueous
solvents has been studied. As some of the results are fairly inaccessible, a

# D, Humphreys and P. J. Staples, J.C.S. Dalton, 1973, 897.

s D, J. Cardin, M. F. Lappert, and P. W. Lednor, J.C.S. Chem. Comm., 1973, 350.

2 §. C. Chan and F. T. Wong, Z. anorg. Chem., 1972, 387, 120.

#7 §. C. Chan and F. T. Wong, Austral. J. Chem., 1968, 21, 2873,

1 V. D. Panasyuk, N. F. Falendysh, and N. A. D’yachenko, Russ. J. Inorg. Chem., 1971,
16, 1452,

29 V, D. Panasyuk, N. F. Falendysh, and N. A. D’yachenko, Ukrain. khim. Zhur., 1972, 38,
1218.
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selection of kinetic parameters for these reactions is included in Table 2. As
the proportion of the organic cosolvent increases, the rate of aquation
decreases. This behaviour is reminiscent of that established for aquation of
both cobalt(ir)- and chromium(mm)—chloride complexes, and indeed for Sn1
solvolysis of t-butyl chloride. The activation parameters vary only slightly
with solvent composition. Plots of logarithms of rate constants against the
function (D — 1)/(2D + 1) of the dielectric constants (D) of the mixed solvents
are slightly curved. It is suggested that both platinum—chloride bond stretching
and at least some platinum-water bond formation are involved in the genera-
tion of the transition state.?®

Table 2 Selected kinetic parameters for the aquation of cis-[PtL,Cl,] in water
and in mixed aqueous solvents

108k45/ AH=*/ AS*/
L Solvent ® s kcal mol—1 cal deg~t mol-* Ref.

EtNH: Water — 21.9 —6
209 dioxan 14.1 21.5 —8 28
309 methanol 12.2 21.8 -8

Me:NH Water 20.9 -10
309 dioxan 7 6 20.4 —14 29
40%; methanol 7.4 20.2 —14

Acetoxime Water 13.6 20.8 —11
209 dioxan 6.4 21.8 -9 28
409, methanol 4.7 20.7 —13

4 Solvent composition quoted in % by weight.

Aguation and Anation. Kinetic parameters for the aquation of some complexes
cis-[PtL,Cl;] have already been discussed (see Table 2).28. 2° The rate constant
for the loss of the first bromide from #rans-[Pt(NH;),Br,] is 1.07x 10-3 51,
This is not very different from the rate of hydrolysis of trans-[Pt(NH,),Cl,).
Bromide ion is not greatly different from chloride ion as a leaving group from
platinum(m), though the former is a considerably better nucleophilic entering
group. The activation parameters for the loss of the first bromide from trans-
[Pt(NH,),Br,] are AH¥ = 18.0+0.5kcalmol™* and AS*¥ = —12+2cal
deg—! mol~1. From these kinetic results for bromide loss and from the relevant
equilibrium data, it is possible to estimate kinetic parameters for the reverse
replacement of water by bromide as k, = 351mol-'s-1 at 25 °C,
AH* = 95+09kcal mol?, and AS* = —20+2cal deg~! mol-1.3® The
reported isolation of the perchlorate salt of the [Pt(dien)(OH,)]?* cation is of
marginal interest with respect to substitution reactions of [Pt(dien)X]*+
cations in aqueous media.3*

*0 W. H. Jolley, E. D. Smith, D. S. Martin, J. C. Clardy, and J. D. Woods, Inorg. Chem.,
1972, 11, 2866.
3t R. M. Alcock, F. R. Hartley, and D. E. Rogers, J.C.S. Dalton, 1973, 1070.



148 Inorganic Reaction Mechanisms

Ligand Exchange. Bromide exchange with frans-[Pt(NH,),Br,] follows the
usual two-term rate law of equation (4) above. The k, term can be identified
with rate-determining solvolysis (¢f. previous paragraph) followed by more
rapid bromide anation. For the direct associative path for bromide exchange,
ky; = 0.176 1 mol—*s1at25 °C,AH* = 109 kcal mol~},and AS* = —25
cal deg~! mol~1.3° Direct bromide exchange, in other words without inter-
mediate generation of free bromide ion, has been demonstrated between
[PtBr,]?~ anions. A four-centred transition state seems likely.3® This type of
direct exchange has been suggested before,32 but that previous suggestion was
based on much more meagre evidence.

Exchange of free chloride ion with the chloride zrans to the diethyl sulphoxide
in the [Pt(Et,SO)Cl,]~ anion is very rapid. Exchange of free chloride with the
cis-chlorides of [Pt(Et,SO)Cl,]- is a first-order process whose rate constant is
1.54 x 10~* s—*, This rate of exchange is about one third of that for chloride
exchange with [Pt(DMSO)Cl,]~. This small difference in exchange rates for the
analogous dimethyl sulphoxide and diethyl sulphoxide complexes is attributed
to steric effects.33

The breadth of the hydride resonances observed in 'H n.m.r. spectra of
compounds trans-[Pt(H)(X)L,], where X = NCS or NCO and L = PEt; or
AsEt;, was attributed to quadrupole effects.?* Current opinion is that this line-
broadening is more likely to arise from ligand-exchange processes.*

Leaving Groups. There is some disagreement in the literature both over the rate
laws for the displacement of chloride from trans-[Pt(NH,),Cl,] and from
[PtCl,}?*, and indeed over the number of chloride ions which can be displaced
from these complexes. The latest research in this area indicates that all the
chlorides may be displaced from either complex in the reaction with allyl
alcohol. The kinetic pattern, in the presence of an excess of allyl alcohol, is not
that of a single first-order reaction, as neither reaction sequence appears to
have a uniquely slow rate-determining step. No evidence was found for the
spontaneous release of chloride from zrans-[Pt(NH;),Cl,] in aqueous media.3®
The similarity in kinetic characteristics of chloride and of bromide as leaving
groups from platinum(i) has been noted above.3°

The mechanism for the displacement of oxalate from [Pt(0x),]2~ by thio-
cyanate is complicated. An intermediate anion [Pt(0x),(SCN),]*~, presumably
containing unidentate oxalate ligands, has been isolated and characterized as
the trihydrate of its potassium salt. Other transient intermediates containing
unidentate oxalate (LL), (2)—(4), are proposed, and many rate constants
relating to various steps in the postulated reaction sequence have been
estimated.3?

32 A. A. Grinberg and G. A. Shagisultanova, Radiokhimiya, 1960, 2, 592.

2 Yu. N. Kukushkin, M. A. Kuz’mina, and V. N. Spevak, Radiokhimiya, 1971, 13, 696
(Chem. Abs., 1972, 76, 28 216t).

3¢ J, Powell and B. L. Shaw, J. Chem. Soc., 1965, 3879.

35 M. W. Adlard and G. Socrates, J.C.S. Chem. Comm., 1972, 17.

8¢ A.-L. Aboul-Seoud and H. Kelm, Ann. Chim. (Italy), 1972, 62, 108.

87 A. Giacomelli and A. Indelli, Inorg. Chem., 1972, 11, 1033.
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The reactions of (—)-[{Pt(H)(SiRs)(PPhy),] or of (+)-[Pt(CI)}SiRj)
(PPhMe,),] with lithium aluminium hydride, thiophenol, or triethylsilane,
result in platinum-silicon bond cleavage and thus provide examples of SiR;
as leaving groups from platinum. However, as the reaction sequence appears to
consist of consecutive oxidative addition and reductive elimination reactions,
the SiR, unit really leaves from platinum(rv) rather than from platinum(i).®

Entering Groups. In this section we report on reactions in which the main
interest lies in the entering group — the leaving group is always a halide, usually
chloride.

The irreversible replacement of the first chloride in [PtCly]*~ by dimethyl
sulphoxide follows a second-order rate law, with k;, = 2.8 x 1031 mol-ts~!
at 25°C, Ea = 15.8+0.7kcal mol~}, and AS* = —23caldeg ! mol-
Reaction rates with dimethyl sulphoxide are faster than those with aliphatic
amines; the np: value for dimethyl sulphoxide is 1.86.3°

The rate of reaction of cis-[Pt(NHj;),Cl,] with oxalate varies only slightly
with pH. This suggests that ox2~ and Hox~ have similar reactivities, but in fact
as the reaction is first-order and oxalate is a very weak nucleophile as far as
platinum(ty) is concerned, rate-determining aquation is the likely reaction
route. Both the rate constants and the activation enthalpies for the reaction
with oxalate and for aquation are remarkably similar.4® Nitrogen bases tend
to be better nucleophiles than oxalate, and the reaction of [PtCl,)?>~ with
2,2’-bipyridyl in aqueous solution follows, appropriately, a second-order rate
law. As in other substitution reactions of [PtCly]?-, the &, term of the normal
two-term rate law of equation (4) above is negligible. The variation of rate
with pH shows that [PtCl,]2~ reacts more readily with bipyH* than with bipy
itself. This situation contrasts with the similar reactivity of [PtCl,]?~ towards
phen and phenH+.4! It may be that in the phen system the electrostatic
favouring of reaction with the protonated ligand is balanced by the difficulty of

32 C, Eaborn, D. J. Tune, and D. R. M. Walton, J.C.S. Chem. Comm., 1972, 1223.

3¢ Yu. N. Kukushkin and V. V. Kirillov, Russ. J. Inorg. Chem., 1972, 17, 1351.

¢ J. E. Teggins, K. W. Lee, J. M. Baker, and E. D. Smith, J. Coordination Chem., 1972,
1, 215.

41 D, E. Schwab and J. V. Rund, Inorg. Chem., 1972, 11, 499.
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platinum-nitrogen bond formation with (5); in the bipy reaction ligand flexi-
bility may permit easier reaction via transient species of the type (6).

A comparison of rate constants and activation parameters for unidentate
and bidentate entering groups was made a few years ago for the reactions of
[Pt(bipy)Cl;] with a series of amines. A general pattern emerged, of lower
activation enthalpies and more negative activation entropies for the bidentate
entering groups (Table 3).42 The investigation has now been extended to other
bidentate (SS, NS, and OS) entering groups. A similar, though less pro-

Table 3 Activation parameters for the reaction of [Pt(bipy)Cl,] with uni- and bi-
dentate entering groups (L) in methanol

L [donor atom(s)] AH#* [kcal mol—! AS*/cal deg—! mol—* Ref.
py (N) 16.3 —15
Bu2NH: (N) 15.7 —14 42
en (NN) 11.2 —28
EtaS (S) 10.9 -27
HSCH:CH2SH (SS) 11.5 —31 43
HSCH:CH2NH; (NS) 9.7 -37

nounced, kinetic pattern emerges (Table 3), and can again be ascribed to the
formation of a more compact transition state with the bidentate entering
groups. This compactness is thought to arise from interaction between the
other end of the bidentate entering ligand and a chloride of the substrate.
There is one exception to the general pattern, and that is when ethanolamine is
the entering group. The odd behaviour here can readily be explained by the
reluctance of the oxygen atom of this bidentate ligand to become bound to the
platinum.*?

Kinetic parameters for the reaction of [Pt(bipy)Cl,] with diethyl sulphide
were obtained in the work described in the previous paragraph, as necessary
information for the comparisons with bidentate N- and S-bonding ligands.4?
Rate constants and activation parameters for the reactions of [Pt(dien)X]+,
where X = Cl, Br, or I, with dialkyl sulphides have also been determined.
These results may be compared with known kinetic parameters for reactions
of uncharged platinum(ir) complexes with thioethers. The reactions of

4 L. Baracco, L. Cattalini, J. S. Coe, and E. Rotondo, J. Chem. Soc. (4), 1971, 1800.
« E. Rotondo, V. Marsala, L. Cattalini, and J. S. Coe, J.C.S. Dalton, 1972, 2546.
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[Pt(dien)X]?* are stated to occur by a two-step mechanism. 1t is argued, from
reactivity trends for various compounds rather than from any direct evidence
for an intermediate of significant lifetime, that it is the second step, the break-
down of a five-co-ordinate species [Pt(dien)X(SR,)]?*, that is rate-determin-
ing.4* Kinetic parameters are also reported for the reaction of [Pt(dien)Br]+
with methylamine and with ethylamine.3?

Ring Closure. Intramolecular ring closure represents a variation on the theme
of the previous section, in that the entering group is already attached at the
other end of the molecule to the platinum(ix). In the case of postulated inter-
mediates containing, for example, unidentate oxalate or bipyridyl ligands, ring
closure is generally fast. However, if the potentially chelating ligand bonds
through one nitrogen and one oxygen, the much greater enthusiasm of
platinum(ir) to bond to the former often permits the isolation of unidentate
ligand complexes which undergo slow ring closure by platinum-oxygen bond
formation. The most commonly encountered ligand of this type is glycine. The
rates of ring closure, with concomitant expulsion of chloride, of the cis- and
trans-isomers of the [Pt(NH;)(gly)Cl,]~ anion differ by a factor of 16 at 20 °C.
This reactivity difference can readily be explained in terms of the relative
trans effects of ammonia and of chloride on the ease of departure of the leaving
chloride ion.*® Rates of ring closure of trans-[Pt(NH,)(gly)X,]~ anions in
mixed aqueous solvents decrease as the proportion of the organic cosolvent
increases. This is the usual pattern for loss of halide from platinum(m), as
indeed from cobalt(tr). The rates of ring closure do not correlate satisfactorily
with the dielectric constants of the solvent mixtures. However, the authors
claim that their results fit the expression

kobs = kl + kg[OHg]Z

If this is not a fortuitous fit, then a mechanism of two parallel reactions, one
involving two water molecules in the transition state and the other none, may
be indicated. Though the rates of ring closure vary markedly with solvent
composition, activation parameters are the same within experimental un-
certainty in all the solvent mixtures (aqueous alcohols, aqueous acetone)
studied.*”

Of the two ring closures in the reaction

trans-[Pt(glyH),Br,] —> trans-[Pt(gly),] + 2H* + 2Br~

it is the second which is thought to be rate-determining. This second ring
closure consists of two parallel reactions, of (7) and its ligand-protonated
derivative (8). Activation enthalpies are 18.1 +0.5 and 16.4+ 0.2 kcal mol-1

4¢ S. C. Chan and S. B. Tong, Inorg. Chim. Acta, 1971, 5, 634.
S. C. Chan and F. T. Wong, J. Inorg. Nuclear Chem., 1972, 34, 3278.
‘¢ L. M. Volshtein and L. F. Krylova, Russ. J. Inorg. Chem., 1972, 17, 1648.
47 L. M. Volshtein, L. F. Krylova, A. V. Belyaev, and I. G. Luk’yanova, Russ. J. Inorg.
Chem., 1972, 17, 1025.
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respectively, and activation entropies are —16.9 and —25.6 cal deg~* mol—?!
respectively.*®
Ring closure is also observed in the reactions of cis- or trans-

[Pt(NH,CH,CH,OH)(L)Cl,], where L. = NH;, NH,CH,CH,OH, or py, with
bases. The kinetics of these reactions have been studied, and a mechanism has
been proposed. The cis influence on ring closure was found to decrease in the
order py > NH,CH,CH,OH > NHj; the trans influences of these three ligands
were very similar.4®

Effects of Non-reacting Ligands. The longest established effect of non-reacting
ligands on rates of reactions of platinum(ir) complexes is the trans effect.
Published results up to 1970 have been collected and compared, albeit in a
journal not readily accessible to non-Russian readers.® Certain complications
arise when one tries to apply the idea of hard and soft acids and bases to com-
plexes containing a soft ligand and a soft meial, a situation common in
platinum(ir) chemistry. Consideration of kinetic and structural effects, the
trans effect (i.e. kinetics), and the frans influence (ground state) have led
Pearson to the following general rule: ‘Two soft ligands in mutual zrans
positions will have a destabilizing effect on each other when attached to class b
metal atoms.’?! cis-Effects in platinum(ir) substitutions have been investigated
by way of chloride replacement by ammonia in trans-[Pt(PEt,),Cl,), trans-
[Pt(PEt;)(NH;)CL), and trans-[Pt(NH,),Cl;}, in methanol solution. As
chloride leaves from opposite chloride in each case, one can monitor the
relative cis effects of ammonia and triethylphosphine. Despite certain diffi-
culties, such as parallel solvation and ammonolysis for the bis-ammonia
complex, it proved possible to establish that there is only a very small dif-
ference between the cis effect of ammonia and that of triethylphosphine.
Indeed the difference corresponds to a factor of only two for the rate
constants. 52

Dithio-oxamide (dtoa) has a high affinity for platinum(ir), so the following
reaction,

[Pt(phen)Cl,] + dtoa —> [Pt(phen)(dtoa)]*+ + 2ClI-
goes to completion for the phen complex and for analogous complexes con-

4 G, D. Mal’chikov, T. R. Lastushkina, and L. M. Volshtein, Russ. J. Inorg. Chem., 1972,
17, 1414.

4* Yu. N. Kukushkin, V. B. Ukraintsev, and A. I. Mokhov, Russ. J. Inorg. Chem., 1972,17,
1172,

5o B. I. Peshchevitskii, G. D. Mal’chikov, and R. L. Shchekochikhina, Izvest. sibirsk.
Otdel. Akad. Nauk, Ser. khim. Nauk, 1972, 67 (Chem. Abs., 1972, 77, 79 970n).

st R. G. Pearson, Inorg. Chem., 1973, 12, 712.

52 R. G. Gunther and D. S. Martin, Inorg. Chim. Acta, 1972, 6, 81.
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taining substituted phen ligands. The rate-determining step is displacement of
the first chloride; the usual two-term rate law [equation (4) above] holds. For a
range of complexes of nine substituted phenanthrolines, and of 2,2’-bipyridyl,
there is a linear free-energy relationship correlating second-order rate con-
stants and basicities of the substituted phenanthrolines. This suggests that the
effects of the substituents on reactivities operate predominantly through the
a-bonding between the nitrogen and the platinum. It is possible to rationalize
small deviations from the linear plot in terms of small additional n-bonding
effects.5?

An empirical equation has been established to correlate reactivities observed
in reactions of [PtX,]?~, where X = Cl or Br, and of [PtLCl]-, where
L = ammonia, methylamine, or pyridine, with a range of nitrogen bases.5*

Isomerization and Inversion. The kinetics of the uncatalysed isomerization
cis-— trans-[Pt(PEt,),(o-tolyl)CI] have been studied over the temperature range
25—45 °C in methanol and in ethanol. Isomerization rates vary with chloride
concentration; the dependence is of the form &k/(1 + k’[Cl7]).%® Photoiso-
merization of cis-[Pt(gly).] is mentioned in the next section.

An earlier investigation of phosphine-catalysed isomerization of platinum(ir)
complexes resulted in the proposal of a mechanism in which pseudorotation in
a five-co-ordinate intermediate played a central role.>® The authors of a recent
study of phosphine-catalysed isomerization of cis-[PtL,X,] prefer a consecu-
tive displacement reaction, with an ionic intermediate [PtL,L1X]*X~. Their
conclusion is based on n.m.r. determinations both of isomerization and of
ligand-exchange rates, on solvent effects on rates, and on the stabilities of
species [PtLL1X,] relative to [PtL.X,] and [PtL1X,].57 Although these results
are convincingly consistent with a consecutive-displacement mechanism, they
do not seem to rule out the alternative pseudorotation scheme.

It has been proposed that the trans-isomer of [Pt(C,H,)(isoquinoline)Cl,}
itself consists of two isomers, one with the isoquinoline ligand in the PtCl,
plane and the other with the isoquinoline perpendicular to this plane. An
n.m.r. study of this system was interpreted in terms of a relatively high barrier
to rotation about the platinum-nitrogen bond. This barrier was thought to
originate in hydrogen-bonding interactions involving the —CH— group
adjacent to the ligating nitrogen of the isoquinoline.*® However, a subsequent
reinvestigation of this system has shown that the kinetic processes responsible
for the observed H n.m.r. spectra are cis=trans isomerization and ligand
exchange.%

s R, C. Conrad and J. V. Rund, Inorg. Chem., 1972, 11, 129.

5 Yu. N. Kukushkin and V. B. Ukraintsev, Russ. J. Inorg. Chem., 1972, 17, 1407.

55 G, Faraone, V. Ricevuto, R. Romeo, and M. Trozzi, Atti Accad. Peloritana Pericolanti,
Cl. Sci. fis. mat. natur., 1970, 50, 35 (Chem. Abs., 1972, 77, 10 140z).

ss P. Haake and R. M. Pfeiffer, Chem. Comm., 1969, 1330; J. Amer. Chem. Soc., 1970, 92,
4996.

57 D, G. Cooper and J. Powell, J. Amer. Chem. Soc., 1973, 95, 1102.

s L. Spaulding and M. Orchin, J.C.S. Chem. Comm., 1972, 1249,

52 J. Powell and D. G. Cooper, J.C.S. Chem. Comm., 1973, 486.
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Inversion at the sulphur in platinum(ir) and palladium(ir) complexes con-
taining thioether ligands can be monitored by n.m.r. spectroscopy.®® Inversion
is faster at sulphur bonded to palladium(ir) than at sulphur bonded to
platinum(r). N.m.r. studies of the platinum(ir) compounds are more satis-
factory, as it is possible to tell from the persistence of **Pt—S—C—'H
coupling that the observed process is intramolecular in character. To avoid
complications from cis=transisomerization, complexes [Pt(RSCH,CH,SR)X,]
containing a chelating dithioether were studied. The very small effect of solvent
variation (dimethyl sulphoxide, nitrobenzene, deuteriochloroform, and
CDCl;-CF,Cl,) on inversion rates is as one would expect for an intra-
molecular process. The rate of inversion increases as the trans influence of the
ligand X increases.®!

Photochemistry. The cis-isomer of [PtCly(py),] undergoes two primary photo-
processes, isomerization and dissociation, with quantum yields of ca. 0.04 and
0.025 respectively (313 nm irradiation). frans-[PtCly(py),] also undergoes
parallel photoisomerization and dissociation, but with very much lower
quantum yields of ca. 10-3.%2 The effect of acidity on the photochemistry of
cis-[Pt(gly),] has been examined —the balance between photoisomerization
and photodissociation is pH-dependent.®® Photochemical -cis=trans
isomerization of [Pt(gly),] is sensitized by pyrazine or by xanthone, but not by
thioxanthone, quinoline, naphthalene, or biacetyl. Ni2+ quenches the photo-
isomerization, but Mn?* does not. The sensitization process was shown to
involve triplet-triplet intermolecular energy transfer.®4

The predominant photoreaction of the [Pt(C,H,)Cl;]~ anion is loss of
ethylene, which is accompanied by a little loss of cis-chloride. This behaviour
contrasts with the corresponding thermal reaction, where the predominant
reaction is loss of the chloride zrans to the ethylene. This contrast between
thermal and photochemical behaviour is novel: most photochemical reactions
of platinum(ir) complexes follow the same course as the corresponding thermal
reactions, but occur more quickly. The photoaquation of the ethylene ligand is
subject to sensitization by acetone or by acetophenone, and therefore prob-
ably occurs via the first excited singlet state.®® A general model for photo-
substitution reactions has been described, which is relevant to octahedral as
well as to square-planar complexes.®$

Bridged Complexes. The compounds [Pt,(OH),L,J?t, in which L. = PEt,,
PPh,, or py, are kinetically interesting in that the u-hydroxo-bridges remain

¢° R. J. Cross, G. J. Smith, and R. Wardle, Inorg. Nuclear Chem. Letters, 1971, 7, 191.
¢t R. J. Cross, I. G. Dalgleish, G. J. Smith, and R. Wardle, J.C.S. Dalton, 1972, 992.

¢* L. Moggi, G. Varani, N. Sabbatini, and V. Balzani, Mol. Photochem., 1971, 3, 141.
¢ F. Bolletta, M. Gleria, and V. Balzani, Mol. Photochem., 1972, 4, 205.

¢ F. Bolletta, M. Gleria, and V. Balzani, J. Phys. Chem., 1972, 76, 3934.

¢ P. Natarajan and A. W. Adamson, J. Amer. Chem. Soc., 1971, 93, 5599.

¢ M. Wrighton, H. B. Gray, and G. S. Hammond, Mol. Photochem., 1973, 5, 165.
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intact under conditions, for instance treatment with tertiary phosphines, in
which analogous u-chloro-complexes are rapidly cleaved.®?

Palladium(tt).—Aquation and Anation. In aqueous perchloric acid the aquation
of [Pd(NH;),]2* takes place in four consecutive and kinetically distinct steps,
to give ultimately [Pd(OH,),]>*. Rate constants decrease steadily as the
number of ammonia ligands is reduced. Activation enthalpies for the four
steps all lie between 21 and 24 kcal mol~!; activation entropies are between
+4 and —4cal deg ' mol-1.%¢ Kinetic parameters for the aquation of
[PdC1,]12- and of [PdBr,]?~ appear from two sources;%? 7 they are compared in
Table 4. Faster aquation rates for [PdBr,]*~ compared with [PdCl,]*~ appear

Table 4 Kinetic parameters for aquation of [PdX,1*~ anions

X kogfs™1 AH*[kcal mol-1  AS#*/cal deg~1 mol—?! Ref.
Cl 5.6 15.2+2 —12+5 69
8.9 12+2 —~13+6 70
Br 25 12.9+2 —11+5 69
19 11+1 —-15+3 70

to arise solely from activation enthalpy differences.®® Kinetic parameters for
the reverse anation

[PAX;(OH)I* + X~ — [PdX, 1>~ + H,0

have also been determined.®®: * Reactivities of these pailladium complexes are
compared with their platinum analogues.™ Activation parameters for the
aquation of trans-{PA(NH;),(OH)(NO,)]* are AH* = 15.7 kcal mol—* and
AS* = —16cal deg~! mol-Y, in aqueous solution.”

One type of reaction where a palladium(i)-platinum(m) reactivity com-
parison is not possible is that of substitution at [Pd(OH,),]*+. Indeed substitu-
tion reactions of this cation provide a uniquely interesting case of complex
formation from a square-planar aquo-cation. The rate law for the reaction of
[Pd(OH,),]** with chloride or bromide ion is

—d[Pd(OH,);*)/ds = ky[Pd(OH,);"I[X"] &Y

A simple associative mechanism seems likely. The activation enthalpies for the
reactions with chloride and with bromide are both 10 kcal mol-?; the activa-
tion entropies are —6 and — 3 cal deg—! mol-1 respectively. Whereas anation
of [Pd(OH,),)*+ has the simple rate law of equation (5), anation of

¢7 G. W. Bushnell, K. R. Dixon, R. G. Hunter, and J. J. McFarland, Canad. J. Chem.,
1972, 50, 3694.

*¢ W. J. DeBerry and R. A. Reinhardt, Inorg. Chem., 1972, 11, 2401.

¢* M. N. Vargaftik, V. A. Igoshin, and Ya. K. Syrkin, Izvest. Akad. Nauk S.S.S.R., Ser.
khim., 1972, 1426 (Chem. Abs., 1972, 77, 93 296d).

¢ L. 1. Elding, Inorg. Chim. Acta, 1972, 6, 683.

* V. D. Panasyuk and T. 1. Denisova, Russ. J. Inorg. Chem., 1971, 16, 1342.
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[PA(OH,)Cl,]~ follows the two-term rate law [equation (4)] more usually
encountered for square-planar complexes.” An associative mechanism is also
proposed for the reaction of [Pd(OH,),1?+ with aromatic amines.??

Solvent Effects. Rate constants and activation parameters for the reactions
[Pd(Et,dien)X]t + Y- —> [Pd(Et,dien)Y]* + X~

where X = Cl, Br,orIand Y = Cl, Br, or I, have been determined in a
range of solvents in order to gain more detailed knowledge on the reaction
mechanism for these pseudo-octahedral systems. Ancillary n.m.r. experiments
showed that the ability of the solvents used to interact with the palladium()
centre is in the order H,O>MeOH >EtOH~DMSO > CH,Cl,. The low
position of DMSO in this series is due to the steric hindrance by the bulky
ligand to favourable palladium(u)-sulphur interaction. A selection of the
kinetic results obtained is given in Table 5. The results in Section A of this

Table 5 Selected kinetic parameters for substitution reactions
[Pd(Et,dien)X]t + Y--[Pd(Etdien)Y]* + X~ (from ref. 73)

105k/s1 AH*/ AS=/
X Y Solvent (temperature/°C) kcal mol-1 cal deg~! mol—t

Section A

Cl Br EtOH 8.1(45.4) 18.6+1.0 —194+3

Cl I EtOH 8.0 (45.4) 18.0+0.5 —21+2

I Cl H:0 140 (40.0) 18.6+0.5 —13+2

I Br H0 140 (40.0) 18.4+0.5 —13+2
Section B

Cl H:0 16.5 —~16

Br H:0 550 (40.2) 17.6 —-13

1 H20 140 (40.0) 18.5 —-13
Section C

Br Cl DMSO 43 (41.6) 20.4+1.0 -7+2

I Cl DMSO 96 (41.6) 19.6+0.5 —10+2

Table show that for a given complex in a given solvent the kinetic parameters
are, as one would expect for a pseudo-octahedral substrate, independent of the
nature of the incoming ligand. In protic solvents, the reactivity of [Pd(dien)X]*
decreases in the order X = Cl> Br>1I; this reactivity decrease stems from the
variation in activation enthalpies rather than that in activation entropies
(Section B of Table 5). These observations suggest an associative type of
mechanism with a transition state [Pd(Et,dien)X(solvent)]*. In such a mechan-
ism the activation enthalpy would be expected to vary according to the
respective strengths of the Pd—X bonds being stretched, but as the halide ion

2 M. N. Vargaftik, E. D. German, R. R. Dogonadze, and Ya. K. Syrkin, Doklady Akad.
Nauk S$.S.S.R., 1972, 206, 370 (Chem. Abs., 1973, 78, 8494v).
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X~ is still a long way from leaving there may not be much difference in solva-
tion requirements, and hence in activation entropies, in transition-state
formation for the three halogeno-complexes. Reactivity trends in the aprotic
solvents dimethyl sulphoxide and dimethylformamide (¢f. Section C of Table
5), where the fastest substitution into [Pd(dien)X]* occurs for X = I, are
better interpreted in terms of a dissociative mechanism, in which the solvation
of the leaving halide is a significant factor but solvation at the palladium(u) is
not.”?

Rates of solvolytic replacement of the first and second chlorides of trans-
[Pd(py):Cl,]7* and of the second chloride of cis-[Pd(en)Cl;]?* have been
determined conductimetrically in a variety of mixed aqueous solvents. In
general the aquation rates decrease as the proportion of organic cosolvent
increases, which is the same trend as observed for aquation of platinum(i)—
chloride and cobalt(ur)-chloride complexes. Linear plots of logarithms of rate
constants against reciprocals of dielectric constants were said to be consistent
with a bimolecular mechanism for aquation. Activation parameters have been
determined for several systems, and here there are some odd features. Thus the
activation parameters for aquation of [Pd(en)(OH,)CI]* are very similar in
309 methanol, 30 % dioxan, and water, but the activation energy for aquation
in 309 acetone is claimed to be 11.8 kcal mol—* larger than in water.?* Again
the activation energy for aquation of zrans-[Pd(py),Cl;] in water is stated as
38.1 kcal mol~2, drops to below 17 kcal mol~! on addition of 109, of organic
cosolvent (methanol, acetone, dimethylformamide, dioxan), and then stays
approximately constant as the proportion of organic cosolvent is further
increased.”*

Leaving Groups. A unique example of determination of mechanism by the
nature of the leaving group from palladium(ir) has been described. The
reaction of the [Pd(Et,dien)(L)]* cations with bromide ion follow the ‘pseudo-
octahedral’ rate law of equation (6),

—d[complex]/ds = ky[complex] 6)

forL = SCN, NCS, or NCSe. However, when L = SeCN, the rate law is of
the ‘normal’ two-term type associated with complexes containing ligands less
bulky than Et,dien:

—d[complex]/dr = {k; + ko[Br-I}{complex] @)

The activation entropy corresponding to the k, term of equation (7) is +2 cal
deg~1 mol-1; this modestly positive value is consistent with an associative
mechanism for reaction with bromide. A two-term rate law analogous to
equation (7) also operates for the reactions of this [Pd(Et,dien)(SeCN)]*
cation with iodide, azide, or cyanide. It is noteworthy that the order of k,
values is N3 > Br—>I-, with the reactivity trend apparently controlled by size

73 R. Roulet and H. B. Gray, Inorg. Chem., 1972, 11, 2101.
%4 V. D. Panasyuk, T. I. Denisova, and S. K. Rybak, Russ. J. Inorg. Chem., 1972, 17, 874.



158 Inorganic Reaction Mechanisms

rather than by nucleophilicity towards palladium(m). Such a dependence on
size of incoming group is just what one would expect for associative reactions
with a complex containing the bulky and obstructional ligand Et,dien.”®
Kinetic parameters for the displacement of the chelating diselenium ligand
from Pd(PhSeCH,CH,SePh)Cl, by (substituted) pyridines have been evaluated
in order to compare this ligand with its disulphur analogue as a leaving group.
The rate-determining step is the generation of (9); subsequent reaction of (9)

PhSeCH,CH,SePh
PdCl,
Py
)

with another molecule of py is rapid. Activation enthalpies for the displace-
ment of the diselenium ligand are slightly less than those for displacement of
the disulphur ligand ; activation entropies for the displacement of the diselenium
ligand are rather more negative (Table 6). These differences may arise from
different sizes and different m-bonding contributions. It is suggested that the
bonding is relatively stronger in the transition states for displacement of the
diselenium ligand, and that these transition states are more compact than those
for displacement of the analogous disulphur ligand.?®

Table 6 Activation parameters for the reaction of PA(PhSeCH,CH,SePh)Cl,
and of PA(PhSCH,CH,SPh)Cl, with pyridines (from ref. 76)

AH#* [kcal mol—1t AS*/[cal deg~! mol-?
A AL
r N I8 Rl
Incoming ligand Se—Se S—S Se—Se S—S
py 7.6 8.9 —-30 —-25
3-Mepy 7.0 9.3 -32 —-23
2,4-diMepy 10.4 14.0 -27 —16

The reaction of Pd(biguanide), in aqueous hydrochloric acid-sodium
chloride solutions takes place in two stages:

[Pd(big),] —> [Pd(big)Cl;]- —> [PdCl,]2~
The rate law for the first stage is
—d[Pd(big).)/dt = {k[H*ICI] + k[HT[CIT]3{Pd(big).]
The rate law for the second stage is exactly analogous. Rate constants and

activation parameters for each pathway are reported.””

75 K. A. sohnson, J. C. Lim, and J. L. Burmeister, Inorg. Chem., 1973, 12, 124.

76 L. Cattalini, J. S. Coe, F. Faraone, V. Marsala, and E. Rotondo, Inorg. Chim. Acta,
1972, 6, 303.

" D. Banerjea and P. Banerjee, Z. anorg. Chem., 1972, 393, 295.
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Rate laws for the reactions of square-planar dithiolatopalladium(ir)
complexes with uni- or bi-dentate nucleophiles are usually second-order in
form, with a first-order dependence on each reactant. Rates of reaction of
these palladium(ir) complexes are much less than had been anticipated by
extrapolation from reaction rates of similar nickel(ir) complexes. This lower-
than-expected reactivity may be ascribed to the lower stability of five-co~
ordinate palladium(r) complexes, which will be intermediates or transition
states in these reactions.”®

Entering Groups. The kinetics of the reactions of [PdCl,]2~ with 2,2"-bipyridyl
(cf. [PtCl]2~ + bipy, above)*! and with ethylenediamine ?® have been investi-
gated. Whereas the reaction of [PdCl]*~ with 2,2"-bipyridyl follows a simple
second-order rate law, reactions of [Pd(tu),]** with a range of amino-acids
follow the usual two-term rate law [equation (4)] for substitution in square-
planar complexes. There appears to be some correlation between reaction rates
and pK values of the amino-acids.®® The reactions of cis-[Pd(p-YC;HNC)-
(1)X,] with p-substituted anilines 8! are discussed in the chapter on reactions
of co-ordinated ligands.

Effects of Non-reacting Ligands. The most noticeable effect of non-leaving
ligands on reactivities of square-planar compounds is that of the change in rate
law from the usual two-term to the ‘pseudo-octahedral’ one-term form when a
bulky ligand such as Et,dien is co-ordinated to the metal centre. A series of
reactions of the ‘pseudo-octahedral’ type has been discussed in the section on
solvent effects, and an exception to ‘pseudo-octahedral’ behaviour noted in the
leaving-group section.?®

The relative kinetic cis effects of halide ligands on substitution at
palladium(1r) have been established by monitoring the reactions of trans-
[Pd(4-Cl-py).X.] and of trans-[Pd(py).X.], where X = Cl, Br, or I, with
amines or with thioethers in 1,2-dimethoxyethane solution at 25 °C. The
usual two-term rate law [equation (4)] applies to these reactions, but as the k,
terms were all small, the cis-effect trends have been reported only for the %,
terms. The cis effects on substrate discrimination are in the order I>Br> Cl
for reaction with amines, and Cl>Br>1 for reaction with thioethers. This
pattern is the same as that established for platinum(ir) complexes.3?

Isomerization and Inversion. The cis=trans isomerization of [Pd{PMe,(o-
tolyl)},Cl,] in chloroform solution in the presence of tertiary phosphines is
thought to take place by a consecutive-displacement reaction (Scheme 1). The
same mechanism also probably operates in methanol solution.®? Thus studies
of catalysed isomerization, both here and at platinum(i), seem to favour the

7* R. G. Pearson and M. J. Hynes, J. Coordination Chem., 1972, 1, 245.

7% R. Roulet and R. Ernst, Helv. Chim. Acta, 1971, 54, 2357.

80 0. Farooq and A. U. Malik, Coll. Czech. Chem. Comm., 1972, 37, 3410.

51 B, Crociani, T. Boschi, M. Nicolini, and U. Beliluco, Inorg. Chem., 1972, 11, 1292.

&2 T, Cattalini, G. Marangoni, and M. Martelli, Proceedings of the 3rd Symposium on
Co-ordination Chemistry, Debrecen, Hungary, 1970, vol. 1, p. 347.

8 D. G. Cooper and J. Powell, Canad. J. Chem., 1973, 51, 1634.
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Scheme 1

consecutive-displacement mechanism rather than the alternative route
involving the formation of, and pseudorotation in, a five-co-ordinate inter-
mediate.

Linkage isomerization of thiocyanate in [Pd(Et,dien)(SCN)]* takes place
more rapidly than that of selenocyanate in [Pd(Et,dien)(SeCN)}*. This obser-
vation is consistent with a dissociative mechanism, with relief of steric strain in
transition-state formation, for isomerization. The activation enthalpy for the
isomerization of [Pd(Et,dien)(SCN)]*+ to the N-bonded thiocyanato-isomer is
19.8 kcal mol-t and for [Pd(Et,dien)(SeCN)]* to the N-bonded isomer it is
21.0 kcal mol—*; the respective activation entropies are — 10 and — 5 cal deg™!
mol—1.78

Inversion at sulphur bonded to palladium(m) has already been mentioned
with inversion at sulphur bonded to platinum(ir) (p. 154).%°, 61

Nickel(i).—The reaction of the (per)thiocumato-complex (10), Ni(dtcu),S,
with triphenylphosphine is second-order, with activation parameters

S S—sS

N ~
Me,CH—O-C Ni C CHMe,

Ny~ \/

(19)

AH* = 6.6+1.0kcalmol-! and AS* = —37+2caldeg*mol-t. The
products of this reaction are SPPh,; and Ni(dtcu),. The reaction of the di-
perthio-complex Ni(dtcu),S, with triphenylphosphine proceeds by a two-
stage mechanism, but the rates proved too fast for monitoring by the con-
ventional techniques available to the authors.*

Other kinetic studies concerned with square-planar nickel(ir) complexes
include those of [Ni(trigly)]~ with cyanide,?®® redistribution reactions involving
pairs of bis-bidentate nickel(ir) complexes,®® and square-planar=tetrahedral
interconversions of [Ni(tertiary phosphine),X,] compounds.??

Gold(ur).—Earlier work on the reaction of [AuCl,]~ with ethylenediamine
was interpreted in terms of rate-determining reaction of [Au(OH)Cl,]~ with
the conjugate acid of ethylenediamine.®® Subsequently the kinetic pattern of the

8¢ J. P. Fackler, J. A. Fetchin, and D. C. Fries, J. Amer. Chem. Soc., 1972, 94, 7323.
¢ G. K. Pagenkopf, J. Amer. Chem. Soc., 1972, 94, 4359.

2 J. C. Lockhart and W. J. Mossop, J.C.S. Dalton, 1973, 662.

87 L. Que and L. H. Pignolet, Inorg. Chem., 1973, 12, 156.

88 W. J. Louw and W. Robb, fnorg. Chim. Acta, 1969, 3, 29.
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reaction between [AuCl,]~ and diethylenetriamine suggested that the inter-
pretation of the [AuCl]—ethylenediamine reaction may have been over-
simplified.®® This reaction has therefore been reinvestigated in detail. The
reaction sequence is now established to be that shown in Scheme 2; this closely

[AuCI,(OH,)]
k% \\l{.
[AuCL]- + H,0 [AWOH)Cl,]~ + H*

+ enH* + enHY
ks Sk

products

Scheme 2

resembles the [AuCl,]——diethylenetriamine system.®® Rate constants and
activation parameters have been determined for the reaction of [AuCl,]~ with
bromide ion and with azide ion in dimethylformamide;®! these results are
compared with kinetic parameters for the same reactions in methanol
solution®? in Table 7.

Table 7 Kinetic parameters for the reactions of [AuCl ]~ with bromide and with

azide
k2/l mol~1s~1 AH*/ AS*/
Nucleophile Solvent  (temperature/°C)  kcalmol-!  caldeg~lmol~l Ref.
Br- DMFe 0.61+0.04 14.6+0.5 —11+1 91
24.8)
MeOH 0.14 12.3 -22 92
25.0)
Ny DMFe 1.90+0.06 10.4+0.5 —23+1.5 91
(24.9)
MeOH 0.35 6.5 -39 92
25.0)

e [ = 0.1 mol I™* (LiCIO,).

The hydrolysis of [AuClL]~ had previously been studied in acetate buffers; it
has now also been studied in strongly acid solution, up to 2M-HCIO,. From
these kinetic results a value of 0.63 for the pK of [Au(OH,)Cl;] has been
estimated, which compares well with the most recent non-kinetic estimate of

8% W. J. Louw and W. Robb, Inorg. Chim. Acta, 1969, 3, 303.

%0 P. van Z. Bekker, W. J. Louw, and W. Robb, Inorg. Chim. Acta, 1972, 6, 564.

°t G. I. Shamovskaya and B. I. Peshchevitskii, Izvest. sibirsk. Otdel. Akad. Nauk, Ser.
khim. Nauk, 1972, 53 (Chem. Abs., 1973, 78, 76 322n).

2 1. Cattalini, A. Orio, and M. L. Tobe, J. Amer. Chem. Soc., 1967, 89, 3130.
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0.75+0.26.°2 A paper on thermodynamic properties in the [AuCl,]-—water
system provides useful background information to kinetic studies of aquation
of the [AuClL,]~ anion.?*

The reactions of [Au(dien — H)CIJ+* with thiocyanate, bromide, or nitrate in
methanol solution obey the usual two-term rate law. The values for the
second-order rate constants are around ten times smaller in methanol than in
water. The reaction of [Au(dien--H)CI]* with hydroxide ion is a two-stage
process, in which presumably the second stage involves chelate ring opening.®s
Reactions of [Au(Me,dien—H)Cl]* and of [Au(Me,dien—H)CI]* with
bromide follow the usual two-term rate law [equation (4)]; the methyl sub-
stituents do not lead to pseudo-octahedral behaviour. The reaction of
[Au(Et,dien — H)CIJ* with bromide is thought to involve chelate ring opening
prior to bromide attack at the gold(ui) centre.®®

The appearance of several references on inversion at sulphur bonded to
platinum(nr) or palladium(ir) (see for instance the appropriate sections earlier
in this chapter) has been followed by a report of an n.m.r. study of inversion
at sulphur bonded to gold(mr), in [{(PhCH,),S}AuCl,), and to gold(p), in
[{(PhCH,),S}AuCl]. The inversion at sulphur bonded to gold(im) is intra-
molecular, with AH* = 20.1 kcal mol-*and AS* = 9.5cal deg-*mol-'in
deuteriochloroform solution. Although the inversion mechanism where the
gold is transferred effectively from one lone-pair to the other on the sulphur, in
other words the mechanism proposed for inversion of sulphur bonded to
platinum(mr) or palladium(m), is probably operative here, one cannot entirely
rule out a reversible redox process.®?

*dien — H represents dien minus an imino-proton.

* P, van Z. Bekker and W. Robb, Inorg. Nuclear Chem. Letters, 1972, 8, 849.

*¢ B. I. Peshchevitskii, V. I. Belevantsev, and N. V. Kurbatova, Russ. J. Inorg. Chem.,
1971, 16, 1007.

*s B. I. Peshchevitskii and G. I. Shamovskaya, Russ. J. Inorg. Chem., 1972, 17, 1386.

* D. L. Fant and C. F. Weick, Inorg. Chem., 1973, 12, 1864.

97 F. Coletta, R. Ettore, and A. Gambaro, Inorg. Nuclear Chem. Letters, 1972, 8, 667.
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Inert Metal Complexes: Co-ordination Numbers
Six and Higher

BY J. BURGESS

1 Introduction

As in previous volumes, this chapter on substitution reactions of transition-
metal complexes of co-ordination number six and higher is subdivided by
reaction type — aquation, base hydrolysis, formation, exchange and replace-
ment, and isomerization — with further subdivision according to the central
cation. Thus most references to substitution at cobalt(tn) and chromium(ir)
are to be found in Sections 2 and 3 respectively, but further references to
substitution at these centres will be found in subsequent sections of this
chapter. Substitution at ligands rather than at central metal atoms is discussed
inChapter 5. Inert metal complexes whose central metal ions have co-ordination
numbers higher than six are sufficiently rare for the appropriate references
to be collected together in the final section of this chapter. In this present
introductory section we mention references of general application to several
aspects of substitution mechanisms, particularly those which compare
substitution mechanisms at different metal centres. General reviews of
the kinetics and mechanisms of substitution in complexes include one
which also deals with the generation of thermodynamically unstable
intermediates' and one which is concerned with applications in analytical
chemistry. 2

The complexes of cobalt(t) and of chromium(ur) remain the most popular
subjects for studies of octahedral substitution at inert centres. It now seems
firmly established that substitution at halogeno-amine complexes of cobalt(u)
is always dissociative in character, but there is an increasing amount of evi-
dence which favours a degree of associative character to at least some sub-
stitutions at chromium(im).? Two experimental approaches which have
recently given useful evidence for defining mechanisms of substitution at these
two centres, and at rhodium(m), are the evaluation of volumes of activation
and of so-called transition enthalpies. The results of these general studies will
be described in the following paragraphs.

t A. M. Sargeson, Pure Appl. Chem., 1973, 33, 527.
* 1. P. Alimarin, Pure Appl. Chem., 1973, 34, 1.
* See, e.g. pp. 157—9 of Volume 2 of this Specialist Periodical Report.
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Volumes of activation* for water exchange at the complexes
[M(NH,);(OH,)]**, where M = Co, Cr, or Rh, are +1.2, —5.8, and —4.1
cm?® mol-! respectively. The positive AV* value for the cobalt(nr) complex is
consistent with a dissociative mechanism, whereas the negative AV * values
reported for the chromium(m) and rhodium(ur) analogues suggest the
operation of a different mechanism of greater associative character at these
centres.® Volumes of activation for aquation of [Cr(NH,),X]**+ cations are
—10.8, —10.2, and — 9.4 cm? mol-! for the complexes with X = ClI, Br, and
1, respectively. Thus these aquations, like water exchange at [Cr(NH,);(OHp)]3+
and [Cr(OH,)s]**, appear on this evidence to be markedly associative in
character and have been assigned an I, mechanism. A plot of volumes of
activation for aquation of [Cr(NH,);X]** cations against those for their
cobalt(mr) analogues has a slope of 0.43. This too suggests that these chro-
mium(mr) aquations proceed by a mechanism which differs greatly from the
dissociative mechanism established for the aquation of the cobalt(tr) com-
plexes. Furthermore plots of activation volumes versus volumes of reaction for
these [ML;X]?* series of complexes have slopes of 0.6 for ML; = Cr(OH,);,
but of 1.0 for ML; = Co(NH,);, which again indicates that the aquation
mechanism for the chromium(iir) complexes is much less dissociative in nature
than that for the cobalt(im) series.®

The results of determinations of transition enthalpies indicate similar
conclusions to those of activation-volume experiments. The transition enthalpy
(AHT) is the difference in enthalpy between the transition state and the
products of a reaction. For series of compounds [M(NH,);X]** or
[M(OH,);X]** reacting by a dissociative mechanism, one expects AHr values
to be similar for each complex in the series. For an associative mechanism one
expects AHr values to depend on the nature of X, for M—X bond breaking is
an important aspect of the transition state to products process. The first
application of this approach, to the mechanism of base hydrolysis of
cobalt(im)-ammine-halide complexes, was noticeably successful.? More
recent applications have been to aquation of the [Co(NH,);X]+,8
[Rh(NH,);X]*+,°* and [Cr(OH,);X]*+ (ref. 10) series of cations. Plots of
transition enthalpies against enthalpies of hydration of the respective leaving
groups X~ are approximately linear. For the acid and base hydrolyses of the
cobalt(ir) complexes the slopes of such plots are both zero, consistent with a
predominantly dissociative reaction. The plot for aquation of the
[Rh(NH;);X]** series of complexes has a small negative slope, that for
aquation of the [Cr(OH,);X]2+ series of complexes a larger negative slope.

¢ See C. A. Eckert, Ann. Rev. Phys. Chem., 1972, 23, 239 for a review of the determination
of activation volumes.

5 T. W. Swaddle and D. R. Stranks, J. Amer. Chem. Soc., 1972, 94, 8357.

¢ G. Guastalla and T. W. Swaddle, Canad. J. Chem., 1973, 51, 821.

7 D. A. House and H. K. J. Powell, Chem. Comm., 1969, 382; Inorg. Chem., 1971, 10, 1583.

8 H. K. J. Powell, Inorg. Nuclear Chem. Letters, 1972, 8, 157.

* H. K. J. Powell, Inorg. Nuclear Chem. Letters, 1972, 8, 891.

10 H. K. J. Powell, Austral. J. Chem., 1972, 25, 1569.



Inert Metal Complexes: Co-ordination Numbers Six and Higher 165

These latter observations are consistent with significant associative character
for the aquations of these rhodium(mr) and chromium(nr) complexes, with
greater associative character for the latter series.

Both the activation-volume and transition-enthalpy approaches have indi-
cated considerable associative character to the mechanisms of substitution at
the chromium(mm)* and rhodium(rnr) complexes studied. In contrast, other
workers have published evidence for D [Sx1(lim)] substitution at other
chromium(m) and rhodium(mm) complexes.f One example is provided by
chloride anation of the [Rh(OH,);Cl]?* cation.!! In this particular case the
variation of rate with pH has permitted a distinction between a D and I
mechanism, a distinction which is usually very difficult to make from kinetic
studies of cationic complexes. Another rhodium(mr) complex which is reported
to undergo substitution by a D mechanism is the [Rh(ox)s]*~ anion.!?
Examples of chromium(ir) complexes which react by a D mechanism include
[Cr(OH,)s;Me]?t,3 [Cr(OH,);I}?t, 213 [Cr(OH,);(CN)]**+,'* and a porphyrin
complex.’® Thus the mechanism of substitution at rhodium(m) and at
chromium(tir) may depend greatly on the nature of the ligands bonded to the
central cation. Not only does the D mechanism appear to operate for several
rhodium(tir) and chromium(ir) complexes, it has also recently been postulated
for substitution at several low-spin iron(ir) complexes (see Sections 4 and 7 of
this chapter) and at ruthenium(i) (see Section 6). Substitutions by a D
mechanism at cobalt(ir) have been reviewed.'® The stereochemical aspects of
Berry pseudorotation in the five-co-ordinate intermediates of this mechanism
have been examined.!” There have also been several recent demonstrations
that the D mechanism operates at centres other than the octahedral complexes
so far mentioned, for it has been postulated for, e.g., ligand replacement at the

* An attempt to rationalize conflicting evidence for an associative mechanism of DMSO
exchange at [Cr(DMSO)]** from the determined activation volume but for a dissociative
mechanism for this exchange from the variation of exchange rate with solvent composition
in DMSO-MeNO, mixtures is discussed in Section 7 of this chapter (see ref. 348).

T The contrast between the operation of D and 4 (or I,) mechanisms at apparently rather
similar centres is not quite as stark as it appears at first sight. Thus, for instance, the
change from a cobalt(i) to an analogous rhodium(nr) complex is accompanied by an
increase in size of the central atom, and by an increase in crystal-field effects. The former
may well encourage an Ia towards I, or 4 tendency, the latter an Is to D tendency. Again,
the replacement of ‘innocent’ ligands such as ammonia by cyanide might be expected
to improve the chances of bimolecular nucleophilic attack (f,, 4) at a metal with
numerous fzg4 electrons, by the withdrawal of some of this electron density from the line
of approach of the potential nucleophile. Yet on the other hand the high crystal-field
effect of the cyanideligand may mean that five such ligands are sufficient to stabilize
the five-co-ordinate transient intermediate of a D mechanism long enough for it to
exercise the powers of discrimination by which it is kinetically recognized.

11 M. J. Pavelich and G. M. Harris, Inorg. Chem., 1973, 12, 423.

12 1, Damrauer and R. M. Milburn, J. Amer. Chem. Soc., 1971, 93, 6481.

12 D, B. Vanderheiden and E. L. King, J. Amer. Chem. Soc., 1973, 95, 3860.
14 A. A. Schilt and W. B. Schaap, Inorg. Chem., 1973, 12, 1424,

15 E. B. Fleischer and M. Krishnamurthy, J. Coordination Chem., 1972, 2, 89.
1s J, E. Byrd and W. K. Wilmarth, Inorg. Chim. Acta, Rev., 1971, 5, 7.

17 C. S. Springer, J. Amer. Chem. Soc., 1973, 95, 1459.
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five-co-ordinate complex [Ni(dtp),(PBuy)l,*® and reactions of [Co,(CO),]
with alkynes (see Part IV).1®

Whereas the assignment of mechanism to spontaneous thermal aquations
may at times be uncertain, the mechanism of metal-ion-catalysed aquation of
halide complexes of cobalt(ur), chromium(i), and similar cations is unlikely
to be other than dissociative as far as the metal(ur) centre is concerned. In
Volume 2 of this Report it was mentioned that the catalytic effect of metal ions
on solvolysis rates of t-butyl halides could be correlated with the stability
constants of the respective metal-halide complex formed.2® Such a correlation
is now reported for metal-ion catalysis of aquation of halide complexes of
cobalt(m), chromium(mr), and rhodium(u). Indeed this correlation is suffi-
ciently general as to embrace such catalysts as H* and HgCl+ as well as metal
ions such as Hg?+ and TI3+.2! A linear free-energy (AG™* vs. AG°®) correlation
has been reported for mercury(m)-catalysed aquation of a series of
chromium(mr) complexes.??

Whereas for thermal substitution the mechanistic picture is clearer for
cobalt(ir) complexes than for chromium(i) complexes, for photochemical
reactions the reverse is the case. Currently there is much interest, and some
success, in bringing the level of understanding of the photochemistry of
cobalt(ur) and other octahedral complexes up to that of chromium(im)
complexes.23:2¢ A recent review of photochemical reactions of transition-
metal complexes concentrates on chromium(ur) complexes, but also contains
some information on cobalt(rr) and platinum(ir) complexes. 25

Theoretical aspects of substitution in octahedral complexes have been
discussed from a quantum mechanical viewpoint,?® and according to the role
of symmetry.*?

2 Aquation: Cobalt(r) Complexes

Unidentate Leaving Groups.—There has been considerable interest in the
aquation of the [Co(NH,);X]?+ cations. Transition enthalpies®® (AHT, the
difference between the enthalpy of the transition state and the enthalpy of the
products) have been estimated for aquation of the [Co(NH;); X]** cations with
X = Cl, Br, I, or NO,. For the chloro-, bromo-, and nitrato-complexes,

. A. Sweigart and P. Heidtmann, J.C.S. Chem. Comm., 1973, 556.

. C. Ellgen, Inorg. Chem., 1972, 11, 691; F. Ungvary andL Marko, Chem. Ber., 1972,

05, 2457.

E. S. Rudakov and I. V. Kozhevnikov, Tetrahedron Letters, 1971, 1333.

2t 1. V. Kozhevnikov and E. S. Rudakov, Inorg. Nuclear Chem. Letters, 1972, 8, 571.

J. P. Birk and C. M. Ingerman, Inorg. Chem., 1972, 11, 2019.

J. 1. Zink, Mol. Photochem., 1973, 5, 151.

2t M. Wrighton, H. B. Gray, and G. S. Hammond, Mol. Photochem., 1973, 5, 165.

25 W, L. Waltz and R. G. Sutherland, Chem. Soc. Rev., 1972, 1, 241,

¢ B, D. German and R. R. Dogonadze, J. Inorg. Nuclear Chem., 1972, 34, 3916; J.
Research Inst. Catalysis, Hokkaido Univ., 1972, 20, 34 (Chem. Abs., 1973, T8, 48 469x).

27 K, B. Yatsimirskii, Teor. i eksp. Khim., 1972, 8, 617 (Chem. Abs., 1973, 78, 34 381a).

2 See pp. 179—180 of Volume 1 and p. 171 of Volume 2 of this Specialist Periodical
Report.
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values of AHr are equal within experimental uncertainty limits. The AHt
value for the iodo-complex is unexpectedly low, but this can be attributed to
the use of a value for the activation enthalpy for aquation which is un-
reasonably low. The results, at least for the chloro-, bromo-, and nitrato-
complexes, are consistent with a dissociative mechanism.®

Further evidence confirming the essentially dissociative nature of aquation
of complexes [Co(NH,;);X]»* is provided by determination of the activation
volumes for the compounds with X = Cl, Br, NO;, SO4, or NCS. As
reported briefly earlier,?® these activation volumes correlate with molar
volumes of reaction. The present report quotes values for activation volumes
extrapolated to zero pressure, amplifies the earlier discussion, and concludes
that the aquation mechanism is one of dissociative interchange (Zq).%°

Whereas considerations of transition enthalpies and of activation volumes
have led to evidence useful in confirming the mechanism of aquation in
cobalt(ur)}-ammine-ligand complexes, an attempt to derive similarly useful
information from a comparison of kinetic and solubility parameters proved
unsuccessful. No correlation was found between enthalpies of activation for
aquation of complexes [Co(NH;);X]?*+, with X = F, Cl, Br, I, NCS, Nj, or
NO,, and the respective enthalpies of solution of their perchlorate salts.?! In
fact it seems impossible to correlate these activation enthalpies with any other
apparently reasonable parameter, though it does seem that there is a correla-
tion between activation entropies and the entropies of solvation of the leaving
anions.?2

Fundamental to the above studies are the experimentally determined values
of the activation enthalpies for aquation of the complexes [Co(INH,);X]?+,
These have recently been redetermined with considerable care to give more
precise values than those available in the earlier literature. For the complex
with X = Cl, spectrophotometric determinations of rate constants for
aquation in 0.015M-HCIO, over the temperature range 50—80 °C gave values
for the activation energy of 23.445 kcal mol—* and for the activation entropy of
—8.3 cal deg~* mol~*. Similarly, for the complex with X = Br, this time
from experiments over the temperature range 40—70 °C, an activation energy
of 23.370 kcal mol—! and an activation entropy of —6.0 cal deg—* mol-* are
reported. The precision of the activation energy for aquation of the chloro-
complex is indicated by the quoted standard deviation of 0.124 kcal mol—2.32

In the final references to aquation of complexes [Co(NH;);X]?* the interest
is in the reactivity of ion pairs. Rates of aquation of the complexes with
X = Cl, Br, or I increase by a factor of two to three when these cations are
ion-paired with dinegative ions such as sulphate, malonate, maleate, or
phthalate.?® The role of ion pairs with uninegative anions in the aquation of

% W. E. Jones and T. W. Swaddle, Chem. Comm., 1969, 998.

*° W. E. Jones, L. R. Carey, and T. W. Swaddle, Canad. J. Chem., 1972, 50, 2739,
1 H. C. A. King, Rev. latinoamer. Qum., 1972, 2, 155.

*2 G. C. Lalor and H. Miller, Rev. latinoamer. Quim., 1972, 3, 72.

# M. B. M. Campbell, M. R. Wendt, and C. B. Monk, J.C.S. Dalton, 1972, 1714.
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[Co(NH,);Cl]?* has been the subject of controversy for some years. The effects
of added chloride on aquation rates of this complex were first studied up to a
concentration of 0.1M sodium chloride,?* later up to 0.6M sodium chloride.??
The results of the latter study, in which sodium perchlorate was used to
maintain constant ionic strength, were subsequently reinterpreted in terms of
three parallel Iq reaction pathways, involving chloride and perchlorate ion
pairs.®® Now the effect of added chloride on the aquation rate of the
[Co(NH;);Cl]*t cation has been investigated at chloride-ion concentrations up
to 0.9M. The conclusion reached from this latest and most extensive study is
that neither [Co(NH;);Cl]?+ CI- nor [Co(NH,),CI]*+ ClIO; ion pairs play a
kinetically significant role in the aquation of the [Co(NH,);Cl]3* cation under
experimental conditions so far used. Moreover the aquation rate constant for
this complex is unaffected by the nature of the added anion, be it perchlorate,
tetrafluoroborate, or trifluoromethylsulphonate, when the respective sodium
salts are used to maintain the ionic strength of the reaction medium
I = 1.0M).37

The relative reactivity of pairs of chloride and bromide complexes is often
reported and discussed. Recent studies in this category which refer to such
pairs of cobalt(m)}-amine-halide complexes include those of aquation of
cis-[Co(en),(cyclohexylamine)X]?*,3® of trans-[Co(cyclam)(NO,)X]*,2° and of
cis-[Co(phen),(NO,)X]*,% in all cases with X = ClI or Br. Similar reactivity
comparisons have been made for cobalt(im)-oxime-halide complexes, includ-
ing the series trans-[Co(dmgH),LX], with L. = semicarbazide or thiosemi-
carbazide,** and trans-[Co(dmgH),(tu)X] (in 209, ethanol).*? In these latter
cases X = Cl, Br, or L. Several of these systems will be mentioned again later,
in the section on effects of non-leaving ligands.

The kinetic characteristics of both urea and thiourea as leaving groups have
been investigated in cobalt(m)-oxime derivatives. Rate constants and activa-
tion parameters were determined for the loss of urea from trans-
[Co(dmgH).(urea)X], with X = CIl, Br, or NO, (or I, in 259 ethanol). The
small variation in rate constant observed for aquation of this series of com-
plexes was rationalized in terms of the known trans effects of these ligands in
octahedral cobalt(mr) complexes. The activation energies, which are in the
range 52.9—64.8 kY mol-! (12.6—15.6 kcal mol~') are remarkably low for
aquation of cobalt(ur) complexes, while the large, negative activation entropies,
—108 to —143 J K~ mol~* (—26 to — 34 cal deg—! mol—?) are said to indicate
an associative mechanism for these aquations.*®* The activation energy, un-

8¢ S, H. Laurie and C. B. Monk, J. Chem. Soc., 1965, 724.

. H. Langford and W. R. Muir, J. Amer. Chem. Soc., 1967, 89, 3141,

. G. Burnett, J. Chem. Soc. (A), 1970, 2486.

. C. Barber and W. L. Reynolds, Inorg. Chem., 1973, 12, 951.

. Mullick, R. K. Nanda, and R. N. Nanda, J. Inorg. Nuclear Chem., 1972, 34, 3731.
. K. Lui and C. K. Poon, J.C.S. Dalton, 1972, 216.

. M. Palade and T. N. Volokh, Russ. J. Inorg. Chem., 1972, 17, 1016.

. N. Samus’, O. N. Damaskina, and A. V. Ablov, Russ. J. Inorg. Chem., 1972,17, 1145.
. N. Samus’, O. N. Damaskina, and A. V. Ablov, Russ. J. Inorg. Chem., 1972, 17, 864.
. N. Samus’, O. N. Damaskina, and A. V. Ablov, Russ. J. Inorg. Chem., 1971, 16, 1030.
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fortunately determined over only a 10 °C range of temperatures, for aquation
of the similar thiourea complex trans-[Co(dmgH),(tu),]* is again relatively
low, at 15.4 kcal mol~'; the activation entropy for this aquation is —22.4
cal deg—! mol-1.4¢ Other uncharged leaving groups whose departure from
cobalt(m) has been studied include o- and m-anisidine and dimethyl sulphoxide.
The kinetic study of the two substituted anilines as leaving groups was
complicated by parallel loss of chloride from the complexes cis-
[Co(en),(anisidine)CI]?+.45 One would intuitively expect dimethyl sulphoxide
to be a good leaving group from cobalt(mr); this expectation is fulfilled by the
qualitative observation that aquation of [Co(NH,);(DMSO)]** is complete
within about three hours at 45 °C.*® The subject of uncharged leaving groups
will be mentioned again in the context of solvent effects on reactivity.

Rate laws and kinetic parameters have been established for sulphamate and
for acetate being displaced by water from cobalt(mr) centres in acid media, the
former from [Co(NH;)s(sulphamato)]?* (ref. 47) and the latter from cis- and
from trans-[Co(en),(OAc),]+.4® Unfortunately these systems are complicated
by pre-equilibria and by isomerization, so that most of the kinetic parameters
are composite quantities. Rate constants for aquation of the complexes cis-
[Co(en),(RCO,),]2+, where R = CH,, CH,Cl, CHCl,, CCl;, or CF,, all lie
between 8.0 and 9.3x10-¢s-%, at 25 °C and pH = 7. Aquation of the
analogous trans-complexes under similar conditions shows a similar small
dependence of rate on the nature of the leaving (halogeno)acetate ligand.®
One should, however, when considering these results bear in mind that the rate
constants for aquation of carboxylate complexes are generally pH-dependent
(¢f. the section on catalysed aquation below). Aquation of the
[Co(NH,);(SOp]I* cation is also acid-catalysed:

—d[Co(NH,);(809)*)/dt = {ko + k[HBICo(NH,)5(SO,)*]

The activation parameters for the non-catalysed (ko) path are AH* = 22.7
kcal mol? and AS* = —10.0cal deg~! mol-1.%°

Kinetic studies of the loss of ammonia or of chelating amines from
cobalt(mm) complexes by aquation are rare. Parallel loss of ammonia and halide
from chromium(m)-ammine-halide complexes is not uncommon, but
ammonia is very much more reluctant than halides to depart from cobalt(m).
In fact the potential field of kinetic studies of the loss of ammonia from
cobalt(m) is small, and further restricted by the propensity of cobalt(ur) to
oxidize co-ordinated water. The [Co(NH;)(OH,);]** cation, on warming in
1M-HCIO, for twelve hours, gives [Co(INH,),(OH,),J** and cobalt(m).?! The

¢ B. A. Bovykin, Russ. J. Inorg. Chem., 1971, 16, 1294.

& S. C. Chan and O. W. Lau, J. Inorg. Nuclear Chem., 1972, 34, 3275.

¢ C. R. P. Mac-Coll and L. Beyer, Irorg. Chem., 1973, 12, 7.

¢7 E. Sushynski, A. van Roodselaar, and R. B. Jordan, Inorg. Chem., 1972, 11, 1887.
4 T, P. Dasgupta and M. L. Tobe, Inorg. Chem., 1972, 11, 1011.

4* M. Yokoi and K. Kuroda, Bull. Chem. Soc. Japan, 1971, 44, 3293.

60 F. Monacelli, Inorg. Chim. Acta, 1973, 7, 65.

52 J. D. White, J. C. Sullivan, and H. Taube, J. Amer. Chem. Soc., 1970, 92, 4733.
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[Co(NH,),(OH,);]**+ cation undergoes spontaneous reduction under similar
conditions; the kinetics of this reaction have been described.®? The spon-
taneous reduction of [Co(NH,);(OH,)]** and of [Co(NH,),(OH,),]** is slower
than their aquation, so the kinetics of aquation of these two aquo—ammine—
cobalt(mr) complexes can be monitored.?® References to the spontaneous re-
duction of analogous cobalt(r) complexes of chelating amines are cited
below, in the section on multidentate leaving groups. Further details of these
studies are given in Chapter 2 of Part I (refs. 160 and 161 of that chapter).

Multidentate Leaving Groups.—The decomposition of dicarboxylate com-
plexes of cobalt(m), particularly of [Co(0x),]3~, has long been established to
involve an internal redox step. Several papers published during the past couple
of decades have concluded that the initial step is the charge-transfer or redox
process

[Co(0ox)s}*~ —> Co?+ + ox~ + 20x*

subsequent steps involving the oxalate radical anion thus generated. In Volume
2 of this Report mention was made of an alternative mechanism in which a
three-centre redox step involving a ring-opened cobalt(im)-oxalate species was
invoked for the decomposition of the [Co(0x);]°~ and [Co(ox),(OH,).]~
anions.?* The tenability of this hypothesis has now been tested over a wide
range of experimental conditions, with the conclusion that it seems a less
acceptable mechanism than the simple oxalate radical mechanism outlined
above.®® A concurrent study of this [Co(ox),]*~ decomposition has concen-
trated on the establishment of the rate law [equation (1)] and thence the
determination of the kinetic parameters. The activation enthalpies for the k,
and k, terms are 29.7 and 30.0 kcal mol—1, the activation entropies +17.4
and +20.9 cal deg—* mol—! respectively. The kinetics were unaffected by
added oxygen, acrylonitrile, or peroxodisulphate, but interestingly the
decomposition of peroxodisulphate was claimed to be induced by the
[Co(ox),]*~ redox aquation. Evidence for the intermediacy of the CO; radical
in this decomposition was presented.?®

~d[Co(ox)}7)/dt = {ky + k[H*Co(ox)i"] )

The kinetics of the closely related redox decomposition of [Co(mal),}*~ in
aqueous solution, at pH 5.6, have been re-examined by *C radiochemical
tracer techniques. An activation enthalpy of 86.5 kJ mol-* (20.7 kcal mol~1)
was deduced from series of experiments utilizing liquid scintillation monitor-
ing and a value of 67.5 kJ mol—* (16.4 kcal mol-1) by proportional counting.5”
The former value is closer to previous estimates using spectrophotometry.

52 §, Lum, W. D. Stanley, and C. S. Garner, J. Inorg. Nuclear Chem., 1973, 35, 1293.

¢ W. D. Stanley, S. Lum, and C. S. Garner, J. Inorg. Nuclear Chem., 1973, 35, 3587.

s+ L, Hin-Fat and W. C. E. Higginson, J. Chem. Soc. (4), 1970, 2836.

®5 N. S. Rowan, R. M. Milburn, and M. Z. Hoffman, Inorg. Chem., 1972, 11, 2272.

s¢ M. Kimura and T. Sato, Bull. Chem. Soc. Japan, 1973, 46, 471.

57 R. van Eldik and R. Alberts, J. S. African Chem. Inst., 1972, 25, 17 (Chem. Abs., 1972,
76, 131 976q).
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Mechanisms available for the aquation of carboxylato-cobalt(nir) complexes
have been considered, with the discussion covering such topics as cobalt—
oxygen versus oxygen—carbon bond breaking, dechelation of multidentate
carboxylate ligands,3® and stereochemistry.?®

The kinetic pattern and mechanism for the aquation of [Co(bipy);]** have
been elucidated as a by-product of investigating the vanadium(m) reduction of
[Co(bipy),]*+. The aquation mechanism for [Co(bipy),]*+ bears a considerable
resemblance to that for the much studied [Fe(bipy)s;]** cation. In particular
there is the same need to invoke intermediates containing unidentate, and
unidentate monoprotonated, bipy for both complexes. The activation para-
meters for dissociation are AH* = 12.4kcalmol-! and AS* = —10
cal deg~1 mol-1. The activation enthalpies for aquation of this cobalt(i)
complex and for its nickel(mm) and iron(1r) analogues are in the order, Fell(low-
spin) > NiI > Coll, expected from crystal-field considerations.®

The spontaneous reduction of cobalt(m)}-ammine-water complexes has
already been mentioned.?1-3% Analogous cobalt(ir)—chelating amine-water
complexes also undergo spontaneous redox reactions rather than ordinary
aquation in acidic aqueous solution. The kinetics of several of these redox
amine-loss processes have recently been described, for the complexes cis-
[Co(en),(OH,),]3+,%* [Co(dien)(OH,),]*+,%* and [Co(dpt)(OH,);]3*.%® There
were too many complications arising from side reactions for a study of the
kinetics of redox aquation of the «-[Co(trenen)(OH,)]*+ cation to be
successful.®?

Effects of Non-leaving Ligands.—There are three main classes of complex to be
discussed in the present section. The first contains compounds of the type
[Co(en),LX]?*, where the leaving group X is usually chloride, and it is the
effect of the ligand L on the rate of loss of X~ that is the principal feature of
interest. The second contains compounds of the general formula [CoL,X,]t,
where the interest centres on the ligand or ligands L,. Typically such studies
probe the effects of varying the nature and denticity of L,, which may range
from (NHj;), through (en), to trien and to macrocyclic ligands such as cyclam,
on the kinetic parameters for aquation and X~ loss. The third group consists of
bisdioxime complexes of formula trans-[Co(dioxime),LX]. Here the main
topic of discussion may be either the frans effect of L or the effect of the nature
of the dioxime ligands on the loss of X~. One general reference which lies
outside this classification concerns the high frans effect of the sulphite ligand
in cobalt(r) complex chemistry and its consequences in preparative
chemistry. %4

s¢ M. E. Farago, M. A. R. Smith, and I. M. Keefe, Coordination Chem. Rev., 1972,
8, 95.

8¢ T. P. Dasgupta and M. L. Tobe, Coordination Chem. Rev., 1972, 8, 103.

¢¢ R. Davies, M. Green, and A. G. Sykes, J.C.S. Dalton, 1972, 1171.

¢1 S. Lum, L. Ereshefsky, and C. S. Garner, J. Inorg. Nuclear Chem., 1973, 35, 1591.

¢1 P. Wilairat and C. S. Garner, J. Inorg. Nuclear Chem., 1971, 33, 1833.

ss S. Lum, L. Ereshefsky, and C. S. Garner, J. Inorg. Nuclear Chem., 1973, 35, 2401.

¢¢ H. Siebert and G. Wilke, Z. anorg. Chem., 1973, 399, 43, 52.
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[Co(en),L.X]**+ Complexes. Kinetic parameters for aquation of complexes of
the type [Co(en),LX]?* are listed in Tables 1 and 2, which are for complexes
with X = Cl and with X = Br respectively. The reactivities of the chloro-

Table 1 Kinetic parameters® for aquation of complexes [Co(en),LCI]"+

10%/s~1 AH*/ AS*/

L (temperature/°C) kcal mol—* cal deg~mol~*  Ref.
cis-ProNH, 29 (60) 24.4 —6 65
cis-BusNH, 32 (60) 22.9 —-11 65
cis-Bu!NH, 32 (60) 23.4 -9 65
cis-BusNH, 72 (60) 20.9 -13 65

. 51 (50.5) — — 66
cis-CeHy,NH, 63.5 (50) 20.0+0.5 —18.4+0.8 67
Qin = 2) 91 (60) 22.2 — v
@;n = 3) 25 (60) 23.6 — J
Q:n = 4) 25 (60) 23.8 — 70
@in = 5) 31 (60) 23.6 —_ 70
Q;n = 6) 31 (60) 23.6 — 70
cis-0,CMe 3.1(25) 26.8+0.3 +6.7+0.8 76
¢is-0,CPh 1.2 (25) 29.3+0.7 +13.2%2.2 76
trans-CN 980 (25) 20.7 -3 81
(I;n = 3) 21 (65) 23.7 —-10 69
(A:n = 6) 32 (65) 23.5 —-10 69
(;n =17 33 (65) 23.5 —-10 69
(;n = 8) 34 (65) 23.5 —-10 69
;7 = 10) 37 (65) 23.5 —-10 69

e FError limits are quoted where these are stated in the papers cited. ? Values for com-
parison, taken from S. C. Chan and F. Leh, J. Chem. Soc. (A), 1967, 1730.

Table 2 Kinetic parameters for aquation of complexes [Co(en),LBr]2+

10%/s~t AH=*| AS*/

L (temperature/°C)  kcal mol-!  caldeg'mol-! Ref.
cis-CeH,,NH, 1.5 (45) 22.2+0.3 —6.2+0.5 67
cis-MeNH, 1.9 (65) 23.9 -5 72
cis-Bu®NH, 2.0 (65) 23.9 -5 72
cis-CH,=CHCH,NH, 1.2 (65) 25.0 -3 72
¢is-HOCH,CH,NH, 6.3 (65) 22.5 -7 7
cis-3-Me-py 23.6 —6 75
cis-4-Me-py 23.2 —6 75

complexes with L. = n-, iso-, or sec-butylamine or n-propylamine are similar,
though with slightly greater rates of aquation reported for the complex of the
amine containing an «-methyl group.®® Relatively rapid aquation has for the
second time* been reported for the complex with L = cyclohexylamine.®”

* The previous report is in ref. 66.

&5 S, C. Chan and K. M. Chan, Z. anorg. Chem., 1972, 389, 205.
¢¢ §. C. Chan and T. L. Cheung, Austral. J. Chem., 1970, 23, 707.
¢7 N. Mullick, R. K. Nanda, and R. N. Nanda, J. Inorg. Nuclear Chem., 1972, 34, 3731.
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A dissociative mechanism with consequent relief of steric crowding in the
transition state is a sufficient rationalization for these rate accelerations. An
argument over the actual values for aquation rate constants of several chloro—
amine complexes of this type appears to have been resolved satisfactorily.®®
A slight variant of these kinetic studies concerns the complexes cis-
[Co(en),(LH)CI]*+, where LH+ is now a diamine with one nitrogen protonated
rather than a simple aliphatic monoamine. The point of studying such
complexes was to disentangle inductive and mesomeric effects from overall
charge effects. Thence one could decide which of these was responsible for the
large difference between the rates of aquation of, say, cis-[Co(en),CL]+ and
cis-[Co(en),(NH,)CI]?+.8° In fact as the protonated diamines used were of the
formula (1) with n>2, the extra positive charge on the complex may be
situated a long way from the cobalt(ir) centre whence the chloride is leaving.
The reported similarity in rates for these complexes and their NH; analogue
may simply be due to the cobalt atom ‘seeing’ very similar near surroundings
and not being unduly affected by the distant positive charge in the

+
—NH,(CH,),NHR, complexes.

H:N(CHz) nl—\FIHg H,N(CH2).OH
M @

Another variation on the nature of L is that of using an amino-alcohol (2),
which is potentially bidentate, as ligand. When L. = 2-aminoethanol, then
loss of X~ is accompanied by chelate ring closure rather than by aquation, but
for amino-alcohols HO(CH,),NH, with n>2 the leaving X~ is replaced by
water, leaving the amino-alcohol still as a unidentate ligand. In the former case
the mechanism may be of an intramolecular Sx2 type; in the latter case normal
dissociative solvolysis seems likely. Nonetheless rate constants and activation
parameters for the aquation of the series of complexes cis-[Co(en),{H;N-
(CH,).OH]CI}?* vary only little as » increases from 2 to 6. The pH-
dependence of the rate of chloride release from cis-[Co(en).(gly)Cl}*+ suggests
some associative character to this reaction, in which the unbonded carboxylate
group of the glycine can approach and interact with the cobalt in the transition
state. Repulsion between the negative charges on this carboxylate group and on
the leaving chloride is likely to keep the degree of associative character fairly
limited here.”*

Kinetic results for aquation of cis-[Co(en),LBr]?+ cations, where L. = 2-
aminoethanol, methylamine, butylamine, or allylamine, parallel those
obtained earlier for aquation of the analogous chloro-complexes.?? It has been

% L. G. Reiter, J. Inorg. Nuclear Chem., 1973, 35, 320.

¢* S. C. Chan and S. F. Chan, J. Inorg. Nuclear Chem., 1973, 35, 1247.

70 §. C. Chan and O. W. Lau, J. Inorg. Nuclear Chem., 1972, 34, 2361.

"1 H. M. Comley and W. C. E. Higginson, J.C.S. Dalton, 1972, 2522,

7 V. V. Udovenko, L. G. Reiter, and E. P. Shkurman, Russ. J. Inorg. Chem., 1971, 16,
1435,
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verified that when L = 2-aminoethanol the product is cis-{[Co(en),-
(NH,CH,CH,OH)]*+ whereas in the other cases the product is
cis-[Co(en),L(OH,)]3+.73

The kinetics of ring closure of the complex cis-[Co(en),(OH,)-
(NH,CH,CH,OH)]3+ have been studied, and are consistent with the non-
observance of this species in the aquation of cis-[Co(en),(NH,CH,CH,OH)X]**
cations. An associative mechanism for the ring closure of the aquo—ethanol-
amine complex is proposed.”* The kinetics and mechanisms of analogous ring-
closure reactions of similar platinum(ir) complexes are discussed in the appropri-
ate section of Chapter 2 of this Part. Kinetic parameters for aquation of the
isomeric cations cis-[Co(en),LBr]?t+ with L. = 3- or 4-methylpyridine show
the expected similarity.?s

Rates of aquation of the related carboxylato-complexes trans-
[Co(en),(0O,CR)CI]*, where R = Me or Ph, are independent of pH, and the
aquation yields predominantly the cis-isomers of the products. Comparison of
the stereochemical courses of aquation of these complexes with those for
aquation of trans-[Co(en),(OAc),]* and of trans-[Co(en),Cl,]*+ suggest that
carboxylato-ligands encourage stereochemical change in aquation of cobalt(mr)
complexes.”®

The ligand trien bears a strong resemblance to (en),, so aquation of the a-
and f,-isomers of the [Co(trien)(OH,)CI]** cation is closely related to the
reactions cited in the previous paragraphs. After making allowances and cor-
rections for subsequent racemization and isomerization, it has been deduced
that aquation of these two isomers proceeds with complete retention of
geometric and absolute configuration. For reaction (2) the rate constant,
determined by four different methods, is between 2.15 and 2.40 x 10-% s~, at
25 °C, pH = 2, and ionic strength 0.013—0.020 mol I-*.”? From the results
given in this paper, it is possible to estimate an activation enthalpy of 24.9
kcal mol-* and an activation entropy of +10 cal deg~*mol-* at pH = 2
but not, unfortunately, at constant ionic strength.

(+)-B:-[Co(trien)(OH,)CI]** 110» (+)-B-[Co(trien)(OH;),]** + CI-
¥

The separation of two geometric isomers of [Co(tren)(INH;)CI]?* has been
reported. Preliminary kinetic results are that the red or f-form, with the
chloride trans to the tertiary nitrogen of the tren, aquates with a rate constant
of 2.5x10-% 51 (0.1M-HCIO,, 26 °C) and that the purple or «-form, with the

72 V. V. Udovenko, L. G. Reiter, and E. P. Shkurman, Russ. J. Inorg. Chem., 1972, 17,
1008.

™ V. V. Udovenko, L. G. Reiter, and T. V. Batyushkina, Russ. J. Inorg. Chem., 1973, 18,
234.

78 J. Zsakd, C. Vérhelyi, and S. Bleoca, Acta Chim. Acad. Sci. Hung., 1971, 70, 175.

¢ T. P. Dasgupta, W. Fitzgerald, and M. L. Tobe, Inorg. Chem., 1972, 11, 2046.

7 G. H. Searle and A. M. Sargeson, Austral. J. Chem., 1973, 26, 661.
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chloride cis to the tertiary nitrogen of the tren, has an aquation rate constant
of 1.2 x 10~¢ s~ under the same conditions.?®

The complexes cis-{Co(phen),(NO,)X]*, with X = CI or Br, are slightly
more distant cousins of the complexes mentioned so far in this section.
Kinetic parameters for aquation of these complexes,’”® and of cis-
[Co(phen),CL,]*+ for comparison,® are reported in Table 3. The slight difference
in reactivity between the chloronitro- and the dichloro-complexes masks much
greater but compensating differences in the activation parameters.

Table 3 Kinetic parameters for aquation of complexes cis-[Co(phen),LX]*+

10%/s—1 AH*] AS*/

L X 25°C) kcal mol-t caldeg~'mol-*  Ref.
Cl Cl 0.7 23.1 +10 80
NO, Cl 1.3 15.4 —-23 79
NO, Br 1.4 18.6 —12 79

The aquation of #rans-JCo(NH;),(CN)CI]* provides two opportunities for
discussion of non-leaving ligand effects, and also provides a link with the fol-
lowing section. The results provide an illustration of the effect of a trans-
cyano-ligand on the lability of co-ordinated chloride. They also form part of
the series of results for aquation of analogous complexes of (NH,),, (en),, and
cyclam ligands, which are discussed in terms of the nephelauxetic effects of
these ligands (¢f. next paragraph).s?

[CoL,X,}* Complexes. There is a smooth trend of AS* values, though not of
AH?®* nor of k values, in the sequence L, = (NHjy),, (en),, cyclam (3), for
aquation of the complexes trans-[CoL (NCS)CI]J+.82 These trends and reactivity
trends for similar complexes trans-[CoL,(NO,)X]t, with X = Cl or Br, and
trans-[CoL,(CN)CII*, are discussed in terms of the so-called kinetic nephel-
auxetic effect.??: 8182 The slower rate of thiocyanate release from isomers of
[Co(tetren)(NCS)]2* [tetren = (4)] than from analogous ammonia and ethyl-
enediamine complexes has been rationalized by invoking greater expansion of
the cobalt(im) 3d-orbitals by the tetren.®® Loss of chloride from [Co(tren)Cl,]+
[tren = (5)]is very much faster than from cis-[Co(en),Cl,]+.3* This difference
in reactivity arises from distortion in the former complex. Further studies of
this exceptionally labile [Co(tren)Cl,]* complex have shown that deuterium
isotope effects are rather different from those for other cobalt(im)-amine-
halide aquations.®® Some preliminary preparative and kinetic observations on

76 C.-H. L. Yang and M. W. Grieb, J.C.S. Chem. Comm., 1972, 656.

7* D, M. Palade and T. N. Volokh, Russ. J. Inorg. Chem., 1972, 17, 1016.
(L M. Palade and M. K. Boreiko, Russ. J. Inorg. Chem., 1968, 13, 1556.
K. Poon and H. W. Tong, J.C.S. Dalton, 1973, 1301.

S. Mok, C. K. Poon, and H. W. Tong, J.C.S. Dalton, 1972, 1701.

A. El-Awady, J.C.S. Dalton, 1972, 1463.
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aquation of [Co(LLLL)(COy)]t cations, in which LLLL. = tet-b (6) or tet-d
(7), have been presented. These are to form the basis of a detailed kinetic and
mechanistic study and discussion of these systems. Parallels are drawn
between these complexes and nickel(r) complexes of these and related
macrocyclic ligands. ¢

HN*CHZ—CH;——T?H

Cle HI\|I~CH2—CH2—NH-—CH2——CH2—NH
T I o
o o
HN—CH,—CH,—NH NH, NH,
3) @
CH,—CH,-NH,
N-CH,—CH,~NH,
CH,—CH,-NH,
(&)
HN--CH,—CH,—NH HN—CH,—CH,—NH
(IIMe, CHMe CHMe (llMcz
T 4 S
CHMe (lZMez CiHMe (lZMe2
HN—CH,—CH,—NH HN;CH,»CHPb'JH
6) )

Kinetic parameters for aquation of cobalt(1ir) and chromium(ir) complexes
[M(en)(tmd)CL,}* and [M(en)(tmd)(OH,)CIJ?* have been determined, with the
primary aim of comparing reactivities, in terms of rate constants and of
activation parameters, at these two metal centres. The zrans-[Co(en)(tmd)Cl,]*+
cation aquates, in 0.3F-HCIO,, to give predominantly cis-[Co(en)(tmd)-
(OHL)CI2+; k = 3.96x10~*s~! at 25°C, AH* = 23.6+0.3 kcal mol-?,
and AS* = +5cal deg-! mol~l. The cis-{Co(en)(tmd)(OH,)CI}*+ thus
generated aquates with & = 1.03x10~%s~! at 25°C, AH* = 182+0.5
kcal mol-1, and AS* = —16cal deg~! mol-3, this time in 1.0F-HCIO,. In
the context of this section, comparisons between kinetic parameters for
aquation of these (en)(tmd) complexes and their much-studied (en), relatives
can readily be made. The (en)(tmd) complexes aquate more rapidly than the
(en), complexes: the difference in structure is of course only one extra methyl-
ene group in tmd.®? Rate constants and activation parameters have been evalu-

t¢ N. A. P. Kane-Maguire, J. F. Endicott, and D. P. Rillema, Inorg. Chim. Acta, 1972, 6,
443,
87 M. C. Couldwell, D. A. House, and H. K. J. Powell, Inorg. Chem., 1973, 12, 627.
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ated for aquation of the n-, k-, and w-isomers of [Co(dien)(en)Cl]*+ and of the
a- and g-isomers of [Co(dpt)(en)CI]?+.58

Because of their inherent strain, [Co(tren)X,]* cations react much more
rapidly than [Co(en),X,]* analogues. A recent example of this is provided by
the aquation of the «- and p-isomers, (8) and (9) respectively, of the
[Co(tren)BrCl}* cation. Aquation of the «-isomer results in loss of chloride,
with an activation enthalpy of 18.3 +0.8 kcal mol—* and an activation entropy
of —13.5+2.7 cal deg~? mol-1. Aquation of the B-isomer results in loss of
bromide, with an activation enthalpy of 16.0 + 0.2 kcal mol—* and an activation
entropy of —9.0+0.7 cal deg—* mol—1.%°

HITI—CH ,—CH ,~-ll~<‘
CMe, Me

/Cl ﬁ—— /Br +H2 (i:Hz
L a cM CMe
\ \ 0 S

N—CH,—CH,—NH

® ® 10

Previous results pertaining to the kinetics of aquation of [CoL,(COy)]*
complexes %21 have led to the belief that the low rates observed when
L, = e.g. tet-b (6) or trans-[14]-diene (10) might be ascribable to steric
factors. This may well be true, but the recent report of similarly slow hydrolysis
for complexes with L, = (bipy), or (phen), show that at least in these cases
some other factor, presumably the amount of electron release by the ligands
and the consequent effect on cobalt(mm)-carbonate bonding, is involved. The
rate law is shown as equation (3); in fact &, values are very small. Values of k4,
with corresponding activation parameters, are listed in Table 4.22

—d[Co(LL)(COx)*)/dt = {ko + k[H'BICo(LL)(CO»*1 (3)

Table 4 Kinetic parameters for aguation of [Co(LL),(CO3)I*+

10%,/
1 mol-1s—1 AH=*/ AS*/
LL (25°C) kcal mol—?* cal deg~*mol~! Ref.
bipy 2.2 22.3+1.7 —1.5+4.8 92
phen 1.5 20.4+1.9 —8. 6i5 1 92
(NH,), 15000 15.3+1.0 —6.3+3 90
(en), 6 000 13.8+1.0 -7. 4—_L- 91
trans-[14]-diene (10) 80 ~24 91
tet-b (6) 1 — — 91

88 T, K. Huan, J. N. Mulvihill, A. R. Gainsford, and D. A. House, Inorg. Chem., 1973, 12,
1517.

8% S.-T. Yuan, W. V. Miller, and S. K. Madan, Inorg. Chim. Acta, 1973, 7, 134.

®0 K. V. Krishnamurthy, G. M. Harris, and V. S. Sastri, Chem. Rev., 1970, 70, 171 and
refs. therein (see particularly pp. 190—192).

°1 T, P. Dasgupta and G. M. Harris, J. Amer. Chem. Soc., 1971, 93, 91.

*2 D, J. Francis and R. B. Jordan, Irorg. Chem., 1972, 11, 461.
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The most dramatic example of non-leaving-ligand effects in complexes of
this type is provided by reactions of tetra-(N-methyltetrapyridyl)porphine
complexes of cobalt(mr). Here rates of substitution are several orders of
magnitude faster than for the other cobalt(in) complexes discussed in this
section.??

Dioximato-complexes. Kinetic parameters?!: 42, %4 95 for aquation of a range of
complexes trans-[Co(dmgH),LX] are collected together in Table 5. In most

Table 5 Kinetic parameters for aquation (halide replacement) of trans-

[Co(dmgH),L.X]
10% /s~ Ey/ AS*/
Le X (temperature/°C) kcal mol~! cal deg~* mol-*  Conditions Ref.
tu Cl 8.61 (25) 22.2 -5 42
tu Br 1.59 (25) 22.4 -8 42
tu 1 0.19 (25) 24.5 -5 42
tsca Cl 438 (25) 17.0 —-14 209 EtOH; 41
tsca Br 47.9 (25) 18.9 —-12 pH = 3; 41
tsca I 5.67 (25) 20.7 —11 I = 0.5 41
sca Cl 349 (25) 19.2 -7 41
sca Br 41.1 (25) 21.0 -6 41
sca I 4.85 (25) 23.4 -2 41
NH; Ci — 29.0 +4 pH =1 94
(HCiOy)
NH; Br 1.54 (65) 29.2 +4 95
NH; I 0.45 (65) 30.7 +6 95

@ tu = thiourea, tsca = thiosemicarbazide, sca = semicarbazide.

discussions of these results, reactivities are compared with those for aquation
of the reference compounds #rans-[Co(dmgH),(OH,)X]. The trans-labilizing
series of ligands in this class of dioximato-complexes appears to be

thiosemicarbazide > semicarbazide > thiourea > water > ammonia

In fact aquation of trans-[Co(dmgH),(NH;)X] in dilute acid results in parallel
loss of ammonia and of halide, though in strong acid, for example 1M-HCIO,,
only halide is displaced.?® Aquation of zrans-[Co(dmgH),(NO,).]~ or of trans-
[Co(dmgH),(OH,)(NO,)] results in loss of nitrito-ligands. There is acid
catalysis of these aquations, as it is possible to protonate nitrito-ligands. The
difference in kinetic parameters for aquation of trans-[Co(dmgH),(INO,)-
(NO;H)] and of trans-[Co(dmgH),(OH,)(NOH)}* is explained in terms of
differences in n-bonding between cobalt and water or a nitrito-ligand. ¢

9 R. F. Pasternack and M. A. Cobb, Biochem. Biophys. Res. Comm., 1973, 51, 507.

* J. Zsako, Z. Finta, and C. Vdrhelyi, Teor. Rastvorov, Alma-Ata, 1971, 315 (Chem. Abs.,
1972, 77, 169 276v).

° C. Varhelyi, J. Zsako, and Z. Finta, Z. anorg. Chem., 1973, 397, 83.

¢ J. Zsakd, Z. Finta, and C. Varhelyi, Proceedings of the 3rd Symposium on Coordination
Chemistry, Debrecen, Hungary, 1970, Vol. 1, p. 333; Vol. 2, p. 207.
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Aquation of trans-[Co(dmgH).(urea)X] results in the loss of urea rather
than of halide. The reported kinetic parameters, 12.7 < AH* < 15.6 kcal mol—*
and —34 < AS¥ < —25 cal deg~* mol—Y, are thus not strictly comparable with
the results in Table 5. The effects of varying X on the reactivities of these
complexes mirror the expected frans-effect order in this type of complex.*?
There has been one other kinetic study of substitution at dioximato-cobalt(i),
and that was of the reaction of trans-[Co(dmgH),L(OH,)]**, where L = OH,,
py, or NO;, with pyridine.?? Though these are formation reactions, their close
similarity to the other systems in this and the preceding paragraph suggested
that they be mentioned here.

Rates of aquation of trans-[Co(x-benzildioxime),(OHy)X], with X = Cl,
Br, or I, are much greater than those of analogous dimethylglyoxime com-
plexes. The activation energy for aquation of the compound with X = Clis
26.3 kcal mol—%, whereas that for trans-[Co(dmgH),(OH,)Cl] is 23.4 kcal
mol—1; the differences in rate constants are reflected in differences in activation
energies.’® The kinetics of aquation of #rans-[Co(x-benzildioxime),L.X], with
L = thiourea, urea, or semicarbazide and X = Cl, or Br, have also been
examined. From these results and those mentioned earlier in this paragraph
one can extract a trans-effect series for various ligands L in this type of com-
plex.?? Reactivity differences between these «-benzildioximato-complexes and
their dimethylglyoximato-analogues are attributed to the electron-donating
properties of the phenyl groups in the «-benzildioxime ligands.

Kinetic parameters for aquation of #rans-[Co(LLYLLH)(NO,),]~ anions are
similarfor LLH = cyclopentanedionedioxime and cyclohexanedionedioxime.
The activation enthalpies for aquation of these complexes are rather less than
for the analogous dimethylglyoxime complex. Rates of aquation of these
complexes are a function of the pH of the medium, as protonation of nitro-
ligands is possible. 19

Bridged Dicobalt Complexes.-—Aquation of the monohydroxo-bridged cation
[(NH,);Co-OH-Co(NH,);]** in aqueous HCIO, (10-*—2M), at an ionic
strength of 2.0M (LiClO,), follows the rate law

—d[complex}/dt = {k, + k,[H*]}[complex] 4)

Kinetic parameters for the two aquation pathways are reported in Table 6.
The kinetic characteristics of aquation of this complex are compared with
those for other bridged dicobalt complexes containing various combinations
of hydroxo- and amido-bridges. There is also some comparison with aquation
of bridged complexes of other metals: thus, for instance, aquation of
[(NH,);Cr - OH - Cr(NH;);]°+ follows a rate law of type (4) above but with no
measurable contribution from the 4, term.0?

%7 N. M. Samus’ and T. S. Luk’yants, Russ. J. Inorg. Chem., 1972, 17, 390.

* N. M. Samus’, O. N. Damaskina, and A.V. Ablov, Russ. J. Inorg. Chem., 1972,17, 1578.
** N. M. Samus’, O. N. Damaskina, and A. V. Ablov, Russ. J. Inorg. Chem., 1973, 18, 229.
100 C, Varhelyi, J. Zsakd, and Z. Finta, J. Inorg. Nuclear Chem., 1972, 34, 2583.

11 R, K. Wharton and A. G. Sykes, J.C.S. Dalton, 1973, 439.



Inorganic Reaction Mechanisms

180

SOT

01

101
oy

SFIe—

EF6T—
1-jowr ;_3ap [ed
118V

0S) .-0IX¥°6

9 IF¥91 (§7) s-01%9°8

8°0F0°CI (S0 ¢-01 X LE'S

jowresy  (D./aamiaduear)
[+HV 1S r-Jow /%y

*SEIUOWIWE [[e oI' SUIO)® }[2QOD Ay} UO Spues]| Sururewrar sy Xa[dwod Yoes U] »

IF0g—

CFI—
1-jour ;_3ap [eo
128V

Y oFvor
L'0FT1 0T

1-Jow [ea)
1894

(09) .-01%6°S

(S7) -0T x58°¢€

(S7) +-0I % 8S"L

(Do/24maadiuay)
-5/%

SN D0,
cU\ /o

D
N\
HN

pX2]dwio)

[1xa1 ayz

S0 (p) uonpnbs up asoyy yim puodsaiiod sydriosqns] saxajdutod 3pqooip paspriq fo uoypnbp ayi 4of siajauip.ipd 2110ury 9 dqe]



Inert Metal Complexes: Co-ordination Numbers Six and Higher 181

There have been several somewhat inconsistent investigations and discus-
sions concerning aquation of dihydroxo-bridged dicobalt complexes.'®? In the
most recent paper on this topic the consequences of the application of the rate
law of equation (4) above to both hydroxo-bridges have been considered. The
approach of El-Awady and Hugus0?? js preferred.'® However, medium
effects of the lithium and sodium cations may be significantly different, and
indeed appear to have given a spurious hydrogen-ion-dependence term in at
least one rate law in this area. One should also draw the attention of readers to
mixing effects in stopped-flow experiments, which have been found to be
particularly important when solutions of non-equivalent perchlorate con-
centration are mixed. The possible magnitude of such effects is strikingly
illustrated by Figure 2 of this reference.1°?

The kinetic pattern for aquation of the newly characterized u-amido-u-
selenato-dicobalt complex (11)°4 is similar to that established for its x-amido-
u-sulphato-analogue. In both cases the product is (12), and there is strong
kinetic evidence for transient intermediates of the type (13). A rate law of the
form shown in equation (4) above operates; kinetic parameters for aquation of
the u-amido-u-selenato-complex are included in Table 6. A preliminary report
on the kinetics of aquation of the closely related acetato-complex (14) indicates
that the rate law of equation (4) also applies here,'®® but the rate law for
aquation of the p-amido-u-phosphato-complex (15) is more complicated.°¢

N, n+ NH, "
(HsN).C{ _Co(NHy), (H,N),Co /Co(NH3)4
X OH, X
(1) X = Se0,2~ (13)
(12) X = OH-
(14) X = MeCO,~
(15) X = H,PO,~

Some qualitative information on the lability of several u-peroxo-dicobalt
ammine or amine compounds can be gleaned from a primarily spectroscopic
paper dealing with these species.1®” Further mention of kinetic studies of
bridged dicobalt complexes will be found later in this chapter, in the sections
on metal-ion-catalysed aquation and on formation reactions.

u-Superoxo-dicobalt(mr) complexes, unlike their u-peroxo-analogues, tend
to be photosensitive. Recent discussions of the photochemistry of such dicobalt

12 (g) A. B. Hoffman and H. Taube, Inorg. Chem., 1968, 7, 903; (b) A. A. El-Awady and
Z. Z. Hugus, ibid., 1971, 10, 1415; (c¢) M. M. deMaine and J. B. Hunt, ibid., 1971, 10,
2106.

tes J D, Ellis, K. L. Scott, R. K. Wharton, and A. G. Sykes, Inorg. Chem., 1972, 11, 2565.

10¢ §..W. Foong and A. G. Sykes, J.C.S. Dalton, 1973, 504.

105 K. L. Scott and A. G. Sykes, J.C.S. Dalton, 1972, 2364.

108 J. D. Edwards, S.-W. Foong, and A. G. Sykes, J.C.S. Dalton, 1973, 829.

107 Y, Sasaki, J. Fujita, and K. Saito, Bull. Chem. Soc. Japan, 1971, 44, 3373.
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complexes are concerned with two symmetrical, (16) and (17), and one un-
symmetrical, (18), species. In all cases the overall reaction is aquation and
redox, with both cobalt(1o) complexes and aquo-cobalt(ir) among the products.
The product distribution, [Co(NH,),(OH,)CI]?+, [Co(NH;),(OH,),]**, and
Coig, from (17) depends on the wavelength of irradiation. Photoaquation of
(18) produces all the cobalt(im) in the form of penta-ammine complexes
[Co(NH,);CIj2* and [Co(NH,);(OH,)}*+; p-amido-bridge cleavage thus
occurs at only one position.19?

NH, It 24+
Cl NH, (NHj);
(H;3N);Co—OH—Co(NH,), \CO/ CO/
7N\
H,N); O, <€l
0,
(16) an
o 2+
2 NH,
>CQ< >C0(NH;,)4
(HsN), 0,
as

Solvent Variation.—The unexpectedly rapid aquation of [Co(tren)Cl,]* has
been probed by the use of deuterium isotope effects, both for the ligand and
for the solvent. For most cobalt(iir)-amine-halide complexes, both amine
deuteriation and solvent deuteriation result in lower rates of reaction. In the
case of this [Co(tren)Cl,]* cation, the reactivity pattern differs somewhat from
the normal in that the ratio A(H,O)/k(D,0) is the same for both the complex
containing [?Hgltren and that containing the undeuteriated tren ligand.
However, this isotope effect is small, which shows that any specific inter-
actions between ligands and solvent have a very much smaller effect on
reactivity than the steric distortion of the tren ligand in this complex.®

Rate constants for halide loss from trans-[Co(dmgH)y(L)X], withL = semi-
carbazide or thiosemicarbazide and X = Cl, Br, or 1,*' and from trans-
[Co(x-benzildioximeH),(L)X], where X = ClI or Br,*8 both show the expected
gentle decrease with increasing organic component in various alcohol- and
dioxan~water mixtures. A linear plot of logarithms of rate constant against
reciprocal dielectric constant for the latter compounds, taken in conjunction
with the determined dependence of the rate constant on ionic strength in
aqueous solution, was said to indicate a dissociative mechanism.®®

Solvent effects on rates of aquations which involve the displacement of a
neutral ligand provide useful information for comparison with the more widely
studied situations where the leaving group is anionic, generally chloride.

108 J, S, Valentine and D. Valentine, Inorg. Chem., 1973, 12, 1697,
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Kinetic studies have been started* on DMSO as a leaving ligand, from the
[Co(NH;);(DMSO)]*+ cation.*® More detailed information is available for
urea and for thiourea as displaced groups, from frans-[Co(dmgH),(urea)X] 1°?
and from the zrans-[Co(dmgH).(thiourea),]* cation4* respectively. In both
cases the same relatively small decrease in rate with increasing proportion of
organic co-solvent is observed here as for halides as leaving groups. The
linearity of the dependence of the logarithms of rate constants for the aquation
of the thiourea complex on reciprocal dielectric constants is interpreted in
terms of a dissociative mechanism, which seems plausible in the light of the
known marked frans effect of thiourea.** A rather similar dependence of rate
constants for aquation of trans-{Co(dmgH),(urea)X] on solvent composition is
interpreted very differently.'®® Here the authors concentrate on the observa-
tion that rate constants are a function of the solvent composition but are not
particularly sensitive to variation in the nature of the co-solvent, and thence
suggest an associative mechanism. As there is a rough correlation between the
compositions and the reciprocal dielectric constants for the solvent mixtures
used here, and the variations of rate constants are rather small, it seems
difficult to place too much faith in these methods of assigning mechanisms.
The authors of the paper on the urea complex also point to negative activation
entropies as indicative of an associative mechanism, but again the magnitudes
and signs of activation entropies for reactions in polar solvents are not as
reliable a guide to mechanism as they are in inert solvents or in the gas phase.
The effect of solvent composition on reaction rates for formation reactions
which are closely complementary to the above aquations, for example the
reaction of [Co(dmgH),(OH,)L}* with L, where L. = (substituted) thiourea,
are discussed in Section 6 of this chapter.

Rate constants and activation parameters are reported for the aquation of
trans-[Co(dmgH),(tu)X], with X = Cl, Br, or I, in 20% ethanol.*? Kinetic
parameters are also reported for the aquation of trans-[Co(dmgH),(py)Cl] in
109; ethanol; here the activation energy is 27.1 kcal mol—* and the activation
entropy is + 10 cal deg—* mol~1.11® The precision of these values may not be
very high as rate constants were determined only over a 10 °C temperature
range (30—40 °C).

The kinetics of solvolysis of cobalt(ur) complexes in non-aqueous solvents
are comparatively rarely studied. The solvolysis of the [Co(NH,);Cl]2* cation
in liquid ammonia has been monitored spectrophotometrically; the kinetic

* A recently published communication on the kinetics of the forward and reverse reac-
tions [Co(NHj)i(DMSO)]** + H,O =[Co(NH;),(OH,)}** + DMSO, studied over a
range of DMSO-water solvent compositions, presents evidence which greatly favours the
operation of an Iq rather than a D mechanism for these reactions (W. L. Reynolds, S.
ASperger, and M. Biru§, J.C.S. Chem. Comm., 1973, 822).

10® N, M. Samus’, O. N. Damaskina, and A. V. Ablov, Russ. J. Inorg. Chem., 1971, 16,
1445.

110 YV, R. Vijayaraghavan and M. Santappa, Current Sci., 1971, 40, 623 (Chem. Abs., 1972,
76, 63 983n).
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pattern is simple first-order. Solvolysis rates are proportional to the reciprocal
of the ammonium-ion concentration (varied by the addition of ammonium
perchlorate), which suggests a mechanism analogous to base hydrolysis in
water. !t

Solvents such as 979 sulphuric acid and molten ammonium hydrogen
sulphate are much further removed from water than any solvent mentioned so
far in this section. Kinetic studies of the decomposition of [Co(NH,),]**+ and of
[Co(NH,;);(SO,)]t in these solvents have indicated that the rate-determining
step is a substitution process, in which ammonia is replaced by bisulphate.
The activation energy for such a process is about 40 kcal mol-* in these
solvents. This slow substitution is followed by more rapid redox processes.11?

Catalysed Aquation.—In 1971 Rudakov and Kozhevnikov'®® reported a
correlation between the rate constants for metal-ion (M"*) catalysed solvo-
lysis of t-butyl halides and the stability constants of the respective complexes
MX®-1)+ Now these authors have shown that a similar correlation applies,
albeit rather approximately, to metal-ion catalysis of aquation of halogeno-
cobalt(t), -chromium(m), and -rhodium(tr) complexes. In fact the catalysts
mentioned include not only metal ions such as Hg?*, TI*+, and Agt, but also
complexes such as HgCIt and TICi?+. This correlation can be improved by
making an allowance for the different coulombic repulsions in systems of
different charge products. If the rate constant for the catalysed aquation is &,
and that for uncatalysed aquation k,, the stability constant of the metal-ion
complex produced K, the product of the charges on the reactants zazs, and C
is a coulombic interaction constant, then the correlation conforms to the
equation

log (kufks) = —0.7 + 0.84log K — Czazn

This equation and that for catalysis of t-butyl halides are very similar, so the
catalytic activities of the respective cations in the solvolyses of the inorganic
and of the organic halides must also be similar.1*¢

Mercury(m) remains the favourite catalyst for chloro-cobalt(ur) complex
aquations. Kinetic results have been reported for aquation of cis-
[Co(en),LCI]>*, where L = n-, iso-, or sec-butylamine,®® of cis-
[Co(en),(LH)CI]3*, where L = an aliphatic diamine,®® of the n-, «-, and -
isomers of [Co(dien)(en)Cl]2+,88 and of trans-[Co(en),(OAc)CI]*.7¢ In the last
case the rate law was established as

—d[complex]/d: = {k;, + k.[Hg>]}complex]

where k; equalled the rate constant for uncatalysed aquation, and HgClt was
found to be comparably effective as a catalyst to Hg?**. The mercury(ir)-
catalysed aquation of [Co(NH,),;CI]2* is enormously accelerated by micelles of

S. Balt and G. F. Pothoff, Inorg. Nuclear Chem. Letters, 1973, 9, 1015.
13 R. A. Sutula and J. B. Hunt, Inorg. Chem., 1972, 11, 1879.

E. S. Rudakov and I. V. Kozhevnikov, Tetrahedron Letters, 1971, 1333.

1. V. Kozhevnikov and E. S. Rudakov, Inorg. Nuclear Chem. Letters, 1972, 8, 571.
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sodium dodecyl, tetradecyl, or hexadecyl sulphates; accelerations of over a
million times are cited.!1® Polyethylenesulphonate, polystyrenesulphonate,
and polyphosphate accelerate mercury(m), thallium(mm), and silver(r) catalysis
of aquation of [Co(NH,);Br]?* by factors of between ten and ten thousand.
For mercury(r) and silver(r) catalysis, both the activation enthalpy and the
activation entropy are decreased in the presence of the polyelectrolytes. Thus,
for example, the presence of 18.5x 10~ equivalents per litre of sodium
polyethylenesulphonate reduces AH* from 14.1 to 4.5 kcal mol-! and AS*
from —7to —23 cal deg—* mol-*. For thallium(um) catalysis the presence of the
polyelectrolyte has little effect on the activation enthalpy, and increases the
activation entropy. Thus in 18.5x 10~% equivalents per litre sodium poly-
ethylenesulphonate, AH* is reduced only from 10.2 to 9.9 kcal mol~2,
whereas AS* changes from —23 cal deg—* mol~! in the absence of the poly-
electrolyte to —9 cal deg—* mol-? in its presence. The different behaviour in
thallium(mn) catalysis is ascribed to the stronger hydration of the TI3*
cation.11®

Rate constants and activation parameters have been determined for thal-
lium(mm)-catalysed aquation of a series of cations cis-[Co(en),(RNH,)CI]?+,
where R = H, Me, Et, Prn, or Pri. The second-order rate law followed by
these reactions is consistent with either of two likely mechanisms. The first is
one-step attack of the thallium(mm) at the co-ordinated chloride — S&2 attack at
the thallium(mm), S~1 at the cobalt. The other mechanism is rapid pre-
equilibrium formation of a chloride-bridged cobalt(m)-thallium(m) species
whose decomposition is rate-determining:

CoM_CI*+ + TI% “— [Co—Cl—TIJ* "= products
rapid
In principle it is possible to distinguish between the two possibilities by a
sufficient increase in reagent concentration; in practice a sufficiently high
concentration is unattainable in the present system, A technically much more
difficult method of distinguishing between the above two mechanisms involves
isotopic fractionation experiments, a method used to make a similar mechan-
istic distinction for similar mercury(ir)-catalysed aquations. A comparison of
the relative effectiveness of thallium(m) and of mercury(m) as catalysts for
aquation of the above complexes reveals that the activation enthalpies for the
two catalysts are almost the same for a given complex — the difference lies in the
activation entropies. Thallium(ir) is a more effective catalyst for removing
bromide from cobalt(m), specifically from cis-[Co(en),(NH)Br]?+, than it is
for removing chloride.? It is interesting to contrast this result with the earlier
demonstration that whereas in mercury(m)-catalysed aquation of the
[Co(NH,);Cl]?** and of the cis- and trans-[Co(en),CL]* cations there is
evidence for a stable Co—Cl—Hg intermediate, there is no evidence for a

15 J.-R. Cho and H. Morawetz, J. Amer. Chem. Soc., 1972, 94, 375.
1e N. Ise and Y. Matsuda, J.C.S. Faraday 1, 1973, 69, 99.
17§, C, Chan and S. F. Chan, Austral. J. Chem., 1973, 26, 1235.
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persistent Co—CIl—TI intermediate in the thallium(imr)-catalysed aquation of
these three complexes.*!8

An example of a kinetic study of the mercury(ir)-catalysed aquation of a
dinuclear chloro-complex of cobalt(iin) is provided by that of the newly
prepared and characterized dicobalt cations (19) with 2<r<6. The kinetic
pattern is that of a two-stage reaction, with the second step only slightly
slower than the first. The reactivity of these complexes increases steadily as the
polymethylene bridge lengthens; the observed first-order rate constant for
removal of the first chloride is 3.3x 10~*s~* when # = 2 and 51 x 10451
when n = 6, at 25 °C and a mercury(mr) concentration of 0.16 mol I-*. The
intermediacy of chloride-bridged (Co—Cl—Hg) species is assumed, though
there is no direct evidence for such intermediates in these reactions.®

Lead(u) is rarely used as a catalyst for aquation of halogeno-complexes.
However, its catalysis of aquation of cis-[Co(en),(gly)Cl]+ has been studied and
compared with that of [Co(edtra)ClI]?~; interestingly the extent of pre-associa-
tion between complex and Pb?* seems to be similar in these two cases, despite
the opposite charges on the two complexes. In the uncatalysed aquation of cis-
[Co(en),(gly)CIIt (see above) some associative character, minimized by the
electrostatic repulsion between the carboxylate and the outgoing chloride, was
proposed. In the lead(ir)-catalysed aquation, the association of the Pb?*+ with
the carboxylate end of the glycine ligand will more than counterbalance its
negative charge, permitting a high degree of associative character to the
chloride loss here.”*

Cl C ot
cis,cis- | (en),Cod Col(en),

NH,(CHpNH]

(19)

In acid solution (HCIO,-LiClO,) the rate law for the aquation of
[Co(NH,);(ONO)]2+ indicates acid catalysis:

—d[complex])/dt = {k[H*] + k[H]*}[complex]

If halide or thiocyanate ions are also present, a third term, &,[H*][X-][complex],
appears in the rate law. This term suggests that NOCI, NOBr, NOI, or
NOSCN may be intermediates in the aquation by this pathway. If this be so,
these compounds NOX may prove to be good nitrosating agents for aquo-
metal complexes; they are active nitrosating agents for organic compounds.*?°
Rates of aquation of the trans-[Co(nioxH),(NO,),]~ anion increase with
increasing acid concentration owing to the greater lability of species containing
protonated ligands, either —NO,H or —nioxH,. The activation enthalpy for

18 §.W. Foong, B. Kipling, and A. G. Sykes, J. Chem. Soc. (A), 1971, 118.
119 M. D. Alexander and H. G. Kilcrease, J. Inorg. Nuclear Chem., 1973, 35, 1583.
1o D E. Klimek, B. Grossman, and A. Haim, Inorg. Chem., 1972, 11, 2382.
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loss of —NO,H is almost 6 kcal mol~—? less than that for loss of unprotonated
—NO,.12! Similarly the activation enthalpy for aquation of trans-
[Co(dmgH)(NO,)(NO,H)] is 5.2kcalmol-* less than that of rrans-
[Co(dmgH),(NO,),]~.%% The rate law for the aquation of the [Co(NH;);(SO I+
cation indicates parallel uncatalysed and acid-catalysed pathways. The
activation parameters for the latter are AH* = 28.4 kcal mol-! and
AS* = +9.2 cal deg~* mol-1.%°

Acid catalysis of the aquation of cis- and of zrans-[Co(en),(0,.CMe),]* has
already been mentioned.*® A more extensive study of the aquation of carboxyl-
ato-cobalt(tr) complexes has dealt with cis-{Co(en),(O,CR),]*, with R = H,
Me, Et, or Pr, cis-{Co(NH,),(0.,CMe),1t, cis-[Co(bipy),(0.CMe).l*, and trans-
[Co(en),(O,CH),]*; in each case loss of the first carboxylato-group was
monitored. In all cases aquation rates depended on acid concentration, which
pattern of behaviour was ascribed to a fast pre-equilibrium ligand protonation
followed by rate-determining aquation of the protonated species. The observed
reactivity trend for variation of the alkyl group of the carboxylato-ligand could
be rationalized in terms of inductive and steric effects. An 120 tracer study of
the aquation of this cis-[Co(en),(0,CMe),]+ cation demonstrated that this
proceeded solely by cobalt-oxygen bond fission. 22

The effects of added cations on the kinetics of aquation of the zrans-
[Co(benzylglyoximato),(SO;H)CI]~ anion have been investigated for a large
selection of cations. The effects of added Li+, Na+, K+, Rb*, Cs*, NH};
Mg?t, Zn**, Co?t, Mn?+; and Ce?+ on aquation rates, and of the unicharged
cations named on activation parameters, are reported. The rate of aquation
decreases on adding cations, and the decrease observed is a function of the size
and charge of the added ion. This trend has been ascribed to the formation of
ion pairs. Both the activation energy and the activation entropy decrease
slightly but regularly from added Li+ to added Cs*. It was argued that this
evidence indicated an associative mechanism. However, one has reservations
about this argument as the reported activation parameters are composite
quantities and the authors appear not to have separated the enthalpies and
entropies of ion-pair formation therefrom in order to obtain the real activation
parameters for the actual aquation process.?® Other aquation reactions of
cobalt(ir) complexes in which ion-pairing has a significant effect on the
kinetics include those of [Co(INH,);X]%* cations in the presence of sulphate or
dicarboxylates®* and of [Co(tetren)(NCS)]2+ in perchloric and acetic
acids.®?

Bromine, but not the Brs' anion, accelerates the elimination of bromide and
consequent ring closure, from [Co(edta)Br]-. Formally this appears similar to
the known catalytic effect of iodine on the aquation of [Cr(OH,);I]*+, but in
fact the mechanisms of these two reactions differ markedly. Whereas the
[CrI]?+-iodine reaction is thought to proceed by the following ligand-

1 7. Finta, J. Zsakd, and C. Varhelyi, Rev. Roumaine Chim., 1971, 16, 1731.
122 T, J. Przystas, J. R. Ward, and A. Haim, Inorg. Chem., 1973, 12, 743.
12 (5, P. Syrtsova and A. N. Lokhmatova, Russ. J. Inorg. Chem., 1971, 16, 1165.
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oxidation route,124

Crl*t + L =— CrIi+ + I~
fast

slow
CrIit — Cr(OH,)*+ + I,

the [Co(edta)Br]—bromine reaction involves direct nucleophilic attack of the
bromine at the co-ordinated bromide, with subsequent departure of the Bry
leaving group.128

A few years ago the kinetics of heterogeneous catalysis of the aquation of the
[Co(INH,);Br]?+ cation were investigated *2¢ — some of the catalysts employed
[e.g. mercury(m) and silver() compounds] were closely related to the metal-ion
catalysts discussed earlier in this section. A recent reinvestigation of some of
these systems shows that part of the catalytic effect of these solids can be
ascribed to redox processes operating in parallel to simple catalysed
aquations.??

Photochemistry.—Irradiation of cobalt(im)-ammine-halide and related
complexes at charge-transfer absorption frequencies results in redox decom-
position, with a reasonable quantum yield, but irradiation of these complexes
at a ligand-field (d— d) frequency, which results, at least initially, in photo-
aquation, generally shows a very low quantum yield. For example, the quan-
tum yields for photoredox decomposition of [Co(edtaH)X]~ anions are between
0.06 and 0.45, depending on the nature of X (= Cl, Br, or NO,) and on which
charge-transfer band is irradiated, but the quantum yields for aquation caused
by ligand-field-band irradiation are between 0.004 and 0.03.12® A recently
discovered exception to this generalization is the photoaquation of the
[Co(NH,);(N,)]?>* cation, where the only detectable primary photoreaction
resulting from irradiation at its 520 nm d— d absorption is replacement of
ammonia by water with the relatively high quantum yield of approximately
0.2.1%* The irradiation of solutions containing [Co(NH,);(0O,CH)]?* at 366 nm,
in the ligand-field absorption region, also results in predominant loss of am-
monia. This behaviour parallels that noted previously for the acetato-analogue.
Irradiation of this formato-complex at 254 nm, in the charge-transfer region,
results in photoreduction with the generation of cobalt(ir), ammonia, carbon
dioxide, and hydrogen. There is evidence from flash photolysis experiments for
some isomerization to a short-lived C-bonded formato-complex previous to
charge transfer,13?

124 J, H. Espenson, Inorg. Chem., 1965, 4, 1834.

128 W, H. Woodruff and D. W. Margerum, Inorg. Chem., 1973, 12, 958.

12¢ M. D. Archer and M. Spiro, J. Chem. Soc. (A), 1970, 68, 73, 78.

127 R, J. Mureinik, A. M. Feltham, and M. Spiro, J.C.S. Dalton, 1972, 1981.

128 P, Natarajan and J. F. Endicott, J. Amer. Chem. Soc., 1973, 95, 2470.

122 G, Ferraudi and J. F. Endicott, J.C.S. Chem. Comm., 1973, 674.

130 A F. Vaudo, E. R. Kantrowitz, and M. Z. Hoffman, J. Amer. Chem. Soc., 1971, 93,
6698; E. R. Kantrowitz, M. Z. Hoffman, and K. M. Schilling, J. Phys. Chem., 1972, 76,
2492,
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Flash photolysis studies of neutral aqueous solutions of the
[Co(NHj;)4(COy)I* (refs. 131, 132) and [Co(en),(CO,)]* (ref. 131) cations sug-
gest that the COj radical is a transient intermediate in the redox photo-
aquation of these complexes. These studies also implicated the [Co(INH),-
(OH)(COy)]* cation as an intermediate in photoaquation of [Co(INH,;)4(CO3)]*;
the aqguo-carbonato-intermediate decays by a pH-dependent process.*?! The
COs radical has again been reported as an intermediate in photoredox aqua-
tion of the [Co(NH;);(CO,)]t and [Co(en),(CO;)]* cations. There is evidence
from the kinetics of decay of this carbonato-radical that at pH = 7 it exists in
the protonated form, HCO,, rather than as COj3.133

The current state of knowledge concerning photoaquation of the
[Co(NHj;)]* cation is succinctly summarized in the introduction to a paper
whose main concern is the sensitization of this reaction, in ethanol-water
solution. The efficiencies of biacetyl and of quinoline as sensitizers were
assessed. There exist conflicting reports on the former; the present authors
aver that it does not sensitize this photoreaction efficiently.1** The sensitiza-
tion of photodecomposition of the [Co(NH,);Br]?+ cation by the [Ru(bipy)s}*+
cation has been studied, both in aqueous and in propan-2-ol-water solu-
tions.*?® Sensitized photoaquations of cobalt(mr) complexes are discussed in a
paper whose principal subject is the sensitization of photoaquation of tris-
oxalato-complexes, including [Co(ox),]*~, again by the [Ru(bipy),}*+ cation.3®
The first example of an efficient photoreaction of a cobalt(ur)-amine complex
under irradiation at a ligand-field frequency has been afforded by the reaction
of [Co(en);]*>*+ with [Fe(CN),]*~. This system was investigated in 4M-NaCl
solution to minimize ion-pairing and its attendant complications.!?? The
photochemistry of some u-superoxo-cobalt(nr) complexes has already been
discussed in the earlier section of this chapter on bridged dicobalt
species.1®

Irradiation of aqueous solutions of [Co(edtaH)X]~, where X = Cl, Br, or
NO,, at a charge-transfer frequency leads to the expected redox decomposi-
tion. The oxidation of the edta ligand may involve the intermediacy of N-
methylethylenediaminetriacetate radicals. The carboxylate charge-transfer
excited state is presumed to have a lower dissociation energy than the halide or
nitrite to cobalt charge-transfer state. Irradiation of these [Co(edtaH)X]~ com-
plexes at a ligand-field frequency leads to photoaquation, with loss of X, and
in the case of the [Co(edtaH)(NO,)]~ anion to linkage isomerization as well.128
Photoaquation of the three complexes [Co(edtaH)X]~ cited here, and of
[Co(edta)], is sensitized by the [Ru(bipy);]*+ cation.13® Photoaquation of the
[Co(edta)]~ anion, both unsensitized and in the presence of the [Ru(bipy)s]**

131 V, W. Cope, S. Chen, and M. Z. Hoffman, J. Amer. Chem. Soc., 1973, 95, 3116.
2 V. W. Cope and M. Z. Hoffman, J.C.S. Chem. Comm., 1972, 227.

122 §. Chen, V. W. Cope, and M. Z. Hoffman, J. Phys. Chem., 1973, 77, 1111.

134 H. D. Gafney and A. W. Adamson, J. Phys. Chem., 1972, 76, 1105.

2% P, Natarajan and J. F. Endicott, J. Phys. Chem., 1973, 77, 1823.

128 J, N. Demas and A. W. Adamson, J. Amer. Chem. Soc., 1973, 95, 5159.

7 N. A. P. Kane-Maguire and C. H. Langford, J.C.S. Chem. Comm., 1973, 351.
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cation, has been compared with that of other edta complexes of transition-
metal cations, particularly of [Fe(edtaH)(OH,)].2?

The photochemical decomposition of cobalt(ur)-ammine—oxalate complexes
involves primarily redox processes,!?® as does that of the cis-[Co(bipy).CL]*
cation.%® The quantum yield for the photoredox aquation of [Co(phen);]** is
very low — lower even than those for cobalt(tm)-amine complexes.'*! The
quantum yield for photoreduction of [Co(trans-[14]-diene)CL]* is similar to
that for photoreduction of {Co(tetren)Cl]?+; both of these quantum yields are
much less than that for the photoreduction of [Co(NH,);Cl]*+. Thermal back-
reactions are important in determining the overall kinetic pattern for the
photoreaction of the [Co(srans-[14]-diene)Cl,]* cation.142

Photoaquation studies of cyano-cobalt(ir) complexes include those of the
biacetyl-sensitized reaction of the [Co(CN)]*~ anion,*® and of the photo-
redox behaviour of the [Co(CN);(N,)]*~ anion.4* The balance between photo-
aquation and photoredox processes differs for the [Co(CN),X]”~ and
[Co(NH,);X]}™*+ series of complexes.’4* Irradiation of the complexes
[Co(CN)(S0,)X]7~, where X = OH,, OH, or SO, at a ligand-field fre-
quency {e.g. 366 nm) results mainly in the photodissociation of the sulphito-
ligand; irradiation at a charge-transfer frequency (e.g. 254 nm) results in
parallel substitution and redox reactions. Interestingly there is no loss of
cyanide, in contrast with photoreactions of [Co(CN);X}*—, where X = Cl,
Br, or I, or indeed of [Co(CN)]*~.14%* The anions [Co(CN);(OH,)]?>~ and
[Co(CN);(OH)I*~ readily photoaquate at room temperature, though they do
not undergo thermal aquation at this temperature. The hydroxo-complex is
more labile with respect to cyanide loss than its aquo-analogue.'®

It is several years since sufficient pattern had emerged in photoreactions of
chromium(ur) complexes for Adamson to expound his empirical rules!*? to
codify this area of photochemistry. A general pattern for photoreactions of
cobalt(mmr) complexes has been slower to emerge, principally owing to the
difficulties attendant on characterizing primary photoproducts of redox
processes, since cobalt(ir) is such a labile centre. However, a model based on
known antibonding properties of excited states has recently been shown both
to rationalize Adamson’s empirical rules for chromium(iir) complexes 148 and to
apply to the photochemistry of cobalt(m) [and rhodium(mr)] complexes.

13¢ P, Natarajan and J. F. Endicott, J. Phys. Chem., 1973, 77, 2049.

139 A. F. Vaudo, E. R. Kantrowitz, M. Z. Hoffman, E. Papaconstantinou, and J. F.
Endicott, J. Amer. Chem. Soc., 1972, 94, 6655.

o M, Tonescu, H. Kelm, and H. F. Wasgestian, Ber. Bunsengesellschaft phys. Chem., 1972,
76, 1097.

141 T, Moggi, N. Sabbatini, and O. Traverso, Mol. Photochem., 1973, §, 11.

12§, D. Malone and J. F. Endicott, J. Phys. Chem., 1972, 76, 2223.

113 M. A. Scandola and F. Scandola, J. Amer. Chem. Soc., 1972, 94, 1805.

us G, Ferraudi and J. F. Endicott, J. Amer. Chem. Soc., 1973, 95, 2371.

145 M. Wrighton, H. B. Gray, G. S. Hammond, and V. Miskowski, Inorg. Chem., 1973, 12,
740.

14s M. Wrighton and D. Bredesen, Inorg. Chem., 1973, 12, 1707.

w7 A, W. Adamson, J. Phys. Chem., 1967, 71, 798.

s J, 1. Zink, J. Amer. Chem. Soc., 1972, 94, 8039.
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Photoreactions of these complexes have been, in the author’s words, ‘shown to
depend on the spectrochemical splitting parameter Dg and on the energies of
the donor orbitals of the ligands and the metal d-orbitals in a simple and
predictable way’.1*® Indeed this model has been found to be satisfactory for a
wide range of octahedral transition-metal compléxes,23 while a similar model
has been developed which applies not only to octahedral but also to square-
planar complexes. >

3 Aquation: Chromium(iir) Complexes

Several general features of substitution at chromium(in) have already been
mentioned in the first section of this chapter. The use of activation volumes
and of transition enthalpies in the assignment of substitution mechanisms is
discussed there, as is evidence which suggests the operation of a mechanism
with some associative character at certain chromium(m) complexes, but of a
D [Sx1(lim)] mechanism at others.

Unidentate Leaving Groups.—Ammonia Loss. Kinetic studies of the aquation
of chromium(ur)-ammine-ligand complexes are often more complicated than
those of analogous cobalt(mr) complexes. Whereas for the cobalt(ir) complexes
aquation generally results only in replacement of the non-ammine ligand(s) by
water, for many chromium(m) complexes aquation involves parallel or
consecutive loss of ammonia. as well as of other ligands. This is illustrated by
several recently reported examples. Thus aquation of [Cr(NH;);(NO;)J*+
yields cis-[Cr(NH,;),(OH,)(OH)]*+ and both isomers of [Cr(NHj;),(OH,)(OH),J*
as well as some [Cr(NH,);(OH)]*+.1%° Aquation of [Cr(INH,);(O,CR)]*+ with
R = CCl, gives only [Cr(NH,);(OH,)]*t, but aquation of the related com-
plexes with R = CHCIl,, CH,CI, or CHj; yields [Cr(NH;),(OH,)(O,CR)]+.
Logarithms of rate constants for aquation of these complexes correlate with
ligand pK, values.'®! Aquation of [Cr(NH;),(0x)]* leads entirely to ammonia
loss15% in four kinetically distinct stages;%3 earlier work had shown that
[Cr(en)(ox)l* and [Cr(trien)(ox)]* aquate by chromium-nitrogen bond
breaking. The [Cr(en),(OH,)(CH,-2-py)}** cation also loses ethylenediamine
quickly; subsequent chromium-carbon bond breaking in the [Cr(OH,);(CH,-
2-py)]** intermediate takes place much more slowly. Aquation of the isomeric
complex [Cr(en),(OH,)(CH,-3-py)]>t, however, takes place by parallel
chromium-nitrogen and chromium-carbon bond-breaking pathways.1%4
Kinetic parameters for the displacement of ammonia in aquation of
chromium(ir)-ammine complexes are listed in Table 7.150-158

we J 1. Zink, Inorg. Chem., 1973, 12, 1018.

10 (3, Guastalla and T. W. Swaddle, J.C.S. Chem. Comm., 1973, 61.

181 E, Zinato, C. Furlani, G. Lanna, and P. Riccieri, Irorg. Chem., 1972, 11, 1746.

12 D, A. House, Acta Chem. Scand., 1972, 26, 2847.

152 M. B. Davies, J. W. Lethbridge, and M. S. Mirrlees, J. Inorg. Nuclear Chem., 1973, 35,
3354,

14 C, T. Loo, L.-Y. Goh, and S. H. Goh, J.C.S. Dalton, 1972, 585.

155 R, Davies and R. B. Jordan, Inorg. Chem., 1971, 10, 2432.
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Halides. The loss of halide from cis- and from trans-[Cr(NH;),(OH,)X]?+, with
X = Br or I, is stereospecific, with complete retention of configuration as is
usual at chromium(mm). Activation parameters for these reactions 156 are listed
in Table 8. The loss of the first halide from trans-[Cr(pn),X,]+, with X = Cl

Table 8 Activation parameters for aquation of halogeno-chromium(i) complexes

AH*/ AS*/

Complex kcal mol~* cal deg~* mol~* Conditions Ref.
cis-[Cr(NH,),(OH,)Br]*+ 20.2 -9.5
trans-[Cr(NHg),(OH,)Br]** 21.6 -9.4 HClO,NaClOo, 156
cis-[Cr(NH,;)(OHpI]2+ 20.2 —4.9 I=1.00
trans-[Cr(NHg),(OH I+ 20.9 —-6.7
trans-[Cr(pn),Cl,]+ 23.9 +0.1 0.1F-HNO, 157
trans-[Cr(pn),Br,]* 22.3 +0.5 0.3F-HNO,

or Br, is a first-order process, and again goes with retention of configuration.
The rate constant for bromide loss is larger (3.62 x 10—% s~t at 25 °C) than that
for chloride loss (2.08 x 10—5s~! at 25 °C). This rate-constant difference is
determined by the activation energies rather than by the activation entropies
(Table 8). The kinetic pattern for the next stage in the aquation is less simple,
for isomerization and chromium-nitrogen bond breaking take place in
parallel with loss of halide from the frans-[Cr(pn),(OH;)X]** intermediate.157
Some very qualitative observations on chloride loss from the [CrCl}*~ anion
are made in a paper reporting the preparation and hydrolysis of the
[Co(NH,)e]?* salt of this new hexachlorochromium(r) anion. 5%

The rate laws for aquation of the complexes [Cr(OH,);X]**, where X = Cl,
Br, I, NCS, or NO,, include acid-dependent and acid-independent terms.
Transition enthalpies (AHr, the enthalpy difference between transition state
and products) have been determined for the acid-independent path of these
aquations. The AHr values cover a range of 6.4 kcal mol—. The size of this
range and the order of values within it both suggest that the leaving group is
less solvated and less dissociated from the chromium than in aquations of
cobalt(mr)-ammine-halide complexes.2®

Oxoanions. Aquation of the four nitrito-chromium(mr) complexes listed in
Table 9, in acid solution (pH < 1), follows the rate law

—d[complexl/dt = {k,[H*] + k[H*]%}[complex]

This rate law is the same as that established for [Co(NH;);(ONO)]%* aquation.
Rate constants, obtained using stopped-flow techniques, and activation
parameters are reported in Table 9. All of these reactions proceed with reten-
tion of configuration. The mechanism involves nitrogen—oxygen bond cleavage

18 W, W. Fee, W. G. Jackson, and P. D. Vowles, Austral. J. Chem., 1972, 25, 459.

157 M. C. Couldwell and D. A. House, Inorg. Nuclear Chem. Letters, 1971, 7, 947; Inorg.
Chem., 1972, 11, 2024.

158 H. H. Eysel, Z. anorg. Chem., 1972, 390, 210.
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in ligand-protonated derivatives [CrL;(ONOH)]?+ and [CrL;(ONOH,)]»+1+,
The low value of the activation enthalpy for aguation of cis-[Cr(NH,),(INCS)-
(ONO)]Jt is attributed to neighbouring-group participation between the nitrite
and the thiocyanate,!®® specifically between the lone pair on the thiocyanate
nitrogen and the incipient leaving NO™* unit {c¢f. thiocyanate catalysis of
aquation of [Co(NH,);(ONO)]J** (ref. 160)}.

The rate law for aquation of the newly characterized phosphito-complex
[Cr(OH,);(O;PH,)]*t is

—d[complex]/dt = k,[H*][complex]

and thus of the same form as that established for aquation of the hypo-
phosphito-complex [Cr(OH,);(O,PH,)]?>*. Rates of aquation of complexes
CrX2t correlate with the pK, values of the respective acids HX for X = N,,
CN, F, or H,PO,, but not for X = H,PO,. This suggests that, whereas
aquation of the hypophosphito-complex involves phosphorus—-oxygen bond
breaking, aquation of the phosphito-complex involves chromium-oxygen
bond breaking.6!

Other Leaving Groups. The complexes [Cr(NH;);(N3)]*,1%2 [Cr(NHy);-
(0,CCCly))*+, ot [Cr(OH,)5(p-SCH,NH,)+,1%3 and [Cr(OH,);-
(SCH,CH,NH,)P**+ (ref. 164) all aquate in aqueous solution according to the
rate law

—d[complex}/dt = {k, + k,[H*]}{complex] ©)

In each case the &, term can be assigned to a pathway in which rapid pre-
equilibrium protonation of the complex is followed by rate-determining
aquation. The k, term of equation (5) could arise from one of two kinetically
equally likely paths, the separation either of HL* from [Cr(OH,),(OH)]?* or of
L from [Cr(OH,);]3*. Correlation of kinetic results for aquation of several such
chromium(ir) complexes of ligands derived from weak acids indicates that it is
the former path, involving the separation of HL*, which operates when the
pKa of HL* is greater than about 2.1%5 Kinetic parameters for these aquations
are collected together in Table 10. Some associative character is suggested for
both pathways in the aquation of the azido-complex.'¢? The aquation of
[Cr(OH,);(p-SC:H,NH,)]** only follows the rate law of equation (5) under
anaerobic conditions; in the presence of oxygen there is autocatalysis, possibly
involving oxidation of the co-ordinated ligand to a labile co-ordinated free
radical.%®

Interest is increasing in aquations in which the leaving group is uncharged.
This has been mentioned earlier in this chapter in connection with cobalt(ir)
complexes and dimethyl sulphoxide as a leaving group. The aquation of

10 T, C. Matts, P. Moore, D. M. W. Ogilvie, and N. Winterton, J.C.S. Dalton, 1973, 992.
10 D, E. Klimek, B. Grossman, and A. Haim, Inorg. Chem., 1972, 11, 2382.

11 1,. S. Brown and J. N. Cooper, Inorg. Chem., 1972, 11, 1154.

1e2 C, Chatterjee and P. Chaudhuri, Indian J. Chem., 1971, 9, 1132,

12 1. E. Asher and E. Deutsch, Inorg. Chem., 1972, 11, 2927.

18t 1, E. Asher and E. Deutsch, Inorg. Chem., 1973, 12, 1774.
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[Cr(OH,);(p-SC.H,NH,)]*+, discussed in the previous paragraph, involves a
formally uncharged leaving group, though in fact this leaving group is a
zwitterion. 3-Picoline is a truly uncharged leaving group; the kinetics of
aquation of [Cr(OH,);(3-picoline)]3+ indicate a rate law

—d[complex]/dt = {k, + k_,[H*]"*}complex]

This is a common form of rate law for aquations of aquo-chromium(im)
complexes. Activation enthalpies are greater than 30 kcal mol-! for both
aquation routes for this 3-picoline complex.6%

The kinetics of aquation of the [Cr(OH,);(N;)]?t cation over the range
103*M <[HCIO,]< 1M have previously been examined. Now the kinetic
pattern over the range 1M <[HCIO,] < 11M has been established, both to try
to find the pK of the co-ordinated azido-ligand in this complex and to see if a
correlation of reactivity with Hammett 4, values exists. The rate law in these
relatively strong perchloric acid media is

— 1
where ay is the water activity, &, the Hammett acidity constant, and X; the
protonation constant for the complex, which could be independently deter-
mined by spectrophotometry. The established rate law was interpreted in
terms of parallel Sx1 and Sx2 pathways; the N;H ligand should be a good leav-
ing group, facilitating dissociative aquation of the protonated form of the
complex.1¢8

Rates of aquation of cis-[Cr(0x),(OH,)(NCS)]?~ are independent of pH in
the range 3 < pH <4. The activation parameters, derived from rate constants
measured over the commendably lengthy temperature range of 25—535 °C, are
AH#* = 20.1%0.4kcalmol~*and AS* = —13.1+1.2cal deg* mol-. On
the basis of the rather flimsy evidence available, the authors tentatively suggest
an Iq mechanism.'®? Activation enthalpies for aquation (pyridine or acetate
loss) of the complexes trans-[Cr(0x).(py).]™, trans-[Cr(ox),(OH,)(OAc)]?*~, and
trans-[Cr(ox),(OH)(OAc)]*~ are 27.7, 16.3, and 8.4 kcal mol~! respectively.
These values correlate with the overall charges on the complexes.16®

Multidentate Leaving Groups.—Three previously published papers have
reported kinetic parameters for the aquation of the cis-[Cr(mal),(OH,),]1~
anion. They agreed tolerably well on the activation enthalpy for this reaction,
but reported very different rate constants. Now a fourth paper on the kinetics
of this aquation, which follows the rate law

—d[cis-Cr(mal),(OH,);1/d¢t = klcis-Cr(mal),(OH,); JTH*]

15 M. Orhanovic and M. Avdagic, Inorg. Chem., 1973, 12, 492,

e J. C. Templeton and E. L. King, J. Amer. Chem. Soc., 1971, 93, 7160.
17 K. R. Ashley and S. Kulprathipanja, Inorg. Chem., 1972, 11, 444.

18 M. Casula, G. Illuminati, and G. Ortaggi, Inorg. Chem., 1972, 11, 1062.
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states that the value of k at 45 °Cis 7.22 x 10~%41 mol-1 s—1, and that the activa-
tion parameters are AH* = 21.8kcalmol-! and AS* = —5caldeg™?
mol-1. A comparison of these results with the known kinetics of isomerization
of the trans-isomer of the [Cr(mal),(OH,),]~ anion indicates that the mechan-
ism of aquation of this frans-isomer involves isomerization followed by aqua-
tion of the cis-isomer thus produced.'®® Whereas the anions [Cr(ox);]>~ and
[Cr(mal);]*- aquate to cis-diaquo-products, the analogous methylmalonato-
anion [Cr(Me mal),]3~ aquates to the rrans-diaquo-product. As the rate of
cis— trans isomerization for [Cr(Me mal),(OH,),]~ is less than the rate of
aquation of [Cr(Me mal);]3~, the latter must give the trans-diaquo-product
directly. The mechanism proposed is fast attack of two water molecules on the
product of dissociation of a protonated intermediate [Cr(LL),(LLH)}*-.'"
The kinetics of aquation of cis- and of trans-[Cr(Me mal),(OH,).}~ to [Cr(Me
mal)(OH,),J* indicate a rate law in each case of

—d[Cr(Me mal),(OH,);)/dr = {ko + Kk[H*D{Cr(Me mal),(OH,);]

Composite activation parameters are reported, and a similar aquation
mechanism to that for cis-[Cr(mal),(OH,),]~ is suggested.!*

Aquation of the newly characterized complex cation [Cr(bigH).(0ox)]*
results in the successive loss of the two biguanide ligands. The rate constant for
loss of the first biguanide ligand is 14.2 x 10-3 s~ at 40 °C and that for loss of
the second ligand is 5.06 x 10—3 s~* at 40 °C. The activation parameters for the
two steps are AH* = 18.5 and 189 kcal mol~* and AS* = —8.4 and
—18.4 cal deg—* mol~! respectively. There is little evidence from which to
deduce the mechanisms for the two steps, but an Sx2ca mechanism for each
is tentatively suggested, principally from the derived activation enthalpy
values.172

Aquation of [Cr(en),(0x)]* also results in loss of the ethylenediamine rather
than of the oxalate ligand. The principal aim of the authors was to demonstrate
the usefulness of ion-exchange techniques backed up by atomic absorption
spectroscopy in elucidating kinetics and mechanisms of reactions of inorganic
complexes in solutions of low concentrations. In the present case they were
able to show that the principal reaction pathway involves the loss of the two
ethylenediamine ligands in four kinetically distinct stages. Rate constants are
given for all four stages; from the published results it is possible to estimate that
for aquation of the [Cr(en)(ox)(OH,),]* cation AH* = 19.9+2.0 kcal mol—?
and AS* = —16caldeg~* mol-1.173 Other instances of loss of ethylene-
diamine or of triethylenetetramine on aquation of appropriate chromium(mm)
complexes have already been mentioned in connection with similar ammonia

12 M. J. Frank and D. H. Huchital, Inorg. Chem., 1972, 11, 776.

170§, C. Chang, J. Inorg. Nuclear Chem., 1972, 34, 221.

1711 J, C. Chang, J. Inorg. Nuclear Chem., 1973, 35, 2417.

72 D, Banerjea and S. S. Gupta, Z. anorg. Chem., 1973, 397, 215.

** M. B. Davies, J. W. Lethbridge, and O. Nor, J. Chromatog., 1972, 68, 231.
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loss. A further example of chromium-nitrogen bond breaking in aquation of a
triethylenetetramine complex is provided by the kinetic study of the stepwise
aquation of 1,2,3-[Cr(trienH)(OH,);(N;)]** to [Cr(trienH;)(OH,);]¢+. Here the
first step is the breaking of one chromium-trien bond; the second step, viz. the
aquation of [Cr(trienH,)(OH,),(N;)]**, consists of parallel loss of azide and
breaking another chromium-trien bond. All of these reactions are acid-
catalysed, so it is difficult to extract individual rate constants and non-
composite activation parameters from observed rate constants. However, the
authors have succeeded in unravelling the rate constants at 60 °C, 3F-HCIO,
and have displayed them effectively on a reaction scheme diagram.!?* Rate
constants for three steps in the dechelation of N-(2-hydroxyethyl)ethylene-
diamine from chromium(n) in strongly basic solution have been determined at
25 °C. These rate constants are independent of the pH.1"?

Effects of Non-leaving Ligands.—The effects of various bidentate nitrogen
ligands on the ease of aquation of frans-[Cr(LL).Cl,}* cations are illustrated by
the kinetic parameters cited in Table 11. This Table includes recently reported
results and, for comparative purposes, the kinetic parameters for aquation of
the trans-[Cr(en),CL]* cation,'”® on which reactivity comparisons in this area
are generally based. Ring-size effects are illustrated by comparing the results
for the complex where (LL), = (pn),*®7 and (LL), = (en)(pn)'?’? with those
for the complex where (LL), = (en),.!’® Replacement of (en), by (bipy),
results in much slower loss of chloride.1?® In some cases similar comparisons
are available for analogous bromo-complexes (Table 12).1%7.17® A discussion
of the reactivities of cis- and trans-[M(LL),Br,]*, with M = Cr or Co and
LL = en or pn, suggested that the mechanism of aquation of the chromium
complexes was predominantly dissociative, but with a small degree of
associative character.1”®

Stereochemical and kinetic studies of the stepwise aquation of the
[Cr(CN)]*~ and [Cr(CN);(NO)]*~ anions have indicated that the cyano-ligand
has a strong trans-labilizing effect in this type of complex. Hence it seemed an
attractive idea to study this postulated effect in the simplest member of this
group, the [Cr(OH,);(CN)]?* cation. Unfortunately accurate kinetic studies of
substitution reactions of this complex were ruled out by the observation that
aquation and anation processes occur at comparable rates.'* The strong trans
effect of iodide complexed to chromium(ir) 13 is mentioned in the section on
mixed and non-aqueous solvents below.

Two examples of cis-ligand labilization by oxoanion ligands have already

17 S, C. Tang, S. Lum, D. A. Kamp, R. L. Wilder, and C. S. Garner, J. Inorg. Nuclear
Chem., 1972, 34, 3177.

1" R. K. Wharton and A. G. Sykes, J.C.S. Dalton, 1972, 2404.

17¢ D, J. MacDonald and C. S. Garner, J. Inorg. Nuclear Chem., 1961, 18, 219.

177 M. C. Couldwell, D. A. House, and H. K. J. Powell, Inorg. Chem., 1973, 12,
627.

178 Yu. I. Bratushko and Yu. P. Nazarenko, Russ. J. Inorg. Chem., 1972, 17, 241.

172 N, A. Maes, M. S. Nozari, and J. A. McLean, Inorg. Chem., 1973, 12, 750.
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been mentioned in the section on ammonia as leaving ligand.* These concerned
aquation of the carboxylato-complexes [Cr(NH;);(O.CR)]**, withR = CHS,,
CH,C1, or CHCl,,*5 and of the nitrato-complex [Cr(INH;);(NO3)]**.1%° As the
authors of the latter paper believe that substitution at chromium(m) is often
associative in character, they propose that this cis-activation involves the
intermediacy of a transient bidentate nitrato-complex, whose formation
involves the easing out of a cis-ammonia by the incoming nitrato oxygen in an
associative seven-co-ordinate transition state. Such behaviour might also occur
in similar compounds containing potentially bidentate oxoanion ligands. This
would explain the failure to prepare [Cr(NH,);(SO, )] salts, and some features
of aquation of nitrito-chromium(m) complexes (p. 191).15°

Bridged Dichromium Complexes.—Aquation of the hydroxo-bridged complex
(20) in acidic aqueous solution yields trans-[Cr(NH;),(OH,),]** and
[Cr(NH,);(OH,)]*+. The reaction follows first-order kinetics, and the rate
constant is independent of pH in the range 0.2M < [HCIO,] < 0.7M. The activa-
tion enthalpy is reported as 27.0+0.5 kcal mol—1; the activation entropy is
+8.8 cal deg—! mol—.1% The products of aquation of the bridged dichro-
mium complexes (21) and (22) are the [Cr(NH;);(OH,)}*+ and cis-[Cr(NH3),-
(OH,)X]** cations. Again the rates of aquation of these two complexes are
independent of pH — it is interesting to note that whereas aquation rates of u-
hydroxo-dicobalt(mn) complexes generally vary markedly with pH, the only
p-hydroxo-dichromium(ur) complex so far observed to show a pH-dependence
of aquation rates is the [(phen),Cr(OH),Cr(phen)]** cation.'®* For complex
(21) activation parameters for aquation are quoted as AH* = 23.12+0.59

kcal mol-*and AS* = —3.461.82cal deg~* mol-?, and for complex (22).
AH* = 16.92+1.50 kcal mol—? and AS* = —7.784+4.47 cal deg!
mol 1,181
NH, 5+ NH,. 4+
, NH, _NH,
(HaN)s—Cr—OH;CerH 2 (H;N);Cr——OH—Cr—NH,
e
H,;N X
NH; NH,
(20)
)X = F
(22) X = NCS

* A third recent example of such cis labilization is provided by the (formation) reactions
of edta with [Cr(OH,).J*+ and with carboxylato-complexes [Cr(OH,);,(0.CR)]*+. In the
latter cases, the observed faster rates of replacement of water have been ascribed to an
analogous cis anchimeric effect to that operating in the ammine aquations mentioned
(M. V. Olson, Inorg. Chem., 1973, 12, 1416). This type of anchimeric effect has been
observed previously, as for example in the rapid aquation of O-nitrito-chromium(i)
complexes [T. C. Matts and P. Moore, J. Chem. Soc. (4), 1971, 1632].

120 H, N. Po and H. Enomoto, J. Inorg. Nuclear Chem., 1973, 35, 2581.
181 H. N. Po, Y.-H. Chung, and S. R. Davis, J. Inorg. Nuclear Chem., 1973, 35, 2849.
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The kinetics of sulphate exchange with two u-sulphato-dichromium(n)
complexes'®? are reported in the ligand-exchange section of this chapter
(p. 247), and the photoaquation of u-hydroxo-dichromium complexes at the
appropriate later stage in this section.

Mixed and Non-aqueous Solvents.—Studies of solvolyses of chromium(um)
complexes in mixed aqueous solvents are particularly fruitful when kinetic
studies can be complemented by n.m.r. studies of the solvation shell of the
complexes.18% The latest application of this approach has been to the solvo-
lysis of trans-[Cr(NH;),(NCS),]~ in aqueous acetonitrile. The kinetic pattern
for thermal solvolysis does not correlate with the concentration, mole fraction,
or activity of the water, but correlates well with the variation of the solvent-
shell composition established by n.m.r. This is best interpreted in terms of a
mechanism in which an encounter equilibrium between complex and solvent is
treated as distinct from the subsequent interchange aquation step. As usual,
the pattern of photochemical aquation differs from the above behaviour in
thermal aquation, since the excited state in photochemical aquation has a
much longer lifetime.'®* Rates of solvolysis of frans-[Cr(NH;),(NCS),]~ in
alcohols (pure, not aqueous mixtures) decrease in the order methanol>
ethanol > propanol.2?% In all these cases aquation results solely in displacement
of the thiocyanate, but in solvolysis of [Cr(m-xylidine),(NCS),]~ in aqueous
ethanol there is parallel replacement of m-xylidine and of thiocyanate. It is
suggested that the former is replaced by ethanol and the latter by water, though
there seems to be insufficient product investigation to prove this hypothesis
unequivocally.!®® Similarly the solvolysis of the [Cr(py).(NCS),]- anion in
acetone—water mixtures results in parallel loss of pyridine and of thiocyanate.
Monitoring the rate of liberation of thiocyanate ion permits the separation of
the overall observed rate of solvolysis into thiocyanate-loss and pyridine-loss
components. The variation of these separated rate constants with solvent
composition has been interpreted in terms of an associative mechanism for the
replacement both of thiocyanate and of pyridine. Again the lack of product-
analysis figures leaves the reader in some doubt as to which ligand is replaced
by which solvent. The composite activation parameters for these solvolyses
vary little with solvent: 24.6 < AH* <25.3 kcal mol-! and —10.8<AS* <
—5.4 cal deg~* mol-1.187 A review of the solvolysis of complexes of this
[Cr(amine),(NCS),]~ type lists 47 references.188

182 S, Indubala and D. Ramaswamy, J. Inorg. Nuclear Chem., 1973, 35, 2055.

183 See, e.g., p. 162 of Volume 2 of this Report.

18 Y, S. Sastri, R. W. Henwood, S. Behrendt, and C. H. Langford, J. Amer. Chem. Soc.,
1972, 94, 753.

185 A Lodzinska and P. Kita, Roczniki Chem., 1972, 46, 815 (Chem. Abs., 1972, 71,
144 256a).

188§ Zsakd, V. Voiculescu, I. Ganescu, and A. Popescu, Rev. Roumaine Chim., 1972, 17,
1977.

187 J, Zsako, D. Oprescu, C. Vdarhelyi, and 1. Ganescu, Russ. J. Inorg. Chem., 1972, 17,
1705.

188 (G, Thomas, Wiss. Z. Martin-Luther-Univ., Halle-Wittenberg, Math. Naturwiss. Reihe,
1970, 19, 93 (Chem. Abs., 1971, 75, 67 886k).
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In dimethyl sulphoxide solutions of cis- and of zrans[Cr(en).Br,]+ both
isomerization and solvolysis are important:

7 [CriemBrr= 1, [Cr(en),(DMSO)BI**=> 7, [Cr(en),(DMSO);I*+
trans trans trans

All of these processes are thought to be dissociative in character, with ion-
pairing having a significant effect on reactivities.'®® The analogous chloride
system is in fact slightly more complicated, for trans-[Cr(en),(DMSO)CI]2+
undergoes solvolysis by parallel reactions involving the displacement of
chloride or of ethylenediamine. It still remains to measure DMSO exchange
rates before a complete kinetic picture and discussion of these systems can be
presented.?®® Another investigation conducted in DMSO was that of the
reaction of [Cr(CN),(NO)]*~ with alkyl halides, which induce solvolysis to
[Cr(DMSO),;(NO)]*+.1°1 Es.r. spectroscopy provided information on the
intermediates involved in this five-step solvolysis sequence; the reaction
pattern and methods of investigation are very similar to those for the earlier-
studied aquation of the [Cr(CN);(NO)]*>~ anion.!®? The mechanism for the
displacement of the cyanide by DMSO is suggested, on the basis of kinetic
evidence, to involve attack at the co-ordinated cyanide, and is therefore
mentioned in Chapter 5. When solvolysis of [Cr(OH,);I}*+ is conducted in
dimethyl sulphoxide-water mixtures, the dimethyl sulphoxide proves an
invaluable stereochemical label to provide definitive support for the specifically
trans-labilizing effect of iodide first proposed on the basis of experiments on
this complex in aqueous solution.?

That logarithms of rate constants for aquation of cobalt(u)-chloride
complexes in aqueous—organic mixed solvents correlate with Grunwald-
Winstein solvent ¥ values is now well established.1?? A similar correlation has
now been found for aquation of several chromium(m)-chloride complexes,
viz. [Cr(NH,);Cl]*+, cis-[Cr(en),CL]*, and trans-[Cr(OH,),ClL,]*. The slopes
(m) of the correlation plots are markedly less than those for similar cobalt(mr)
complexes. This difference might arise from a marked degree of associative
character to the aquation at chromium(i) — (approximate) m values for Sx2
organic solvolyses are less than the value of m defined for Sx1 solvolyses of
t-butyl chloride. It has been suggested that the slightly larger size, and hence
perhaps slightly lower degree of solvation, of the chromium(mr) than of the
cobalt(tm) complexes, might contribute to the lower m values for the former
complexes. This explanation seems unlikely in the light of reported m values
for rhodium(m) and for iridium(nr) complexes which are as high as those for
their cobalt(ir) analogues. An attempt to extend this Grunwald-Winstein

182 D, A. Palmer and D. W. Watts, Inorg. Chim. Acta, 1972, 6, 197.

190 D, A, Palmer and D. W. Watts, Inorg. Chim. Acta, 1972, 6, 515.

1 D, C. McCain, Inorg. Chim. Acta, 1971, 5, 611.

193 See p. 170 of Volume 1 of this Report.

193 See, e.g., C. H. Langford, Inorg. Chem., 1964, 3, 228; J. Burgess, J. Chem. Soc. (A),
1970, 2703; J. Burgess and M. G. Price, ibid., 1971, 3108.
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treatment of solvolysis rates in mixed aqueous solutions to aquation of
chromium(tm)-thiocyanate complexes was unsuccessful.194

pH Variation.—There are two ways in which variation of pH produces a
variation in aquation rates for chromium(ir) complexes. The first operates for
complexes with ligands which can be protonated; here the variation of rate
with pH reflects the different reactivities of the protonated and unprotonated
forms of the complex and the equilibrium constant relating them. The second
operates for aquo-chromium(im) complexes, where the variation of rate with
pH arises from the differing reactivities of the complex and of its conjugate
base.

The rate law for aquations of complexes containing ligands which can be
protonated is usually

—d[complex])/dt = {k, + ki [H*]}[complex] 6)

Complexes whose aquation kinetics conform to this pattern include
[Cr(NH;);(N;)]*+, 62 [Cr(NH,);(0,CCCly))>+, 152 and [Cr(OH,);-
(p-SCgH,NH;)]3+.1%3 Rate constants for these complexes have been listed in
Table 10. The rate law for aquation of [Cr(OH,);(OsPH,)]?* corresponds to
equation (6) with k, = 0;% that for aquation of several nitrito-chromium(tr)
complexes has terms in [H*] and in [H+]2.15°

Rate laws for aquation of aquo-chromium(mr) contain terms in [H*]~! when
aquation of the conjugate base makes a significant contribution to the overall
aquation reaction. Thus the rate laws for aquation of cis- and zrans-
[Cr(en),(OH,)CI]*+, of [Cr(NH,),(OH,)CI]**,'®®% and of [Cr(OH,);-
(3-picoline)]3+ (ref. 165) are

—d[complex]/dt = {k, + k_[H*I*}[complex]

Many reported rate laws for aquation of aquo-chromium(ur) complexes do
not contain the k_,[H*]* term. This will generally be the case if the pH range
covered by the experiments is entirely in the fairly to strongly acid region
{the pKa of [Cr(OH,)J?* itself is 3.82 (ref. 196)}.

The variation of aquation rate with pH of the [Cr(OH,);(IN3)]2* cation will
reflect both ionization of a proton from co-ordinated water and protonation of
co-ordinated azide. The most recent kinetic study *#¢ of aquation of this com-
plex reports the rate law for aquation in 1-—11M-HCIO, (see the section on
unidentate leaving groups above), where it is the reversible protonation of the
azido-ligand which affects rates of aquation.

Catalysis.—In 1965 Langford reported that a linear free-energy plot of
logarithms of aquation rate constants against logarithms of stability constants
for a series of [Co(NH,);X]*+ complexes had a slope of 1.0. This suggested that

193¢ 3. Burgess, J.C.S. Dalton, 1973, 825.

195 Yu. I. Bratushko and Yu. P. Nazarenko, Ukrain. khim. Zhur., 1972, 38, 3 (Chem. Abs.,
1972, 76, 90 609b).

3*¢ A. G. Sykes, ‘Kinetics of Inorganic Reactions’, Pergamon, Oxford, 1966, p. 280.
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the characteristics of the solvated leaving X~ in the transition state were very
similar to those of the product X-. A similar plot for iridium(mr) complexes
had a slope of 0.9 and one for chromium(mr) complexes a slope of 0.6. This
latter low value suggested that the departing halide was less like the production
in aguation of chromium(ir) halide complexes, a conclusion not inconsistent
with some degree of associative character, as suggested in earlier sections of
this chapter. Although halides might not be good leaving groups from
chromium(mr), HgX* units are likely to be good leaving groups, or, alter-
natively phrased, mercury(m)-catalysed aquation of chromium(ur)-halide
complexes is likely to be purely dissociative in mechanism as far as the
chromium is concerned. Thus one might expect the linear free-energy plot for
mercury(i)-catalysed aquation to have a slope close to 1.0. Such a linear free-
energy plot has now been presented, and indeed has a slope of 0.90.1°7
However, this result is less clear-cut than it might be, for three reasons. Firstly,
the rate constants determined are likely to be composite quantities, each
consisting of the equilibrium constant for the formation of a dinuclear
Cr—Cl—Hg bridged intermediate and the rate constant for its dissociation.
Secondly, the dependence of the observed rate constants for aquation of the
iodo-complex on mercury(ir) concentration is not as simple as expected. And,
thirdly, previously published results for the analogous pseudohalide complex
[Cr(OH,);(NCS)]?+ do not fit the correlation graph for these halide complexes
[Cr(OH,):X]?".

The rate law for these mercury(in)-catalysed aquations of [Cr(OH,);X]%*,
with X = Cl or Br, is

—d[complex)/dr = {k, + k_[Ht-}[Hg?*tl[complex]

Rate constants and activation parameters are reported for both paths for the
compounds X = Cl and Br reacting with Hg?+, and for the compound with
X = I reacting with HgCl+ or HgCl,.1®7 Rate laws and kinetic parameters
have also been reported for the mercury(m)-catalysed aquations of cis-
[Cr(NH,)(OH)X]2+ with X = CI, Br, or I, and of #rans-[Cr(NH;),(OH,)X]?*+
with X = Br or 1.1%¢

The aquation of cis-[Cr(ox),(OH,),]~ is catalysed by iron(ur), the rate law
being

—d[complex]/dt = {k,[Fe**] + k,[H}[complex]

Activation parameters for the path corresponding to the i [Fe*t]term are
AH* = 242+0.5kcal mol-? and AS* = 8.9+1.6cal deg~! mol~-t. The
iron(m) assists the oxalate group to leave by co-ordinating to it, possibly in a
unidentate-oxalate intermediate rather than in the starting complex itself.1%®
Several examples of metal-ion-catalysed aquation of chromium(m) complexes
are included in the general rate constant against stability constant correlation
discussed in the section on catalysed aquation of cobalt(im) complexes,*13, 114

197 J P, Birk and C. M. Ingerman, Irorg. Chem., 1972, 11, 2019 and refs. therein.
1es 5. N. Choi and D. W. Carlyle, Inorg. Chem., 1972, 11, 1718.
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Redox catalysis of aquation of chromium(mr) complexes by chromium(i) is
a special case of metal-ion-catalysed aquation. The rate law for the redox
aquation of [Cr(OH,);(py)I*+ is

—d[Cr(py)**)/dz = K[Cr(py)**][Cr**][H*]-

which suggests a hydroxo-bridged inner-sphere mechanism.?® Activation para-
meters for this reaction are AH* = 20.6+0.2kcalmol-! and
AS* = —6.9+0.6cal deg~*mol—?, which may be compared with the
activation parameters for mercury(im)-catalysed aquation of similar
chromium(m) complexes mentioned above. An oxalate-double-bridge transi-
tion state (23) is suggested for the chromium(ir)-catalysed aquation of
[Cr(ox)(OH,),]*. The activation parameters for this catalysed aquation are
AH* = 1lkcalmol~! and AS* = —26cal deg~* mol-1. The rate of this
reaction is not a function of the pH, but rates of the chromium(ir)-catalysed
aquation of cis-[Cr(ox),(OH,),]- are pH-dependent. For this complex
AH* = 12kcalmol™! and AS* = —24caldeg'mol-! at [HY] =
1.0M.20° Electrochemical reduction of [Cr(phen),]** also involves some aqua-
tion catalysed by chromium(im) species produced.?’! An e.s.r. study of the

3+
(Hzo)4c{ | Cr(OHy),
o0~~o
23)

kinetics of, and intermediates in, aquation of [Cr(CN);(NO)]3- deals with
the catalytic effects of [Cr(OH,)¢]*+, [Cu(citrate)]>~, and [Fe(CN)gJ*~; the
possibility of a redox mode of catalysis is discussed, 202

Aquation of the [Cr(0x),;]3~ anion is enormously accelerated in the presence
of surfactants such as octylammonium tetradecanoate or dodecylammonium
propionate. This catalytic effect is ascribed to hydrogen-bonding between
substrate oxygen and surfactant RNH; groups. Significantly, hexadecyltri-
methylammonium butyrate, where the R,N* group cannot hydrogen-bond to
substrate oxygen, does not show this catalytic effect. In benzene-water
solvents the reaction is first-order in water concentration, which suggests an
associative mechanism for these aquations.20?

Photochemistry.—The study of the photochemistry of chromium(m) com-
plexes in aqueous solution continues to flourish. It is several years since
Adamson stated his empirical rules 204 which effectively summarized the state
of knowledge in this area at the time, and which have proved applicable to
practically all chromium(m) complex photoreactions investigated sub-

13 M. Orhanovic and V. Buthovic, Inorg. Chim. Acta, 1972, 6, 652.

200 T Spinner and G. M. Harris, Inorg. Chem., 1972, 11, 1067.

201 D, M. Soignet and L. G. Hargis, Inorg. Chem., 1972, 11, 2921.

201 A, T. Nikitaev, A. Ya. Sychev, and K. I. Zamaraev, Russ.J. Inorg. Chem.,1972,17, 512.
203 C. J. O’Connor, E. J. Fendler, and J. H. Fendler, J. Amer. Chem. Soc., 1973, 95, 600.
104 A, 'W. Adamson, J. Phys. Chem., 1967, 71, 798.



206 Inorganic Reaction Mechanisms

sequently. However, it has recently become apparent that an isomerization
step subsequent to, or associated with, ligand loss is necessary to accommodate
some of the observations of stereochemical courses of photoaquation of
mixed-ligand chromium(mm) complexes. Thus, for example, [Cr(NH,);X]*+
cations, with X = CI, Br, or O,CR, photoaquate with loss of ammonia, as
expected, but produce the cis- rather than the trams-isomer of [Cr(NH,),-
(OH,)X]**. An early report2°® on the photoaquation of the [Cr(NH,);-
(NCS)]?+ cation suggested, rather tentatively, that the product was trans-
[Cr(NH;) (OH,)(INCS)J**, but a recent reinvestigation 2°¢ has shown that the
product is the cis-isomer. Thus the photoaquation of this thiocyanato-
complex conforms to the pattern established for photoaquation of other
[Cr(NH;);X]?* cations.

Now that Adamson’s rules have been firmly established and widely illus-
trated, efforts are being made to provide a systematic theoretical basis for them
and to elucidate the natures of the excited states involved. In the previous
volume of this Report an attempt to explain the photoaquation behaviour of
chromium(im) complexes in terms of relative metal-ligand bond strengths was
mentioned.?? A more ambitious attempt to relate the observed photochemistry
and Adamson’s rules to metal-ligand bonding parameters, based on funda-
mental crystal-field and molecular orbital theory, has now been described. A
model is developed in which the change in the strength of the metal-ligand
bond on excitation from the ground to the excited state is the matter of central
concern; the model assumes a dissociative mechanism for these photo-
aquations, 28

Two mechanisms have been put forward to explain the photochemistry of
chromium(rx) complexes. Their photoreactivity has been ascribed to excita-
tion either to the lowest spin-forbidden excited state, 2Ey, or to the lowest
quartet excited states, 4T,y and Ty,. Several years ago some quenching experi-
ments on the photoaquation of the [Cr(NH;),(NCS),]~ anion indicated that a
quartet state was at least partially involved.?°® Recently two papers concerning
the photochemistry of the [Cr(CN):]*~ anion, chosen for the known large
energy difference between the doublet and quartet states, have provided strong
evidence for a quartet state as the photointermediate. Thus the observations
that pyrazine and xanthone sensitize the photoaquation of [Cr(CN)]*~, but
that Michler’s ketone and [Ru(bipy);]>*+ do not, rule out photoaquation via a
doublet state.?2° Likewise a comparison of phosphorescence and photolysis of
solutions of [Cr(CN)]*~ in dimethylformamide showed that the photolysis, to
[Cr(CN);(DMF)]?-, could not proceed via the same excited state, 2E,, as
phosphorescence,?!* Both of these investigations led to the implication of the

2os E, Zinato, R. D. Lindholm, and A. W. Adamson, J. Amer. Chem. Soc., 1969, 91, 1076.
20¢ F_Zinato and P. Riccieri, Inorg. Chem., 1973, 12, 1451.

207 5. C. Pyke and R. G. Linck, J. Amer. Chem. Soc., 1971, 93, 5281.

208 ¥ 1. Zink, J. Amer. Chem. Soc., 1972, 94, 8039.

202 S. N. Chen and G. B. Porter, Chem. Phys. Letters, 1970, 6, 41.

110 N, Sabbatini and V. Balzani, J. Amer. Chem. Soc., 1972, 94, 7587.

11 H, F. Wasgestian, J. Phys. Chem., 1972, 76, 1947.
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1T,q state as the excited state for photolysis. Differences between the photo-
reactivities of rigid cyclam complexes and the other non-rigid amine and
ammine complexes are also claimed to support a quartet photointermediate. 212
It seems that the ‘Ty,— 2E, transformation is relatively easy, at least for
[Cr(acac);].?13 Photoexcitation of [Cr(NCS),]*~ or of [Cr(NH,),(NCS),]~ to the
4T,y state is followed either by release of thiocyanate ion and consequent
aquation or by non-radiative transition to the 2E, state.?!4

The photochemistry of chromium(in) complexes has been usefully collected
and collated in a recent review, in which the involvement of the quartet state in
these photoreactions is discussed. 2® This review also highlights the domination
of chromium(m) photochemistry by solvolysis, generally aquation, reactions.
There are relatively few examples of photoracemization and photoisomeriza-
tion, and, until a report on the photochemistry of [Cr(NH,);(N;)]?+ published
this year,?!® no unequivocal examples of photoredox processes.

Quantum yields have been determined for aquation of several complexes of
the general formula [Cr(NH,);L]**, where L. = carboxylate (O,CR, with
R = CCl,;, CHCIl,, CHCI,, CH;, or CF;) %! or halide.?!%: 21 Quantum yields
for the aquation of amine analogues [Cr(RNH,);CI]?+, where R = Me or Et,
have also been determined. 2'7 In several cases the estimation of quantum yields
is complicated by parallel loss of ammonia or amine and chloride.?1?- 218 The
relative importance of ammonia loss and of halide loss has been related to their
respective crystal-field parameters.2'® Whereas thermal aquation of the
ammine-carboxylate complexes results in parallel loss of ammonia or of
carboxylate, the photoaquation proceeds entirely by ammonia loss. The
quantum yield and mechanism of photoaquation of [Cr(en);]** have been
described.21®

The majority of photochemical studies of chromium(tr) complexes have to
date dealt with mononuclear complexes containing either one or two types of
ligand molecule. In order to see whether the general principles evolved for
these classes of complex can be extended to more complicated species, an
investigation of the frans-[Cr(en),(NCS)CI]* cation was conducted. Photo-
aquation of this complex involves parallel loss of chloride, of thiocyanate, or of
ethylenediamine. All three reactions are thought to proceed via a quartet
excited state, though it is suggested that whereas photosolvolysis of the
chloride or thiocyanate involves the 4E state, photosolvolysis of the ethylene-
diamine may involve the higher-energy %B, state.22° Thermal reactions of the

12 A W. Adamson and C. Kutal, Mol. Photochem., 1973, 5, 251.

213 J T, Yardley and K. J. Beattie, J. Amer. Chem. Soc., 1972, 94, 8925.

214 T, Ohno and S. Kato, Bull Chem. Soc. Japan, 1973, 46, 1602.

25 A, D. Kirk, Mol. Photochem., 1973, 5, 127

18 A, Vogler, J. Amer. Chem. Soc., 1971, 93, 5912.

217 C, H. Langford and L. Tipping, Canad. J. Chem., 1972, 50, 887.

318 Y, S. Sastri, Z. phys. Chem. (Frankfurt), 1973, 84, 10.

ne W, Geis, H. F. Wasgestian, and H. Kelm, Ber. Bunsengesellschaft phys. Chem., 1972,
76, 1093.

820 M. T. Gandolfi, M. F. Manfrin, L. Moggi, and V. Balzani, J. Amer Chem. Soc. 1972,
94, 7152,

H
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u-hydroxo-dichromium(im) complexes (24) and (25) involve cleavage of the
hydroxo-bridge, but such cleavage does not occur in photochemical reactions
of these complexes. The cation (24) merely isomerizes from the zrans- to the
cis-form, and the cation (25) has either the chloride or one ammonia replaced
by water. 22!

NH, NH, |**
| _NH, | _NH,
H3N7Cr~—OH—/-Cr——L
H,N [ H,N
NH, NH,

(249) L = OHy;n = 5
2L =Clin=4

The role of sensitization in the elucidation of mechanisms of photo-
aquation has already been alluded to at the beginning of this section. Other
papers in which the effect of sensitizing agents on photoreactions of chro-
mium() complexes are discussed include one on [Cr(CN),*~ plus
[Ru(bipy)s]*+,22% one on [Cr(ox),]*~ plus again [Ru(bipy),]?+,1%® and one on
[Cr(NH;);X]%+, where X = Cl or NCS, plus riboflavin.223

4 Aquation: Other Complexes

dO: Titanium(1rv).—The Kinetics of the autocatalytic hydrolysis of hexafluoro-
titanate(tv) have been examined titrimetrically, at O and at 25 °C in aqueous
solution. The results were discussed in terms of the establishment of the
following equilibria ;224

[TiF]*~ + 2H,0 = [TiF,(OH)OH,]- + F- + HF
[TiF,(OHYOH,)}- + H,O = [TiFy(OH)(OH,),] + F-

d': Molybdenum(v).—Photochemical studies of the molybdenum(iv) anion
[Mo(CN),]*~ are common (c¢f. below), but of its molybdenum(v) analogue
[Mo(CN),]®~ they are rare. The photoreduction of this latter anion involves
substitution, for the product in neutral or acidic solution is [Mo(CN);(OH,)]*—,
in alkaline solution [Mo(CN)(OH)]*~. This hydroxo-anion quickly reacts
further to give the [Mo(CN),(O)OH)J*~ anion. The suggested mechanism
involves a dissociative aquation step followed by electron transfer within a
[Mo(CN),(OH,)}*- CN- ion pair,225

d?: Molybdenum(iv).—Yet further studies on the photochemistry of

. P, Riccieri and E. Zinato, Inorg. Chim. Acta, 1973, 7, 117.

3 F, Bolletta, M. Maestri, and L. Moggi, J. Phys. Chem., 1973, 77, 861.

t2s E. L. Wehry, J. Amer. Chem. Soc., 1973, 95, 2137.

12¢ 1. G. Ryss, M. O. Tereshkevich, and V. G. Korovina, Russ. J. Phys. Chem., 1972, 46,
1334,

12 G. W. Gray and J. T. Spence, Inorg. Chem., 1971, 10, 2751.
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[Mo(CN);}*~ solutions deal with the quantum yield of the primary photo-
aquation reaction.??® The photoaquation and photoredox processes in the
photochemistry of [Mo(CN),]¢~ have been succinctly contrasted in a paper
whose main discussion is concerned with the solvated electrons formed during
irradiation of aqueous solutions containing this complex ion at internal-
charge-transfer and charge-transfer-to-solvent frequencies. 227

d?: Tungsten(tv).—The quantum yield for the primary photoaquation
process of the [W(CN)g]*~ anion has been determined, via polarographic
estimation of cyanide liberated and spectrophotometric estimation of the
heptacyano-complex produced.22%

d*: Osmium(vi).—The hydrolysis of the osmium(vi) esters OsO,(OR),L.,
whose rate law for redox formation from osmium tetroxide, cyclohexene-3-
carboxylic acid, and (substituted) pyridine has been determined, takes place
exclusively by osmium-oxygen bond cleavage. This has been shown by
18O-tracer experiments.?28

d?: Molybdenum(i).—The kinetics of the first stage in the aquation of the
hexachloromolybdate anion,

[MoClg]*~ —> [MoCl;(OH,)]?*~

have been studied at 0 °C. The rate constant for this first-order reaction is
1.33 x 10~ 5s~1, Subsequent aquation of [MoCl;(OH,)]*~ to [MoCl,(OH,),]- is
much slower than this. One cannot make a direct molybdenum-chromium
reactivity comparison here, as only very qualitative information of the
aquation of [CrClg]*~ is available (see Section 3 of this chapter). However, one
can observe that this [MoClg]®~ aquation is a pretty fast substitution process
for a d? centre.22?

d?: Rhenium(iv).—In aqueous solution containing dissolved oxygen, the final
product of the aquation of the [ReClg]>~ or [ReBr¢]?~ anions is tetraoxo-
rhenate(vir). The rate-determining step in the reaction sequence is the loss of
the first halide ion from the rhenium(iv). Activation parameters for the aqua-
tion of the [ReBrg]?~ anion in aqueous solution are AH* = 26.0 kcal mol—?
and AS* = —6cal deg- mol-!; the high activation enthalpy reflects both
the d?® configuration of the central cation and its high formal charge of +4.
The variation of aquation rate with solvent composition in mixed aqueous
solvents hints at a dissociative mechanism. The expected catalysis of aquation
by mercury(ir) was observed, 23°

d*: Manganese(tn).—The dependence of rates of hydrolysis of trisoxalato-
manganate(mr) on pH, on oxalate concentration, and on the concentration of
added salts suggests that the kinetic pattern is determined by the presence of

226 R. P. Mitra, B. K. Sharma, and H. Mohan, Austral. J. Chem., 1972, 25, 499.

#27 M. Shirom and Y. Siderer, J. Chem. Phys., 1972, 57, 1013.

228 T, R. Subbaraman, J. Subbaraman, and E. J. Behrman, Inorg. Chem., 1972, 11, 2621.
222 W. Andruchow and J. DiLiddo, Inorg. Nuclear Chem. Letters, 1972, 8, 689.

230 T, Burgess, R. D. Peacock, and A. M. Petric, J.C.S. Dalton, 1973, 902.
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three complexes, which decompose at different rates, in equilibrium with each
other. These complexes are proposed 1o be the tris- and bis-oxalato-complexes
and a species [Mn(ox),(oxH)(OH,)]*~ containing a unidentate protonated
oxalate ligand. 28! The photosolvolysis of the frans-[Mn(0x),(OH,),]- anion in
dimethylformamide solution has been probed by visible-u.v. and es.r.
spectroscopic techniques. Replacement of an oxalate ligand is preceded by
electron transfer — in fact it is an oxalate radical ox~ which leaves from the
manganese. 232

d*: Ruthenium(iv).—The dependence of the rate of aquation of
[Ru(NO)OH)CL]>~ on pH exhibits the usual patiern of behaviour for a
complex containing a ligand whose degree of protonation varies. In this case
the inflection in the rate-pH profile comes at a pH of ca. 4, with the rate
constant at high pH about eight hundred times greater than that at low pH.
Surprisingly, the rate-pH profile for [Ru(NO)CI;]2~ is of the same shape, but
here the rate constant in alkaline solution is only about twice that in strong
acid.??® Some qualitative information pertaining to the kinetics of aquation of
the dinuclear [Ru,OCl,¢]*~ anion has been published.?3¢

d®: Iron(in).—The primary process resulting from irradiation of an aqueous
perchloric acid solution of mono-oxalatoiron(in) is redox decomposition. This
behaviour contrasts with the predominant photoaquation reported for the bis-
and tris-oxalotoiron() complexes. 23 However, the principal photoreaction
of the trisoxalato-complex in the presence of [PdCI]*" is again redox de-
composition.2%® The products of photochemical hydrolysis of the bridged di-
iron complexes (26), with X = Cl, Br, NCS, or ClO,, include [Fe(phen);]*+
and Fel} . From quantum yields and scavenging and flash photolysis experi-
ments it has been deduced that in aqueous solution the first reaction is dis-
placement of X by water. This step is followed by the primary photochemical
step, which is iron-oxygen bond breaking. In acetone solution, the primary
photochemical process for the compound (26) with X = NCS is iron-
thiocyanate bond breaking.23?

(phen),Fe—O—Fe(phen), | **

X X
(26)

2t M. Wronska and T. Ernst, Roczniki Chem., 1972, 46, 643 (Chem. Abs., 1972, 77,
118 782z).

232 T, G. Murgulescu, T. Onescu, and S. G. Ionescu, Rev. Roumaine Chim., 1972, 17, 423.

333 E. E. Mercer and A. B. Cox, Inorg. Chim. Acta, 1972, 6, 577.

234 T, P. Alimarin, V. I. Shlenskaya, and Z. A. Kuratashvili, Russ. J. Inorg. Chem., 1973, 18,
250.

135 G, D. Cooper and B. A. DeGraff, J. Phys. Chem., 1972, 76, 2618.

=3¢ T, V. Lutskina and V. V. Sviridov, Russ. J. Phys. Chem., 1973, 47, 276.

237 P, G. David, J. G. Richardson, and E. L. Wehry, J. Inorg. Nuclear Chem., 1972, 34,
1333,
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d5: Ruthenium(i).—The kinetics of aquation of carboxylato-ruthenium(im)
complexes [Ru(NH;),L]**, with L = formate, acetate, propionate, iso-
butyrate, glycollate, or glycinate, have been studied spectrophotometrically.
The rate law for aquation of all these complexes proves to be

—d[complex]/dt = {k, + k[H*]}{complex] (@)

The trend of rate constants, with faster aquation of complexes of the bulkier
ligands, is consistent with a dissociative mechanism. On the basis of com-
parisons of rate constants with those for aquation of the corresponding
cobalt(ux) complexes, and extrapolations from the results of tracer experiments
on aquation of these cobalt(tir) complexes, the authors suggest that the k, path
of equation (7) corresponds to ruthenium-oxygen bond breaking, but that the
k, path corresponds to oxygen—carbon bond breaking. Activation energies for
the &, terms lie between 22 and 26 kcal mol—2, which values are similar to those
for aquation of the corresponding cobalt(nr) and rhodium(i) complexes.
Activation energies for the k, terms are much lower, between 16 and 22 kcal
mol~1. Activation entropies for the &, path are between —2 and — 11 and for
the k; path between —6 and — 26 cal deg—! mol-1,238

There is complete retention of configuration both in the uncatalysed and in
the mercury(m)-catalysed aquation of cis-[Ru(en),Cl,]J*. This situation con-
trasts with that for similar cobalt(ir) complexes, where generally the steric
course of mercury(i)-catalysed aquation differs from that for uncatalysed
aquation. One presumes that the mercury(mm)-catalysed aquation of cis-
[Ru(en),Cl,]* is dissociative as far as the ruthenium is concerned; in order to
retain the configuration at ruthenium the transition state for this reaction must
be square pyramidal rather than trigonal pyramidal.23?

d%: Rhodium(im).—Transition enthalpies, which are the enthalpy changes
from transition states to respective products, for aquation of [Rh(NH,);X]2+,
with X = Cl, Br, I, or NCS, correlate with enthalpies of hydration of the
leaving groups X-. The slope of such a correlation plot is intermediate
between those for analogous complexes of cobalt(ur) and chromium(in). The
conclusion drawn is that in the rhodium(ur) aquations bond breaking is the
main feature in transition-state formation, but that there is a small but
significant interaction between the rhodium and the incoming group in the
transition state.® Yet another paper devoted to the kinetics of aquation of the
[Rh(NNH,);Cl]2+ cation states that its objective is to elucidate the mechanism of
this reaction. In fact the authors merely present activation parameters (Table
13), determined at pH = 2, I = 0.1 mol 1" (LiClO,), and over the short
temperature range 75—85 °C, and baldly state that the mechanism is .20
Activation parameters are also reported for aquation of the [Rh(NH;);(NO,)]?+

28 A, Ohyoshi, A. Jyo, and N. Shin, Bull. Chem. Soc. Japan, 1972, 45, 2121.
32 1. A. P. Kane-Maguire, Inorg. Chem., 1972, 11, 2281.
20 A, B. Venediktov and A. V. Belyaev, Russ. J. Inorg. Chem., 1972, 17, 1158.
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Table 13 Activation parameters for the aquation of rhodium(n) complexes

[Rh(NH,)sX]"*
AH#*/ AS*/
X kcal mol—? cal deg~! mol—? log A Ref.

Uncatalysed

Cl 25.140.4¢« — 11.08 240

NO; 23.3 -3 — 241

SO, 21.4 —-13.3 — 50
Ht-catalysed

SO, 28.5 +9.0 —_ 50
Hg**-catalysed

Cl 16.1 — — 240

Cl 16.3 — — 242

Br 14.4 — — 242

I 15.3 — —_— 243

e Activation energy.

(ref. 241) and [Rh(NH,);(SO 1" (ref. 50) cations (Table 13). Aquation of the
latter proceeds by acid-catalysed and uncatalysed paths; aquation of the
former is thought to be predominantly dissociative in character.

Activation enthalpies 240,242,243 for the mercury(ir)-catalysed aquation of
[Rh(NH,);X]?+, where X = CI, Br, or I, are also included in Table 13. The
suggested mechanism involves slow dissociation of an adduct [Rh(NH,),-
XHg]**+ which is in equilibrium with the starting reactants. Both Hg?*- and
HgCl*-catalysed aquations of rhodium(m)-halide complexes can be incor-
porated in the general kinetic versus stability-constant correlation for metal-
ion catalysis of aquation of halogeno-complexes mentioned in Section 1 of this
chapter. 2! Silver() is not an efficient catalyst for the aquation of [Rh(NH,),-
ClJ?+.240 Redox catalysis of substitution at rhodium(mr) has been reviewed.244

Photochemical aquation of the [Rh(NH,);Cl]*+ cation results mainly in
replacement of chloride, with only a little replacement of ammonia, by water.
For [Rh(NH,);Br]?* loss of bromide and loss of water are of comparable
importance, whereas [Rh(INH,);I]?+ photoaquates predominantly (> 90 %) by
ammonia loss. Two photochemically excited states are proposed. These, from
comparisons of the results of irradiation in the presence and in the absence of
biacetyl, must both be triplet states.2*® frans-[Rh(NH,),[,]*, like [Rh(NH,);-
112+, gives trans-[Rh(NH,),(OH,),]3+ as the principal product of photo-
aquation. This stereospecificity suggests that the excited state in each case is a

241 F, Monacelli and S. Viticoli, Irorg. Chim. Acta, 1973, 7, 231.

#42 § C. Chan and S. F. Chan, J. Inorg. Nuclear Chem., 1972, 34, 2311.

33 A. B. Venediktov and A. V. Belyaev, Izvest. sibirsk. Otdel. Akad. Nauk, Ser. khim.
Nauk, 1972, 148 (Chem. Abs., 1973, 78, 62 786¢).

214 R. D. Gillard and B. T. Heaton, Coordination Chem. Rey., 1972, 8, 149.

s T. L. Kelly and J. F. Endicott, J. Amer. Chem. Soc., 1972, 94, 278; J. Phys. Chem., 1972,
76, 1937.
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square pyramid with apical iodide.?4® All of the cations trans-[Rh(NH,),CL]*,
trans-[Rh(en),CL]*, and trans-[Rh(cyclam)CL}*, like [Rh(NH;);CI]?+ men-
tioned above, photoaquate predominantly by loss of chloride. All three trans-
dichloro-complexes photoaquate stereospecifically to trans-chloro-aquo-
products. This photochemical behaviour is assigned to the lowest triplet
state.24” The courses of photoaquation of cis-z- and of cis-f-[Rh(trien)CL1+
and of cis- and trans-[Rh(en),Cl,]* are said to be not inconsistent with
Adamson’s rules developed for the photochemistry of chromium(mr) com-
plexes, despite the difference between the excited states involved.24® Although
most rhodium(mm)-ammine- or —amine-chloride complexes photoaquate with
predominant loss of chloride, photoaquation of the [Rh(py),Cl,]t cation leads
to replacement of comparable amounts of chloride and of pyridine.?4°

The kinetics of reactions of complexes of the type trans-[Co(dmgH),LX]"~
have been widely studied for many years. A start has now been made on
investigating analogous rhodium(umr) systems, with the results shown in
Table 14.250-252 Reaction rates decrease somewhat as the proportion of an
organic co-solvent, for example ethanol or ethylene glycol, in mixed aqueous
solvents increases (selected values are included in Table 14). From the kinetic

Table 14 Kinetic parameters for the aquation of trans-{[Rh(dmgH).LX]-
anions (X is the leaving group)

10%/ Eaf AS*/

L X Solvent s~1 (60 °C) kcal mol=* cal deg~* mol-* Ref.
NO, Cl Water 5.6 32.0 +18 250
SO;H ClI Water 11.7 15.8 -29 251
SO,H Br Water 15.4 14.3 -36 252
SO;H 1 Water 2.1 13.2 -34 252
SO;.H ClI 57.6% MeOH 4.3 15.5 —32 251
SO,H Cl 57.6% Glycol 5.5 17.1 —-27 251
SO,H Cl 57.6% Dioxan 1.2 15.9 —-29 251

parameters in water, in aqueous solution in the presence of added salts, and in
mixed aqueous solvents, the tentative conclusion is that the mechanism is
predominantly dissociative.

The rate law for aquation of [Rh(0x);]%~, to give [Rh(0ox),(OHy),]-, is

—d[Rh(ox);7)/d? = {k[H*] + k[H*]*}[Rh(0x)57] ®
The reported activation enthalpies are 25.5 + 2.0 and 25.9 + 2.0 kcal mol-? for

e T, L. Kelly and J. F. Endicott, J. Amer. Chem. Soc., 1972, 94, 1797.

M7 C, Kutal and A. W. Adamson, Inorg. Chem., 1973, 12, 1454.

s P, M. Gidney, R. D. Gillard, B. T. Heaton, P. S. Sheridan, and D. H. Vaughan, J.C.S.
Dalton, 1973, 1462.

s M, M. Muir and W.-L. Huang, Inorg. Chem., 1973, 12, 1831.

250 G, P. Syrtsova and T. S. Bolgar’, Russ. J. Inorg. Chem., 1972, 17, 1585.

851 G, P, Syrtsova and T. S. Bolgar®, Russ. J. Inorg. Chem., 1971, 16, 1322.

3 G, P. Syrtsova and T. S. Bolgar’, Russ. J. Inorg. Chem., 1972, 17, 238.
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the &, and k, paths of equation (8) respectively. The activation entropies are
— 7.8+ 6.0 (k; path) and —2.9+6.0 (k, path) cal deg~* mol—1. The suggested
reaction sequence involves the successive formation of a transient five-co-
ordinate intermediate, of a species [Rh(ox),(unidentate ox)(OH,)]*~, and
eventually of [Rh(0x),(OHy,),]~. The first step is a D [Sx1(lim)] process.1?

dS: Iridium(m).—An essentially dissociative mechanism, though perhaps with
some slight iridium-incoming water interaction in the transition state, is
suggested for the aquation of the [Ir(NH,),(NO,)]?* cation. The activation
parameters for this reaction are AH* = 26.1 kcal mol-* and AS* = —4
cal deg—* mol-1. Rates of reaction decrease on adding perchlorates; this is
attributed not to ion-pair formation but to a reduction in water activity.24!
Whereas ion-pairing between a positively charged complex and an anion
normally results in an increased rate of aquation for the former, the associa-
tion of a negatively charged complex with a cation may lead to a reduced rate
of aquation of the complex. Such behaviour has been described elsewhere in
this Report for the aquation of the frans-[Co(benzylglyoximato),(SO,H)Cl}~
anion;'? it is also the case for aquation of the [IrBrg]*~ anion. Added cal-
cium(i), barium(i), or cadmium(ir) reduces the rate of aquation markedly. Ion-
association constants (K1p) can be estimated from the dependence of aquation
rates on added cation concentrations. For barium() Xip = 530 1 mol-* and
for cadmium(m) Kip = 4001 mol-1, at 25 °C in 0.1M-HCIO,.?53

Photoaquation of trans-[Ir(py).Cl,]~ in neutral aqueous solution results in
stepwise loss of the chloride ligands. The trichloro- and dichloro-inter-
mediates and the ultimate product [Ir(py),(OH,),]3+ were all detected, but no
evidence for significant concentrations of [Ir(py).(OH,),Cl]**+ was obtained.
This monochloro-complex must therefore be the most labile member of the
series. 2% Quantum yields for photoaquation of iridium(n) and rhodium(im)
complexes have been compared for a series of amine-chloride and —bromide
complexes. For trans-[Ir(py),Cl;]* parallel loss of chloride and of pyridine was
observed.2%®

ds: Tron(m).—Iron(in) complexes can be either high-spin or low-spin. The
former are substitution-labile, the latter inert. In this present section we are
concerned only with complexes in the latter class, in which the iron(m) is
bonded to ligands with a large crystal-field effect, for example cyanide,
2,2’-bipyridyl, or 1,10-phenanthroline.

The aquation of [Fe(CN)]*~ to [Fe(CN),(OH,)]*~ is catalysed by mercury(ir)
and by silver(1). Some details of the mechanisms of these catalysed aquations
have been investigated.2’® Further aquation of [Fe(CN);(OH,)]*~ to
[Fe(CN),(OH,),]*~ can occur thermally or photolytically. The progress of this

=2 V. I. Kravtsov, E. G. Sventarnyi, and N. B. Chamaeva, Russ. J. Inorg. Chem., 1971, 16,
1332.

#5¢ M. Lamache and F. Laréze, Compt. rend., 1972, 275, C, 115.

*#* M. M. Muir and W.-L. Huang, Inorg. Chem., 1973, 12, 1930.

18 A, Zmiki¢, D. Cvrtila, D. Pavlovic, I. Murati, W. L. Reynolds, and S. A$perger, J.C.S.
Dalton, 1973, 1284.
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reaction can conveniently be monitored by trapping the product with nitroso-
benzene. 257 Conflicting hypotheses concerning the mechanism of photolysis of
the nitroprusside anion, [Fe(CN);(NO)]?-, have been resolved by an investiga-
tion of this reaction both in the presence and in the absence of air. Under
aerobic conditions nitrite ion can be oxidized to nitrate ion, to complete the
reaction sequence ;258

[Fe(CN);(NO)I*~ = [Fe(CN);]*~ + NO+
NO+ + H,0 —2H* 4+ NOj3
NOz; + 30, —> NO37

The intermediacy of the species [Fe(CN);]*~ indicates that this is a D [Sn1(lim)]
mechanism. Other substitution reactions of [Fe(CN);L]*~ anions which also
proceed by a D mechanism with generation of the same [Fe(CN);]*~ inter-
mediate are discussed in Section 7 of this chapter. Kinetics of dissociation of
dinuclear iron(m)-cyanide complexes have been followed by u.v.-visible
spectroscopy and by polarography.2%® Photoaquation of cis- and of rrans-
[Fe(CNMe),(CN),], with irradiation at either charge-transfer or ligand-field
frequencies, results in the formation of [Fe(CNMe),(OH,),(CN).] as primary
product. 26

Kinetics of aquation of iron(m) complexes of 2,2’-bipyridyl, 1,10-phenan-
throline, and their substituted derivatives have been much studied in water,
less so in mixed aqueous solvents. Whereas the rate of aquation of [Fe(4,7-
diPh-phen),]** in acidic aqueous solution is approximately independent of the
nature of the acid added, solutions of this complex in methanol solvolyse at
rates which depend markedly on the nature of the acid added.?é! A similar
phenomenon has been observed for the aquation of [Fe(phen),)?+, [Fe(5-NO,-
phen),12t, and [Fe(4,7-diMe-phen),]?+ in dioxan-water mixtures.22 These
effects have been variously ascribed to the different strengths of the various
acids 2¢! and to ion-pair formation.?82 It is interesting that the rates of aqua-
tion of the iron(1) complexes in aqueous dioxan decrease as the concentration
of acid increases when the acid added is perchloric or sulphuric. As ion pairs
between complex cations and simple anions are generally more reactive than
the free complexes, the observed rate trend is ascribed here, as in a similar
situation involving the complexes [M(NH,);(NO,)]**, with M = Rh or Ir,?4!
to the decrease in water activity on adding electrolytes.262

Symmetrical ligands such as phen and bipy will form two identical bonds to a
metal cation, so that in aquation of their iron(m) complexes there is a choice of
two identical bonds to break in the rate-determining step. If one takes a

337 G, Emschwiller, Rev. Roumaine Chim., 1972, 17, 131; Compt. rend., 1972, 274, C, 1500

858 R, P. Mitra, B. K. Sharma, and S. P. Mittal, J. Inorg. Nuclear Chem., 1972, 34, 3919.

352 G, Emschwiller, Collog. internat. Cent. nat. Rech. sci., 1970, 307 (Chem. Abs., 1972, 71,
106 073f).

¢ G, Condorelli, L. Giallongo, A. Giuffrida, and G. Romeo, Inorg. Chim. Acta, 1973,7,7.

se1 P, Levillain and R. Bourdon, Bull. Soc. chim. France, 1972, 3309.

te3 J, Burgess, F. M. Mekhail, and E. R. Gardner, J.C.S. Dalton, 1973, 1335.
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complex containing an unsymmetrical bidentate ligand, for example the iron(i)
complex of ppi (27), the two bonds to the cation are not equivalent and a
kinetic pattern corresponding to two parallel processes with different rate
constants might be observed. In fact the odd acid dependence of the aquation
rate of [Fe(ppi);]?t, shown in Figure 1(a), suggests that there are two super-
imposed patterns, Figure 1(b) and (c), which can be assigned to the breaking
of the two different metal-ligand bonds.?®3 Aquation rates of [Fe(ppsa),]*+,
where ppsa is the bipyridyl-like ligand (28), also vary with pH. Here the

C:HSO0;~

H

-
< m ) CHSOr
= NPr® =N N=

27 (28)
situation is more complicated, for there is the possibility of protonating the
non-bonding nitrogens of the triazine ring in addition to the normal pH-
dependence pattern for aquation of complexes of flexible bipyridyl-like
ligands and non-equivalence of the two bonds between iron and each ligand.2%¢
Some years ago a mechanism was proposed for aquation of the complex
[Fe(tptz),]*+, where tptz is the terdentate ligand 2,4,6-tri-(2-pyridyl)-1,3,5-

(a)
5 -
- (b)
£
- (c)
0 !
0 [H*] 1 mol! 0.5

Figure 1 The dependence of aquation rate constants (k) on acid concentration
for the [Fe(ppi)s]*t cation. Curve (a) shows the actual results; curves
(b) and (c) show the hypothetical components

12 P, Krumholz and E. J. Vichi, Proceedings of the 3rd Symposium on Coordination
Chemistry, Debrecen, Hungary, 1970, Vol. 1, p. 357; Vol. 2, p. 195.
¢t E. R. Gardner, F. M. Mekhail, J. Burgess, and J. M. Rankin, J.C.S. Dalton, 1973, 1340.
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triazine (29).2%5 A recent spectroscopic determination of the stability constant
for this complex, in which evidence for the existence of a protonated derivative
in strong acid was obtained, casts some doubt on the originally proposed
aquation mechanism.2%® In this the effect of acid concentration on aquation
rates was ascribed solely to the intermediacy of complexes containing bi- or
uni-dentate protonated ligands; the intermediacy of species containing
terdentate ligands protonated at the unco-ordinating triazine nitrogen or
pyridyl nitrogen seems not to have been considered.?®® The recent paper
proposes suitable modifications to the original reaction scheme, 266

“
N
"
# N 7
29

The rate-determining step in the reaction of [Fe(bipy);1**, [Fe(phen);]?*, or
[Fe(terpy).]*+ with peroxodiphosphate is dissociative — the breaking of an
iron-nitrogen bond.?%? It has been recognized for some time that these and
related iron() complexes react with peroxodisulphate by parallel oxidative
and dissociative rate-determining steps; the reaction of the [Fe(ppsa),]**
cation mentioned above with peroxodisulphate provides a recent example of
this behaviour.2%* It is now apparent that any direct oxidation of this type of
iron(m) complex with peroxodiphosphate is so slow that reaction proceeds
entirely via rate-determining dissociation, presumably with subsequent rapid
oxidation of the products of dissociation.

dS: Ruthenium(ir).—Earlier investigations have shown that the rates of
hydrolysis of the products of reduction of the ruthenium(m) complexes
[Ru(NH,);X]?*+ are fast. It has recently been shown that it is possible to
determine the rates of aquation of the ruthenium(ir) complexes [Ru(NH,),X]+
by cyclic voltammetry experiments on [Ru(NH;);X]%+. The kinetic parameters
are shown in Table 15.2¢8 Cyclic voltammetry has also been used to determine
rates of aquation of [Ru(OH,);Cl]+ and of [Ru(OH,),Cl,). The cis- and trans-
isomers of the latter have very similar rates of aquation, which might be co-
incidental or might result from concomitant isomerization. The activation

265 (5. K. Pagenkopf and D. W. Margerum, Inorg. Chem., 1968, 7, 2514.

2¢¢ F. H. Fraser, P. Epstein, and D. J. Macero, Inorg. Chem., 1972, 11, 2031.

27 E, Chaffee, I. I. Creaser, and J. O. Edwards, Inorg. Nuclear Chem. Letters, 1971, 7, 1;
J. O. Edwards, Coordination Chem. Rev., 1972, 8, 87.

28 G, N. Coleman, J. W. Gesler, F. A. Shirley, and J. R. Kuempel, Inorg. Chem., 1973, 12,
1036.
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Table 15 Kinetic parameters for aquation of ruthenium(it) complexes

kfs— AH*/ AS*/

Complex (temperature/°C) kcal mol—* cal deg~* mol-* Ref.
[Ru(NH,),CI]*+ 6.3 (25) 1243 —16+6 268
[Ru(NH,),Br]* 5.4 (25) 1413 —10+6 268
[Ru(OH,);CIJ* 9.0x10-%(23.8) — — 269
cis-[Ru(OH,),Cl,] 0.13 (25)
trans-[RU(OH,),Cly] 0.14 (25) 11 +26+4 269

parameters reported in Table 15 are thus experimental values for aquation of
one or both isomers.2%? In all these cases the activation enthalpy for aquation
of ruthenium(m)—chloride complexes is, as would be expected, much lower than
for aquation of similar ruthenium(um)-chloride complexes. Activation
enthalpies for aquation of the latter lie between 18 and 24 kcal mol—1.27°

Irradiation of [Ru(NH,);(py)]?t at a charge-transfer band frequency leads to
photoaquation of pyridine and of cis and frans ammonia ligands. The
dependence of quantum yields on pH has been estimated for photoaquation of
this and other complexes of general formula [Ru(NH,);L)?*, with . = benzo-
nitrile, 3-chloropyridine, or 4-methylpyridine. Competitive protonation of an
excited state or of an intermediate is proposed.2?!

d%: Osmium(m).—An i.r. study of the aquation of [Os(NH,);(N,)]}* showed
that the reaction was first-order in complex, and had an activation energy of
35 kcal mol-? and a frequency factor of 4 x 103, Aquation is slightly faster in
the presence of acid.2?2 Subsequent work has revealed some deviation from
first-order kinetics. The observed small acceleration as the aquation proceeds
has been ascribed to catalysis by the [Os(NH,);(OH,)]** produced. This
product and the starting material react to form the dinuclear [(H;N);Os(N,)-
Os(NH,);]4* cation.2?3

d: Platinum(iv).—Photoaquation of the [PtCl;]?~ anion has been the subject
of three investigations.2’4-27¢ The principle product is the [PtCl;(OH,)]~
anion. The reaction is affected by added chlorine, so a mechanism involving
platinum—chloride homolysis to generate a transient platinum(ir) species and
atomic chlorine was proposed.??4 It subsequently proved possible to buildup a
spectrum for this intermediate, which was considered to be the [PtCl,]-
anion. 2?5 Photoaquation also appears to be inhibited by added chloride,27¢ so

29 P, E. Dumas and E. E. Mercer, Inorg. Chem., 1972, 11, 531.

170 C. H. Langford and V. S. Sastri, in ‘Reaction Mechanisms in Inorganic Chemistry’, ed.
M. L. Tobe, M.T.P. International Review of Science, Butterworths, London, 1971,
Series 1, Vol. 9, p. 240.

171 D, A. Chaisson, R. E. Hintze, D. H. Stuermer, J. D. Peterson, D. P. McDonald, and
P. C. Ford, J. Amer. Chem. Soc., 1972, 94, 6665.

72 Yu. P. Myagkov, M. G. Kaplunov, Yu. G. Borod’ko, and A. E. Shilov, Kinetika i
Kataliz, 1971, 12, 1158 (Chem. Abs., 1972, 76, 18 410n).

s B_ Folkesson, Acta Chem. Scand., 1972, 26, 4157.

174 1, E. Cox, D. G. Peters, and E. L. Wehry, J. Inorg. Nuclear Chem., 1972, 34, 297.

#78 R, C. Wright and G. S. Laurence, J.C.S. Chem. Comm., 1972, 132.

27¢ G. A. Shagisultanova, R. M. Orisheva, A. A. Karaban, and S. P. Gorbunova, Russ. J.
Inorg. Chem., 1972, 17, 1646.
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platinum—chloride heterolysis may also contribute to the overall photo-
aquation. Rates of thermal aquation of [PtCls]>~ have also been reported.??”

There is evidence for the transitory existence of Br; during the photo-
aquation of rans-[Pt(NH,),Br,]** in the presence of bromide. The Br; ion
can hardly come directly from the trans-complex. It seems more likely to be
derived from a trans-[Pt(NH;),Br,]?+ Br— ion-pair. The authors of this report
do not believe that platinum(im) species are likely intermediates in the photo-
aquation either of this complex or of the [PtBrg]?>~ anion. However, a redox
mechanism involving the intermediacy of platinum(ir) and elemental bromine is
put forward for the photoaquation of [PtBrg]?~.278 This view contrasts with an
assertion published elsewhere that the photoaquation of [PtBrg]?~ takes place
by a non-redox, non-chain process. 2’ Copper(ir), cobalt(ir), nickel(ir), iron(ii),
and chromium(m) are all claimed to act as effective catalysts for the thermal
aquation of [Pt(NH,),Br,] (of unspecified stereochemistry).2?®

In acid solution the [Pt(NO,),]?~ anion undergoes both hydrolysis and re-
duction. The first steps in the reaction sequence are the replacement of two
nitrito-ligands to give [Pt(NO,),(OH,),]; reduction occurs subsequently.25®
Rates of loss of the first nitrito-ligand from the complexes [PtL;Bry(NO,).],
where L, = bipy, (py)s, or (PEt;),, have been determined in aqueous sul-
phuric acid (1.6—15.4M) and in acetic acid-sulphuric acid mixtures. Treat-
ment of the Kinetic results in aqueous sulphuric acid according to the methods
of Bunnett or of Zucker and Hammett suggests that water is not incorporated
into the transition state. The rate-determining step suggested is the loss of NO+
from the complex {here [Pt] = [PtL,Br,(NO,)]}:28!

,,N=0 *+
[PU-NO; === [P-NOH+ —> | [Py |
"0—H

l—NO*
|Pt]—OH,* ‘_E_:_ [Pt]—OH

This mechanism parallels that proposed earlier for the aquation of nitrito-
cobalt(m), -rhodium(im), and -iridium(or) complexes in acid media. 282

5 Base Hydrolysis
All the available kinetic parameters for base hydrolysis of complexes

2?7 §. Yamasaki, T. Kumamaru, and 1. Nakamori, Kyushu Daigaku Kogaku Shuho, 1971,
44, 82 (Chem. Abs., 1972, 77, 66 631c).

*7s P, D. Fleischauer and A. W. Adamson, Inorg. Chim. Acta, 1972, 6, 323.

7% Yu. A. Makashev, F. Ya. Kul’ba, and R. A. Zlotnikova, Russ. J. Inorg. Chem., 1972,
17, 1023.

80 .. K. Shubochkin, E. F. Shubochkina, M. A. Golubnichaya, and L. D. Sorokina,
Russ. J. Inorg. Chem., 1972, 17, 1210.

81 D. Humphreys and P. J. Staples, J.C.S. Dalton, 1973, 897.

2 B, E. Crossland and P. J. Staples, J. Chem. Soc. (4), 1971, 2853.
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[M(NH,);X]"*, where M = Com1, Rhir, Iri1, or Criff, have been conveni-
ently, if not particularly accessibly, gathered together and tabulated. Activa-
tion energies correlate with logarithms of frequency factors for X = halide
for all four elements, but complexes containing other ligands X cannot always
be included in the halide correlations. Ligand-field effects on reactivity are
discussed, as are relationships between activation enthalpies (entropies) and
enthalpies (entropies) of solvation of the respective leaving ligands. 283

Cobalt(mm) Complexes.—The operation of an Snxlcb mechanism for base
hydrolysis of cobalt(rir) complexes containing ammine or amine ligands is now
firmly established. It is, however, difficult to determine the pK values for these
co-ordinated ligands, for the concentration of conjugate base in equilibrium
with the complex is very small at normally accessible pH’s. Recent work has
suggested that the equilibrium constant for equilibrium proton loss from
[Co(en);]** is about 0.61mol-2.28¢ Rates of base hydrolysis of cobalt(mr)
complexes are not sensitive to the presence of added singly charged anions, but
the addition of doubly charged anions has a significant effect on reactivity. Thus
second-order rate constants for base hydrolysis of [Co(NH,);(OAc)]?+
decrease on adding sulphate or dicarboxylates. The ratios &, (ion pair)/k, (free
complex) lie between 0.16 and 0.51 for the anions investigated, and correlate
with the respective ion-association constants.33

Kinetic parameters for base hydrolysis of several ammine— or amine-halide
complexes are collected in Table 16. Most of these have been determined with

Table 16 Kinetic parameters for base hydrolysis of cobalt(uy) ammine- or
amine-halide complexes in aqueous solution

k,/l mol-1s~1 AH=*| AS* [cal

Complex (temperature/°C) kcal mol— deg—' mol-* Ref.
trans-[Co(NH;),(CN)CIJ* 0.035 (0) 23.8 +22 81
trans-[Co(NH;),(NCS)CIJ*+ 0.048 (0) 29.6 +44 82
cis-[Co(en),(Pr2NH,)Cl] 2+ 0.273 (0) 23.4 +25 65
cis-[Co(en),(BurNH,)CIJ2+ 0.295 (0) 23.4 +25 65
cis-[Co(en),(BuiNH,)Cl]z+ 0.387 (0) 23.4 +25 65
cis-[Co(en),(BusNH,)CI]?+ 1.55 () 23.4 +28 65
cis-[Co(en),(CsH, NH,)Clj2+ 2.5(0) - — 67
cis-[Co(en)y(C¢H,; NH,)Br]2+ 8.9(0) — — 67
cis-[Co(en){HO(CH,) NH,}Cl] 2+ 0.25-0.31 (0) — — 70
trans-[Co(en),(OAc)CI]+? 10.8 (25) 22.6+0.5 +22+2 76
n-[Co(en)(dien)Cl} >+ 360 (25) —_ — 88
»-[Co(en)(dien)CI]2+ 47 000 (25) — — 88
w-[Co(en)(dien)CI}2+ 7.26 (25) — — 88
trans-[Co(cyclam)(NO,)CI]+ 28 (0) — — 39
trans-[Co(cyclam)(CN)CI]*+ 0.81 (0) 22.6 +24 81
trans-[Co(cyclam)(NCS)Cl]+¢ 26 (0) 21.1 +25 82

4 2<n<6. ? Product is 209 cis, 809 trans. ¢ In borax-boric acid buffer.

288 G. C. Lalor, Rev. latinoamer. Quim., 1972, 3, 100.
#¢ G. Navon, R. Panigel, and D. Meyerstein, Inorg. Chim. Acta, 1972, 6, 299.



Inert Metal Complexes: Co-ordination Numbers Six and Higher 221

the intention of probing sundry non-leaving-ligand effects on reactivity. The
favourite non-leaving-ligand comparison, here as in aquation in acid media, is
that of (NH,), with (en), and with cyclam, which it is now fashionable to
discuss in terms of the relative nephelauxetic effects of these ligands, 3. 81,82
Other non-leaving-ligand effects probed recently include ring-size effects [for
ligands HO(CH,).NH,], steric effects (n-, iso-, and sec-butylamines),®® and
the relative reactivities of isomers {previous example plus the =-, -, and
w-isomers of [Co(dien)(en)Cl]?+}.65, 88

The site of deprotonation in the generation of the conjugate base from the
complex [Co(trenen)Cl]?t in base hydrolysis of this complex was said to be the
nitrogen at position 7 in the trenen ligand [trenen = 4-(2-aminoethyl)-
1,4,7,10-tetra-azadecane]. The proton removed is that shown in (30).285 It was
thought that the replacement of this 7-proton in the trenen by a methyl group,
which methyl-trenen ligand gives the complex (31), should lead to a much
lower rate of base hydrolysis. This turns out not to be the case. The different
geometry of the complex, greater steric strain in the ligand, and the proximity
of the 7-methyl group to the leaving chloride seem to counterbalance the un-
favourable effect of having to remove a proton from some other position of the
methyl-trenen ligand. 288

Y —
N Na N
i\ LI
N/ H N TMe
a
(30) @Qn

Rates and activation enthalpies for base hydrolysis of the «fR- and «SS-
isomers of [Co(tetren)(NCS)]?+ are remarkably similar. Second-order rate
constants at 25 °C are 88.5 and 108 1 mol—* s—* respectively, and the activation
enthalpies are 9.6 + 1.9 and 10.1 £ 2.5 kcal mol-1.#2 The predominant reaction
of the S-thiocyanato-complex trans-[Co(en),(NH;)(SCN)]2+ in basic solution
is base hydrolysis, with less than 109 isomerization to the N-thiocyanato-
isomers. Base hydrolysis of [Co(NH;);(SCN)]2* is accompanied by much more
isomerization. S-Thiocyanato is approximately as good a leaving group as
chloride from cobalt(i) in basic solution.287 The activation enthalpy for base
hydrolysis of [CoO(NH,)s(S:02)]* is 30.4 kcal mol~1; the activation entropy is
25.7 cal deg~* mol—1.28% In dilute alkali, base hydrolysis of [Co(en),(0ox)]*
gives 100 % cis-[Co(en),(OH,),]**, but in 4M alkali, the product distribution is

5 D, A. Buckingham, P. A. Marzilli, and A. M. Sargeson, Inorg. Chem., 1969, 8, 1595.

228 D, A, Buckingham, M. Dwyer, A. M. Sargeson, and K. J. Watson, Acta Chem. Scand.,
1972, 26, 2813.

7 D, A, Buckingham, I. I. Creaser, W. Marty, and A. M. Sargeson, Inorg. Chem., 1972,
11, 2738.

288 G, C. Lalor, G. A. Neita, and A. N. Newton, Rev. latinoamer. Quim., 1972, 2,
149.
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about 50% cis- and 50% trans-[Co(en),(OH,),]*+.*®® Base hydrolysis of com-
plexes [Co(LLLL)(CO,)]*, where LLLL = a methyl-substituted quadri-
dentate (four nitrogen donor atoms) macrocycle, takes place in two kinetically
distinct stages. In the first a unidentate carbonato-intermediate [Co(LLLL)-
(OH)(CO,)] is formed.2%®

The a-cis-{Co(edda)(NH,),]* cation loses ammonia in basic aqueous solu-
tion. The reaction follows the usual rate law, first-order in complex and first-
order in hydroxide-ion concentration. The activation energy is about 40 kcal
mol~1.291 The kinetics of base hydrolysis have also been reported for the
p-cis-isomer., The analogous ethylenediamine complex [Co(edda)(en)}t
undergoes isomerization rather than hydrolysis in basic solution. 22

Cobalt(mm)-dimethylglyoxime complexes also undergo base hydrolysis by an
Sn1lcb mechanism. In the case of base hydrolysis of #rans-[Co(dmgH),(py)Cl]
the conjugate base persists long enough for its purple colour to be observed.
The equilibrium constant for the formation of this conjugate base* has been
evaluated spectrophotometrically as 1545 1 mol—. The rate of chloride release
from the conjugate base is between 3 and 4x10-%4s-! at 30 °C in 109,
ethanol.'® An Sxlcb mechanism also operates for base hydrolysis of the
trans-[Co(dmgH),(NO,),]~ anion?%%2%% and for trans-[Co(dmgH),(OH,)-
(NO,)].295 Base hydrolysis of [Co(dmgH),(OH,)(NCS)] involves two kineti-
cally significant paths, with a consequently more complicated rate law. Both
paths involve the conjugate base [Co(dmgH),(OH)(NCS)]}-, which undergoes
parallel simple aquation and base hydrolysis via a further deprotonated
conjugate base [Co(dmgH)(dmg)(OH)(NCS)]?~. By working at high hydroxide-
ion concentration and low temperature the authors were able to isolate the
latter path and determine activation parameters of AH* = 22.540.4 kcal
mol-*and AS* = —1.2+1.1 cal deg~! mol~. The contribution of this path
to the overall rate at lower hydroxide-ion concentrations could then be sub-
tracted, to permit the estimation of AH* = 32.2+0.5 kcal mol-* and
AS* = + 28.4+1.3 cal deg-1 mol-? for the aquation of the [Co(dmgH),-
(OH)(NCS)]- conjugate-base anion.2®® The kinetic pattern and suggested
mechanisms for base hydrolysis of [Co(dmgH),(OH,)(NCSe)] are similar to
those just outlined for the equivalent thiocyanato-complex. The activation

* Equilibrium constants for conjugate-base formation from the related complexes
[Co(dmgH).(py)Brl and [Co(dmgH).(4-Me-py)X], with X = Cl or Br, have also been
estimated (ref. 293).

289 M. E. Farago, C. F. V. Mason, and B. A. Page, Proceedings of the 3rd Symposium on
Coordination Chemistry, Debrecen, Hungary, 1970, Vol. 1, p. 313; Vol. 2, p. 227.

290 J F. Endicott, N. A. P. Kane-Maguire, D. P. Rillema, and T. S. Roche, Inorg. Chem.,
1973, 12, 1818.

#1 K. Kuroda, Chem. Letters, 1972, 1153.

92 K. Kuroda and F. Mohri, Chem. Letters, 1972, 719.

233 V. R. Vijayaraghavan and M. Santappa, J. Inorg. Nuclear Chem., 1973, 35, 3035.

2%¢ C, Varhelyi, J. Zsaké, and M. Zsigmond, Studia Univ. Babes-Bolyai, Ser. Chem., 1971,
16, 53 (Chem. Abs., 1972, 716, 90 688b).

25 J Zsakd, Z. Finta, and C. Vérhelyi, J. Inorg. Nuclear Chem., 1972, 34, 2887.

29s 7. Finta, C. Varhelyi, and J. Zsak$, Rev. Roumaine Chim., 1973, 18, 417.



Inert Metal Complexes: Co-ordination Numbers Six and Higher 223

enthalpies for each base-hydrolysis pathway for the selenocyanato-complex
are equal, within the limits of experimental uncertainty, to those for the
thiocyanato-complex. 297

In basic solution cis-[Co(NH;),(OHS,),]** undergoes tetramerization:

4[Co(NH,),(OH,),** + 60H- —>
[Co{(OH),Co(NH,),}s]*+ + 4NH,; + 8H.O

This reaction is first-order in monomer. The variation of rate with pH suggests
that the rate-determining step is a dissociative reaction of trans-[Co(INH,),-
(OH),]". As the rate-determining step comes so early in the reaction sequence
it is impossible to obtain any kinetic information pertaining to dimeric or
trimeric intermediates. But it is possible to rule out the dimer [(H;N),Co(OH),-
Co(NH,),]*t as an intermediate, since this u-dihydroxo-cation gives a precipi-
tate of cobalt hydroxide instantly in media whose pH’s fall within the range
covered by this investigation of the tetramerization.?°®

Other Complexes.—Chromium. The complexes cis-[Cr(NH;),(OH,)Clj*+ and
cis- and frans-[Cr(NH,3),(OH,)Br]?t+ all undergo hydrolysis in basic solution
with complete retention of configuration. Rates of base hydrolysis of these
complexes are high, for in each case reaction is complete within two minutes of
mixing the reagent solutions.?®® The kinetics of base hydrolysis of #rans-
[Cr(pn),Cl,]* are complicated by the fact that the second chloride is lost more
rapidly than the first. However, it is possible to estimate that loss of the first
chloride from this complex takes place slightly more rapidly than the similar
loss from trans-[Cr(en),Cl,]t. The relative reactivities of these pn and en
complexes are thus in the same order as those of their cobalt(mr) analogues. 22
The rate law for base hydrolysis of the [Cr(NH,);(N,)]?* cation is

+dNGl/dr = {k; + kJOH -TICr(NH,);(N;)**]

The k, term is assigned to an Sxlcb process, the activation parameters for
which are AH* = 249+1.3 kcal mol-! and AS*¥ = +2.9 cal deg—?
mol-*, The value of k, appears greater than expected from known rates of
aquation of this complex in acid solution, but the situation is complicated by
the possibility of parallel loss of ammonia and of azide.3°°

Iron. The rate law for the reaction of the S-bonded thiocyanato-complex
[Fe(CN);(SCN)]3- with hydroxide ion suggests two parallel paths. The firstis a
D or Sx1(lim) path, with an [Fe(CN);]*~ intermediate discriminating between
hydroxide ion and thiocyanate ion. The second path is thought to involve the
intermediacy either of [Fe(CN);(OH)(SCN)]*~ or of [Fe(CN);(NCS)]*-. An
Snlcb process is, of course, precluded here.3** The reactions of optically

297 J, Zsakd, Z. Finta, and C. Vdrhelyi, J. Inorg. Nuclear Chem., 1973, 35, 2839.

¢ S Balt and W. de Kieviet, Inorg. Chem., 1972, 11, 2251; S. Balt and P. M. Kwantes,
J. Inorg. Nuclear Chem., 1973, 35, 2407.

222 R. R. Barona and J. A. McLean, Inorg. Chem., 1972, 11, 1443.

200 C, Chatterjee and P. Chaudhuri, Indian J. Chem., 1971, 9, 1132.

so1 J H. Espenson and S. G. Wolenuk, Inorg. Chem., 1972, 11, 2034.
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active [Fe(bipy),]2t or [Fe(phen),]?+ with hydroxide ion are said to lead to
complete loss of optical activity.3*? Rates of reaction of the [Fe(ppsa)s]®t
cation, where ppsa = (28) of Section 4, show the expected dependence on
hydroxide-ion concentration but an unexpectedly large sensitivity to the nature
of the salt used to maintain constant ionic strength.?°3 The base hydrolysis of
cis-and of trans-[Fe(CNMe),(CN),] is a second-order process. Again an Sx1cb
mechanism is impossible, so bimolecular nucleophilic attack by the
hydroxide at the ion is the proposed mechanism. The activation parameters for
the reaction of the cis-isomer are E, = 28+ 1 kcal mol-* and AS* = +45.8
cal deg~*mol-! and for the trans-isomer E, = 31+1kcalmol-* and
AS*¥ = +17.6cal deg~! mol~1,260

Ruthenium. The activation enthalpy for base hydrolysis of [Ru(NO)Y(OH)Cl,}*~
is 24.4 kcal mol—! and that of [Ru(NO)CI;]?- is 27.5 kcal mol—1.2%% The overall
reaction of the trinuclear cation [(H,N);Ru-O-Ru(NH;), O -Ru(NH;);]’* in
basic solution is a redox process, with the evolution of oxygen, but the rate-
determining step is attack of hydroxide ion at the central ruthenium atom, for
which the activation enthalpy is 19 kcal mol—1,%4

Rhodium. Isotope effects on the reactivity of rhodium(ur) complexes towards
base hydrolysis have been probed by comparing activation parameters for the
reactions of the cations [Rh(ND;);X]?>+ with OD~ in D,O with the activation
parameters for the analogous *H systems. Rates of reaction are slightly greater
in the deuterium systems than in their respective protium analogues. These
different reactivities arise from differences of about 2 kcal mol—?! between the
respective activation enthalpies and of 5—20 cal deg~! mol-* between activa-
tion entropies. The results are interpreted in terms of a fully associative
mechanism, with appropriate differences in solvation effects in the initial and
transition states.° It is somewhat surprising to find the assumption of a fully
associative mechanism for these reactions in the light of recent reviews 3°¢
which favour an Sx1 mechanism, possibly with some associative character, for
base hydrolysis of rhodium(ur)- and of iridium(ur)-ammine complexes.
However, two recent papers do provide some support for the assumption of an
associative mechanism for base hydrolysis of these complexes. The rate laws
for the base hydrolysis of [Rh(NH,);(NO;))?t (ref. 241) and of [Rh(NHS);-
(SO (ref. 50) are both consistent with an Sxlcb or with an Sn2cb
mechanism. The activation entropies for the base hydrolysis of these com-
plexes are +26 and + 10 cal deg—! mol~? respectively. As these values are
markedly less positive than those for base hydrolysis of the analogous cobalt(1i)
complexes, it is said that an Sx2cb mechanism may operate for the
rhodium(mr) complexes, and for their iridium(ir) analogues (see below). The

302 (5, Nord, Acta Chem. Scand., 1973, 27, 743.

303 B R. Gardner, F. M. Mekhail, J. Burgess, and J. M. Rankin, J.C.S. Dalton, 1973, 1340.

304 § E. Earley and T. Fealy, Inorg. Chem., 1973, 12, 323; J. E. Earley and H. Razavi,
Inorg. Nuclear Chem. Letters, 1973, 9, 331.

205 S C. Chan and S. F. Chan, J. Inorg. Nuclear Chem., 1972, 34, 793.

3¢ See, e.g., C. H. Langford and V. S. Sastri, ref. 270, pp. 243—4.



Inert Metal Complexes: Co-ordination Numbers Six and Higher 225

activation enthalpies for base hydrolysis of the [Rh(NH;);(NOy]J?+ and
[Rh(NH,)5(SO)]* cations are 27.5 and 24.5 kcal mol—? respectively.

The rate law, rate constants, and activation parameters have been estab-
lished for the base hydrolysis of the trans-{Rh(en),(OH)I]* cation. It appears
from these results that the intrinsic kinetic trans effect of a hydroxo-ligand is
very similar to that of chloride in this type of rhodium(ur) complex.3°? Base
hydrolysis of cis-[Rh(bipy).Cl,]* or of its phen analogue is normally very slow,
but is considerably catalysed by the presence of reducing agents such as
ethanol or hydrazine.3*® This behaviour is reminiscent of substitution at
trans-[Rh(py),Cl,]+.20°
Iridium. Activation parameters have been determined for the base hydrolysis
of [Ir(NH,);X]J2t, where X = CI, Br, or NO; (Table 17). Base-hydrolysis

Table 17 Kinetic parameters for base hydrolysis of [Ir(NH;):X]12+ cations in
aqueous solution

X ky/l mol~1s~1 (25 °C) AH#*[kcal mol-* AS+*/caldeg~' mol-! Ref.

Cle 4.83x10°8 33.7 +18.9 310
Bre 2.15x10°8 35.2 +22.3 310
NOg? 1.9x10-¢ 31.0 +19 241

@ Extrapolated to zero ionic strength. ? 7=1.0 mol I-* (NaClO,).

rates for the iridium(mr)-halide complexes [Ir(NH;)sX]?+ increase in the order
X = I<Br<Cl, in contrast to the opposite order of reactivity for the
analogous cobalt(ir) series. For the rhodium(ur) complexes [Rh(NH,); X]2+
rates of base hydrolysis are approximately equal for the three compounds with
X = CI, Br, or L. For all three series the highest activation enthalpy is observ-
ed for the iodo-complex, so the various rate trends noted are determined by
the activation entropies. Indeed activation entropies correlate with entropies of
hydration of the leaving ligands for base hydrolysis both of the [Tr(NH;);X]?*+
and the [Rh(NH,),X]?+ series of complexes.?'® Base hydrolysis of [Ir(NH;);-
(NO,)J?* may have an Sn2cb mechanism, since the activation entropy for
this reaction is very different from that for base hydrolysis of [Co(NHj;);-
(NH,)]2+.241 The photochemistry of trans-[Ir(py).Cl,]~ in basic solution has
been described. 254

6 Formation

In this section, formation reactions at inert transition-metal centres are dis-
cussed, with cations arranged in order of increasing number of d electrons.

307 A, J. Poé and C. P. J. Vuik, J.C.S. Dalton, 1972, 2250.

308 P, M. Gidney, R. D. Gillard, and B. T. Heaton, J.C.S. Dalton, 1972, 2621.

309 See, e.g., ref. 244 of Section 4 for a review of redox catalysis of substitution at
rhodium(i).

310 G, C. Lalor and T. Carrington, J.C.S. Dalton, 1972, 55.
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Formation reactions of mixed aquo-ligand as well as of hexa-aquo-complexes
are included. Formation reactions at labile cations are discussed in Chapter 4
of this Part.

d?: Vanadium(in).—From time to time there are suggestions that formation
reactions at hexa-aquovanadium(im), as at other d2, d*, and d° centres where
there is at least one vacant f,4 orbital, occur by a mechanism having some
associative character. However, a definitive demonstration of associative
anation at vanadium(m) has yet to be reported. The most recent reference to
present some evidence for an associative formation involving vanadium(tr)
deals with the kinetics of oxalato-complex formation.3!?

d?®: Chromium(ini).—The rate law for the reaction of [Cr(NH,);(OH,)]**+ with
azide, over the pH range 3.4—4.3, has been interpreted as indicating parallel
reactions of the azide ion with [Cr(NH;);(OH,)]** itself and with its conjugate
base [Cr(NH;);(OH)J?+. Activation parameters for the former path are
AH#* = 25.3 kcal mol-! and AS* = +3.0caldeg~'mol-! and for the
latter pathare AH* = 32.2kcal mol-land AS* = +6.4 cal deg~! mol~%.
The operation of an Sx1 IP mechanism is proposed for both paths.3!2

The kinetics of formation of oxalato-complexes both from [Cr(OH,)¢*+
(refs. 313, 314) and from mixed ligand-aquo-chromium(mr) complexes 172,318
have been investigated. Some of the results of a detailed study of the kinetics of
formation of the mono-, bis-, and tris-oxalato-complexes from [Cr(OH,)¢}*,
as a function of oxalate concentration, pH, temperature, and ionic strength,
are given in Table 18.31% Second-order rate constants for each step in this

Table 18 Kinetic parameters for the formation of oxalato-chromium(i)

complexes
10%k/
I mol-ts—?!
(temperature] AH#*/ AS*/

Reactant °C) kcal mol-! caldeg-'mol- Conditions Ref.
[Cr(OHy)]3+ 4 (25) 26.6 +7.4 pH = 2.7;
[Cr(OH,),(0x)]*+ 53 (25) 32.2 —0.6} I = 1.0M 313
[Cr(OH,).(0x).] 14 (25) 21.7 -10.0

3<pH<4:

[Cr(NH,),(OH)1*+ 62 (50) 26.4¢9 +8.6“{ I =1.0M 315
(HCIO,)

[Cr(bigH),(OH,),]3* 660 (25) 20.2 —-1.1 I=10M 172

@ Estimated activation parameters for the formation interchange process within the
[Cr(NH,):(OH,)I*+ ox*~ or [Cr(NH,);(OH ,)]*+ Hox~ ion pairs.

311 R. C. Patel and H. Diebler, Ber. Bunsengesellschaft phys. Chem., 1972, 76, 1035.
312 P, Banerjea and S. Sarkar, Z. anorg. Chem., 1972, 393, 301.

313 C, Schenk, H. Stieger, and H. Kelm, Z. anorg. Chem., 1972, 391, 1.

314 C. Schenk and H. Kelm, J. Coordination Chem., 1972, 2, 71.

118 Q. Nor and A. G. Sykes, J.C.S. Dalton, 1973, 1232.



Inert Metal Complexes: Co-ordination Numbers Six and Higher 227

reaction sequence increase with increasing pressure (Scheme 1) (25 °C,
pH = 2.7). The rate-determining step is, in the light of this evidence, stated to
be bimolecular attack of HC,O, at the chromium(mr).?'* However, a com-
parison of the rate of reaction between [Cr(NH,);(OH,)]** and oxalate with
the rates of reaction between this cation and other ligands suggests that the
first step is a dissociative interchange. The observed product of this reaction of
[Cr(NH,),(OH,)]3* with oxalate is [Cr(NH,),(0x)]* — there is no evidence for a
significant build-up of the likely intermediate [Cr(NH;);(0x)]+. The chelation
step, from the penta-ammine to the tetra-ammine complex, must therefore be
relatively rapid. This step may well have considerable associative character,
encouraged by the forced proximity of the potentially chelating oxygen of the
unidentate oxalate and the chromium.3!® Activation parameters for the
reaction of [Cr(bigH),(OH,)]*t with oxalate, to give the previously un-
characterized complex [Cr(bigH),(0x)]*, are quoted in Table 18. The limited
evidence available is consistent with an I3 (Sx1ip) mechanism.'?2

[Cr(OH,)]3*
+ ox*‘l AV* = =22 cm® mol-?
[Cr(OH)4(0x)]*
+ ox”“l AV* = ~82 cm?® mol-*
[Cr(OH,)2(0x):]~
+ ox'-"l AV* = ~10.0 cm?® mol-?
[Cr(ox)s}*~

Scheme 1

Theratelaw for the reactions of cis-[Cr(ox).,(OH,).]~ with bipy or phen (LL)is
b d[cis-Cr(OX)g(OHg);]/ dt = {k 3 + kg[LL]}[CiS-Cr (Ox)z(OHz);]

As the value of &, is the same for L. = bipy or phen, this pathway is assigned
a dissociative mechanism. Some associative character is ascribed to the
k,[LL] path, although the observed activation enthalpies AH (bipy) = 19.8
kcal mol-! and AH; (phen) = 20.8 kcal mol—* are surprisingly high com-
pared with AHF = 11.5 kcal mol~* for the k, path.316

In aqueous ethylene glycol mixtures (mole fraction of glycol up to 0.9) the
primary solvation shell of Cr3+ consists of six water molecules, one unidentate
glycol plus five water molecules, or one bidentate glycol plus four water
molecules. Interconversion of the last two species is relatively fast compared
with the rate of formation of the monoglycol solvate from [Cr(OH,)¢]**. The
disparity in the various rates here is less than in the [Cr(NH,);(OH,)]** plus

a1 D, Banerjea and J. Roy, Z. anorg. Chem., 1973, 399, 115.
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oxalate system discussed in an earlier paragraph, and it has proved possible to
elucidate the rate laws governing the formation and decomposition not only of
the bidentate glycol species [Cr(OH,)(glycol)]3* but also of the unidentate
glycol species [Cr(OH,);(glycol)]*+. The formation of this latter complex from
[Cr(OH,);>*+ has an activation enthalpy of 25.2 kcal mol~!. The chelation
step,

[Cr(OH,)s(glycol)]*+ —> [Cr(OH,) (glycol)*+ + H,O

has an activation enthalpy of 15.3 kcal mol-1.217

Rates of reaction of mono- and di-nuclear aquo-chromium(1) species with
edta have been measured.?'® The operation of an anchimeric cis effect in
the reactions of [Cr(OH,);(O.,CR)]?* cations with edta has already been
mentioned (see footnote on p. 200).

The reaction of cis-[Cr(en),(DMSO),]*+ with chloride ion, in dimethyl
sulphoxide solution, is some thirty times faster than the reaction of this
complex with bromide ion. This reactivity difference can be ascribed to the
relative values of the ion-association constants between this cation and the
incoming chloride or bromide.1*°

d?®: Molybdenum(m).—A preliminary study of the kinetics of the reaction of
the recently characterized aquomolybdenum(im) ion with thiocyanate suggests a
second-order rate constant of about 10 1 mol—! s—*, This reaction rate is about
a million times greater than that for hexa-aquochromium(im) plus thiocyanate.
Such a difference in reactivity may betoken a. much more associative mechan-
ism* for the reaction at the aquomolybdenum(im) cation — the trend at least is
in the right direction for this. However, the possibility that the high rate
may arise from redox catalysis by traces of some other oxidation state of
molybdenum should be borne in mind unless unequivocally eliminated by
subsequent work.31?

d5: Tron(im).—In anation reactions involving cationic complexes and anions
it is always impossible to distinguish kinetically between an Sx1 (lim) or D
and an Sxlip or Iq mechanism — and often difficult to distinguish between
these and an associative (Sx2) mechanism. With anation reactions between

* Since the preparation of the manuscript for this chapter, a rate constant for the
reaction of aquomolybdenum(ir) with thiocyanate differing by a factor of ca. 40 from that
claimed in reference 319 has been reported. However, the mechanism for the reaction of
aquomolybdenum(mr) with thiocyanate and with chloride does indeed, from several pieces
of evidence, appear to be associative in character (Y. Sasaki and A. G. Sykes, J.C.S. Chem.
Comm., 1973, 767). Inconsistencies of kinetic parameters in this area are none too surpris-
ing in view of disagreements over the physical properties of various purported preparations
of solutions containing monomeric aquomolybdenum(iir) (Y. Sasaki and A. G. Sykes,
J.C.S. Chem. Comm., 1973, 767; A. R. Bowen and H. Taube, J. Amer. Chem. Soc., 1971,
93, 3287; and ref. 319).

217 H, B. Clonis and E. L. King, Inorg. Chem., 1972, 11, 2933.

818 J. Geher-Glucklich and M. T. Beck, Acta Chim. Acad. Sci. Hung., 1971, 70, 235, 247
(Chem. Abs., 1972, 76, 18 320h, 18 423u).

st K. Kustin and D. Toppen, Inorg. Chem., 1972, 11, 2851.
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anionic complexes and anions the situation is simpler, as at least pre-
equilibrium formation of ion pairs can be ruled out, Thus in the classic system
of anion substitution at [Co(CN);(OH,)]*~ the operation of an Sn1 (lim) or
D mechanism has been unequivocally established. Recently the kinetics of
substitution at [Fe(CN);(OH,)]?~, using thiocyanate ion as entering group,
have been investigated. The results are less clear-cut than for the cobalt
analogue. The most satisfactory conclusion from these results and information
on base hydrolysis of [Fe(CN);(SCN)]*- is that anation at [Fe(CN);(OH_)]*>~ is
associative. Transition states [Fe(CN);(OH,)(SCN)]*~ and [Fe(CN);(OH)-
(SCN)]4- are proposed; the latter is postulated from a term at [H*]~* in the
rate law.3°1 The formation of [Fe(CN);(SCN)]*~ from the dinuclear complex
[Fe,(CN),,0]%~ takes place in two kinetically distinct stages. The postulated
intermediate could be formed via the plausible mechanism of thiocyanate
attack at the less stable iron—nitrogen end of one of the two bridging cyano-
groups in the dimer:3!

[(NC),Fe(CN),Fe(CN),]*~ + NCS~ —> [(NO);Fe(CN)Fe(CN),(SCN)]*~

d8: Cobalt().—Kinetic studies of formation reactions from aquocobalt(tx)
are understandably rare. However, the kinetics of formation of both the
mono- and bis-salicylato-complexes can be monitored before the redox reaction
to cobalt() supervenes. Rate laws and rate constants at 25 °C have been
established.22°

The kinetics of formation of [Co(NH;);(CO5)]* from [Co(NH,);(OH,)]3+
and carbon dioxide have been examined in the pH range 7—9. These results,
considered in relation to the known kinetic pattern for the aquation of the
carbonato-complex, suggest the reaction scheme outlined below (Scheme 2).*

CO;*

I

[Co(NH,)s(OH)]** HCO,™

! |

[CoNH){OH)]**  + €O, === [Co(NH,);(CO,H)J**

[

[Co(NH;);(COg)I*
Scheme 2
* H+ omitted from Scheme 2 for clarity.

320 R, G. Sanberg, J. J. Auborn, E. M. Eyring, and K. O. Watkins, Inorg. Chem., 1972, 11
1952.
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The actual formation step is the reaction of carbon dioxide itself with the
conjugate base of the penta-ammine-aquo-complex. For this process the
second-order rate constant (k, in Scheme 2) is 2.2 x 1021 mol-*s~! at 25 °C;
the activation parameters are AH* = 15.3+0.9 kcal mol~! and AS* =
+3.6+3.0 cal deg~* mol-1.32! The activation parameters for the reaction of
[Co(NH,);(OH,)]** with the neutral ligand glycine are AH* = 27.6 kcal
mol~* and AS* = +5.2 cal deg~* mol-1. The mechanism suggested is one
of dissociative interchange following a pre-equilibrium association between
the reactants. A dissociative mechanism is supported by the similarity of the
activation enthalpy for this reaction with those for water exchange and azide
reaction with [Co(NH,);(OH,)]**, which are 26.6 kcal mol-* and 26.9 kcal
mol-! respectively.®?2 The cis- and trans-isomers of [Co(NH;),(OH,)(OH)]**
react with ammonia at approximately the same rates in 8M-NHj solution to
produce the[Co(NH,),;(OH)]?+cation.??3 Activation parametersfor the reaction
of [Co(tren)(OH,),]*+ with bromide ion are reported to be AH* = 25.2+0.4
kcalmol-! and AS* = 0.19+1.1caldeg'mol-! in aqueous solution
(I = 2.0M). The rate law is consistent with a dissociative interchange or with
a bimolecular (Sx2) mechanism; the principle of microscopic reversibility is
invoked to rule out the latter.22*

The kinetics of replacement of the water ligand of alkylaquo-1,3-bis(biacetyl
monoximeimino)propanatocobalt(ur) (32) by a variety of anionic and un-
charged nitrogen ligands conform to one of two patterns. For thiocyanate,
azide, ammonia, piperidine, or morpholine as incoming group, there is a simple
rate law consistent with dissociative replacement, but for reaction with
imidazole, benzylamine, pyridine, or 4-methylpyridine, the rate law is

Rate = K[GLI/(k* + [L])

This rate law is consistent with a D or with an ion-pair mechanism. The latter
seems improbable as the incoming group is uncharged. The former is also
unacceptable as the limiting rates for the various entering groups are widely
different. The feature which is common to all these entering groups, and which
distinguishes them from the first group of entering ligands (viz. thiocyanate
etc.), is their aromaticity. It is therefore suggested that the aromatic bases

R O-H-

/‘ -
o i
OH,

(32)

32t E. Chaffee, T. P. Dasgupta, and G. M. Harris, J. Amer. Chem. Soc., 1973, 95, 4169.
*12 D, Banerjea and J. Roy, Z. anorg. Chem., 1973, 400, 89.

313 B, G. A. M. Bohte and S. Balt, Rec. Trav. chim., 1973, 92, 826.

¢ K. Kuo and S. K. Madan, Inorg. chim. Acta, 1973, 7, 110.
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react by an ‘ion-pair’ type of mechanism, but that the associated inter-
mediate here involves n-association between the aromatic entering group and
the conjugated part of the complex rather than the electrostatic association of
an ion pair.32%

Much effort has been devoted to the determination of kinetic parameters for
the displacement of water from compounds of the general formula
[Co(dmgH),(L)(OH,)]*+.%, 326-330 Activation parameters for a number of
such reactions are quoted in Table 19. The variation of substitution rate with

Table 19 Activation parameters for the replacement of water in trans-
[Co(dmgH),(LY)(OH,)]*+ by an incoming ligand L% in aqueous

solution

Lt L2 AH#*[kcal mol~! AS#*/caldeg~tmol™* log A Ref.
tu tu 19.2 —-19 — 326
etu etu 15.5 —-20 — 327
tmtu tmtu 16.8 —-20 — 327
py py 16.6 — 6.7 328
NO3; py 13.6 — 5.8 328
OH, py 1.9 —_ 4.9 328
NH, Cl- 34.3 — 18.6 94
Cl tu 1.9 -30 — 330
Br tu 12.5 —-28 — 330
1 tu 13.4 -26 — 330

the nature of L, when L is thiourea or one of its derivatives, is consistent with a
dissociative mechanism.?2? From the present 328,329 and earlier results one can
place ligands L in the following trans-labilizing order in this type of complex:

SO3™ ~tu>OH ™ ~85,0;” > OH,>NO; >py

The variation of rates and activation parameters with solvent composition has
been examined, for complexes with L = (substituted) thiourea, in mixed
aqueous solvents containing up to 50%; ethanol, 509 propan-2-ol, and 30%;
dioxan. Some illustrative values are listed in Table 20. The variation of kinetic
parameters with solvent composition, in particular plots of logarithms of rate
constants against reciprocal dielectric constants, is said to be consistent with
the dissociative mechanism one would expect for complexes containing such
strong trans-labilizing groups as thiourea and its substituted derivatives, 328, 327

The rate law for the formation of the newly prepared u-selenato-u-amido-
complex (33) from (34) is

Rate = ki(33)[[SeOF J[H] ®

#: G, Tauzher, R. Dreas, G. Costa, and M. Green, J.C.S. Chem. Comm., 1973, 413.
32¢ B, A. Bovykin, Russ. J. Inorg. Chem., 1972, 17, 1576.

317 B, A. Bovykin, Russ. J. Inorg. Chem., 1972, 17, 1435,

838 N. M. Samus’ and T. S. Luk’yanets, Russ. J. Inorg. Chem., 1972, 17, 390.

a3 J, E. Earley and J. G. Zimmerman, Inorg. Nuclear Chem. Letters, 1972, 8, 687.
330 B, A. Bovykin, Russ. J. Inorg. Chem., 1973, 18, 232,
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Table 20 Kinetic parameters for the replacement of water in trans-
[Co(dmgH),(LY(OH,)I* by an incoming ligand L? in aqueous and in
mixed aqueous solution

AH=*/ AS#/
L' = L% Solvent 105k /s~ kcal mol—1 cal deg~* mol-! Ref.

tu Water 6.7 19.2 —~19
509% EtOH 4.3 18.4 —19} 326

509 PriOH 4.0 21.2 —18

etu  Water 14° 15.5 —-20
509 EtOH 10.8 18.0 —-19 327

50% PriOH 8.9 17.0 —21

309 dioxan 1.3 17.0 -21

@ At 40 °C. ? By extrapolation.

The value of kis 1.35x 10-2 12 mol—2 s~ at 25 °C. The activation parameters
are AH* = 18.2+0.3kcal mol-* and AS* = —6.3+£0.9 cal deg~* mol-.
Selenate reacts at about the same rate as sulphate with (34) ; both of these oxo-
anions react much more rapidly than do bromide or chloride. There is no
evidence that ion-pair formation between (34) and selenate makes an appreci-
able contribution to the observed kinetics.1°? The reaction of the u-hydroxo-
cation (35) with thiocyanate follows a rate term analogous to that in equation

NH, 8 NH, o
e
(HN)CE ColNHa), (HN).CE CotNHy,
S€0, OH
(33) (34
[(HgN)sCo—OH—Co(NHj);]15*
(35)
(9) above. Here k¢ = 3x10-21-2mol-2s-1 at 25 °C, and the activation
parameters are AH* = 10.9+0.6 kcal mol-1 and AS* = —25.8+2.2cal

deg—! mol-1. The products include equal amounts of the [Co(NH,);(OH)]**+
and [Co(NH,;);(NCS)]2+ cations.0t

An attempt to study the kinetics of condensation of cis-[Co(NH3),(OH,).J**
and fac-[Co(NH,),(OH,),]3+ was not fruitful, since there proved to be too
much decomposition and loss of ammonia.?3! However, a study of the tetra-
merization of cis-[Co(NH;),(OH,),]*>* did prove successful.??®

The rate of formation of the ternary complex from ANN-diaceticanthra-
anilatocobalt(mr) and nitrite ion is a function of pH, with a maximum velocity
at pH 2.5. The activation energy is 22.1 kcal mol-! and the probability factor
is 1.17 x 102, which corresponds to an activation entropy of about + 35 cal
deg~! mol-1.332

351 G, Schwarzenbach, J. Boesch, and H. Egli, J. Inorg. Nuclear Chem., 1971, 33, 2141.
832 C, Dragulescu, R. Kuzman-Anton, and P. Tribunescu, Bul. stiint. teh. Inst. Politeh.
Timisoara, Ser. chim., 1970, 15, 137 (Chem. Abs., 1973, 18, 76 342u).
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d®: Rhodium(tx).—It is usually impossible to distinguish kinetically between a
fully dissociative mechanism with a five-co-ordinate intermediate and a dis-
sociative mechanism involving interchange within an ion pair for a reaction
between a cationic complex and an anionic ligand. However, in the particular
case of an aquo-complex there may be useful additional information derived
from the pH-variation of reaction rates. Such is the situation for the formation
of trans-[Rh(OH,),Cl,1* from [Rh(OH,);Cl]?+, where a decision in favour of an
S~1(lim) mechanism is possible. Details of the lengthy argument involved are
given in an appendix to this paper.33® A D mechanism had earlier been sug-
gested for the reaction of [Rh(OH,)CI;]>~ with anionic ligands, where ion-
pairing seems unlikely. In the light of this build-up of evidence for the opera-
tion of a D mechanism in substitution at rhodium(mr), earlier kinetic results 334
on the reaction of [Rh(OH,),]*>* with chloride have now been reinterpreted in
terms of a D mechanism.333 ’

Rate constants and activation parameters for the chloride anation of
[Rh(dmgH),(NO,)(OH,)] have been determined from kinetic results obtained
for the reversible aquation of the [Rh(dmgH),(NO,)CI]- anion. For the
reaction of [Rh(dmgH),(NO,)(OH,)] with chloride, AH¥ = 12.0 kcal mol—!
and AS* = —25 cal deg~! mol~1.25° The reported activation enthalpy seems
surprisingly low for substitution at rhodium(im) ; previously determined activa-
tion enthalpies for reactions of complexes of the type [Rh(LL),(L)(OH,)]"+
with chloride or bromide ions fall within the range 23.8—32.0 kcal mol-1,333

d®: Platinum(iv).—The rate law for the reactions of [Pt(OH,),Br,] and of
[Pt(OH,)Br;]~ with bromide is

Rate = {k[Br-] + Fk.[Br-]?)[PtV]

Some pre-equilibrium association between bromide ion and platinum(iv)
complex is invoked to account for the &, term. A redox cycle involving plati-
num(r) intermediates is thought not to be important in these systems.33¢ This
point of view contrasts with that expressed by some earlier authors — for
instance the redox mechanism proposed for halide-substitution reactions of
trans-[Pt(en),Cl,]**+ and related compounds.?3?

Kinetic parameters for the reactions of trans-[Pt(NH,),(OH)CI]*+ and of
trans-[Pt(en),(OH)CIJ?+ with chloride ion have been obtained as a by-product
of an investigation of the oxidative addition of chlorine to platinum(ir) com-
plexes. For the bis-ethylenediamine complex an activation enthalpy of only
1 kcal mol-! is suggested; the activation entropy is — 34 cal deg—* mol~1,338
There has been a parallel study of the analogous bromo-system.33?

M. J. Pavelich and G. M. Harris, Inorg. Chem., 1973, 12, 423.

s8¢ K, Swaminathan and G. M. Harris, J. Amer. Chem. Soc., 1966, 88, 4411.
A.J. Pog and K. Shaw, J. Chem. Soc. (4), 1970, 393.

L. I. Elding and L. Gustafson, Inorg. Chim. Acta, 1971, 5, 643.

87 A.J. Poé and D. H. Vaughan, J. Amer. Chem. Soc., 1970, 92, 7537.

*s M. M. Jones and K. A. Morgan, J. Inorg. Nuclear Chem., 1972, 34, 259.
839 K. A. Morgan and M. M. Jones, J. Inorg. Nuclear Chem., 1972, 34, 275.



234 Inorganic Reaction Mechanisms

d%: Ruthenium(i).—The replacement of the water ligand of the
[Ru(NH,);(OH,)]?* cation by each of a wide variety of ligands, including
ammonia, substituted pyridines, acetonitrile, benzonitrile, and imidazole,
follows the rate law 340,341

—d[Ru(NHy);(OH)**]/d? = k[Ru(NH,);(OH,)**][L]

in weakly acidic aqueous solution. At low pH’s the conjugate acids of some of
the ligands cited may also react, leading to a rate law of the type?4!

—d[Ru(NH,);(OH)**]/dz = {k[py] + A'TpyH']}{Ru(NHs)s(OH,)**]

The value of k varies only slightly with the nature of the incoming ligand L,
which suggests a D [Sx1(lim)] rather than an 4 (Sn2) mechanism for these
reactions. However, the small variation of £ with the nature of the incoming
ligand does correlate, if one omits ligands where steric hindrance may affect
reactivity, with ligand basicities for the series of substituted pyridines.3*® The
observed effects of steric hindrance on reactivity support a D mechanism.
Thus the very much slower rate of formation of the 2,6-lutidine complex
compared with that of the pyridine complex (the ratio of rates is 5x 10~ : 1)
can readily be explained in terms of very unequal competition between 2,6-
lutidine and water, but more equal competition between pyridine and water,
for the [Ru(NHj;);]** intermediate.?4! The activation parameters for these
reactions are AH¥ = 15.1—16.2 kcal mol~* and AS* = —7 to —13cal
deg—* mol-*, The values for the various entering groups are equal within
experimental uncertainty, and moreover are very close to those reported 342 for
the reaction of [Ru(NHj;);(OH,)J?+ with nitrogen or with nitrous oxide. This
similarity of activation parameters for a wide range of entering ligands
provides yet more support for the hypothesis of a D mechanism. 340,341
As kinetic information is also available on the aquation of some of the
[Ru(NH,);(L)]*+ complexes formed in these reactions, it is possible to estimate
the equilibrium constants for the reactions

[Ru(NH,);(OH,)]** + L = [Ru(NH,);L)]** + H,O0 (10)

where L = ammonia or pyridine. From this information it can be estimated
that the ruthenium-pyridine bond is more stable, to the extent of ca. 5 kcal
mol~%, than the ruthenium-ammonia bond -~ a difference which can be
ascribed mainly to the additional =-bonding in the former case.?4! Interest-
ingly, enthalpies of reaction for several processes of the type shown as equation
(10) above have recently been determined 24 and are thus available for com-
parison with the kinetic parameters for the reactions discussed in this
paragraph.

s40 R. J. Allen and P. C. Ford, Inorg. Chem., 1972, 11, 679.

341 R. E. Shepherd and H. Taube, Inorg. Chem., 1973, 12, 1392.

*a2 J, N. Armor and H. Taube, J. Amer. Chem. Soc., 1970, 92, 6170.
2 G. D. Watt, J. Amer. Chem. Soc., 1972, 94, 7351.
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The novel feature of the reaction of [Ru(NH;);(OH,)]*+ with the N-
methylpyrazinium (nmpz*) ion is the employment of a cationic entering
group. The kinetic pattern is complicated by the existence of a parallel redox
reaction, but the anation reaction appears to involve two steps:

ks
[Ru}lFOHZ+ + nmpzt Z— intermediate —> [Ru}-ompz3+
F:4

The activation parameters for the second step are AH* = 18.4 kcal mol-*
and AS*¥ = —10cal deg~* mol-%. The thermodynamic parameters for the
preliminary equilibrium are AH = —35.7kcalmol-* and AS = —17cal
deg~! mol—'. This negative entropy change is reasonable in the light of the
expected changes in solvation involved in the association of a uni- and a bi-
positive species.?44

7 Ligand Exchange and Replacement

Solvent Exchange.—Kinetic parameters for water exchange at some d° and d¢
complexes of formula [ML;(OH,)]** are given in Table 21. A comparison of

Table 21 Kinetic parameters for water exchange at [MLs(OH,)** cations

AV*/ AH#*/ AS=*/
M L kosfs™t cm?® mol—* kcal mol-* caldeg—'mol-* Ref.
Co NH, 6x10-¢ +1.2+0.2 26.610.3 +6.7+1.0 345
Cr NH, 5.2%x10-5 ~5.8+0.2 23.2+0.5 0+1.6 5
Rh NH, 0.84x10-% —4.1+0.4 24.6+0.3 —-0.8+1.1 5
Co MeNH, 1.1x10* — — — 346

activation volumes for water exchange at the three complexes [M(NH,);-
(OH,)**, with M = Co,%*% Cr,® or Rh,® suggests that the mechanism is
dissociative at cobalt(um) but associative at chromium(mr) or at rhodium(um).
The operation of an associative mechanism in this rhodium(m) case gains
further support from the lower activation enthalpy compared with that for
water exchange with the analogous cobalt(mr) complex. An attempt to dis-
tinguish between an I, and an A mechanism for water exchange with
[Cr(NH,);(OH,)]**+ foundered on the overlarge standard error in the deter-
mined value of 0V */dp. A distinction between an Iq and a D mechanism for
water exchange with [Co(NH;);(OH,)]** was sought by comparing this reaction
with that of water exchange at [Co(MeNH,);(OH,)]3+.34¢ The results are
consistent with those from an earlier study of acid and base hydrolysis of
[Co(RNH,);Cl}*+ complexes.?4” There is some indication that an inter-
mediate [Co(RNH,);]>* may be slightly less evanescent than [Co(NH;);]3+.

844 H. E. Toma and J. M. Malin, J. Amer. Chem. Soc., 1972, 94, 4039.

s¢s H. R. Hunt and H. Taube, J. Amer. Chem. Soc., 1958, 80, 2642.

3¢ A. G. Shaver and M. Parris, Canad. J. Chem., 1973, 51, 1392.

87 D, A. Buckingham, B. M. Foxman, and A. M. Sargeson, Inorg. Chem., 1970, 9, 1790.
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The dependence of the rate of DMSO exchange with [Cr(DMSO),]** in
dimethyl sulphoxide-nitromethane solvent mixtures suggests, at first sight, a
dissociative mechanism. However, activation volumes for solvent exchange at
chromium(nr) complexes suggest an associative mechanism for these processes.
The apparent contradiction has been tentatively resolved by postulating a
unique solvation site in [Cr(DMSO):]**, in which one DMSO molecule
undergoes preferential exchange.48

Ligand Exchange: Unidentate.—The rates of halide exchange with
[Ru(NH,);X]**, with X = Cl, Br, or I, are independent of free-halide con-
centration (at least over the range 0.02 <[X-1<0.12M), of pH, and of ionic
strength. Activation energies are 20.0+0.5kcal mol-* for the chloro-,
23.2+0.9 kcal mol-* for the bromo-, and 30+1 kcal mol-* for the iodo-
complex. The mechanism suggested in each case is rate-determining formation
of an aquo-intermediate [Ru(NH;);(OH,))*t, followed by rapid anation.
Reactivity trends for these three halogeno-complexes are said to be consistent
with an associative aquation step; reactivity trends for halide exchange at
[M(NH;);X]?t, with M = Ru, Rh, or Ir, are as expected from crystal-field
effects on an associative rate-determining step.34? The two iodide ligands trans
to each other in mer-[Pt(NH,)sI;]* undergo rapid exchange, but the third
iodide undergoes exchange at a rate too low to be detected.35®
The rate law for 180-exchange between frans-[Re(en),0,]* and water is

Rate = {k, + kjfenH}'] + kien] + kJOH T}[Re(en),Cy]

Activation energies for the various paths are 30.4 kcal mol-1 for the &, term,
30.5 for the &, term, 18.1 for the k, term, and 24.2 for the k; term.?5! The rate
law for *®0-exchange between trans-[Re(CN),0,]*~ and water is

Rate = k [Re(CN),(O)OH)*"] + k2[Re(CN),037]

In the presence of an excess of cyanide, kx = k,JCN-]-%; in the absence of
added cyanide, k; = kJOH %922, At 35°C k; = 3.42x10-2s~1; the cor-
responding activation enthalpy is 23.3 + 0.3 kcal mol~L. In acid solution oxygen
exchange is facilitated by the protonation of one of the oxo-ligands. In basic
solution cyanide displacement and consequent labilization of an oxo-ligand
are proposed. Easy displacement of cyanide is not an unreasonable postulate
in the light of the known ease of cyanide exchange at this complex. Rate laws
and kinetic parameters are also reported for oxygen exchange between water
and the newly characterized dinuclear [(NC),ORe-O-ReO(CN),]*~ anion.?52

8¢t C, H. Langford, R. Scharfe, and R. Jackson, Inorg. Nuclear Chem. Letters, 1973, 9,
1033.

3¢ T, Shinohara, T. Yamada, N. Takebayashi, S. Hiraki, and A. Ohyoshi, Bull. Chem.
Soc. Japan, 1972, 45, 3081.

350 Yu. N. Kukushkin, M. A. Kuz’mina, and V. V. Sibirskaya, Radiokhimiya, 1971, 13, 914
(Chem. Abs., 1972, 76, 90 670q).

s51 T, B. Kriege and R. K. Murmann, J. Amer. Chem. Soc., 1972, 94, 4557.

331 D, L. Toppen and R. K. Murmann, Inorg. Chem., 1973, 12, 1611.
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The kinetics of cyanide exchange at [Fe(CN);(py)]*~ have been studied, in
the presence and in the absence of added pyridine, by 1*CN- tracer techniques.
The proposed mechanism here, as in similar substitution reactions of
[Fe(CN);(L)I3~ complexes (cf. Sections 4 and 5 of this chapter), is Sx1(lim).
The transient [Fe(CN);]*~ intermediate seems to contain two types of cyanide
ligand of different labilities; it does not seem possible to distinguish between
the two possibilities of four labile and one inert cyanide or three labile and two
inert cyanides. Cyanide ion seems much more labile in [Fe(CN);(py)]*~ than in
[Fe(CN);(NO)]*- or in [Fe(CN),]*~. This high reactivity is explained by facile
loss of cyanide from the [Fe(CN),]*~ intermediate, itself more easily generated
from [Fe(CN),(py)]*~ than from the other two complexes.353

Ligand Replacement: Unidentate by Unidentate.—A dissociative mechanism is
proposed for the replacement of nitrito- or of thiocyanato-ligands in frans-
[Co(dmgH),(NO,),]- and in #rans-{[Co(dmgH),(NCS),]~ respectively by
thiourea. Thiocyanate is replaced much more rapidly than nitrite from these
cobalt(mm) centres.?%* Substitution at bisdimethylglyoximatocobalt(m) com-
plexes can be catalysed by cobalt(ir) complexes. This has been demonstrated by
the elucidation of the rate law for the cobalt(m)-catalysed reaction of trarns-
[Co(dmgH),(PPh,)(NO,)] with pyridine:

Rate = k,[Co(dmgH),(PPhy)(NO,)][Cot(dmgH),(PPhs)]

The absence from this rate law of a term in the concentration of pyridine is
explained by rapid conversion of the cobalt(r) complex into [Coll(dmgH),(py)],
followed by a rate-determining inner-sphere electron- and ligand-transfer
step.3%% Ligand-exchange reactions

[Co(baen)(L);]~ + [Co(baen)(L)l~ == 2[Co(baen)(L)L")I~

where baen = NN’-ethylenebis(acetylacetoneiminate) and L and L’ are
amino-acids, here acting as unidentate (N-bonded) ligands, are fast on the
n.m.r. time-scale.?*® The solvolysis of the [Co(NH,);CI]?* cation in liquid
ammonia, to produce [Co(NH,):]3*, has, in view of its similarity to aquation,
already been mentioned in Section 2 of this chapter.111

Rates of replacement of chloride in frans-[Rh(NH;),CL]+ by bromide,
iodide, or hydroxide have been determined, and compared with the rates of
analogous reactions of frans-[Rh(en),Cl,]t. Substitution at the tetra-ammine
complex is about twice as fast as at the bisethylenediamine complex. This rate
difference is reflected in a small difference in activation enthalpies. That for
reaction of the tetra-ammine complex with bromide ion is 24.11 +0.39 kcal
mol-* and that for the bisethylenediamine complex with bromide ion is

353 B, Jezowska-Trzebiatowska, A. Keller, and J. Ziolkowski, Bull. Acad. polon. Sci., Sér.
Sci. chim., 1972, 20, 655.

2s¢ N, M. Samus’, A. S. Dimoglo, and G. A. Konunova, Issled. Khim. khelatnykh Soedinenii,
1971, 65 (Chem. Abs., 1972, 77, 118 807m).

38 .. G. Marzilli, J. G. Salerno, and L. A. Epps, Inorg. Chem., 1972, 11, 2050.

8¢ Y. Fujii, Bull. Chem. Soc. Japan, 1972, 45, 3084.
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24.81 +0.56 kcal mol—1. In the light of the reported standard errors, one can
only claim at a fairly low confidence level that these activation enthalpies do
differ significantly — the small difference can be attributed to solvation effects.
The activation entropies are the same, at —9.2+ 1.1 cal deg—* mol~? for the
(NH;), compound and —8.7 % 1.6 for the (en), compound. The independence
of substitution rates of the nature and concentration of the incoming ligand
indicates a dissociative mechanism.?37 Indeed rates of substitution at several
rhodium(mm)- and iridium(im)}-ammine or amine-chloride complexes have
been found to be independent of nature and concentration of the incoming
group, at concentrations usually employed in such kinetic studies. However,
when Jow concentrations of incoming ligand are used — radiochemical
monitoring of kinetics is easier than spectrophotometric under such conditions
— rates of ligand substitution decrease with decreasing concentration of
entering ligand.?®® The rate versus ligand-concentration profile is consistent
with either an ion-pairing or an Sx1(lim) (D) mechanism. The variation of
hypothetical ion-pairing constants, derived from the kinetic results, with
solvent composition and with the nature of the incoming anion disfavours an
ion-pairing mechanism. An Sx1(lim) mechanism is both consistent with the
kinetic pattern and an attractive hypothesis in view of other recent demon-
strations of the operation of this mechanism in substitution at rhodium(im)
complexes (cf. refs. 11 and 12 in Section 1 of this chapter). The kinetics of the
reactions of cis-«-[Rh(trien)Cly]* with bromide, iodide, or azide have been
monitored, and the results discussed in terms of ligand replacement via an
aquo-intermediate, whose rate-determining formation is followed relatively
rapidly by anation by the incoming nucleophile.?*8

Catalysis of substitution reactions of rhodium(mr) complexes by reducing
agents has in the past few years become a well-documented subject. trans-
[Rh(py),CL]* was one of the earlier examples of rhodium(m) complexes
undergoing redox-catalysed substitution. Recent work has shown similar
catalysis in the reactions of trans-[RhL,X,]*, with L = a 3- or 4-substituted
pyridine, or quinoline, and X = Cl or Br, with a variety of incoming ligands,
including fluoride, azide, thiocyanate, and nitrite.?5® The intermediacy of
rhodium(x) species is postulated here, and in the hydrazine-catalysed reaction
of cis-[Rh(bipy),Cl,]* or its phen analogue with cyanide ion.?°® Ethanol isnot a
sufficiently strong reducing agent to generate rhodium(r) species from
[Rh(trien)Cl,]* and does not catalyse substitution of this complex, but stronger
reducing agents do catalyse such substitution.248

Substitution reactions involving platinum(rv) complexes are usually strongly
catalysed by platinum(i) complexes.2€° It is only recently that a similar situa-
tion has been described for palladium complexes; the vastly greater amount of

251 A, J. Po& and M. V. Twigg, Canad. J. Chem., 1972, 50, 1089.

8 See, e.g., J. Burgess, E. R. Gardner, and F. M. Mekhail, J.C.S. Dalton, 1972, 487 and
refs. therein.

852 A_W. Addison, K. Dawson, R. D. Gillard, B. T. Heaton, and H. Shaw, J.C.S. Dalton,
1972, 589.

3¢0 'W. R. Mason, Coordination Chem. Rev., 1972, 7, 241.
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information on the platinum systems may be ascribed to the much more
convenient reaction rates thereof. Rate laws have now been determined for the
reaction of trans-[Pd(en),Cl,]?+ with bromide ion and of zrans-[Pd(en),Br.]+
with chloride ion, in both cases in the presence of [Pd(en),]*t. For both
reactions there is a term A[PdIV][X-][Pd1] in the rate law, which demonstrates
that a similar redox substitution path operates for palladium(v) as for
platinum(iv). In the case of the reaction of the dichloro-complex with bromide
ion there is a second term in the rate law, k’[Pd™v][Br-], ascribed to reductive
attack by bromide ion. For the reaction of the dibromo-complex with
chloride, the second term in the rate law involves only [Pd™], indicating a
simple dissociative rate-determining step. These differences in rate laws and
chemistry between the two reactions are understandable in terms of the dif-
ference between the reducing powers of the bromide and chloride anion, and
the expected difference between palladium(tv)-bromide and palladium(rv)-
chloride bond strengths. Activation parameters for the various constituent
reactions are reported. Most of these are composite quantities, except for the
dissociative reaction of the dibromo-complex, where the observed activation
parameters are AH* = 14+2kcalmol-! and AS* = —9+6caldeg?
m01—1.361

Four papers on ligand-replacement reactions of compounds [Fe(CN);L]3-,
as well as a paper on aquation of [Fe(CN),(NO)]*>~ and one on cyanide-ion
exchange with [Fe(CN);(py)]*~ mentioned earlier (ref. 258 of Section 4 and
ref. 353 of this section respectively), have one feature in common, the inter-
mediacy of [Fe(CN);]>~. All these reactions therefore proceed by a limiting
S~1 (or D) mechanism. The kinetic pattern can be illustrated by reference to
one case, that of the reaction of [Fe(CN);(PhNO)]3>~ with cyanide ion.?%2 The
dependence of reaction rate on cyanide-ion concentration is shown in Figure 2,
the dependence of reciprocal rate constant on reciprocal cyanide-ion con-
centration in Figure 3. The kinetic behaviour thus depicted can in general
arise from an ion-pairing or an Sn1(lim) mechanism, of which the former can
be eliminated in the present reaction of the [Fe(CN);(PhNO)]*~ anion with
anionic cyanide. Similar systems include the reaction of [Fe(CN);(py)]*~ with
cyanide ion *® and those of [Fe(CN);(NO)]?~ with hydroxylamine, hydrazine,
or ammonia.?®* An Syl1(lim) mechanism has also been proposed for the
reactions of [Fe(CN);L]*—, where . = pyridine, 4-methylpyridine, pyridine-4-
carboxamide, 4,4’-bipyridyl, or pyrazine, with the N-methylpyrazinium cation.
Here of course ion-pairing is possible, but the operation of an Sn1(lim)
mechanism here too both seems likely and is indeed confirmed by some
ancillary results involving pyrazine as replacing ligand. Moreover, the assign-

ss1 W. R. Mason, Inorg. Chem., 1973, 12, 20.

22 D, Pavlovi¢, I. Murati, and S. ASperger, J.C.S. Dalton, 1973, 602.

ses B, Jezowska-Trzebiatowska, A. Keller, and J. Ziolkowski, Bull. Acad. polon. Sci., Sér.
Sci. chim., 1972, 20, 649.

ss¢ 1, Dozsa, 1. Szilassy, and M. T. Beck, Magyar Kém. Folyéirat, 1973, 79, 45 (Chem.
Abs., 1973, 78, 140 852q).
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[Fe(CN);(PhINO)*~ anion with cyanide; data are from Figure 2. The

broken lines show the 95 %, confidence limits

(Reproduced from J.C.S. Dalton, 1973, 602)

reaction of the
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Table 22 Kinetic parameters for reactions of low-spin iron(1) complexes
[Fe(CN);L]*~ with incoming ligands L’

kdjs— AH*/ AS*/

L L (temperature/°C) kcal mol—* cal deg~!mol~* Ref.
PhNO CN- 7 % 1075 (50) — — 362
py CN- — 15.3¢ — 363
py mpzt? 11.0x 10~% (25) 24.8+0.5 +11+2
4-Me-py mpzt 11.5x10-% (25) 24.0+0.5 +9+2
4-CONH,-py mpzt 7.3x10-*(25) 26.0+0.5 +14+2 365
4,4’-bipy mpzt  6.2x10-%(25) 26.5+0.5 +16+2
pz¢ mpzt  4.2x10-%(25) 26.4+0.5 +14+2

& Activation energy. b mpzt = methylpyrazinium cation. ¢ pz = pyrazine.

@ These rate constants are the limiting values reported at high concentrations of incoming
ligand L.

ment of a dissociative mechanism is supported by the positive activation
entropy found.?® Some kinetic parameters for substitution at [Fe(CN);L]?~
complexes have been collected together in Table 22.

The complex trans[Fe(LLH),(py).], with LL = diphenylglyoximate,
reacts with carbon monoxide in chlorobenzene solution. The determined rate
law, the positive activation entropy, and the variation of the rate constant
where the py ligands are replaced by their p-methyl or m-chloro-derivatives,
are all consistent with a limiting S~1 (D) mechanism for these reactions 2% as
for those of the [Fe(CN);L]*»~ complexes discussed in the previous paragraph.
Preparative and equilibrium studies have been made of the complex
[Fe(tim)(NCMe),]*+, where tim is the quadridentate macrocyclic ligand (36)
derived from 1,3-diaminopropane and 2,3-butanedione. These studies suggest
that kinetic studies of reactions of this complex could provide information on
novel substitution reactions of iron(ir), for example the (reversible) replace-
ment of the acetonitrile ligand by carbon monoxide.38?

Me\ /Me
P
HO—N  SN—CH,
g N
Hzc\ CH,
H,C—N, N—cﬁ
N
Ps _C\
Me Me
36)

E.s.r. spectroscopy has been used to monitor the stepwise displacement of
bromide from the [MoVOBr;]?~ anion by dimethyl phosphite, in tetrahydro-
furan solution. Rate laws and activation parameters were determined for each

365 H, E. Toma and J. M. Malin, Inorg. Chem., 1973, 12, 1039.

s8¢ T, Vaska and T. Yamaji, J. Amer. Chem. Soc., 1971, 93, 6673.

382 D, A, Baldwin, R. M. Pfeiffer, D. W. Reichgott, and N. J. Rose, J. Amer. Chem. Soc.,
1973, 95, 5152.
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step. Displacement of the first bromide ligand does not follow a simple kinetic
pattern, but both the rate laws and the activation entropies (between — 8 and
—19 cal deg~* mol-Y) suggest an associative mechanism for the subsequent
displacement steps. Activation enthalpies lie within the range 18.7--21.2 (with
uncertainties of between 1.1 and 2.0) kcal mol—1,3¢8

Rate laws and rate constants have been determined for the reactions of the
dinuclear rhenium(mr) complexes [Re,Xg]?>~ with thiourea or tris-n-butyl-
phosphine in methanol. The Kkinetic pattern suggests the reaction sequence
shown in Scheme 3. The reaction of [Re,Brg]2~ with chloride ion was also
studied.?®

[Re;X L2~
fasf//’ \ilow
[Re,X:]* "+ L [Re.X,L]- + X~
slow Tas
ReX 1
Scheme 3

The reaction of [Ru(NH;)]*+ with nitric oxide, which yields [Ru(INHj,)s-
(N,)]?+,27 is discussed in the chapter on reactions of co-ordinated ligands
(Chapter 5 of this Part).

Ligand Replacement: Multidentate by Unidentate.—Kinetic results on the
reaction of the cydta complex of manganese(ur), which in alkaline solution is

[Mn(cydta)(OH)]?~, with cyanide ion indicate the following reaction
sequence:

[Mn(cydta)OH)J*- + CN- = [Mn(cydta)CN)I*- + OH-

Ky

[Mn(cydta)CN)J*- + CN- —> [Mn(eydta)(CN),J*-

fast
[Mn(cydta)(CN)J*~ + 4CN- —> [Mn(CN)J*~ + cydtat-

Activation energies are 11.3 +0.5 kcal mol—? for the 4, reaction and 14.1+0.4
kcal mol-? for the k, reaction. Both the kinetic pattern and the activation
energies are markedly different from similar previously studied nickel(ir) and
cobalt(ir) systems,37! The reaction of [Ni(edds)]?~ with cyanide ion follows
fourth-order kinetics, first-order in nickel complex and third-order in cyanide.
This behaviour parallels that reported previously for reactions of other
aminocarboxylatonickel(i) chelates with cyanide ion.??? In these reactions,
and in the reactions of [Ni(ttha)]*~ with cyanide,??® there is strong kinetic

388 . Y. S. Lo and C. H. Brubaker, J. Coordination Chem., 1972, 2, 5.

262 M. J. Hynes, J. Inorg. Nuclear Chem., 1972, 34, 366.

370§ Pell and J. N. Armor, J. Amer. Chem. Soc., 1972, 94, 686.

*71 R. E. Hamm and J. C. Templeton, Inorg. Chem., 1973, 12, 755.

113 G, K. Pagenkopf, J. Coordination Chem., 1972, 2, 129.

#78 V, Stard and M. Kopanica, Coll. Czech. Chem. Comm., 1972, 37, 2882.
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evidence for the intermediacy of ternary (mixed) complexes en route to the
[Ni(CN),]?>~ product.

Ligands such as phen and bipy appear to withdraw enough electron density
from the vicinity of the iron atom in compounds of the type [Fe(LLL);]?t to
permit bimolecular nucleophilic attack. Such attack by cyanide and by
hydroxide at complexes where L. = bipy, phen, or one of their substituted
derivatives is fairly well established by now. Similar nucleophilic attack by
these two ions has now been demonstrated for the complex with LL = ppsa
(37). Activation parameters were determined for cyanide attack at this
complex;2¢¢ they have also been obtained for the attack of cyanide at
[Fe(bipy)s]>+.37% Activation parameters for cyanide attack at these and at

Table 23 Activation parameters for cyanide attack at low-spin iron(it) complexes

[Fe(LL)s]**

LL Solvent AH#*[kcal mol-*  AS¥/cal deg~*mol-! Ref.
bipy Water 23.0 +9 374
ppsa (37) Water 25.2 +12 264
phen Water 20 -3 378
sb (38) 959, MeOH 20.4 +10 o

¢ From J. Burgess, G. E. Ellis, D. J. Evans, A. Porter, R. Wane, and R. D. Wyvill, J. Chem.
Soc. (4), 1971, 44.

other iron(mr) complexes are collected together in Table 23. A little information
is available on the kinetics of the reaction between [Fe(4,7-diPh-phen),]?+ and
cyanide in methanol solution.?8!

C¢H,S05™
- Ph
/N —\§~CH SO, d
. _ 64140V3 \ / \\
N N=N N NPh
(37 (3%)

Contradictory reports have appeared on the stereochemical course of the
reaction between the [Fe(phen);]2t cation and cyanide ion. On the one hand
optical inversion is reported — the first report of inversion at octahedral
iron(r) 375,376 — while on the other hand a total loss of optical activity is
claimed.377 The earliest reference to the kinetics of the reaction of [Fe(phen)g]**+
with cyanide reported 378 the rate law to be

—d[Fe(phen);*]/ds = {k, + kJ[CN-T}{Fe(phen);*]

374 J, Burgess, J.C.S. Dalton, 1972, 1061.

278 R, D. Archer, L. J. Suydam, and D. D. Dollberg, J. Amer. Chem. Soc., 1971, 93, 6837.
s7¢ R, D. Archer, L. J. Kluss, and V. M. Marganian, Proceedings of the 3rd Symposium on
Coordination Chemistry, Debrecen, Hungary, 1970, Vol. 1, p. 291; Vol. 2, p. 191.

377 G. Nord, Acta Chem. Scand., 1973, 27, 743.
272 D, W. Margerum and L. P. Morgenthaler, J. Amer. Chem. Soc., 1962, 84, 706.
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The mechanisms suggested to explain the observed optical activity changes
indicate that the rate law may be somewhat more complicated than this. How-
ever, mundane obstacles in the form of low solubilities of reactants and of
product prevent the extension of the kinetic experiments to sufficiently high
cyanide-ion concentrations to confirm or modify the original rate law.37¢

The iron atom in [Fe(mnt);]*~ is formally iron(1v). The study of the reaction
of this complex with triphenylarsine oxide thus represents an investigation of
substitution kinetics at a novel metal centre. The reaction is in fact both
substitution and redox, with the available evidence not sufficiently ample to
enable a firm mechanism to be proposed.3??

Ligand Replacement: Unidentate by Multidentate.—Some kinetic information
is available on the reactions of [Ni(CN),%~ with the multidentate amino-
carboxylate ligands edds372 and ttha.??® In both cases the displacement of
cyanide was of secondary interest to the reverse reactions, which have already
been mentioned in the previous section on the replacement of multidentate by
unidentate ligands.

The reactions of [Fe(bipy).(CN),] and of an analogous Schiff-base complex
with phen link this section to the next. The ultimate product is [Fe(phen);]2* in
both cases; both the unidentate cyanide and the bidentate bipy or Schiff base
are replaced by phen. The rate-determining step appears to be iron-bipyridyl
or iron-Schiff base bond dissociation. This must generate a high-spin inter-
mediate which rapidly gives [Fe(OH,)s]?*, which in turn reacts relatively
quickly with the excess of phen present to give [Fe(phen),]2+. Logarithms of
reaction rates in mixed aqueous solvents correlate well with Grunwald-
Winstein solvent Y values. The slopes () of the correlation graphs are about

Table 24 References to kinetic studies of the replacement of multidentate
ligands by other multidentate ligands

Complex® Incoming ligand® Ref.
Nickel(ir)-asp cal 381
—dien cal 381

—dien edta, hedta 382

—edma edta, hedta 382

—glu cal 381

—ida cal 381

-nta cal 381

~tetren ttha 383
Cobalt(ir)-nta cal 381
Copper(i1)-mq edta 384
Zinc(i1)-dto aminocarboxylates 385
-nta dto, mnt 385
Zirconium(1v)-xy! edta 386
Hafnium(rv)-xyl edta 386

¢ For abbreviations see list at start of this volume.

379 J, K. Yandell and N. Sutin, Inorg. Chem., 1972, 11, 448,
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0.2 and zero for the bipy and Schiff-base compounds respectively. That the
logarithms of rate constants against Y values plots are linear, for a variety of
co-solvents for [Fe(bipy),(CN),], is suggestive of a dissociative reaction. No
useful conclusions can bedrawnfrom the smallness of the 2 values as the atoms
separating, viz. iron and nitrogen, are so different from those separating in
the reference organic system (for t-butyl chloride solvolysis, m = 1.00 by
definition).?8 These substitution reactions may prove of interest to kineticists
with a physical chemical bias, for they provide examples of reactions
between uncharged species; such reactions are relatively rare in aqueous
solution chemistry of inorganic complexes.

Ligand Replacement: Multidentate by Multidentate.—References to kinetic
studies of reactions which involve simple replacement of multidentate ligands
by other multidentate ligands are listed in Table 24.381-388 Closely related
investigations include an e.s.r. study of ligand-replacement reactions in the
system [Cu(dtp).]-[Cu(dtp)(dtc)}HCu(dtc),], for which rate constants and
activation parameters are available,’8” and a qualitative study of the
yttrium(m)-hexafluoroacetylacetone-trifluoroacetylacetone system.38

Rate laws and rate constants have been obtained for the amino-acid-
catalysed replacement of oligopeptides, for example triglycine or tetraglycine,
from their copper(ir) complexes by edta. There is steric hindrance to the direct
approach of edta to these copper(u)-oligopeptide complexes. The amino-acid
can approach more readily and thus start the peeling-off of the oligopeptide
from the copper, eventually giving an intermediate in which the approach of
the edta to the central copper atom is no longer hindered.38?

It had been hoped that the reaction of [MoQO,(dien)] with oxine, to yield the
known compound [MoO,(OH),(oxine)]-, would be amenable to kinetic study,
to provide rate and mechanism data pertaining to substitution at octahedral
molybdenum(vi). Sadly the proposed investigation proved impossible, as
[MoOs(dien)] was found to be extensively hydrolysed in aqueous solution.3%

An understanding of multidentate ligand-replacement reactions is helped by
knowledge of dissociation mechanisms for these chelates. Recent studies result-
ing in kinetic or mechanistic information on the dissociation of amino-carb-

880 J, Burgess, J.C.S. Dalton, 1972, 203.

21 M. Kodama, T. Sato, and S. Karasawa, Bull. Chem. Soc. Japan, 1972, 45, 2757.

382 M. Kodama, M. Hashimoto, and T. Watanabe, Bull. Chem. Soc. Japan, 1972, 45,
2761.

83V, Stara and M. Kopanica, Coll. Czech. Chem. Comm., 1972, 37, 3545.

*s¢ K. Haraguchi and S. Ito, Nippon Kagaku Kaishi, 1972, 2082 (Chem. Abs., 1973, 78,
34 388h).

385 R. G. Pearson and D. G. DeWit, J. Coordination Chem., 1973, 2, 175.

ss¢ L. I. Budarin, R. B. Suchkova, and K. B. Yatsimirskii, Russ. J. Inorg. Chem., 1971, 16,
989.

337 B. S. Prabhananda, S. J. Shah, and B. Venkataraman, Proc. Indian Acad. Sci., 1972,
76A, 231 (Chem. Abs., 1973, 78, 140 832h).

38 N. Serpone and R. Ishayek, Inorg. Chem., 1971, 10, 2650.

388 G, R. Dukes and D. W. Margerum, Inorg. Chem., 1972, 11, 2952.

3*¢ R. 8. Taylor, P. Gans, P. F. Knowles, and A. G. Sykes, J.C.S. Dalton, 1972, 24.
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Table 25 References to kinetic and mechanistic studies of dissociation of
multidentate aminocarboxylato-complexes

Ligand Cation Ref.
cydta Cd*+, Pb2+ 391
dtpa Cd?+ 391
dtpa Pb2+ 391, 392
dtpa uozt 393
edta Cu?*, La®t, Yb%* 394
edta Er3t, Eudt, Nd3+, Pr3+ 395
gedta Cd?+, Ni2t, Zn?+ 396
pdta Cd3+, Zn*+ 397

oxylate complexes are summarized in Table 25.391-%%7 The converse chelate-
formation reactions seem less studied ; the first step in the oxidation of dtpa by
cerium(1v) is the formation of the 1 : 1 complex between these species.*®

Ligand Exchange: Multidentate.—Exchange of acac with [Co(acac),] takes
place just sufficiently faster than decomposition of the complex for the kinetics
of acac exchange to be monitored. The rate law is

Rate = {k; + kj[acacH]}[Co(acac),] (11)

Composite activation energies have been obtained from the temperature
dependence of k,, where k, = k, + kj,JacacH]. These activation energies are
18 kcal mol—'in toluene, 21 kcal mol~* in chlorobenzene, and 25 kcal mol—tin
anisole. Comparisons of these kinetic results with those for racemization of
this complex, and for isomerization and inversion of [Co(bzac)], suggest that
the &, term of equation (11) relates to rate-determining dissociation of a five-
co-ordinate intermediate, and the k, term to associative attack by the incoming
acetylacetone at the same intermediate (Scheme 4).3%°

/L [CO(LL),] efe.
Ky

P

/___ fast.
(i ey |
L L L L

L L= s \L.A {

L-;C&;—L ete.

"]
L L
Scheme 4

21 T, Fujisawa and N. Tanaka, Nippon Kagaku Zasshi, 1971, 92, 962 (Chem. Abs., 1972,76,
63 982m).

292 P Letkeman and J. B. Westmore, Canad. J. Chem., 1972, 50, 3821.

3% T, T. Lai and C. S. Wen, J. Inorg. Nuclear Chem., 1972, 34, 709.

334 T, Ryhl, Acta Chem. Scand., 1972, 26, 3955.

*25 T Ryhl, Acta Chem. Scand., 1973, 27, 303.

2*¢ M. Kodama and N. Oyama, Bull. Chem. Soc. Japan, 1972, 45, 2169.

*27 D, L. Rabenstein and B. J. Fuhr, Inorg. Chem., 1972, 11, 2430.

398 S, B. Hanna, R. K. Hessley, W. R. Carroll, and W. H. Webb, Talanta, 1972, 19, 1097.

399 K, Saito and M. Murakami, Bull. Chem. Soc. Japan, 1972, 45, 2472.
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Ligand exchange with [In(CF;,COCHCOR),] complexes has been monitored
by 1*F n.m.r. spectroscopy. *°F n.m.r. was preferred to *H n.m.r. as chemical
shifts are larger for the former nucleus; n.m.r. methods are preferable to radio-
chemical as separation problems are avoided. However, the estimation of rate
constants from n.m.r. spectra is only possible over a narrow range of rates, and
in this present study it was only possible to set limits to exchange rates in
benzene and in DMSO. In di-isopropyl ketone it was possible to determine
rates of exchange for the complexes with R = Me, Bui, Ph, 2-naphthyl, and
2-thienyl. In all cases the reaction was first-order in complex concentration,
zero-order in added free ligand {contrast [Co(acac);] above}. A mechanism
involving rate-determining reaction of a five-co-ordinate intermediate is pro-
posed. Such an intermediate should be easy to generate, as many compounds
of indium(m) with co-ordination numbers lower than six are known. Con-
versely the great reluctance of indium(mr) to assume a co-ordination number
greater than six is used by the authors to argue against an associative mechan-
ism.4%° One feels compelled to comment that a similar argument applied in
organic chemistry leads to an erroneous conclusion about the frequency of
occurrence of Sx2 reactions at carbon.

Kinetics of exchange of edta with two of its rare-earth complexes have been
described — for La3+ %01 and for Lu®+.4%2 In the former case, catalysis by
hydroxide ion was observed. Rates and mechanisms of ligand exchange for
pdta and eddda complexes of Cd?*, Zn?+, and Pb** have been derived from
n.m.r. line-broadening observations. On the basis of these ligand-exchange
results and earlier kinetic data it is possible to establish the mechanisms of
complex formation for these and related complexes.40?

The rate law for ligand exchange at [Nd(tren),]** in acetonitrile solution,
established by n.m.r. line-broadening techniques, is

Rate = k,[Nd(tren)3 ][tren]

At 25 °C, k, = 581mol-1s1; the activation parameters are AH¥ = 10.6
kcal mol-1 and AS* = —15cal deg~*mol-1. As models show that it is
impossible for an incoming tren molecule to get anywhere near the Nd atom of
[Nd(tren),] when both tren ligands are quadridentate, the mechanism proposed
is of the attachment of the incoming tren to the neodymium after at least one of
the original tren ligands has become partially unwrapped from the metal
atom, 404

Sulphate exchange with the u-sulphato-dichromium complexes (39) and (40)
has been monitored by 3°S labelling. Rates depend on pH:

kobs = kl + kI[H+]~1

400 G, M. Tanner, D. G. Tuck, and E. J. Wells, Canad. J. Chem., 1972, 50, 3950.

401 T, Ryhl, Acta Chem. Scand., 1972, 26, 4001.

402 K B, Yatsimirskii, E. D. Romanenko, and L. I. Budarin, Doklady Akad. Nauk S.S.S.R.,
1972, 202, 1140 (Chem. Abs., 1972, 76, 132 033s).

402 B, J, Fuhr and D. L. Rabenstein, Inorg. Chem., 1973, 12, 1868.

40¢ M. F. Johnson and J. H. Forsberg, Inorg. Chem., 1972, 11, 2683.
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The activation energies for both processes are 22.2 kcal mol—1.182

OH 2+
/ \ 24
(H,0),Cr—OH—Cr{OH,), (H,0),Cr—0—Cr(OH)),
AN / \ /
O O O O
N/ \
P 5/\
I o) 0/ o
39 (40)

8 Metal Exchange and Displacement

References to kinetic studies of the displacement of one metal cation from its
complex with a multidentate ligand by another metal cation are listed in
Table 26.4°5-412 In general these reactions proceed either by dissociation of the

Table 26 Kinetic studies of the displacement of cations from multidentate ligand

complexes

Complex® Displacing cation Ref.
Magnesium(ir)-edta Nickel(ir) 408
Lead(ur)-edta, ~hedta, —cydta, —dtpa Nickel(r) 409
Nickel(ir)}-Rqdtc Copper(ir) 411
—edda Copper(11) 412
Copper(ir)-ttha Nickel(1r) 406
Zinc()—cydta, edta Indium(ir) 410
Indium(rir)-ttha Nickel(i), gallium(rir) 407
Iron(un)-dtpa, —egta, —hedta Indium(in) 405

a For ligand abbreviations see list at start of this volume.

initial complex, followed by complex formation between the now free ligand
and the displacing cation, or through an intermediate or intermediates in which
both cations are bonded simultaneously to the multidentate ligand. Both
mechanisms have been demonstrated in a study of reactions of iron(ur)
complexes of aminocarboxylate ligands with indium(ur). The hedta and egta
complexes appear to react via rate-determining dissociation of the ligand from

498 T, Nozaki, K. Kasagu, and K. Koshiba, Nippon Kagaku Kaishi, 1972, 568 (Chem. Abs.,
1972, 76, 145 394k).

408 M. Kopanica and V. Stard, Coll. Czech. Chem. Comm., 1972, 37, 80.

497 Tran Chuong Huyen and M. Kopanica, Coll. Czech. Chem. Comm., 1972, 37, 2874.

‘08 7 -F. Lin and M.-C. Wu, J. Chinese Chem. Soc. (Taipei), 1971, 18, 195 (Chem. Abs.,
1972, 76, 131 978s).

400 T, Nozaki, K. Kasuga, and N. Kagawa, Nippon Kagaku Kaishi, 1973, 718 (Chem. Abs.,
1973, 79, 10 367v).

410 T, Takahashi, T. Koiso, and N. Tanaka, Nippon Kagaku Zasshi, 1973, 64 (Chem. Abs.,
1973, 78, 89 038z).

a1 R, R. Scharfe, V. S. Sastri, and C. L. Chakrabarti, Canad. J. Chem., 1972, 50, 3384.

412 R, K. Steinhaus and R. L. Swann, Inorg. Chem., 1973, 12, 1855.
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the iron(tm), whereas the dtpa complex reacts via rate-determining formation of
a dinuclear iron-dtpa-indium intermediate. %5 Rate-determining formation of
a dinuclear intermediate is also reported for the reaction of the copper(i)-ttha
complex with nickel(r),%°¢ and for the reactions of indium(un)-ttha with
gallium(mr) or with nickel(1).%°7 An analogous mechanism is implied for the
reaction of magnesium(i)-edta with nickel(ir).2°®8 Whereas the lead(i)-dtpa
complex reacts with nickel(t) only via a dinuclear intermediate, the lead(r)-
edta, —hedta, and —cydta complexes all react with nickel(ir) by parallel dis-
sociative and bimolecular pathways.*® The different kinetic patterns for
reaction of the edta and cydta complexes of zinc(u) with indium(um) are
ascribed to the different sizes and stereochemistries of the two ligands.410
Different mechanisms for ligand- or cation-replacement reactions involving
edta and cydta have been noted in earlier volumes of this Report — cydta
complexes show a greater tendency to react by a fully dissociative mechanism.
Ligand stereochemistry and bulk are also important in determining the
reactivity of substituted bisdithiocarbamato-nickel(r) complexes towards
copper(i). The observed variation of rate with nature of ligand was inter-
preted as favouring attack by the copper at a sulphur rather than at a nitrogen
atom of the co-ordinated dithiocarbamate. The variation of the rates of these
reactions with the nature of the solvent was also determined, though detailed
mechanistic conclusions could not be drawn. 4!

A general rate law has been established for the exchange of cerium(t) with
several of its polyaminocarboxylate complexes, over a range of pH’s.413 Rates
of exchange of cobalt(i) with its bisbenzenediamine complexes have been
investigated. In formamide solution, the rate constant at 35 °C is 1.0 x 10~7
I'mol-1s~* for the benzene-1,2-diamine complex ; exchange rates for the 1,3-
and 1,4-isomers are very much lower. At first sight this is surprising, as the 1,2-
ligand is bidentate, the others unidentate. However, polymeric complexes,
which may well be unreactive, are conceivable for the 1,3- and the 1,4-
benzenediamines.41* Rates of isotopic cation exchange have been measured, at
20 °Cina 1l : 1 chloroform-ethanol solvent mixture, for 8-mercaptoquinoline
(thio-oxine) complexes of a range of 2+ and 3+ cations.*15 The remaining
references to cation exchange at multidentate ligand complexes are of only
fringe interest, for they deal with extensions of kinetic studies of lanthanide(m)
exchange with edta complexes from homogeneous solution to heterogeneous
systems, specifically with the kinetics of exchange of lanthanide(mn) cations
between cation-exchange resins and aqueous solutions containing edta %18 or
nta.41?

s C, 1. Balcombe and B. Wiseall, J. Inorg. Nuclear Chem., 1973, 35, 2859.

‘4 B, R. Mannar and P. R. Naidu, J. Inorg. Nuclear Chem., 1972, 34, 379.

418 Yy, A. Bankovskii, O. Veveris, L. Pelekis, and A. Pelne, Latv. P.S.R. Zinat. Akad.
Vestis, kim. Ser., 1972, 689 (Chem. Abs., 1973, 18, 62 769b).

4* M. G. Yashkarova, L. I. Martynenko, and V. 1. Spitsyn, Russ. J. Inorg. Chem., 1972, 17,
115.

47 N. D. Mitrafanova, L. I. Martynenko, and I. N. Perova, Russ. J. Phys. Chem., 1973, 47,
189.
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9 Isomerization and Racemization

General.—The subject of isomerization and racemization has been reviewed at
length (176 pages; 359 references).*!® Several authors have discussed rearrange-
ments in octahedral complexes, often concentrating on tris-chelate complexes,
in general, geometrical, topological, and symmetry terms,419-422

Cobalt(mm) Complexes.—Specific rate constants [kr + k» of equation (12)]
and derived composite activation parameters have been determined for the
isomerization

kb

cis-[Co(en),(OAcC),]* =— trans-[Co(en),(OAc),]* (12)

L
The activation enthalpy of 28.5 kcal mol-! is in the expected region for a
cobalt() substitution process. It is interesting that the equilibrium constant
for equation (12) appears to be invariant with temperature; in other words the
enthalpy change for reaction (12) is very close to zero.® Rates of isomerization
of [Co(en),(OAc),]* in dimethyl sulphoxide, both in the absence and in the
presence of added acetate, have been measured. An increase in rate on adding
acetate is ascribed to the formation of more reactive ion-pairs.**® In chloro-
form solution, the rate constant for trans-= cis-[Co(acac),(N,),]~ is approxi-
mately 4 x 10-% s~ at 35 °C; for [Co(acac),(NO,),]~ the rate of isomerization
is less, ca. 8 x 108 s~—1 at 35 °C.4%

Isomerization of [Co(en)(NH,);(OH)]*t+ and of [Co(en)(NH;),(OH),]+ has
been extensively studied by spectrophotometry in dilute aqueous solution.
Recent kinetic results for the former isomerization obtained by the use of #°Co
n.m.r. spectroscopy, in concentrated solutions, are consistent with the early
spectrophotometric results. The [Co(en)(INH;),(OH).]* cation exists in three
isomeric forms. The observed isomerization paths and their respective rate
constants, also obtained by *°Co n.m.r. spectroscopy, are shown in Table 27.
The proposed mechanism for these isomerizations involves reversible dis-
sociation of one end of the ethylenediamine ligand from the cobalt. Iso-
merization of mer- or fac-[Co(en)(NH,),(OH)]** was not detected, even after

Table 27 Isomerization of [Co(en)(NH;),(OH),]*

Isomerization process 108k/s~* (25 °C) Ref.
trans — cis,cis 35
cis,cis — trans 43 425
cis,trans — cis,cis 10

418 N. Serpone and D. G. Bickley, Progr. Inorg. Chem., 1972, 17 (part 2), 391.

11* W. G. Klemperer, J. Amer. Chem. Soc., 1972, 94, 6940; Inorg. Chem., 1972, 11, 2668;
J. Chem. Phys., 1972, 56, 5478.

420 §, S. Eaton and G. R. Eaton, J. Amer. Chem. Soc., 1973, 95, 1825.

¢t J 1. Musher, Inorg. Chem., 1972, 11, 2335.

423 A T. Balaban, Rev. Roumaine Chim., 1973, 18, 841.

123 A, 'W. Chester, Inorg. Nuclear Chem. Letters, 1972, 8, 167.

424 L, J. Boucher and D. R. Herrington, Inorg. Chem., 1972, 11, 1772.
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Table 28 Isomerization and racemization of [Co(en),(OH,),J*+

Reaction Conditions AH<*[kcal mol-* AS*/cal deg~*mol~! Ref.
cis inversion 29.2 +8.1
cis— trans } dil. acid 29.4 +13.4 289
trans — cis 28.0 +12.1
trans — cis 10M-HCIO, 25.5 +12.8

90 days at 25 °C or 30 minutes at 80 °C.*25 Rates of cis<=trans isomerization of
[Co(NH3)4(OH,):]**, [Co(NHj;),(OH,)(OH)]**, and [Co(NH3),(OH),]* are all
about a hundred times faster than those for the analogous bisethylenediamine
analogues. It is interesting that the aquo-hydroxo-complex is the most reactive
both in the tetra-ammine and in the bisethylenediamine series.42¢ Activation
parameters for isomerization and racemization of [Co(en),(OH,),]*+ have been
reported, in dilute and in concentrated perchloric acid (Table 28). The dif-
ference in activation parameters between the two acid concentrations is due to
protonation of one of the water ligands, to give an OH; ligand, in 10M-
HCIO,.28% Activation parameters for the isomerization of «-[Co(dien)(en)-
(OHL)I** to the m-form, in 1IM-HCIO,, are Ea = 29.74 1.1 kcal mol-! and
AS* = +7.4+3.6cal deg~! mol-1.88

Semi-empirical calculations suggest a barrier of 5—7 kcal mol-! to ring
inversion in compounds [M(en),]**. This implies too rapid inversion for n.m.r.
monitoring of inversion rates. However, the replacement of the nitrogen
protons of ethylenediamine by alkyl groups might be a possible means of
lowering ring inversion rates sufficiently for them to be estimated from n.m.r.
spectra. Indeed n.m.r. spectra of the pseudo-tetrahedral [Co(tmeda)(NO),]*+
cation, newly prepared and characterized as its tetraphenylboronate salt, show
that the rate of inversion of the tmeda (NNN’N’-tetramethylethylenediamine)
chelate ring is 113 s~! at the coalescence temperature of —90 °C, in [®H]-
acetone.??’” One hopes that an estimate of the barrier to chelate ring
inversion in an octahedral M"+-tmeda complex will soon be forthcoming.
Barriers to ring inversion in [M(pn),]** have been calculated to be ca. 7 kcal
mol~, very similar to those for the analogous [M(en),]*+ cations (see above).428
This low barrier is consistent with earlier n.m.r. observations of rapid con-
formational inversion for [M(pn);]”+ complexes.42® It has been argued that in
the racemization of #rans-[Co(dien),]*+ the two rings do not invert simultane-
ously.4%® Rate constants for mutarotation, with respect to the secondary
nitrogen centre, have been determined for the [Co(trien)(gly)]2+ cation.43?

42 F, Yajima, Y. Koike, T. Sakai, and S. Fujiwara, Inorg. Chem., 1972, 11, 2054.

438 S Bait, Rec. Trav. chim., 1972, 91, 1026; E. G. A. M. Bolte and S. Balt, ibid., 1973, 92,
826.

427 K. G. Caulton, Inorg. Nuclear Chem. Letters, 1973, 9, 533.

4 J. R. Gollogly and C. J. Hawkins, Inorg. Chem., 1972, 11, 156.

429 T, G. Appleton and J. R. Hall, Inorg. Chem., 1970, 9, 1807.

430 G, H. Searle and F. R. Keene, Inorg. Chem., 1972, 11, 1006.

41 R, J. Dellaca, V. Janson, W. T. Robinson, D. A. Buckingham, L. G. Marzilli, I. E.
Mazwell, K. R. Turnbull, and A. M. Sargeson, J.C.S. Chem. Comm., 1972, 57.
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There are two cis-isomers of [Co(trien)(OH,),]*+, the «- (41) and the f- (42)
forms. Both the «- and the f-forms isomerize to a mixture of «- and S-isomers;
there is no isomerization to the trans-form. The rate of isomerization is equal
to the rate of racemization for the x-isomer over the pH range (1<pH<3)
investigated; a term in [H*]~! in the rate law is ascribed to parallel reaction of
the hydroxoaquo-complex [Co(trien)(OH,)(OH)]**. It proved impossible to
study the isomerization of the p-isomer spectrophotometrically as the spectro-
scopic change involved was too small. Racemization of this f-isomer follows
the rate law

Rate = k[complex][H+]!

over the pH range 1—3, indicating that it is in fact only the hydroxoaquo-
species which racemizes. Some activation parameters have been estimated, and
a number of possible pathways for isomerization and for racemization dis-
cussed in detail.*3? The isomerization of «-[Co(trien)(CO;)]* to the f-form is
thought to proceed by an intramolecular twist which may be preceded by the
dissociation of one oxygen of the carbonato-ligand. The rate of isomerization
is very close to that for inversion in [Co(en),(CO,)]*, which is reasonable in
view of the inversions at nitrogen which are needed to turn the o-isomer of
[Co(trien)(CO,)]* into the p-form,%323

OH,
v
/OH’ 6C07
Co— OH’

OH,
@1 (42)

Kinetic parameters for racemization of the cobalt(mr) and iron(ir) complexes
of the sexidentate ligand tptame (43), derived from 1,1,1-tris(aminoethyl)-
ethane and pyridine-2-aldehyde, have been determined by n.m.r. spectroscopy.
N.m.r. spectra of the [Co(tptame)]** cation, in dimethyl sulphoxide solution
over the temperature range 80—120 °C, indicate an activation energy of 10.1
kcal mol-* for racemization. The ligand can only bond to a cation in a cis
configuration, so there is no confusion with isomerization. An intermolecular
mechanism for racemization seems unlikely for a complex containing a sexi-
dentate ligand, especially one such as tptame which consists effectively of three
bipyridyl units. Intramolecular racemization could occur via a no-bond-
breaking twist or via an intermediate containing the ligand in a quinquedentate
form. There are two reasons for disliking the latter mechanism. The first is that
bond-breaking in this type of complex is generally much slower than the
observed rate of racemization. The second is that, by analogy with the aquation
of similar complexes in acid solution, one would expect a pH-dependence of the
rate of racemization — such a pH-dependence is not observed. Thus a purely

42 G. H. Searle and A. M. Sargeson, Inorg. Chem., 1973, 12, 1014.
43 T, P. Dasgupta and G. M. Harris, Inorg. Chem., 1973, 12, 488.
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intramolecular twist mechanism is preferred; a trigonal-prismatic transition
state for this should be fairly readily accessible from the ground state.434

)
//CH \N
/N

e
/ CH—\x
N
Mec——CH,—-N//
=

\Cﬂg\ N/CH-Q

“3)

The tris-a-isopropyl- and tris-a-isopropenyl-tropolonatocobalt(iir) com-
plexes are stereochemically non-rigid, and indeed represent the first examples
of such behaviour in this type of cobalt complex. The mechanism of inversion
involves a trigonal twist. The activation enthalpies are 15.6 and 16.2 kcal mol—!
and the activation entropies are +4.8 and + 5.4 cal deg~!mol~? respec-
tively for inversion of the trans-compounds. This inversion is apparent from
the temperature variation of the n.m.r. spectra at low temperatures; at higher
temperatures cis = trans isomerization of these complexes can be monitored by
n.m.r.*3% Intramolecular rearrangements of these tristropolonato-complexes
take place very much more rapidly than those of tris-S-diketone complexes.
Whereas the tropolonato-complexes rearrange by a twist mechanism, the
p-diketone complexes rearrange through intermediates containing a uni-
dentate ligand.?®® Trisdithiocarbamatocobalt(ur) complexes are also stereo-
chemically non-rigid. The dibenzyl-substituted complex has a barrier inter-
mediate between those of the tristropolonato- and those of the tris-S-diketone
complexes. 437

Rates of racemization of the edta and pdta complexes of cobalt(mr) in acid
aqueous solution depend on the pH, as there is equilibrium protonation of the
ligands. The rate law for racemization of the pdta complex is simple, with a
first-order term in hydrogen-ion concentration. Activation parameters for the
racemization of this pdta complex, determined in 0.53M-KNO, over the
temperature range 120—140 °C, are AH* = 37.5kcalmol~? and AS* =
+14.8 cal deg—* mol-'. The racemization of the cobalt(im)-pdta complex is
catalysed by traces of its cobalt(i) analogue. 438

¢3¢ 8. O. Wandiga, J. E. Sarneski, and F. L. Urbach, Inorg. Chem., 1972, 11, 1349.

35 §. S. Eaton, J. R. Hutchison, R. H. Holm, and E. L. Muetterties, J. Amer. Chem. Soc.,
1972, 94, 6411.

¢¢ S. S. Eaton, G. R. Eaton, R. H. Holm, and E. L. Muetterties, J. Amer. Chem. Soc.,
1973, 95, 1116.

¢7 L. H. Pignolet, D. J. Duffy, and L. Que, J. Amer. Chem. Soc., 1973, 95, 295.

433 H. Ogino, M. Takahashi, and N. Tanaka, Bull. Chem. Soc. Japan, 1973, 46, 178.
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The kinetics of racemization of the [Co(0x);]3~ anion in the presence of
perchloric, hydrochloric, or sulphuric acid are consistent with an 41 mechan-
ism. Some features of this acid catalysis do not correspond with metal-ion-
catalysed racemization of this complex, which may mean that different
mechanisms are involved. An obvious difference would be between an intra-
molecular twist involving no metal-ligand bond breaking on the one hand,
and a mechanism with a unidentate oxalato-complex as intermediate on the
other.*3?

Tracer studies have shown that the isomerization of zrans-[Co(en),(NHy)-
(SCN)]** to the N-thiocyanato-linkage isomer in basic aqueous solution is
intramolecular, The detailed mechanism may involve an ‘intimate’ ion pair
which does not exchange its thiocyanate with the thiocyanate in solution, a
species in which the thiocyanate is n-bonded to the cobalt, or intramolecular
attack of a deprotonated amine nitrogen at the thiocyanate carbon (Scheme
5).287 Aquation of [Co(NHj;);(sulphamate)]?* is preceded by isomerization of
the starting complex to an equilibrium mixture of N- and O-bonded isomers.
The specific rate constant for approach to equilibrium is 1.1 x10-3s~1 at
25 °C; composite activation parameters are AH* = 24,7 kcal mol-* and
AS* = 10.9 cal deg—! mol-1, Inability to estimate the equilibrium constant
satisfactorily precludes the separation of these kinetic parameters into their
forward and backward components.4?

N
9

S 7 NHs
H’N\ / H'N\ /s\

/C({ —_— /Co\ /C=N —> {3 steps} —> Co—NCS
HN |/NH HN | ONf

2 H,

Scheme §

N.m.r. spectra of solutions of alkylcobaloxime dimers, in methylene chloride
or in bromobenzene, show that there is environmental exchange of the
dimethylglyoxime methyl groups. Activation enthalpies are between 13 and
14 kcal mol-1, and activation entropies are between + 25 and -+26 cal deg™*
mol~1, These large, positive activation entropies suggest dissociative processes.
As the concentration of free monomer in these solutions is known to be un-
detectably small, a mechanism in which the two cobalt centres have to be
separated to a great distance, in order to permit motion of the dimethyl-
glyoxime methyl groups, seems most plausible.*4°

Chromium(itir) Complexes.—The effects of alkali-metal cations and of tetra-
alkylammonium cations on the rate of racemization of the [Cr(ox);]*~ anion
are ascribed to pre-equilibrium ion-pairing, with parallel rate-determining
racemization of the ion pair and of the free complex. The magnitudes of the

w9 A, L. Odell, R. W. OIliff, and D. B. Rands, J.C.S. Dalton, 1972, 752.
449 A W. Herlinger and T. L. Brown, J. Amer. Chem. Soc., 1972, 94, 388.
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ion-pairing constants are fairly small: for the tetraethylammonium cation,
Kip = 26+5 at 25 °C.#4! Rate constants for the isomerization trans-— cis-
[Cr(0x),(OH,),]~ have been evaluated over the pressure range 1—2500 atm at
25 °C, and over the temperature range 15—40 °C at 1 atm, in aqueous
methanol and aqueous dioxan. As the proportion of methanol increases (5%
intervals) up to 50%;, the activation enthalpy increases from 18.1 to 20.5 kcal
mol-? and the activation entropy changes from —15 to — 10 cal deg—! mol-1.
Similarly as the proportion of dioxan increases (5 9 intervals) up to 50%, the
activation enthalpy increases to 20.8 kcal mol-! and the activation entropy
changes again to — 10 cal deg—* mol-2. The activation volume remains essenti-
ally constant at —164 1 cm?® mol-! over all the solvent mixtures studied,
though it is reduced to — 9.8 cm?® mol~! when the isomerization is catalysed by
calcium nitrate, and further reduced to — 5.4 cm3 mol-! when the catalyst is
perchloric acid. The mechanism seems to involve chelate ring opening and the
participation of a water molecule in the transition state.*42 Comparisons of the
kinetics of trans— cis isomerizations of [Cr(mal),(OH,).]~, [Cr(mal),(OH,)-
(OH)]?>-, and [Cr(mal),(OH),}>*~ with those for the analogous oxalato-
complexes suggest that the mechanisms for the two types of complex are
different. Whereas the oxalato-complexes isomerize by dissociation of one end
of an oxalate ligand, the malonato-complexes are thought to isomerize by way
of dissociation of a water ligand.'®® The effects of lithium perchlorate, lithium
nitrate, and sodium perchlorate on rates of isomerization of trans-[Cr(mal),-
(OH_,),]- have been compared.443

The isomerization of 1,2,6(mer )-[Cr(trienH)(OH,),(N;)]3* to the 1,2,3(fac)-
isomer is catalysed by acids. It is difficult to accommodate the rate-pH profile
in a simple rate law. In 3F-HCIQ, the activation enthalpy derived from observ-
ed rate constants at 15, 20, and 25 °C is 25.4 kcal mol-1.17 Isomerizations of
cis- and of trans-[Cr(en),Br,]* and their solvolysis products in dimethyl
sulphoxide have already been alluded to in the chromium(im) solvolysis section
(see Section 3).18%

Activation parameters have been determined for cis— trans and for
trans— cis isomerization of [Cr(tfac);], both in toluene and in 1,2,4-trimethyl-
benzene solution. The kinetic parameters are considerably more sensitive to the
nature of the solvent than are the equilibrium constants.*44

Photoracemization of [Cr(phen);]** can be studied at 350 nm with negligible
interference from photoaquation. Some information on the nature of excited
states can be gleaned from the effects of additives, for example iodide, which
quenches both the racemization and the phosphorescence of this complex.445
Photochemical and thermal inversion of [Cr(acac);] have been compared.446

441 A, L. Odell and D. Shooter, J.C.S. Dalton, 1972, 135.

42 B -G. Conze, H. Stieger, and H. Kelm, Chem. Ber., 1972, 105, 2334.

¢ M. J. Frank and D. H. Huchital, Inorg. Chem., 1972, 11, 776.

44¢ R, Fontaine, C. Pommier, and G. Guiochon, Bull. Soc. chim. France, 1972, 1685.

“s N. A. P. Kane-Maguire and C. H. Langford, J. Amer. Chem. Soc., 1972, 94,
2125.

s K. L. Stevenson, J. Amer. Chem. Soc., 1972, 94, 6652.
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Intramolecular Rearrangements of Tris-chelate Complexes.—The kinetics and
mechanisms of such rearrangements of cobalt(tm) and of chromium(im)
complexes have already been discussed at appropriate points in the previous
two sections.

One of the simplest bidentate ligands is the oxalate anion. Racemization of
its tris-chelates of cobalt(im)*®*® and chromium(mn) 44! have already been
mentioned; racemization of its rhodium(mm) tris-chelate has also been studied
recently. The similarity of the kinetic parameters for racemization and for
inner-oxygen exchange of [Rh(o0x);]>~ suggests a close similarity of mechanism.
A common five-co-ordinate intermediate is proposed, whose lifetime is
sufficient for inner=outer oxygen exchange or for racemization to take
place.?

Rearrangements in tris-a-isopropyl- (44) and tris-«-isopropenyl-tropolonato-
complexes of several metal(ur) cations have been probed by n.m.r. spectro-
scopy. Two intramolecular processes are likely for these tris-chelates of
unsymmetrical ligands, A=A inversion and cis=trans isomerization. Both

Me Me
QO
>M3+/3
(¢}
44)

processes can be seen in the variable-temperature n.m.r. spectra of the
aluminium(ur), gallium(ir), and cobalt(tr) complexes, the A=A inversion
taking place, probably by a trigonal twist mechanism, at a lower temperature
than the cis=trans. Only isomerization could be detected from the
vanadium(ur) and manganese(r) complexes, only A=A inversion for the
germanium(rv) derivative [Ge(«-Pri-tropolonate);]t. The rhodium(in) and
ruthenium(nr) complexes are stereochemically rigid at the temperatures
accessible in this investigation. ¢35, 438 The determination of the crystal structure
of tristropolonatoaluminium(ir) provides useful stereochemical background
information to the discussion of rearrangement processes in this type of
compound, 447

Two intramolecular processes are evident from variable-temperature n.m.r.
studies of CD,Cl, or C;D;NO, solutions of [Ru{Me(PhCH,)dtc};]. At low
temperatures the A=A inversion can be monitored and at higher tempera-
tures rotation about the ligand carbon-nitrogen bonds can be observed.43?
Similar observations are reported for CD,Cl, solution of [Fe(MePhdtc);]; the
detailed dependence of the *H n.m.r. spectrum on temperature shows that the
low-temperature inversion process takes place by a trigonal twist mechanism, 48
This iron(1r) complex has a lower barrier to inversion than the ruthenium(rm)
complex cited in the previous sentence.?3” Two intramolecular processes,

+7 E, L. Muetterties and L. J. Guggenberger, J. Amer. Chem. Soc., 1972, 94, 8046.
48 M. C. Palazzotto and L. H. Pignolet, J.C.S. Chem. Comm., 1972, 6.
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again inversion and carbon-nitrogen bond rotation, are evident in the
variable-temperature n.m.r. spectra of CD,Cl; solutions of the iron(iv)
chelate [Fe{Me(PhCH,)dtc};]*. The barrier to A=A inversion is probably
lower for the iron(iv) derivative than for the iron(ur), whereas the barrier to
rotation about the carbon-nitrogen bonds in the dtc ligands appears to be
higher for the iron(tv) compound.*4® The barrier to inversion for iron(mm)-
substituted dtc complexes is lower than that for the iron(i) complex
[Fe(dtc)s(phen)]. For all of these iron(1v), iron(i), and iron(ir) complexes the
predominant pathway for rearrangement is a trigonal twist. {Co{(PhCH,)~
(PhCH,)dtc},] is also stereochemically non-rigid, and again the mechanism of
inversion is thought to be a trigonal twist. [Rh{(PhCH,)(PhCH,)dtc},] is rigid
at least up to 200 °C in C;D;NO, solution.5°

Closely related to the compounds discussed in the previous paragraph are
the mixed-ligand tris-chelates [Fe(R*R*dtc),(mnt)]. For the compounds with
R! = R? = Et and with R! = Me, R? = Ph there are again two intra-
molecular processes whose rates are within the n.m.r. time-scale — and again
the processes are a lower-temperature inversion and a higher-temperature
rotation about ligand carbon-nitrogen bonds. This behaviour is similar to that
established earlier for complexes [Fe(R1R 2dtc),(tfd)], where tfd = (45). The
activation parameters for inversion of [Fe(Et,dtc),(mnt)]are AH* = 8.6+ 1.5
kcal mol~* and AS* = —3.445.0cal deg~* mol-! and those for rotation
about the carbon-nitrogen bond are AH* = 12.5+2.0 kcal mol-* and
AS* = —5.5+6.0cal deg~! mol~?, in CD,Cl, solution.*5! The temperature
dependence of n.m.r. spectra of diamagnetic M and M complexes of
dialkyldithiocarbamate ligands has been the subject of detailed discussion.*52
The activation parameters for racemization of the iron(m) complex of the
sexidentate ligand tptame (43), in D,O solution, are E, = 18.4 kcal mol-!
and AS* = +1caldeg !mol-!. Interestingly this activation energy is
much higher than that for racemization of the analogous cobalt(ir) complex
(see above).434

An example of a full kinetic study of a related tetrakis-chelate complex is
afforded by the intramolecular rearrangement of [Zr(A3-allyl),], details of
which belong in the organometallic section of this Report.453
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43 D. J. Duffy and L. H. Pignolet, Inorg. Chem., 1972, 11, 2843.

40 M. C. Palazzotto, D. J. Duffy, B. L. Edgar, L. Que, and L. H. Pignolet, J. Amer. Chem.
Soc., 1973, 95, 4537.

+1 1, H. Pignolet, R. A. Lewis, and R. Holm, Inorg. Chem., 1972, 11, 99.

3 R, M. Golding, P. C. Healy, P. W. G. Newman, E. Sinn, and A. H. White, Inorg.
Chem., 1972, 11, 2435.

+3 J, K. Krieger, J. M. Deutch, and G. M. Whitesides, Inorg. Chem., 1973, 12, 1535.
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Miscellaneous.—Isomerization of [MoO,(dipivaloylmethanato),} is definitely
intramolecular, but it is not possible to choose beitween a purely non-
dissociative twist and a mechanism in which one or both of the bidentate
ligands undergoes partial dissociation to become unidentate. The activation
energy for this isomerization is 17.0 kcal mol-'; the frequency factor is
e12-56 154 Tnterconversion of isomers of octahedral molybdenum(v) complexes
of the type MoOL!L3X is fast.455

trans to cis Isomerization of [Ru(NH,),(NO)(OH)]*t is extremely slow, as
is the reverse reaction in acidic or neutral solution. However, the half-life for
isomerization of the cis- to the trans-isomer is a few minutes in aqueous
ammonia at around 100 °C.45¢

Over a decade ago it was reported that the (—)s46..-isomer of the rho-
dium(mn)-p(— )-pdta complex lost its optical activity on irradiation with u.v.
light, but that the optical activity returned on keeping the solution in the dark.
These observations were interpreted in terms of sexidentate and quinque-
dentate forms of the chelate.*?? Now as a result of an extensive study, using the
techniques of u.v.~visible and n.m.r. spectroscopy and circular dichroism, it is
suggested that the pdta ligand remains sexidentate throughout, and that the
observed changes can be attributed to conformational isomerization of the
ligand, (46)=(47). The difference in energy between these isomers appears to
be about 3 kcal mol—1; equilibrium is established in a few minutes at room
temperature. 458

(46) CY))

Racemization of some macrocyclic Schiff-base complexes of nickel(tr) is
reported to involve inversion of both asymmetric secondary nitrogen atoms;
activation parameters are reported.?® The mer— fac isomerization of
[Ni(oxine),]~ is facile in methanol-chloroform solvent mixtures. 4%

41 T, J. Pinnavaia and W. R. Clements, Inorg. Nuclear Chem. Letters, 1971, 7, 1127.

5 . N. Marov, V. K. Belyaeva, Yu. N. Dubrov, and A. N. Ermakov, Russ. J. Inorg. Chem.,
1972, 17, 1561.

4se §. Pell and J. N. Armor, Inorg. Chem., 1973, 12, 873.

47 F, P. Dwyer and F. L. Garvan, J. Amer. Chem. Soc., 1961, 83, 2610.

458 G, L. Blackmer, J. L. Sudmeier, R. N. Thibedeau, and R. M. Wing, Inorg. Chem.,
1972, 11, 189.

459 E, Sledziewska, Bull. Acad. polon. Sci., Sér. Sci. chim., 1972, 20, 49 (Chem. Abs., 1972,
76, 145 355y).

40 Y, Yamamoto, Bull. Chem. Soc. Japan, 1973, 46, 331.
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The only significant photoreaction of the ruthenium(m)-4-stilbazole (stb)
complexes [Ru(bipy)s(sth).]2+ and [Ru(bipy).(stb)CI]* is cis=trans [(48=2(49)]
isomerization of the 4-stilbazole ligand.61

\
7 \ ¢
48 49
The redox isomerization of the platinum(iv) compound (50) to the plati-
num() compound (51), in benzene solution, is thought to be dissociative in

mechanism. The intermediate (52), which can either re-form (50) or undergo
platinum-carbon bond cleavage, is suggested.*%2
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Interest continues in stereochemical rigidity of six- and eight-co-ordinate
metal compounds containing unidentate ligands. Barriers to stereochemical
rearrangement of seventeen iron(i) and eleven ruthenium(ir) compounds of
formulae MH,L, and MH,L;L', where L = a phosphine, phosphite,
phosphinite, or phosphonite, and L! = CO or PhCN, have been estimated
from 220 MHz 'H and 3P n.m.r. spectroscopy. The AG * values are higher for
the ruthenium compounds than for the iron compounds, and are relatively
insensitive to steric and electronic differences between ligands. Two possible
mechanisms for these rearrangements are discussed in detail, the shift of
hydrogen from an occupied to a vacant ‘tetrahedral’ face and the simultaneous
shift of two hydrogens from face to edge situations to give an approximately
D,q transition state.%63 Barriers to rearrangement of eight-co-ordinate com-
pounds MH,L, are consistently higher for M = WthanforM = Mo.64, 465
Intramolecular rearrangement of nine-co-ordinate MHgL, is, not surprisingly,
too fast to monitor by n.m.r. spectroscopy.®® Eight-co-ordinate MoH,L,

ss1 P, P, Zarnegar, C. R. Bock, and D. G. Whitten, J. Amer. Chem. Soc., 1973, 95, 4367.

w2 R, D, Gillard and M. F. Pilbrow, J.C.S. Dalton, 1973, 102.

163 P Meakin, E. L. Muetterties, and J. P. Jesson, J. Amer. Chem. Soc., 1973, 95, 75.

44 B, Bell, J. Chatt, G. J. Leigh, and T. Ito, J.C.S. Chem. Comm., 1972, 34.

a5 p. Meakin, L. J. Guggenberger, W. G. Peet, E. L. Muetterties, and J. P. Jesson,
J. Amer. Chem. Soc., 1973, 95, 1467.
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compounds are thus non-rigid, [Mo(CN),]*~ may be non-rigid,*®® and now a
recent 13C n.m.r. investigation of [Mo(ButNC),(CN),] has given results which
are consistent both with the existence of just one isomer or with a rapid inter-
conversion between two isomers (at least down to —47 °C in chloroform
solution).48?

10 Co-ordination Numbers Greater than Six

All of the kinetic studies of substitution and related reactions of inert metal
complexes with co-ordination numbers greater than six reported in the present
volume are concerned with eight-co-ordinate complexes. The relevant refer-
ences are collected together in Table 29. It is likely that the co-ordination
numbers of the lanthanide and actinide cations whose complexes are men-
tioned in Sections 7 and 8 of this chapter are greater than six, but as knowledge
of the precise co-ordination number in each case is lacking, these are not
included in Table 29.

Table 29
Co-ordination
number Compound Reaction Ref.
8 [Mo(CN)s]®~ Substitution and 225
photoreduction
8 [Mo(CN)s]*- Photoaquation 226, 227
8 [Mo(CN)s]*- Rearrangement 466
8 [Mo(ButNC),(CN),] Rearrangement 467
8 [MoH,L] Rearrangement 464, 465
8 [W(CN)s]*~ Photoaquation 226
8 [WH,L,] Rearrangement 464, 465
8 [Nd(tren),]*+ Ligand exchange 404

188 B L. Muetterties, Inorg. Chem., 1965, 4, 769.
47 M. Novotny, D. F. Lewis, and S. J. Lippard, J. Amer. Chem. Soc., 1972, 94, 6961.
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Labile Metal Complexes

BY D. N. HAGUE

1 Introduction

The layout of this chapter is similar to, but not identical with, that of the
corresponding chapter of Volume 2: the topics covered are complex
formation between unsubstituted metals and unidentate ligands, complex
formation between unsubstituted metals and multidentate ligands, and the
effect of bound ligands. The first two parts are subdivided into sections on the
main-group metals, nickel(mr) (still by far the most popular labile metal for
mechanistic investigations), other bivalent transition metals, and, finally,
metals of valency three and higher. The discussion sections of many papers
centre around the dissociative-interchange mechanism proposed by Eigen.
This mechanism, the salient features of which were described in Chapter 1 of
Part III of Volume 1 of these Reports, is referred to in several ways in the
literature, but the designation Ia (dissociative interchange) of Langford and
Gray! appears to have been particularly popular during the period under
review. Perhaps this terminology will gradually replace the collection of
sometimes rather misleading names which have been used to date for this
increasingly successful mechanistic model.

Three brief reviews have appeared during the review period. Two of these,
by Wilkins 2 and Alimarin,® were plenary lectures at international conferences
and the third, on nickel(ir), forms part of a general mechanistic review * on the
trio nickel, palladium, and platinum.

2 Complex Formation involving Unsubstituted Metal Ions:
Unidentate Ligands and Solvent Exchange

Main-group Ions.—The ultrasonic absorption of magnesium sulphate has been
measured ® in a solvent of 379, by weight dioxan—water and the results have
been discussed in the context of previous ultrasonic work with the sulphates of
Mg?+ and Mn?*. The importance of specific solvent effects in the formation of

1 C. H. Langford and H. B. Gray, ‘Ligand Substitution Processes’, Benjamin, New York,
1965.

* R. G. Wilkins, Pure Appl. Chem., 1973, 33, 583.

* 1. P. Alimarin, Pure Appl. Chem., 1973, 34, 1.

¢ A. Peloso, Coordination Chem. Rev., 1973, 10, 123.

5 F. H. Fisher, J. Phys. Chem., 1972, 76, 1571.
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these complexes is confirmed and it is pointed out how measurements of this
type can be used to discriminate between the conflicting sets of multistate
parameters which have been used to rationalize ultrasonic absorption in
aqueous solutions. The pressure-jump and shock-wave methods have been
used ¢ to follow the formation of magnesium trifluoroacetate in methanol. The
rate and activation parameters are compared with those known for the
solvent-exchange process and it is concluded that the release of co-ordinated
methanol from the inner co-ordination sphere of the metal ion is the rate-
determining process.

Nickel(m).—By virtue of its neutral charge and the similarity of its size and
structure to those of water, NHj has held a particularly important position in
the mechanistic investigations of complex formation in aqueous solution.
Thus, when interpreted in the light of the dissociative mechanism, the forma-
tion rate constant for the 1 : 1 ammonia complexes of Ni!l has been found to
be in excellent agreement with the solvent-exchange data obtained from n.m.r.
measurements (which have, incidentally, recently been up-dated ?). The appli-
cation of the ammonia results to reactions involving larger ligands containing
amine nitrogen groups is complicated by the uncertain influence of steric and
inductive effects resulting from substitution on the nitrogen atoms. Rora-
bacher and Melendez-Cepeda have studied ® the reaction of the hexa-aquo-
nickel(ir) ion with several amines and have found that increasing alkyl
substitution significantly decreases the formation rate constant of the 1 : 1
complexes and slightly increases the dissociation rate constant (Table 1).

Table 1 Rate and equilibrium constants® for 1 : 1 complexes of nickel(1) with

alkylamines
Ligand (L) k¢/10* 1 mol-1s~1 kqfs™! log K,
NH, 4.48 7.1 2.80
MeNH, 1.31 7.7 2.23
EtNH, 0.865 13.3 1.81
PriNH, 0.605 16.8 1.56
Me,NH 0.332 11.3 1.47

e Data are from ref. 8 and refer to 25 °C and ionic strength 1.0M (HLCIO,).

Whereas the former trend is readily attributable to steric effects, the latter
trend is in apparent contradiction to anticipated inductive effects; moreover,
it is in disagreement with the results of earlier studies which had indicated a
direct relationship between the complex-dissociation rate constants and the
acid dissociation constants of the ligand for the nickel complexes of a series of
related ligands. Another interesting aspect of these results (Table 1) is that the

¢ P. Fischer, H. Hoffmann, and G. Platz, Ber. Bunsengesellschaft phys. Chem., 1972, 76,
1060.

7 J. W. Neely and R. E. Connick, J. Amer. Chem. Soc., 1972, 94, 3419, 8646.

s D. B. Rorabacher and C. A. Melendez-Cepeda, J. Amer. Chem. Soc., 1971, 93, 6071.
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trend in complex stability constant does not parallel kq, as is so often the case,
but is primarily dependent on the formation rate constant. The magnitude of
the trend in k: suggests that very large steric effects are to be expected for
ligands in which secondary and tertiary nitrogen donor atoms carry bulky
alkyl substituents.

The pressure dependence of the reaction of Nizf with NH; has been
studied® in greater detail and the pH dependence of the nickel-imidazole
reaction has been followed by Letter and Jordan.® The complexing of nickel(mr)
by imidazole is unusual in that the protonated as well as the unprotonated
form of the ligand reacts, For most unidentate ammonia- and pyridine-type
ligands, protonation removes the only non-bonded electron pair on the ligand
and the protonated form is not reactive. However, for imidazole one electron
pair is essentially non-bonding even in the protonated form and can be used
for complexation (Scheme 1).

== 3+ 2+
] Ni_ [T ] ]
+ ~ fast
o .
/N\/N\ + NiZt—> /N\/N\ — ./N\/N\
H H H H Ni H
+ H*

Scheme 1

Rate constants were evaluated for the reaction of both the protonated and
unprotonated forms (see Table 8, p. 275). Wilkins and co-workers have also
studied 1* the Ni?*-imidazole system but have been unable to explain the
discrepancies between their results and those of Letter and Jordan.
Rorabacher has extended 12 his experiments on the effect of solvent on the

nickel-ammonia reaction. The solvent used was a water-methanol mixture
(varying in composition in the range 0—99 %; methanol) and, in an attempt to
minimize inner-sphere effects so that the influence of the bulk solvent could be
isolated, the quinquedentate ligand N-hydroxyethylethylenediamine NN'N'-
triacetate (heedta) was complexed to the Nill ion, leaving a single co-ordination
site available for solvent~ammonia exchange. (The reaction being studied was
therefore

ka

NiZS + NH; == NiZ(NH;) + S

kg
where Z and S represent molecules of heedta and solvent, respectively.
Although this technically involves complex formation at a substituted metal
ion and therefore belongs in Section 4, we have chosen to report the results

* E. F. Caldin, M. W. Grant, and B. B. Hasinoff, J.C.S. Faraday I, 1972, 68, 2247.

1w J. E. Letter and R. B. Jordan, fnorg. Chem., 1971, 10, 2692.

11 J, C. Cassatt, W. A. Johnson, L. M. Smith, and R. G. Wilkins, J. Amer. Chem. Soc.,
1972, 94, 8399.

1t F. R. Shu and D. B. Rorabacher, Inorg. Chem., 1972, 11, 1496.
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Table 2 Rate and equilibrium constants® for the [Ni(heedta)(NH;)]~ complex in
methanol-water mixtures

[MeOH]/Wt% k:/10°1mol-1s-t kq/s~?! log K

0 0.78 6.2 2.097
25 0.79 6.3 2.097
50 1.37 7.5 2.263
65 1.58 8.0 2.299
70 2.19 9.8 2.348
80 3. 12.8 2.384
90 3.63 25.0 2.161
95 4.04 34.8 2.064
99 4.39 48.0 1.96

e Data are from ref. 12 and refer to 25 °C and ionic strength 0.3M (NaClO,).

here because the authors themselves have discussed them in the context of the
mechanism of substitution at the bare metal ion.) The results show that both
k¢ and kq increase as the methanol content of the solvent is increased (Table 2),
which is in marked contrast to their behaviour for the corresponding reactions
of Ni?*+ with NH;? and bipy.** The authors conclude that the earlier studies
were, in fact, largely influenced by inner-sphere effects and that the variation in
ks with solvent composition can be interpreted consistently in terms of a
dissociative mechanism without invoking matrix (bulk solvent) effects. (This
does, of course, assume that the inner-sphere influence exerted by heedta does
not greatly alter the relative preference of Ni!l for water over methanol as a
ligand.) In contrast, it is suggested that the dissociation process is markedly
affected by the nature of the bulk solvent.

The kinetics of reaction between nickel(ir) and chloride, ® acetate (and mono-,
di-, and tri-chloroacetate),'® and trithiocarbonate ' in methanol have also been
discussed in terms of the normal dissociative mechanism. The values of 4z,
which decrease by a factor of about three on passing from acetate to tri-
chloroacetate, are found ¢ to be proportional to the basicity of the incoming
ligand (the values for p-nitrobenzoate also fall on the linear plot of k; versus
pKa of the ligand). Tt is argued that the inductive effect of the chlorine atoms
tends to withdraw charge from the carboxylate group, thus affecting the
tendency of the anion both to accept a proton (pKa,) and to form an outer-
sphere complex with a metal ion (Kos and therefore k¢). The fact that p-
nitrobenzoate behaves in a similar way suggests that steric factors are unim-
portant within this series of reactions.

If a dissociative-interchange mechanism is assumed for the reaction of
nickel(r) and substituted dithiocarbamates, a calculated value for the rate-

13 W, J. MacKellar and D. B. Rorabacher, J. Amer. Chem. Soc., 1971, 93, 4379.

14 H. P. Bennetto and E. F. Caldin, J. Chem. Soc. (4), 1971, 2190, 2198, 2207; H. P.
Bennetto, ibid., p. 2211.

15 F, Dickert, P. Fischer, H. Hoffmann, and G. Platz, J.C.S. Chem. Comm., 1972, 106.

¢ F. Dickert and R. Wank, Ber. Bunsengesellschaft phys. Chem., 1972, 76, 1028.

17 R, J. Matthews and J. W. Moore, Inorg. Chim. Acta, 1972, 6, 359.
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determining solvent-loss process which is 10—50 times smaller than the
measured value for the solvent-exchange process is calculated on the basis of
the measured '8 values of k¢ and the usual estimates of Kos. Such a difference
is not easily accommodated since the mechanism requires that complex-
formation rate constants (suitably adjusted) should fall below solvent-exchange
rate constants by only a statistical factor which accounts for the number of
outer-sphere sites. (This has been estimated to be a matter of a factor of 5—10
only.) Langford and co-workers therefore conclude!® that these results
(together with previous results for the reaction of nickel with bipy, murexide,
and CNS- in DMSO) reflect either a new mechanism or, as they put it, ‘failure
of the simplistic Fuoss-Eigen equation’ (for Kos). Dickert and Hoffmann ®
have used pressure methods to study the nickel-thiocyanate and ~chloride
reactions in DMSO and have concluded that, on the contrary, the results are
perfectly consistent with the ‘normal’ mechanism; the source of the disagree-
ment with Langford and Tsiang?® is simply that the latter workers, in their
stopped-flow studies, were observing the formation not of the monothio-
cyanato-complex but rather of some other species. Evidently this is a matter for
further investigation.

The reaction between nickel(rr) and pyridine has been measured 2! in DMSO
and acetonitrile; this was part of an investigation with a series of ligands,
many of them bidentate, and the results will be discussed in Section 3. Two
n.m.r. studies of the exchange of acetonitrile on nickel(ir) have been reported,
one 22 using “N linewidths and the other 23 using both the *H and 4N signals,
but the agreement between them is not very good (Table 3). Lincoln and West 23

Table 3 Kinetic parameters for the exchange of acetonitrile on bivalent metal

ions (25 °C)
M2 Nucleus Kex/s™t AH&/kcal mol-t ASS:/cal mol-1 K~ Ref.
Co?t 1N 2.7x10° 8.79 —4.2 22
Co?+ uN (3.2+0.3)x 105 11.4+0.5 5.0£2.0 27
Co%t H (3.5+£0.5) %105 11.4+0.5 5.2+2.2 27
Niz+ N 1.45x104 9.44 -7.8 22
Ni2+ uN (2.0+0.3)x 103 16.4+0.5 12.0+1.9 23
Niz+ H (3.6+0.6)x10° 14.2+2.1 5.5+4.0 23

discuss the origins of the apparent discrepancies between the two sets of
kinetic data. Frankel has used n.m.r. to follow 24 the ligand-exchange kinetics
of nickel(rr) with DMF in DMF-nitromethane mixed solvents. As was found

¢ R. R. Scharfe, V. S. Sastri, C. L. Chakrabarti, and C. H. Langford, Canad. J. Chem.,
1973, 51, 67.

1 F. Dickert and H. Hoffmann, Ber. Bunsengesellschaft phys. Chem., 1971, 75, 1320.

20 C, H. Langford and H. G. Tsiang, Inorg. Chem., 1970, 9, 2346.

#1 P, K. Chattopadhyay and J. F. Coetzee, Inorg. Chem., 1973, 12, 113,

#2 V., K. Kapur and B. B. Wayland, J. Phys. Chem., 1973, 77, 634.

23 §. F. Lincoln and R. J. West, Austral. J. Chem., 1973, 26, 255.

*¢ L. S. Frankel, Inorg. Chem., 1971, 10, 2360.



266 Inorganic Reaction Mechanisms

to be the case in previous studies 2* with DMSO, the ligand-exchange para-
meters are independent of the composition of the mixed solvent. This finding,
coupled with the fact that the solvation shell is not pure DMF (actually,
nitromethane is preferred), clearly supports the so-called D mechanism (which
requires a five-co-ordinate intermediate of comparatively long lifetime) over
the dissociative-interchange (Ia) mechanism in this case, as with DMSO.

Transition Metals M2+ (except Ni?t).-—A preliminary report has appeared ¢
on the kinetics of the reaction between Cr?+ and several aliphatic radicals in
water in which compounds containing chromium-carbon bonds are formed.
The rate constants (Table 4) indicate that the reactions are fast but not diffusion

Table 4 Rate constants® for the formation of chromium—carbon bonds
Reacting radical k/l mol-*s—1

CH,CO,H 2.5x10®
CH,0H 1.6x 108
MeCHOH 7.9% 107
Me,COH 5.1x107
MeCHOEt 3.4x107

e Data are from ref. 26. All solutions were saturated with Ar and contained 0.25—0.50M
of the organic solute, 10—+—10-*M [Cr(H,0) ]*t+, and 0.1 —1.0M HCIO..

controlled. The order of reactivity of the radicals towards [Cr(H,0).]**
(namely, CH,COOH > CH,OH > MeCHOH > Me,COH > MeCHOEY) is the
same as that of the spin density of the unpaired electron on the « carbon atom
calculated from the hyperfine splitting constants measured by e.s.r., suggesting
that the mechanism of the reactions has some associative character. The
authors conclude that the magnitude of the variation in k¢ is too great to be
explained purely in terms of steric hindrance.

The kinetics of the formation and dissociation of manganese(rr), iron(m),
and cobalt(r) chlorides have been measured in methanol and it is con-
cluded % 25 from the existence of an isokinetic relationship that the release of
methanol from the first co-ordination sphere of the metal is the rate-limiting
process.

With Co?+, as with Ni2+, the agreement between the acetonitrile-exchange
data obtained in two independent studies 22, 27 (Table 3) is not good. West and
Lincoln point out?? that the kinetic parameters for the exchange of aceto-
nitrile on bivalent metal ions exhibit trends in which kex decreases and AH .
increases from Mn?+ to Ni2+, Similar trends are observed for solvent exchange
on these metal ions in ammonia, methanol, and water, suggesting a similar
exchange mechanism in all four solvents. The observed trend in AHZ, is that

35 1. S. Frankel, Chem. Comm., 1969, 1254 ; Inorg. Chem., 1971, 10, 814.
s H, Cohen and D. Meyerstein, J.C.S. Chem. Comm., 1972, 320.
t7 R, J. West and S. F. Lincoln, Inorg. Chem., 1972, 11, 1688.
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predicted for water exchange by crystal-field calculations in which a dis-
sociative mechanism involving a square-pyramidal transition state is assumed.

The volume of activation of the reaction between cobalt(m) and NH; in
water has been measured.?

Diebler and Rosen have measured 2 the kinetics of formation of the 1 : 1
complexes of copper(i) with imidazole and ammonia in water and have ob-
tained values (5.7 x 10% and 2.0 x 108 1 mol-? s~%, respectively, at 25 °C) which
they consider to be typical for the reactions of this metal with simple, neutral
ligands. They consider the rate constants for the corresponding reactions with
en and bipy (4x 10° and 4 x 107 I mol-* s—, respectively) and conclude that
the first of these is abnormally high (because the second amino-group of en
can assist the first water-loss process by the internal conjugate-base mechan-
ism) whereas the second is abnormally low (because of the steric effect associ-
ated with the rotation about the C—C bond linking the two rings in bipy). In
any event, they point out that there is no correlation between k¢ for the four
neutral ligands and their basicities.

The ultrasonic absorption of aqueous solutions of copper chloroacetate has
been reported.?®

Metals of Valency Three and Higher.—The n.m.r. technique has been used to
study the chloride exchange at the tetrachlorogallate(tm) ion in concentrated
hydrochloric acid® and at Me(CICH,)Si(Cl)NMe, in CH,Cl,.3! In the latter
case it was possible to show that the exchange proceeded with inversion of
configuration at silicon.

The acid-independent term in the rate expression for complex formation of
hexa-aquoiron(mr) has been attributed to reactions (1) and (2),

[Fe(H20)6]3+ + L~ —> [Fe(H2O)sL12+ + H20 (1)
[Fe(OH)(H20)5)2* + HL —> [Fe(H20)L]12* + H20 )

where L~ and HL represent, respectively, the unprotonated and protonated
forms of the incoming ligand. Since these reactions are kinetically equiva-
lent, it has proved rather difficult to say which, in a particular case, is the
more important. The present view is that, for ligands of low basicity such as
Cl- or Br—, the major contribution to the rate constant is that associated with
reaction (1) (there being butlittle dependence on the nature of the ligand) whereas
for ligands of higher basicity, such as the substituted phenols, reaction (2)
dominates. For incoming ligands of intermediate basicity, such as acetate and
the chloroacetates, the uncertainty remains. A temperature-variation study on
the reaction of Fe!I with acetate has been reported ®2 and the results support
the view that the dominant component of the acid-independent reaction

** H. Diebler and Ph. Rosen, Ber. Bunsengesellschaft phys. Chem., 1972, 76, 1031.

** S. Harada, Y. Tsuji, and T. Yasunaga, Bull. Chem. Soc. Japan, 1972, 45, 1930.

30 S. F. Lincoln, A. Sandercock, and D. R. Stranks, J.C.S. Chem. Comm., 1972, 1069.
#1 §, Distefano and H. Goldwhite, J.C.S. Chem. Comm., 1972, 1195.

32 R. N. Pandey and W. MacF. Smith, Canad. J. Chem., 1972, 50, 194.
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involves FeOH?t* and MeCO,H reacting by a dissociative-interchange
mechanism. On this assumption, the activation enthalpy for reaction (2) with
L as acetate is 11.1+2.2 kcal mol-!. The nature of the acid-dependent
reactions remains unresolved.

The influence of lithium, potassium, and caesium nitrates on the kinetics of
the reverse reaction (i.e. the aquation of Felll) have been reported 32 in the case
of L— = CI-. Although no specific cationic effects are predicted by the theory
of salt effects, it is found that the acid-independent and the acid-dependent
pathways are affected in opposite directions. The latter pathway is thought to
involve [FeOHCI]* and the observed salt effects are tentatively ascribed to the
influence of water structure.

[Fe(Hz0)5Cl]2+ =— [Fe(H20)4CIOH]* + H' =— [Fe(H20)sOH]** + Cl-

Complex formation between iron(mr) and ten phenols has been studied 34
and it has been confirmed that the reaction rate is acid-independent in the pH
range 0—2. A mechanism for the aquation of the iron(ur)-phenol complex is
proposed in which a proton transfers intramolecularly from a co-ordinated
water molecule to a phenolate ion:

[Fe(OH2)sA 12+ —> [Fe(OHz)o(OH),AH]?+

The kinetics and mechanism of the reaction of iron(ir) with thiocyanate
have received further attention.?®

Further ultrasonic absorption data have been reported on aqueous solutions
of the nitrates 3¢ and sulphates 37 of four of the lanthanides, but the nature of the
overall complexation mechanism remains uncertain. It appears®? that the
deuterium isotope effect observed when D,O is substituted for H,O as the
solvent is not a function of the solvated cation alone, but rather of the cation—
ligand complex.

Preliminary stopped-flow work on the reaction between [Mo(H,0)¢]*+ and
NCS- in 1M-toluene-p-sulphonic acid yielded 3® a second-order rate constant
for complex formation of 10+£2 1 mol~-!s~'. This value is unexpectedly high
but can possibly be rationalized by invoking an Sx2-type mechanism (the
possibility has not been excluded, however, that a process other than sub-
stitution is involved).

Wide-line n.m.r. spectra of 17O and 2°Cl have been obtained ** for complex
oxovanadium(rv) species in hydrochloric acid solution over a wide range of

33 R, Koren and B. Perlmutter-Hayman, Inorg. Chem., 1972, 11, 3055.

3¢« ¥, Nakamura, T. Tsuchida, A. Yamagishi, and M. Fujimoto, Bull. Chem. Soc. Japan,
1973, 46, 456.

35 S, Funahashi, S. Adachi, and M. Tanaka, Bull. Chem. Soc. Japan, 1973, 46, 479.

ss . B. Silber, N. Scheinin, G. Atkinson, and J. J. Grecsek, J.C.S. Faraday I, 1972, 68,
1200.

37 J, Reidler and H. B. Silber, J. Phys. Chem., 1973, 77, 1275.

28 K. Kustin and D. Toppen, Inorg. Chem., 1972, 11, 2851.

39 A, H. Zeltmann and L. O. Morgan, Inorg. Chem., 1971, 10, 2739.
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concentrations and temperatures. Line-broadening attributable to para-
magnetic species is interpreted in terms of equilibria (3) and (4), in which only
equatorial ligands have been included.

[VO(H20)4]?* + Cl- == [VO(H20):CI]* + H20 (3)
[VO(H20):CI]t + Cl- =— [VO(Hz20):Cl2] + H20 4

Rate constants and activation energies are obtained for exchange of both
H,'70 and 35Cl- between the complexes and bulk solvent (Table 5). In each
case the exchange process is best represented as H,O-dependent and the rate
equations used to evaluate the data incorporate the activity of water, referred
to unity at infinite dilution.

Table 5 Kinetic parameters® for the exchange of Cl— and H,''O on oxo-
vanadium(v) species

Complex Ligand kfs—1 Ea/kcal mol-?
[VO(H,0),]** H,'"O0 (5.94£0.2)x 102 15+1
[VO(H,0),CIJ* H,'"0 (2.340.6)x 104 11+1
[VO(H;0),Cl,] H,'"0 (8.5+0.3)x10° 10+1
[VO(H,0),CI]* Cl- 2.0+1.6)x103 12+2
[VO(H;0),Cl,] Cl- (2.3£0.2)x 10°% 7+1

¢ Data are from ref. 39 and refer to 27+1 °C.

N.m.r. line-broadening has also been used*® to measure the kinetics of
exchange of glycine on the complex [VOHGIly]?* in water; the reaction was
found to be zero-order in glycine. The kinetics of formation of the complex
[VOHGIy]?>* (in which the zwitterion of glycine behaves as a unidentate
ligand) have also been measured 2 by a stopped-flow method, and the calcu-
lated value of Kos, on the Jq mechanism, has been found to be 2.6 1 mol-1.
With such a large value for Kos, some deviations from first-order behaviour
should be noted in the formation data due to incipient saturation of the ion-
pair equilibrium. No such deviations are noted and it is therefore concluded
that the ‘normal’ mechanism is not operative. On the other hand, if the outer-
sphere process corresponded to the complexation of a protonated glycine in
the axial position, the rate of formation would correspond to the product of
the axial complexation equilibrium constant and the water-exchange rate in
the equatorial position. If the axial formation constant were 0.5 I mol—1, outer-
sphere complex formation would be far from complete under the conditions
used and the corresponding water-exchange rate constant would have to be
increased by a factor of about six over that reported for [VO(H,0),]** in
order to explain the observed rate constant. Such a factor would not be un-
reasonable but the authors also point out that solvent structure may play a
significant role in determining the rate parameters for complex formation and

+ H. Tomiyasu, K. Dreyer, and G. Gordon, Inorg. Chem., 1972, 11, 2409.
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conclude that a decision between the various possibilities must await the
results of further investigations. Nonetheless, the zero-order dependence of the
exchange process on glycine concentration and the fact that the activation
parameters for the dissociation of [VOHGIy]?+ (as calculated from the stopped-
flow experiments) and glycine exchange on [VOHGIly]?*+ are not distinguish-
able experimentally [i.e. AH* (stopped-flow)=13.1+1.5 kcal mol-%, AH*
(n.m.r.)=12+1 kcal mol-!; AS* (stopped-flow)= —2.4+2.0 cal mol-* K1,
AS* (nmr.)=—3+1calmol-! K-1] suggest that an Syl dissociative
mechanism applies.

3 Complex Formation involving Unsubstituted Metal Ions:
Multidentate Ligands

Main-group Ions.—There have been several reports dealing with the formation
of complexes between the alkali metals and large ring systems such as the
crown polyethers. In view of the particular relevance of these studies to the
problems of active and passive transport of these ions through biological
membranes, they are discussed in Part II1.

Kinetic data have been reported*! for the interaction of Mg?*+ with six
inorganic and nucleoside phosphates, HP;0,,*~, ATP*~, CTP*-, HP,O,*",
ADP?-, and CDP3~. The aim of the study was to determine the effects of the
phosphate backbone and the two different ring systems (purine and pyrimidine)
on the complexation mechanism. In the case of the inorganic phosphates the
data were found to be consistent with the mechanism

K&
HeL =——=H* + HL + M“~—MLH*— ML + H* )
KEm
HIn = H* + In-

KIn

where all proton-transfer reactions, including that of the indicator HIn, are
taken as rapid pre-equilibria. The results (Table 6) are analysed in terms of the
normal mechanism with a single rate-determining step involving the expulsion
of the first water molecule from the inner hydration sphere of the metal ion;

Table 6 Rate constants® for the formation and dissociation of the 1 : 1 com-
plexes of Mg?t with di- and tri-phosphates

ki/lmol-'s™? ka/s~t
MgADP 3.8 x10® 2.3 x10?
MgCDP 3.8 x10¢ 2.3 x10%
MgHP,0, 3.85x10¢ 2.55%x103
MgATP 8.7 x107 7.8 x102
MgCTP 8.7 x107 7.8 x102
MgHP;0,, 8.5 x10°8 8.5 x102

e Data are from ref. 41 and refer to 15 °C and ionic strength 1M (KNO,).

41 C. M. Frey, J. L. Banyasz, and J. E. Stuehr, J. Amer. Chem. Soc., 1972, 94, 9198.
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the values of the water-exchange rate constant kex calculated from . and the
computed outer-sphere stability constant (modified to take into account the
known tendency of K+, the cation of the supporting electrolyte, to complex
with polyphosphates) on this basis are in good agreement with the experi-
mentally determined value of ca. 10° s~1. The mechanism which quantitatively
fits the data for all the Mg-nucleotide systems involves the formationofa 1 : 1
complex coupled to the formation of a 2 : 1 complex:

Ka
HL=—=H+* + L + 2MZ=ML + M=Z=—M:L 6)
ki kap
HIn = H* + In~

K

The rate-determining step in the formation of both complexes again appears to
be water loss from the inner hydration shell of the metal, and the adenine and
cytosine nucleotides of a given charge type exhibit the same kinetic behaviour
(Table 6).

A shock-wave apparatus has been used *? to follow the reaction of Mg?2+
with malonate and tartrate in water. The results are analysed in terms of the
three-step mechanism

ky k_o
Mg?+ + L2 =— MgH.OL =— Mg—L “=— MgL @)
K,y by ky

and it is suggested that in both cases the ring-closure step (k,) is significantly
slower than that involving dissociation of the singly bound intermediate
Mg—L (k_,). The values of k, for malonate and tartrate at 20 °C are calcu-
lated as, respectively, 1.6 x 105 and 1.8 x 10° s—! and that of k_, is 6 x 105 s~
for both (assuming %, to be 3 x 10% s~ for both); values of k_, are estimated to
be 3 x 10 and 8x 10352,

Dynamic n.m.r. methods have been used*® to determine the average life-
times of the magnetically non-equivalent methylenic protons of the acetate
groups in 1,3-propylenediaminetetra-acetate complexes of zinc and cadmium;
it is proposed that these lifetimes are a measure of the rates of partial dissocia-
tion of the complexes. The kinetics have been reported 44 45 for the interaction
between zinc and glycine.

Nickel(1).—Cavasino has extended his temperature-jump studies on the
reaction of nickel(rr) with anionic bidentate ligands by investigating*® the
behaviour of this metal towards methyl- and n-butyl-malonic acids. The
kinetic data obtained for both dicarboxylic acids were consistent with the

Platz and H. Hoffmann, Ber. Bunsengesellschaft phys. Chem., 1972, 76, 491.
. L. Rabenstein and B. J. Fuhr, Inorg. Chem., 1972, 11, 2430.

. A. Miceli and J. E. Stuehr, Inorg. Chem., 1972, 11, 2763.

. W. Grant, J.C.S. Faraday I, 1973, 69, 560.

. Calvaruso, F. P. Cavasino, and E. DiDio, J.C.S. Dalton, 1972, 2632.

7 ooz
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following reaction scheme:
very fast
0:2C-CHR - CO%~ =—== {(H20)eNi,02C- CHR - COg] 8)
K
[Ni(H20)6]2+ + +H+J [ —H* 0
very fast
HOzC'CHR'CO; “—— [(H20)Ni,0:C-CHR -CO:H]* (9)
Ko
E_y
[(H20)6Ni,02C-CHR ' CO2] == H:20 + [(H20):Ni(O2C-CHR-CO2)]

¥y
(10)
kLl
[(H20)6Ni,02C-CHR - CO:H]+ =— H20 + [(H20)5Ni(0:C-CHR-CO:H)]*
k3
an
kg
[(H20)sNi(02C-CHR - CO:H)]T == H* + [(H20):Ni(02C-CHR-CO3)]
by
(12)
02C
v k_y / ? AN
[(H20)5Ni(02C-CHR - CO2)] =— H20 + (H20)aNi CHR
ks N
0:C
(13)

The products of reactions (8) and (9) (R = Me or Bun) represent outer-sphere
complexes and reaction (12) is a proton-transfer process which probably
involves the solvent as acceptor. According to this mechanism, two reactions
contribute significantly to the formation of the nickel monochelate complex in
the acidity range investigated, namely the reactions of the nickel(ir) ion with
the dianionic ligand [0,C-CHR - CO,]?~ and with the corresponding conjugate
acid [HO,C-CHR - CO,]~. The rate constants for the various steps are shown
in Table 7 and it will be seen that, for both ligands, the rate constant (k,) for
ring closure is larger by a factor of 13—16 than that (k_,) for dissociation of
the unprotonated monochelate [(H,0);Ni(O,C-CHR - CO,)]. The implication
of this is that chelate ring closure contributes negligibly to the rate-limiting
process when the pH is higher than ca. 4. The authors conclude, likewise, that
the rate-limiting step in the other reaction pathway is water substitution at the
metal and that the behaviour of nickel(in) towards methyl- and n-butyl-
malonic acids (and, by analogy, malonic acid itself *7) is ‘normal’. In particular,
there appears to be no significant difficulty in closing the six-membered chelate

47 F. P. Cavasino, J. Phys. Chem., 1965, 69, 4380.
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rings. A similar conclusion has been reached ¢® by Petrucci and co-workers on
nickel malonate in D,0. The kinetic data on the reaction of Ni%** with malate °
and with maleate % suggest that water loss is rate limiting here, also.

Volumes of activation have been measured for the reaction of nickel(mr) with
compound (4)? and glycine;* the results, which are discussed together with
those for cobalt(ir), copper(tr), and zinc(m) in the next section, provide further
support for the validity for the Eigen mechanism in these cases.

Table 7 Rate constants® for the various steps involved in the formation of
nickel(t) monochelate complexes with methyl- and n-butyl-malonic
acids (see text)

Methylmalonic n-Butylmalonic

Rate constant acid acid
kaf(k—1+k3) 0.93 0.94
k_gfs™1 2.2x10% 3.9x102
k—yfs™t 3.3x103 3.1x10%
k_{/s™t 1.3x104 1.4x10%
kgfs™t 4.2x10¢ 5.1x10¢

@ Data are from ref. 46 and refer to 25 °C and ionic strength 0.10M (NaClO,).

To complement their studies® on the reaction of Nij; with alkylamines,
Rorabacher and co-workers have measured ®! the kinetics of complex forma-
tion with a series of N-alkyl-substituted ethylenediamines. In addition to the
inductive and steric effects observed with the unidentate series, rate enhance-
ments associated with the internal conjugate-base mechanism must be taken
into account. However, a comparison of rate constants for the unprotonated
and monoprotonated ligands, along with corresponding estimates for en,
reveals a uniform decrease in reactivity on going from primary to secondary to
tertiary amine nitrogens, i.e. the order of relative reactivities towards Nij} is
NH,;>RNH,>R,NH>R;N. (This order is clearly established for ethyl
substitution and a similar, but less distinct, trend is observed for methyl sub-
stitution.) Similarly, the rate of second-bond formation to complete a chelate
ring appears to decrease in the case of the diamines on increasing N-alkyl
substitution. The ultimate result is an apparent shift in the rate-determining
step from the first- to the second-bond formation when the substituents
become sufficiently large. As a consequence of these observations, the authors
make three very interesting generalizations concerning the mechanism of
complex formation with large multidentate ligands:

(i) In linear multidentate ligands, such as the straight-chain polyamines, the
terminal (primary) donor atoms are much more reactive than the internal

¢¢ D. Saar, G. Macri, and S. Petrucci, J. Inorg. Nuclear Chem., 1971, 33, 4227.

4 S. Harada, K. Amidaiji, and T. Yasunaga, Bull. Chem. Soc. Japan, 1972, 45, 1752.
s S. Harada and T. Yasunaga, Bull. Chem. Soc. Japan, 1973, 46, 502.

$1 T, S. Turan and D. B. Rorabacher, Inorg. Chem., 1972, 11, 288.
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(secondary) donor atoms to the extent that the reaction path involving first-
co-ordinate-bond formation with a terminal donor atom represents the
predominant reaction route.

(ii) For branched multidentate ligands such as edta and analogous ligands
involving both primary and tertiary donor atoms, the reaction path involving
first-co-ordinate-bond formation to a primary (terminal) donor atom pre-
dominates to such an extent that it represents the only kinetically significant
route to the final complex ion even when the terminal donor atoms are so weak
that the rate-determining step is shifted to the point of second-co-ordinate-
bond formation (closure of the first chelate ring).

(iii) Extrapolation of these conclusions to ligands involving a high degree of
steric hindrance, such as the macrocyclic ligands, suggests that these species
will be very slow to react and, considering the large potential energy barriers to
internal rotation, will probably involve a shift in the rate-determining step to
the point of second-bond formation even when all donor atoms may be
classified as ‘strong’.

Further reports on the kinetics of multidentate-ligand substitution have
appeared 52 and it has been shown % that the reaction of Ni®+ with (1) involves
an initial and rate-determining bond formation to a pyridine nitrogen. Rate

gl I
S CH:NHCH,CH,NHCH,—\y

(6}

constants have been reported for the reaction of NiZg with glycyl-L-leucine
and L-leucylglycine 3¢ and with «-alanine, S-alanine, ida, aspartic acid, and
iminodipropionic acid;?* sterically controlled ring closure is invoked with the
latter series.

The histidine molecule is a potentially terdentate ligand in aqueous solution
and the evidence suggests that all three co-ordination positions are used when
this species binds to Ni3g. With the aim of establishing the sequence of binding
steps in the nickel(mr)-histidine system, Letter and Jordan have studied * the
kinetics of the reaction of nickel with histidine, histidine methyl ester, and
imidazole. The results (Table 8) suggest that the first (slow) step in the binding
of both histidine and its methyl ester involves the ring nitrogen (Scheme 2).
In the case of histidine (but not the ester) the carboxy-group chelates as a
third (rapid) step. It is interesting to note that, although imidazole itself reacts
in both its protonated and unprotonated forms (see above), histidine only
binds in the neutral form, in which one proton has been removed from the

** M. Kodama, T. Sato, and S. Karasawa, Bull. Chem. Soc. Japan, 1972, 45, 2757, 2761.

#2 R. K. Steinhaus and Z. Amjad, Inorg. Chem., 1973, 12, 151.

s4 R, F. Pasternack, L. Gipp, and H. Sigel, J. Amer. Chem. Soc., 1972, 94, 8031.

55 R. F. Pasternack, M. Angwin, L. Gipp, and R. Rheingold, J. Inorg. Nuclear Chem.,
1972, 34, 2329.
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Table 8 Rate constants® for complex formation with nickel (1)
Rate constant/

Ligand Species 1 mol-*s—!
Imidazole H,L+ 4.0x 102
HL 3.2x103
Histidine HL 2.2x10?
Histidine methy! ester HL+ 6.0x 102
L 2.6x10°

@ Data are from ref. 10 and refer to 23.7 °C and ionic strength 0.10M (KNO,).

CH,CHCO, (" or Me) CH,CHCO,("or Me)

r__]/__ | '—‘/—— I
N NH,* Nitt slow N N NH,*
/N\/ + N AN

H H Ni**

f‘ast‘/

CH,
“CHCO,(~ or Me)

__N +HY
H/N SN

Scheme 2

imidazole ring. The rate constants for all species are ‘normal’ in that they show
the type of dependence on charge predicted for the Eigen mechanism.

In a study designed to investigate the effect of the presence on a ligand of
one or more protons on the mechanism of complex formation with nickel(m),
Wilkins and co-workers have published!! a list of 13 rate constants for
derivatives of imidazole, 2,2’-bipyridine, and 1,10-phenanthroline and for
cysteine, penicillamine, chelidamic acids, and pyridine-2-aldoxime. As
expected, if the proton is far removed from potential reaction sites it has little
effect but if it blocks a binding position, as in bipyH* and particularly phenH*,
it has a much larger effect on k¢. Frequently, however, the effect of the proton
appears to be merely to reduce Kos (and therefore &z) by increasing the positive
charge on the ligand (¢f. Table 8).

The low rate constant for the reaction of Niz§ with (2) has been ascribed 5¢
to internal hydrogen-bond formation, whereas for (3) °7 and 2-(2-aminoethyl)-
pyridine %8 the lower rate constants for the protonated form as compared with
the neutral form have been attributed to reductions in Kos. The factor-of-
three difference in the rate constants at 25 °C for Ni?+ + proline (3.4 x 104
1 mol—! s~1) and hydroxyproline (1.2 x 10* 1 mol~* s—%) has been ascribed * to

ss K. Kustin and M. A. Wolff, J.C.S. Dalton, 1973, 1031.

»7 C. D. Hubbard, Inorg. Chem., 1971, 10, 2340.

s¢ C. D. Hubbard and W. Palaitis, Inorg. Chem., 1973, 12, 480.
ss K. Kustin and S.-T. Liu, J.C.S. Dalton, 1973, 278.
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hydrogen-bond formation between co-ordinated water molecules of the metal
ion and the hydroxy-group of the latter ligand.

Cock, Cottrell, and Boyd have studied the formation of 1 : 1 (and 1 : 2)
complexes of nickel(r) with terpyridine in DMSO and have critically com-
pared ® their results with those in the literature. Some of the discrepancies
among the published data in various solvents can apparently be attributed to
differences in the nature of the species present in the various studies. {It
appears, for example, that [Ni(terpy)C(DMSO),]* is the major nickel-
containing species at high concentrations whereas at lower concentrations the
chloride ion is replaced by a third DMSO molecule.} The authors compare the
relative merits of the Iq and D (involving a five-co-ordinate intermediate of
significant lifetime) mechanisms for reactions of [Ni(DMSO),]?+ and con-
clude that there is no compelling reason to discard the former. The fact that
the values of Kos calculated from measured complex-formation and solvent-
exchange rate constants are usually lower than those predicted by the Fuoss
equation need not surprise us in view of the fact that the only solvent property
taken into account by the Fuoss equation is the bulk dielectric constant, which
is, of course, highly inappropriate for interactions between species which are
separated by distances as small as 5 A. The lower rates observed in DMSO,
relative to those in water, are entirely due to the activation-entropy term;
indeed, the activation enthalpies are higher in water than in DMSO. The
release of structured solvent in the bulk liquid during the activation process
will increase both the entropy and energy of activation, and these effects will be
largest in solvents, like water, which are known to form rigid solvation struc-
tures. Thus, the mere fact that the absolute value of Kos, required for the reac-
tion to be interpreted in terms of the Iq mechanism in DMSO, is lower than
that calculated from the Fuoss equation, whereas it agrees with the predicted
value in water, seems to be no reason for discarding the 74 mechanism in the
former case.

Chattopadhyay and Coetzee 2! have measured the rate constants and activa-~
tion parameters for the reaction of nickel(m) with pyridine, bipy, phen, and
terpy in acetonitrile and in DMSO, for terpy in methanol and in ethylene
glycol, and for bipy in ethanol-water and t-butyl alcohol-water mixtures in
order to investigate further the role of the solvent in complex formation with
nickel. They introduce a dimensionless parameter R, given by R = 4k;/
(3Koskex), which they use as a criterion of whether a particular reaction is

s P. A. Cook, C. E. Cottrell, and R. K. Boyd, Canad. J. Chem., 1972, 50, 402.
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‘normal’. (This R is not unlike the »n of Bennetto and Caldin.?) If substitution
is ‘normal’ (i.e. the dissociative-interchange Iq mechanism is operative) R will
have a value near unity; in addition, AH* and AS* for ligand substitution
should be similar to those for solvent exchange. Table 9 shows their results for
ki, R, AH‘:, AAH* (=AH%— AH:x), AS%,and AAS* (=ASH—AS), and
it will be seen that it is possible to draw the following conclusions: (i) rate
constants and activation parameters for ligand substitution depend strongly on
the nature of the solvent and, in acetonitrile and DMSO, on the nature of the
ligand as well; (ii) the value of R (at 25 °C) for pyridine seems reasonably
‘normal’ in acetonitrile and in DMSO, as it is in water; (iii) in contrast to the
situation in water and methanol, values of R for the multidentate ligands are
significantly smaller than unity in DMSO; (iv) in sharp contrast to the situation
in DMSO, the properties of multidentate ligands in acetonitrile generally devi-
ate from those in water and methanol in the opposite direction. The value of R
for phen is > 1 and those of AAH* and AAS* for all multidentate ligands are
significantly negative; (v) values of R, AAH¥, and AAS* vary by as much as
factors of 4.5 x 103, 14 kcal mol~-%, and 29 cal mol-* K-1, respectively.

Chattopadhyay and Coetzee discuss 2! their observations in the light of the
papers by Bennetto and Caldin4 and conclude that, in DMSO, substitution
by pyridine proceeds by an Is mechanism in which solvent exchange is rate
limiting (as in water) but that with the multidentate ligands (such as bipy *4
and terpy)®® the rate-determining step may well be ring closure. There is
evidence that, near 120 °C with this solvent, nickel(mr) loses its ability to dis-
criminate among the four ligands. The same result is found with acetonitrile
at about 65 °C for the ligands pyridine, bipy, and terpy, but the behaviour with
phen is significantly different. The authors offer a tentative explanation for this,
suggesting that 1,10-phenanthroline (in particular) undergoes a specific inter-
action with the polarized acetonitrile molecules in the primary solvation shell
of the metal in a manner analogous to that invoked in the internal conjugate-
base mechanism (which was proposed to explain the abnormally high reaction
rate of ethylenediamine in aqueous solution). However, they also point to the
fact that the values of AAH* and AAS* are negative for the multidentate
ligands in acetonitrile whereas they are positive for pyridine, and emphasize the
need for more work, particularly with other unidentate ligands having dif-
ferent steric requirements, before much can be said about what constitutes
‘normal’ substitution in acetonitrile.

The results obtained 2! in mixed solvents essentially confirm those previously
reported ** for bipyridine. With increasing methanol content of methanol-
acetonitrile mixtures, all observations are consistent with the gradual replace-
ment of acetonitrile by methanol in the primary solvation sphere of the metal.
For alcohol-water mixtures the activation parameters show the typical near-
compensation, with marked extrema at the water-rich end of the composition
range (see Figure). With increasing molecular size of the alcohol, the extrema
in AH* and TAS* (normalized with respect to corresponding values in pure
water) become larger and sharper and occur at progressively lower alcohol
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Figure Activation parameters for the reaction of nickel() with 2,2'-bipyridine in
water—ethanol and water—t-butyl alcohol mixtures, normalized with respect to
those in pure water (298 K).

(Reproduced by permission from Inorg. Chem., 1973, 12, 113)

content. The extrema cannot be attributed to dramatic changes in solvation of
nickel(11) since, for the two larger alcohols at least, it is very probable that the
primary solvation sphere contains only water at 9%, and 4.5 9 alcohol, respec-
tively. The authors agree with the previous conclusion!* that the initial
progressive decrease in AH* and AS¥ is consistent with a transition state
characterized by passage of a solvent molecule from the disordered region
adjacent to the primary solvation sphere into a medium which is both stiffer
and more ordered than pure water itself. They do, however, emphasize that,
although this simple model accounts for the properties of water-rich solvent
mixtures, it fails to account for substantial differences in the behaviour of
bipyridine and ammonia in methanol-rich mixtures. It seems, therefore, that
in alcohol-water mixtures the composition of the inner sphere, the steric
requirements of the ligand, and the structure of the solvent all play a significant
role.

Thereaction between Ni2+and 1,10-phenanthrolineinethanol has beenstudied
in some detail by Sanduja and Smith. They find ¢! that sodium perchlorate has
a significant effect on the kinetics whereas tetrabutylammonium perchlorate
does not (Table 10). If ion-pairing between Ni%*+ and ClO,~ is occurring to a
significant degree, the kinetic activity of the ion pairs must be close to that of
free Ni?t. The apparent depressive effect of Nat+ was unexpected but the
authors suggest that it might be connected with the formation of associates

¢ M, L. Sanduja and W. MacF. Smith, Canad. J. Chem., 1972, 50, 3861.
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Table 10 Rate constants? for the formation of [Ni(phen)1** in ethanol at 25 °C

Added Ionic
electrolyte strength/ M [NiI}/10-*M  [phen]o/10-°M  k;/10% ]l mol-1s—*

None 0.006 2.0 2.0 31.3+3.1
None 0.006 2.0 5.0 32.7+5.6
None 0.012 4.0 2.0 29.8+2.9
Tetrabutyl- 0.050 2.0 2.0 29.2+1.8

ammonium

perchlorate
Sodium 0.050 2.0 2.0 13.7+0.7

perchlorate

e Data are {rom ref. 61.

between Na* and phen. The rate constant at 25 °C is consistent with a dis-
sociative-interchange mechanism, given the rate constant for ethanol exchange
on nickel, but the value of AH* for complex formation (15.9 + 1.0 kcal mol—?)
is about 5 kcal mol~1 higher than that reported for ethanol exchange. However,
the authors feel that the agreement is no worse than can be expected in view of
the wide range of activation parameters quoted by different workers for many
exchange reactions and conclude that the /¢ mechanism applies for the reaction
[Ni(EtOH)4]%*+ + phen.

Transition Metals M2+ (except Ni?+t).—The volumes of activation for the
reaction of several bivalent cations with NH ;° and with the bidentate ligands
pada (4)° and the glycinate > mono-anion have been measured. The values of

/N
S N
@

AV% (Table 11) are remarkably similar for all of the systems studied — a result
which is consistent with there being a common rate-determining step which
does not involve the ligands. The authors discuss their data in terms of the
dissociative-interchange mechanism and note that the measured function
AVF is in reality a composite quantity, the sum of the volume of reaction for
formation of the outer-sphere complex (A ¥Vgs) and the volume of activation for
water loss, AVas0. Evidence from the literature suggests that AVgs is zero for
the neutral ligands and —3 ¢cm?® mol-! for the glycine mono-anion, and the
values of A0 calculated on this basis are given in Table 11. The values for
Co?* and Ni2t for different ligands are the same within experimental error
(the error limits quoted being regarded as conservative estimates), as would be
expected if the rate-determining step in the reaction were the stretching of the
metal ion—water oxygen bond. It is likely that the extent of stretching differs
from one metal ion to the other, as is suggested by the difference between the
AVs,0 values for copper and zinc; the hydrated cupric ion, for example, is not
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Table 11 Volumes of activation® for reactions of Co** and Ni%t in water at
25 °C (see text)

System AV /cm?® mol—? AVyio/cm® mol—!
Co?*+NH, 4.8+0.7 4.84+0.7
Co?t+(4) 7.240.2 7.240.2
Co?++Gly~ 8+2 542
Ni%++NH, 6.0+0.3 6.0+0.3
Ni%++(4) 7.7+0.3 7.74£0.3
Ni**+Gly~ 10+1 7+1
Cu?++Gly~ 12+1 9+1
Zn* +Gly- 7+1 4+1

@ From refs. 9 and 45.

octahedral, because of Jahn-Teller distortion, and it is quite possible that
changes in the metal-water distances other than in that bond being stretched
also occur in the formation of the transition state. As Grant points out,*® it
would be interesting to see whether volumes of activation can be used diag-
nostically to distinguish between reactions in which water substitution is rate
limiting and those in which some other step, such as ring closure, has become
rate limiting,

Sterically controlled ring closure is invoked®® in the formation of six-
membered chelate rings with Co?*, Ni%*, and Cu?* (the ligands used being
«-alaninate, f-alaninate, iminodiacetate, aspartate, and iminodipropionate),
whereas the low values of k¢ for the reaction of these metals with L-hydroxy-
proline compared with that with L-proline are attributed % to hydrogen-bond
formation between co-ordinated water molecules of the metal ion and the
hydroxy-group of the ligand. Co?* reacts with (3) about ten times as rapidly as
it does with terpy.5” It is concluded,®* from the fact that the rate constants for
the formation of the complexes of Co?+, Ni*+, and Cu?*+ with glycyl-L-leucine
and L-leucylglycine are generally about a factor of ten less than those for the
«-amino-acids of the same formal charge, that only ion pairs in which the
amino end of the peptide is in proximity to the inner co-ordination sphere of
the metal lead to the reaction (i.e. the ion pairs in which the carboxylate end of
the molecule are in proximity to the metal-water sheath do not yield the
complex).

Acidic solutions (pH 1—5) of copper(ir)-adenosine triphosphate yield ultra-
sonic attenuation spectra 2 consisting of three maxima. The overall reaction
which fits the data best is

Cu?t + H»ATP?*- =— CuHATP- + H*

The shortest relaxation time (ca. 2 x 10~? s) is attributed to penetration of the
inner hydration sphere of the metal by the ligand. The next slower process (ca.
1 x 108 s) is then due to chelate ring closure of the species formed in the faster

¢3 R. S. Brundage, R. L. Karpel, K. Kustin, and J. Weisel, Biochim. Biophys. Acta, 1972,
267, 258.
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step. The lowest frequency peak (<2 MHz) is taken to be either a characteristic
of aqueous Cu?* (similar to that already observed with, for example, CuSQO,)
or to be due to formation of another complex species such as CuH,ATP. On
the assumption that formation of copper(ir) complexes follows the established
pattern of nickel(m), values of 8.8 x 108 and 6.3 x 107 s—1, respectively (at 25 °C
and ionic strength 0.1—0.8M), are obtained as the rate constants for water
elimination and sterically controlled ring closure.

The kinetics of the formation and dissociation of the copper(i) complex of
adenosine have been determined ¢? at low pH ; the complex is formed between
Cu?* and the adenine base. At high pH, only the dissociation of the complex,
in which the metal is bridged with ribose hydroxy-groups, could be followed.
The suggestion 28 that the formation of copper(i1) complexes with bipy and en
does not involve rate-determining water substitution has been discussed in
Section 2 and the results of other studies with copper(m) are considered in
Section 4 (cf. Table 16, p. 290).

Rate constants and activation parameters for the formation and dissociation
of complexes of manganese(1r) with phen, bipy, and terpy have been measured, %4
at low temperatures in anhydrous methanol, by the stopped-flow method. The
values of AH% (Table 12) are significantly larger than the activation enthalpy

Table 12 Kinetic data® for the formation and dissociation of manganese(ir)
complexes in methanol
log(kz/l AHT( ASF/cal log AH 4/ AS F/cal
Complex mol~* s~1) kcal mol~* mol-1 K~ (ka/s~1) kcal mol~! mol-* K1

[Mn(phen)]2*+ 4.95 10.6+0.4 —-0.4+1.6 1.15 13.5+0.3 —8.2+0.9
[Mn(bipy)]?* 4.24 11.740.1 0.1+0.1 1.57 13.4+0.5 —6.4+1.9
[Mn(terpy)]*+ 3.72 12.8+1.0 +1.3+3.9 1.33 13.7+0.6 —18+2

@ From ref. 64; 25 °C and ionic strength 0.2M (NaClO,).

associated with solvent exchange at Mn2* in methanol (6.2 kcal mol~*) and
the authors suggest that this could be rationalized in terms of sterically con-
trolled substitution (ring closure), at least for bipy and terpy. In the case of the
unflexible ligand phen the rationalization is less convincing unless there is a
considerable distortion in the bonding of one end of this ligand to a metal ion,
which would presumably show up in studies with other metals and in other
solvents. In any event, the data for all three ligands are not in accord with the
dissociative-interchange mechanism.

Metals of Valency Three and Higher.—The kinetics of the formation of com-
plexes of gallium(mr), indium(ur), and thallium(ur) with semi-xylenol orange
(5; shown in the form H;SXO") in acid solution have been reported.®s The

*3 G. Boivin and M. Zador, Canad. J. Chem., 1972, 50, 3117.

*¢ D. J. Benton and P. Moore, J.C.S. Chem. Comm., 1972, 717; J.C.S. Dalton, 1973, 399.

¢s Y. Kawai, T. Takahashi, K. Hayashi, T. Imamura, H. Nakayama, and M. Fujimoto,
Bull. Chem. Soc. Japan, 1972, 45, 1417.
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results are interpreted in terms of a two-step mechanism:

MII + SXO =<MW .- §XO (fast)

&y

<
p

MII . .. SXO =— MIIISXO (slow)
7

The reaction of each of the three metal species M3+, MOH?*, and M(OH)$
with the five ligand species H SXO0?**, H,SXO+, H,SX0O, H;SXO-, and
H,SXO?- was considered, and it was concluded that, for all three metals,
reaction (14) represents a major pathway. The rate constants for reaction (14)

MOH2+ + HsSXO~ —> complex 14)

at 25 °C are: Gall 1.1 x 103 1 mol-! s~ (ionic strength 0.1M), In™I 5.0 x 10°
Imol-1s~! (0.1M) and 2.2x10%1mol-1s-! (2.0M), and TP 5.3x10°
Imol-ts~? (2.0M). Thus, the order of reactivity towards H;SXO- is
InOH?+>TIOH?t> GaOH?+*. The possibility that the rate-limiting step
involves cleavage of the internal hydrogen bond of (5) is discussed.

The second-order rate constants for complex formation with vanadium(tr)
(Table 13) show a significant ligand dependence. Both the large spread of
values of k¢ and the fact that k¢ reflects the basicity of the incoming ligand have
led Patel and Diebler® to support the suggestion that the substitution
mechanism at V3+ has an appreciable degree of Sx2 character.

The kinetics of the reaction of iron(1rr) with acetylacetone have been studied
in detail by Sutin and co-workers.?” The keto (HK) and enol (HE) tautomers

Table 13 Kinetic data® for complex formation with V3* in water (25 °C)

Ligand ke/l mol—1s-1 AHT [kcal mol—?
SCN- 1.1x10% 7.6
HC,O7 1.3x102 —

Cl- <3 >11.2

Br- <10 >11.8
HN; 0.4 —

¢ From ref. 66.

¢t R. C. Patel and H. Diebler, Ber. Bunsengesellschaft phys. Chem., 1972, 76, 1035.
*7 D, P, Fay, A. R. Nichols, and N. Sutin, Inorg. Chem., 1971, 10, 2096.
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of acetylacetone both react by parallel acid-independent and acid-dependent
pathways. If these paths are ascribed to the reactions of Fe3t and FeOH?+,
respectively [equations (15)—(18)], then the kinetic data give k;; = 0.29,

ks
Fe3+ + HK =—; FeE?* + H* 15)
kys
k_ye
Fe3+ + HE =—; FeE?* 4 H* (16)
klﬁ
k17
FeOH?+* 4+ HE = FeE?* an
k17
k_1g
FeOH?+ + HK =—— FeE?* (18)
k18

kig=52,ky; =44%x107, and k,3 = 5.4 1 mol-1s~1, [If instead of equation (17)
the inverse acid path for the reaction of the enol tautomer is interpreted to be
k—19
Fe3+ + E-—— FeE?*+ (19)
kg

then &k, = 8 x 1081 mol~*s~%, which is very much larger than the rate constants
for complex formation of Fe3* with other singly charged anions; this indicates
that the reactants in the inverse acid path are correctly formulated as FeOH?+
and HE {equation (17)}.] Both k,, and the ratio k,,/ks (ca. 107) are close to
the ‘normal’ values for substitution at iron(m) and it therefore seems that the
sterically controlled substitution mechanism which has been invoked ® in the
corresponding reaction with copper(ir) is not operative here. The reactions of
Fe?+ and FeOH?+ with the keto tautomer HK are too slow for water release
from the metal ions to be rate determining. Moreover, the ratio k,4/ky5 is
only ca. 20 (in contrast to the value of k,,/k,¢ of ca. 10%) and the rate constant
for the reaction of HK with Cu?* is only ca. 10? times larger than that for the
reaction with Fe3* (in contrast to the customary factor of ca. 10%). It had been
proposed 8 that the first step in the reaction between copper(in) and the keto
tautomer of acetylacetone involves the formation of the intermediate (6) in
which the metal ion is bound to both keto-groups. In terms of this mechanism,
the cupric ion acts as an electron sink and the rate-determining step involves
the slow, metal-ion-catalysed proton release from (6). To some extent the
results of the study with iron are consistent with this interpretation. However,
the simple electrostatic picture would predict a larger value of kxx for the
more highly charged Fe®* (k,;) than for either Cu?+ or FeOH?** (k) but this
is not observed. It is concluded ®7 that other factors, such as the stability of the
precursor complexes {e.g. (6)], are also important in determining the rate of the
reaction of the keto tautomer of acetylacetone.

¢8 R. G. Pearson and O. P. Anderson, Inorg. Chem., 1970, 9, 39.
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The fact that the rate constant for the reaction of FeOH?+ with Hynta— is
20 times that for reaction with SCN- is ascribed3® to the operation of the
internal conjugate-base mechanism of Rorabacher.

The formation of complexes between the vanadyl cation and malonate,
oxalate, L-tartrate, and racemic tartrate has been studied ® by the pressure-
jump technique. Three relaxation times were found for the first two systems; in
the case of malonate they were attributed to the formation of the complexes
[(VOOH),mal], [VO(mal)], and [VO(mal),]*~, whereas in the case of oxalate
they were attributed to the formation of [VO(ox)] and the two isomeric
complexes [VO(ox),]3; and [VO(ox).1%;. The two relaxation times for the
tartrate systems were ascribed to the formation of [VO(tar)] or [VO(tarH)]+
and [VO(tar)],. It was also found that the formation of the dimer takes place
stereospecifically such that no mixed complex (VO-L-tar—VO-D-tar) is formed.

The rate constants for the formation of the murexide complexes of Ho3+,
Dy?t, Tb*t, and Gd** in 509, aqueous ethanol differ very little from those
obtained in water and it is suggested 7 that ligand effects are important in these
systems.

The kinetics of the formation of the ‘brown’ plutonium(rv)-hydrogen
peroxide complex have been investigated 7! and the following rate law found:

dlcomplex}/dt = [HzO2][PulVI{ko[H1! + ks[H*]-2}
The values of k, and k; and their activation parameters were determined but it

was impossible to distinguish between two likely reaction mechanisms, namely
(20)—(24) and (25)—(29).

Pu* + HeO == PuOH3* + H* (fast) (20)
Putt + PuOHS3+ <— [PuOH]"+ (fast) Q1)
2PuOH3+ =— [Pus(OH)2]¢* (fast) 22)

followed by
[Pu2OH]’+ + H202 —— [Pu(OO)(OH)Puls+ + 2H* (slow) 23)
and
[Puz(OH)2]6* + H202 —> [Pu(OO)(OH)PulP+ + H* + H20 (slow)
@49
Pu*t + H0s Z—— [Put*—H202] (fast) (25)
** H. Hoffmann and W. Ulbricht, Ber. Bunsengesellschaft phys. Chem., 1972, 76, 1052.

"¢ J. L. Bear and C. T. Lin, J. Inorg. Nuclear Chem., 1972, 34, 2368.
1 A. Ekstrom and A. McLaren, J. Inorg. Nuclear Chem., 1972, 34, 1009.
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or
PuOH3*+ + H202 =—; [PuOH3+—H20:2] (fast) (26)

followed by

[Put*—H20:] + PuOH3* —> [Pu(OO)(OH)Pul** + 2H* (slow)

@n
or
[PuOH3+—H20:] + Putt —> [Pu(OO)YOH)Pul*+ + 2H*+ (slow)
(28
and

[PuOH3+—H30:2] + PuOHS3+ —> [Pu(OO)(OH)Pul’+ + H* + H,O
(slow) (29)

4 The Effect of Bound Ligands

Bivalent Metals M2+ in Water.—There exists a fairly extensive literature on the
thermodynamics of the formation of mixed-ligand and 1 : 2 complexes but it is
difficult in most cases to make more than a very approximate estimate of the
stability constants for such a compound. Tanaka has proposed’? a method,
based on mechanistic considerations, for predicting the formation constant of
a mixed-ligand complex. The rate of dissociation of the ligand L from a mixed-
ligand complex MAL is assumed to be inversely proportional to the Brensted
basicity and the electron-donating ability of L and proportional to the
electron-donating ability of the remaining ligand A. The logarithmic forma-
tion constant of MAL is then given by

log K%y, = log KL, + (log Kosqua,ry — log Kosou,1y)

number of H20 in MA 1J
“humber of HeO in M 8uX )
+ log ( number of H2O in M ) + ¥ 8uXi(A)Y (L)

where KL, is the stability constant of ML, Kosma,1y and Koscu,1) the outer-
sphere formation constants for [MA,L] and [M,L], respectively, 6;; the effect
of the donor atom X; in the ligand A on the donor atom Y in the ligand L, and
Xi(A) and Y;(L) the number of the donor atoms X; in A and Y; in L, respec-
tively. The equation therefore allows us to predict log KAy, (and log K{&LZ)
from the known value of log K&, The author has used the formation con-
stants for various nickel complexes involving amines and aminocarboxylates
to calculate &;; for amine nitrogens and carboxylates. Thus, for example, dnx
(the effect of an amine nitrogen in A or L on an amine nitrogen in the second
ligand L) = —0.25 and don (the effect of a carboxylate in A or L on an amine

** M. Tanaka, J. Inorg. Nuclear Chem., 1973, 35, 965.
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nitrogen in the second ligand L) = dxo (the effect of an amine nitrogen in A or
L on a carboxylate in the second ligand L) = +0.11 and, consequently, a1 : 1
complex involving amine nitrogen as a donor atom gives rise to a less stable
mixed complex with a ligand involving amine nitrogen(s) but a more stable
mixed complex with a ligand involving carboxylate(s). The technique appears
to have been very successful 72 for mixed complexes of nickel(ir) in which steric
interference is absent; it will be interesting to see whether it can be extended to
include other metals.

Another communication has appeared 7% in which the mechanistic approach
has been used as a basis for discussing the stabilities of mixed-ligand com-
plexes of nickel(tr). The title of the article is “Mechanistic analysis of environ-
mentally important mixed-ligand complex formation ; Ni%+ as an example’, and
it must be particularly gratifying in these cost- and environment-conscious
days for those who are responsible for the allocation of public funds to see
that the study of inorganic reaction mechanisms has its wider implications.

Hunt and co-workers have reported ¢ unusual water-exchange behaviour in
the nickel(11) and copper(ir) complexes of tren. Among the considerable number
of Nil complexes this group has studied in recent years by means of 17O
n.m.r., only one apparent exchange rate for bound water in the partly sub-
stituted species has been observed in a given case. For the Nill-tren species,
however, two distinct rates were observed. (A similar result has apparently
been obtained 7% for the Nill-nta system.) This can be rationalized if the struc-
ture of this compound in water is cis-octahedral [Ni(tren)(H,0),12*, in which
the two water molecules have different environments, being trans to a tertiary
and to a primary nitrogen, respectively. The two rate constants are, at 25 °C,
8.2x10°% and ca. 9 x 10% s~1 with activation enthalpies of, respectively, 8 + 1
and 8+ 1.5 kcal mol-2. The lower exchange rate is approximately that pre-
dicted on the basis of the other studies of nickel(m) bound to aliphatic amine
ligands.

The case of Cull-tren is particularly interesting because only a single,
relatively slow exchange process is observed. This has a rate constant (25 °C)
of 2.5x 105 s~*and AH ¥ of 10.4+ 0.3 kcal mol—! - rate parameters more akin
to those found typically with nickel(ir) than with copper(ir). The structure of
the Cull-tren complex in aqueous solution is uncertain but it is suggested 74
that the co-ordination number of the metal is five.

Grant, Dodgen, and Hunt have expanded’® their previous preliminary
communication on the structure and water-exchange characteristics of the
nickel(i-edta complex and Melvin, Rablen, and Gordon have measured ?? the
rates of formation of the phen, bipy, and terpy complexes of NiZ§, [Ni(en)]*+,
[Ni(dien)]?*, and [Ni(en),]?* in water. As had been found in previous work,

s C. H. Langford, Inorg. Nuclear Chem. Letters, 1973, 9, 679.

7¢ D, P. Rablen, H. W. Dodgen, and J. P. Hunt, J. Amer. Chem. Soc., 1972, 94, 1771.
s J. Vriesenga and R. E. Connick, personal communication, quoted in ref. 74.

¢ M. W. Grant, H. W. Dodgen, and J. P. Hunt, J. Amer. Chem. Soc., 1971, 93, 6828.
77 W. S. Melvin, D. P. Rablen, and G. Gordon, Irorg. Chem., 1972, 11, 488.
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the co-ordination of ethylenediamine or diethylenetriamine to nickel(ir)
substantially increases the rate of substitution at the metal ion. Although the
rates of water exchange on the substituted metal increase regularly, it is
apparent (Table 14) that these increases are not reflected as dramatically in the

Table 14 Summary® of second-order substitution rate constants® for nickel(1r)

at 25 °C
Ligand [Ni(H,0)q] %+ [Ni(en)}2+ [Ni(dien)]2+ [Ni(en),]**+
phen 2.95 9.5 22.6 9.3
bipy 1.61 5.0 11 8.4
terpy ) 1.52 — 7.7 —
NH, 2.8 12 43 —
H,O¢ 0.44 4.40 18 54.5

e From ref. 77. ® 10°1mol-*s-2, ¢ First-order water-exchange rate constants/10* s-1.

rates of ligand substitution. The authors use the data in Table 14 to evaluate
Kos on the assumption that the dissociative-interchange mechanism applies.
Finding that it varies from 0.005 to 0.065 1 mol-?, they suggest that this should
not be taken as an indication that a change in mechanism has occurred but,
rather, that it merely reflects the tenuous assumptions made and the approxi-
mations used in the calculation. If this is so, and the interchange mechanism
is correct here, it is clear that the actual rate of water exchange on a metal-ion
complex cannot be inferred from its rate of ligand substitution.

Further evidence that the number of aliphatic nitrogen atoms in the inner
co-ordination sphere of nickel(ir) can have a larger influence on ternary com-
plex formation than the charge on the substituted metal ion has been pro-
vided ”® by a study with pyridine-2-azo-p-dimethylaniline (4). The rate con-
stants and activation parameters were measured (Table 15) for the reaction of
this neutral bidentate ligand with a series of seven substituted nickel species,
bearing charges ranging from —3 to +2, in which the number of binding
nitrogen atoms ranged from 0 to 4. The general pattern obtained with NHj is
also found with (4) (Table 15) except that, in the latter case, the values of kf for
[Ni(trien)]>+ and [Ni(tren)]?t are significantly lower than for NHj. (kf, is the
rate constant for the formation of the complex; it incorporates a statistical
correction for the reduced number of water molecules on the substituted-
metal species compared with the hexa-aquo-ion.) This is rationalized in terms
of a contribution by ring closure to the rate-limiting process for these two
species with the bidentate ligand. With minor fluctuations, ASF ® (the activa-
tion entropy for formation of the complex which has been adjusted in a
similar way to the rate constant) is constant at ca. 0 cal mol-* K—! and the
increase in k? along the series is reflected largely in a decrease in AHF. A
similar trend has been noted for the exchange parameters kex and AH % but
no absolute correlation has been established.

s M. A. Cobb and D. N, Hague, J.C.S. Faraday I, 1972, 68, 932.
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Table 15 Kinetic data® for the formation of nickel(1) complexes in water (see

text)
ASE®E)
System k§/l mol—1 st AH%[kcalmol=*  cal mol-* K-1
Ni*+ 4 (4) 1.4x103 13.6 +1
Ni?t + NH, 2.8x103 — —_
[Ni(TP)]*~ + (4) 4.0x103 14.1 +5
[Ni(ida)] + @) 1.3x10% 12.6 +3
[Ni(ida)] + NH, 5.0x103 — —
[Ni(mida)] + (4) 5.4%103% 13.1 +3
Ni(nta)l~ + @) 1.3x10% 12.4 +2
[Ni(nta)]- + NH;, 1.4x10* —_ —
[Ni(dien)]?+ + (4) 9.4x10* 10.3 -1
[Ni(dien)}** + NH; 7.8x10% — —
[Ni(trien)]** + (4) 7.5x10% 8.8 -7
[Ni(trien)]2* + NH, 1.0x10¢ — —
[Ni(tren)]2+ + (4) 5.5x10* 9.8 —4
[Ni(tren)]?+ + NH, 2.0x10¢ — —_

@ From ref. 78.

The rate constants for the reaction of [Ni(nta)(H,0),]~ with various ligands
in their neutral and protonated forms have been reported,*? as has that for the
formation of the bis-complex of nickel(ir) with the purine base theophylline.5®
Rate constants have also been reported for the formation of bis-complexes of
cobalt(u), nickel(n), and copper() with L-proline,5® L-hydroxypyroline,®
glycyl-L-leucine,?, L-leucylglycine,®* «-alanine,®® p-alanine,’® iminodiacetic
acid,?’ iminodipropionic acid,®® and aspartic acid.®

It has been established that ternary complexes of copper(m) frequently have
a high thermodynamic stability compared with the corresponding binary
complexes. This is especially true of mixed-ligand complexes containing bipy
or another aromatic ligand when the donor atoms of the second ligand are
oxygens. As part of their programme of investigating the origin of this effect
Pasternack er al.™ have measured the rate constants for the reaction cf
[Cu(bipy)]?+ with ethylenediamine and «- and f-alanine. The rate constants
for attack by the zwitterion form of the amino-acids are zero, within experi-
mental error, and those for en, z-alaninate, and p-alaninate are, respectively,
(20+0.4)x10° (1.0£0.2)x10° and (3.440.7)x 1081 mol-*s-* at 25°C.
These are all comparable to k: for the respective binary system and the results
can be interpreted as providing some evidence for an Sx2 mechanism.

Sharma and Leussing have also studied®®®! the formation of ternary
complexes of copper(ir) and have concluded that the reactions are associative
(Sw2) in character. Rates of formation and dissociation in Cull-serinate-
(ser)-L systems have been investigated, 8 where L is ethylenediamine (en) or
histamine (hm). The values, given in Table 16, are classified into three cate-
gories depending on the nature of the complex-formation reaction: (@) solvent
7¢ R, F. Pasternack, P. R. Huber, U. M. Huber, and H. Sigel, Inorg. Chem., 1972, 11, 276.

80 V. 8. Sharma and D. L. Leussing, Inorg. Chem., 1972, 11, 138.
81 V., S, Sharma and D. L. Leussing, Inorg. Chem., 1972, 11, 1955.
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Table 16 Forward and backward rate constants® for Cull-serinate—ethylene-
diamine-histamine complexes

Forward Backward

rate rate
Reaction constant| constant|
no. Reaction I mol-ts—! st
(a) Solvent-substitution reactions
1 Cu?t + ser—=[Cu(ser)]+ 1.8x10° 4.8x10
2 [Cu(ser)]t + ser—<=[Cu(ser),] 2.8x10% 1.00x10%
3 Cu?t 4+ serH* =[Cu(serH)]2+ 1.2x108 2.4x102
7 [Cu(en)]** + en=[Cu(en),]>+ 3.6x10° 6.1
9 Cu?* + hm=[Cu(hm)]?*+ 2.6x10° 1.4
11 [Cu(hm)]** + hm=[Cu(hm),]2*+ 5.6x108 2.8x 102
12 [Cuen)]?*+ + ser—<=[Cu(en)(ser)]* 6.2x10% 1.2x102
20 [Cuthm)]?* + ser-=[Cu(hm)(ser)]* 1.1x108 1.3x10
(b) Solvent-substitution accompanied by release of a proton to solvent
4 [Cu(serH)]2t =[Cu(ser)]t + H* 1.9x102 1.8x10¢
6 Cu?** 4 enH+=[Cu(en)]?+ + H* 1.7x10% 5.6x104
8 [Cu(en)]** + enH*=[Cu(en),]*+ + H 6.3 x 104 5.4x10®
10 Cu?t + hmH*=[Cu(hm)}?+ + H* 7.1x10% 1.4x103

(c) Ligand substitution accompanied by transfer of a proton from entering to
leaving ligand

14 [Cu(ser),] + enH*=[Cu(en)(ser)]* + serH 8.3x10¢ 8.3x104
22 [Cu(ser),] + hmH*=[Cu(hm)(ser)]* + serH 1.1x10% 3.2x10°

¢ From ref. 80. b Ins-t,

substitution; (b) solvent substitution with transfer of a proton to solvent; and
(c) ligand substitution (other than solvent) with transfer of a proton from the
entering to the leaving ligand. (It is interesting to note that these authors find
evidence for the reaction of Cul® with both the zwitterion and neutral forms of
Hser.) Many aspects of the results are discussed in the original paper® but
here we shall confine our discussion to reactions 12, 20, and 2 (Table 16).
Electrostatic differences between the first two reactions

[Cu(en)]>* + ser =—— [Cu(en)(ser)]* (ks = 6.2 x 1081 mol-1ls1)
and

[Cu(hm)]>* + ser~ =—; [Cu(hm)(ser)]* (ko = 1.1 x 1081 mol-1s-1)
and the last

[Cu(sen)]* + ser— =—: [Cu(ser):] (ks = 2.8 x 1081 mol-1s-1)

can be corrected through their effects on Kos. Using the Fuoss equation
and assuming an approach distance of 5 A, the ratios of the rate constants
for the reactions M2+ + L~ ML+ and M+ + L-— ML are calculated to be
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2.4 :1. The ratios ky, : ks, @ k, are observed to be 2.2 : 0.39 : 1. Thus, if
k, is taken to be ‘normal’, the rate constant for the reaction of ser— with
[Cu(en)]?** is also consistent with ‘normal’ substitution whereas the pres-
ence of the bulky histamine molecule leads to a relatively low rate constant.
Furthermore, k_,, {the rate constant for the dissociation of ser— from
[Cu(hm)(ser)]*} is also substantially lower than the rate constant for the dis-
sociation of this ion from the other serinato-complexes (k_,, k_,, k_;5), which
all have the same value to within a factor of two. This rate reduction may
indicate steric hindrance between the co-ordinated histamine molecule and an
entering water molecule. In a dissociative mechanism for ligand substitution
bulky non-leaving ligands appear to enhance the rate. The opposite effect
shown here by histamine suggests that an associative mechanism holds for
Cull substitution. Further evidence for this conclusion has been obtained 8!
from the copper(i)}-ethylenediamine-histamine system.

The glycine complex of cobalt(i)-bipy, like that of copper(m)-bipy, has a
comparatively high stability constant relative to the bis-glycinate of the metal.
1t has been shown 82 that this can be attributed to a lower dissociation rate
constant for the former (55 s~ at 25 °C) than for the latter (330 s-1), the for-
mation rate constants being rather similar (1.6 x 10% and 2.0 x 106 1 mol-1s-1,
respectively).

The activation parameters have been reported®® for the formation and
dissociation of the 1 : 1 complexes between magnesium and manganese(Ir)
and 8-hydroxyquinoline (oxine) and of the ternary complexes between oxine
and the Mg! and Mn! complexes of five charged multidentate ligands. The
results strengthen the previous conclusion that the first ligand has com-
paratively little influence on the kinetics of the reaction of magnesium with a
second ligand. With manganese(ir), however, the presence of adenosine 5'-
triphosphate and polytriphosphate (but not adenosine 5’-diphosphate) in the
inner co-ordination sphere of the metal has a large retarding effect on sub-
sequent complex formation. The origin of this effect remains uncertain but it
has been demonstrated 8¢ that it is not associated with a large decrease in the
water exchange rate at [Mn(atp)aq]?~. (The matter is discussed in greater detail
in Part IIL.)

On the other hand, it has been found #? that the remaining water molecules in
[Mn(nta)aq]~ {and also [Mn(edta)aq]?>~, in which the metal is seven-co-
ordinate} are considerably more labile than they are in hexa-aquomanganese.
The magnitude of the labilizing effect of edta is roughly the same as that
found ?® for the nickel(ir) complex but, whereas in the nickel case there appears
to be a significant decrease in AH&, it appears that ASg is mainly affected
with manganese(ir). Nitrilotriacetate has a larger labilizing effect than edta on
manganese(i1) [though not on nickel(1i1)] and it is possible that this is associated
81 R. F. Pasternack, P. R. Huber, U. M. Huber, and H. Sigel, Inorg. Chem., 1972, 11, 420.
22 D. N. Hague, S. R. Martin, and M. S. Zetter, J.C.S. Faraday I, 1972, 68, 37.

84 M. S. Zetter, H. W. Dodgen, and J. P. Hunt, Biochemistry, 1973, 12, 778.

85 M. S. Zetter, M. W. Grant, E. J. Wood, H. W. Dodgson, and J. P. Hunt, Inorg. Chem.,
1972, 11, 2701.
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with the presence of a tertiary nitrogen in the former ligand. No direct evidence
was obtained for the kinetic non-equivalence of the water molecules
[contrast the result for nickel(mr)]?® although the authors do not exclude the
possibility that an averaging process is occurring. It is pointed out that if the
exchange data®® are used to compute Kos for the outer-sphere complexes
formed between [Mn(nta)aq]~ and the protonated and de-protonated forms of
oxine from the measured 8¢ rate constants for complex formation two very low
values are obtained (ca. 0.001 and 0.01 1 mol-1, respectively). In the case of the
anion, one might suspect a charge effect but the value of Kos is also anomal-
ously low for the neutral species (possibly even more so than for the anion). If
ring closure with replacement of a more slowly exchanging water were rate
determining for the substitutions, this should have been detected in the
exchange experiment, and one is therefore left with the conclusion that some
kind of concerted process involving the incoming (and possibly the bound)
ligand is operative in complex formation at manganese(ir).

The kinetics of formation of mixed complexes between magnesium and
S-nitrosalicylate (7) have been reported.®® The results are compared with those

o-
CO,

NO,
™)

of the oxine study #* and it is suggested that the complex-formation data can be
rationalized in terms of the normal dissociative model provided the local
charge densities on the metal ion and the co-ordinating atom of the incoming
ligand are considered rather than the overall charges. Certainly, the use of the
overall charges in the Fuoss equation does not predict sensible values of Kos.

The octahedral-square planar interconversion of the nickel(ir) complex of
1,4,8,11-tetra-azaundecane (2,3,2-tet) has been studied®’ in water. The
mechanism is assumed to be a two-step one [equations (30) and (31), in which
L represents 2,3,2-tet]. On this basis and applying the steady-state approxima-
tion to the intermediate [NIiL(H,0)}** the authors calculate a value of

[NiL]>* 4 He0 = [NiL(H20)}*>* (30$)
’Gl
[NiL(H20)]>* + H20 = [NiL(H20)2]2+ €Y

(5.6+0.3)x10*1mol-*s~* for k; (at 23°C) and 20+2kJmol-! and
—48.6+5 Y mol-* K-1, resnectively, for the associated activation enthalpy
and entropy.

t¢ G. R. Cayley and D. N. Hague, J.C.S. Faraday 1, 1972, 68, 2259.
87 K. J. Ivin, R. Jamison, and J. J. McGarvey, J. Amer. Chem. Soc., 1972, 94, 1763.
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There have been several reports concerning studies of ligand-exchange
reactions involving multidentate ligands. For example, Margerum and co-
workers have found ®® that the reaction between copper—triglycine and edta is
catalysed by the released triglycinate ion and they have shown that this auto-
catalysis reaction proceeds through the copper bis-triglycine complex, which is
attacked more readily by edta*~ than is the mono-complex. The substitution of
phen for trien in the complex [Ni(trien)]*t involves ® the initial rapid forma-
tion of the mixed-ligand intermediate followed by a slow reaction which is
first-order in this intermediate [Ni(trien)(phen)}*+ and zero-order in phen.
Other multidentate-ligand studies involving nickel(i1) and copper(i) include
those detailed in refs. 90—95.

Metals of Valency Three and Higher in Water.—An interesting aspect of a
recent?® pulse radiolysis study on the oxidation of ferrous sulphate solutions
concerns the formation of the iron(mr)-sulphate (inner sphere) complex.
Reactions (32) and (33),

[Fe(H20)s]>+,HO, + SO~ =— [Fe(H20)s**,HO,,80;~ (32)
[Fe(H20)6]+,HO,SO%™ —- [Fe(SOg)aq]* + HO, (33)
represent steps in the Ia mechanism given by the overall equation
[Fe(H20)3+,HO; + SO —> Fe3*SO}~ + HO;

The forward rate constant for reaction (32) is greater than 4 x 106 1 mol-* s~
(not unexpectedly) and that for reaction (33) is of the order of 10%s-1; the
equilibrium constant for (32) is 83+201mol-. Since the inner-sphere
sulphato-ferric complex is formed only slowly (kt=4 x 10° I mol-* s—1) with
hydrated ferric ions, it is evident that the presence of the hydroperoxide ion in
the outer sphere accelerates the entry of sulphate into the inner sphere. The
authors suggest that this may be associated with the partial neutralization by
HO; of the positive charge on the ferric ion.

Two problems of continuing interest in lanthanide chemistry are the
mechanisms of complex formation in aqueous and other media and the
question of whether the solvation-number change in the middie of the series is
a function of the cation alone. Previous relaxation measurements have sug-
gested that the spectroscopic and kinetic data for Er(NO;); could only be
explained by invoking a solvation-number change in mixed solvents. A pre-
liminary communication®’ on the ultrasonic absorbance of aqueous-

83 G, R. Dukes, G. K. Pagenkopf, and D. W. Margerum, Inorg. Chem., 1971, 10, 2419.
8» R. K. Steinhaus and J. A. Boersma, Inorg. Chem., 1972, 11, 1505.

% M. Kopanica and V. Stara, Coll. Czech. Chem. Comm., 1972, 37, 80.

°1 V, Stard and M. Kopanica, Coll. Czech. Chem. Comm., 1972, 37, 2882.

1 V. Stard and M. Kopanica, Coll. Czech. Chem. Comm., 1972, 37, 3545.

»s J, C. Lockhart and W. J. Mossop, J.C.S. Dalton, 1973, 19.

¢ J. C. Lockhart and W. J. Mossop, J.C.S. Dalton, 1973, 662.

*s J, D. Carr and J. Vasiliades, Inorg. Chem., 1972, 11, 2104.

*¢ G. G. Jayson, B. J. Parsons, and A. J. Swallow, J.C.S. Faraday I, 1973, 69, 1079.

*7 J, Reidler and H. B. Silber, J.C.S. Chem. Comm., 1973, 354.
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methanolic solutions of the nitrate and chloride of erbium indicates differences
for the two anions. The authors suggest that only outer-sphere complexes are
formed with the chloride, and that the solvation-number change found with
the nitrate (but not the chloride) therefore does depend on the nature of the
ligand.

Further evidence for a change in co-ordination number on traversing the
lanthanide series has been presented for the edta®®.®® and bisdiglycolate 1%
complexes in water, though the properties of the monoglycolates,100
malonates,’®! and hydrogen malonates ! do not seem to be consistent with
such a change. It has been found 1°2 that the rate constant for the formation of
the bisacetato-complex of dysprosium(m) is significantly larger than that of
the monoacetato-complex.

Kinetic and thermodynamic studies on the reaction of oxine with the octa-
hedral complex trioxo(diethylenetriamine)molybdenum(vi), [MoO,(dien)], in
aqueous solution, give almost identical results 13 to those reported previously
for the reaction of oxine with molybdate, MoO3%~, and the authors conclude
that [MoO(dien)] is extensively hydrolysed under the conditions they use, to
give molybdate and free protonated diethylenetriamine. The rate constants for
the formation of 1 : 1 and 1 : 2 complexes of molybdate with catechol have
also been reported.104

Reactions in Non-aqueous Solvents.—N.m.r. studies on five co-ordinate
complexes with identical ligands indicate that the barriers to intramolecular
exchange are very low (ca. 5 kcal mol—1), although it has been reported 1°5 that
the ion [Co(CNCMe;);]t is stereochemically rigid at — 30 °C. Muetterties has
recently shown ¢ that reaction (34) has a relatively low activation energy

[Co(CNCMes)s]* =—; [Co(CNCMea)ul* + CNCMes (34)

in dichloromethane or THF and has suggested that the four-co-ordinate
complexes are key intermediates in solution reactions of cobalt(r) isocyanides.

The interconversion between octahedral [Co(py),Br,] and tetrahedral
[Co(py),Br.] in nitromethane has also been studied '°” by n.m.r. The kinetic
data are found to be consistent with the following mechanism, in which reac-
tion (35) equilibrates rapidly compared with reaction (36).

o¢t{Co(py)sBrz] = [Co(py)sBrz] + py (35)
[Co(py)sBrz] =— t¢t[Co(py)2Bre] + py (36)

*¢ T. Ryhl, Acta Chem. Scand., 1972, 26, 3955, 4001; 1973, 27, 303.

** R, H. Betts and R. H. Voss, Canad. J. Chem., 1973, 51, 538.

10§, Grenthe and H. Ots, Acta Chem. Scand., 1972, 26, 1217, 1229.

o1 ], Dellien, Acta Chem. Scand., 1973, 27, 733.

102 M, Doyle and H. B. Silber, J.C.S. Chem. Comm., 1972, 1067.

103 R. S. Taylor, P. Gans, P. F. Knowles, and A. G. Sykes, J.C.S. Dalton, 1972, 24,
te¢ K. Kustin and S.-T. Liu, J. Amer. Chem. Soc., 1973, 95, 2487.

tes R. B. King and M. S. Saran, Inorg. Chem., 1972, 11, 2112,

ws E, L. Muettertics, J.C.S. Chem. Comm., 1973, 221.

107 R. D. Farina and J. H. Swinehart, Inorg. Chem., 1972, 11, 645.
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1N magnetic resonance and spectrophotometric data indicate®® the
presence of both [Co(trien)(MeCN)}*+ and [Co(trien)(MeCN),]?* {in addition
to [Co(MeCN),]2+, [Coy(trien);]*+, and [Co(trien),]2*} in acetonitrile solutions
of cobalt(ir)-trien and it is found that the lability of MeCN in the first co-
ordination sphere is >10® times that of MeCN in the first co-ordination
sphere of [Co(MeCN),]%* at 258 K. It appears that, in contrast to Megtren
[which causes cobalt(r) to exhibit five-co-ordination in all complexes so far
reported], trien imparts similar stabilities to cobalt(ir) complexes exhibiting
five- and six-co-ordination, and that the ligands which complete the occupancy
of the first co-ordination sphere are of considerable importance in determining
the co-ordination number of cobalt(m) in the complex.

Proton n.m.r. has been used 1% to measure the exchange rate of methanol
from cis and trans co-ordination sites of [Co(NCS)(MeOH);]*. It is concluded
that the exchange occurs from both types of co-ordination site without internal
rearrangement of the complex, and that the cis and trans exchange rates are
equal; in addition, the exchange occurs exclusively between the bulk and
bound environments. These results are markedly different from those
reported previously for similar systems {e.g. [Co(OH,)(MeOH);]** and
[CoCI(MeOH);]t in which the mean lifetime of a methanol molecule in the
trans site is 0.59 times that for the cis}. The reason for the difference is un