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The application of high pressure kinetic and thermodynamic techmques in mechanistic
studies of chemical reactions in solution. can contribute towards the elucidation of the
underlying reaction mechanisms. [n this review the fundamental principles involved in
the construction of reaction volume profiles and the mechanistic interpretation of the
latter are presented for various types of reactions in inorganic. organometaliz and
bioinorganic systems. These include thermal and photo-induced ligand substitution and
electron-transfer reactions. as well as processes that involve the activation of small
molecules. The mechanistic insight gained through volume profile analysis for non-sym-
metrical reaciions forms the theme ol this coniribution. < 1999 Elsevier Science S.A. All
rights reserved.

Kevwords: Reaction mecianisms: Volume profile analysis: Ligand substitution

1. Introduction

In general the application of high pressure kinetic techniques 10 mechanistic
studies in coordination chemistry has assisted the elucidation of the underlying
reaction mechanisms. Detailed accounts on such studies dealing in general with
reactions of coordination compounds in selution. have been published n recent
vears [1-13]. It is {nteresting to note that in a recent review covering the activity
in this area during 19871996, more than 1300 new data sets for measurements
of kinetic and thermodynamic properties at elevated pressure on inorgamec sys-
tems were reported [5]. In the case of symmetrical chemical reactions, such as
solvent and hgand exchange processes where no net chemical reaction occurs,
the pressure dependence ol the observed rate constant reveals unique informa-
tion on the nature of the transition state [6-8]. In this particular case the overall
rcaction volume is zero, and reactants and products have the same partial
motar volumes, This is totally diflerent in the case of non-symmetrical chemical
reactions, Here the activation and reaction volumes can be used to construcl
2 volume profile for the reaction under study {1-13). It is the objective of
this contribution to demonstrate how additional. and in many cases important,
mechanistic information can be obtained from analyses of volume profiles for
various types ol nonssymmettical thermal and photochemical reactions in inor-
ganie, organometallic and bioinorganie systems. A treatment ol the effect of
pressure on the svimmetrical chemical reactions mentioned above is given else-
whete 1 this issue, In some cases systems will also be discussed where only
activation or reaction volume data are available, i.e. where no complete volume
profile can be reported, since such data can also o many cases improve our
understanding ol the reaction mechanisms and or the effect of pressure on the
svslem under investigation. Typical examples were selected (rom the literature
during the past 10 vears, and in many cases from our own contrilutions to this
dATed,
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2. Basic concepts and experimental technigues

The application of temperature as a physical parame.er can lead to the construc-
tion of an energy profile in which changes in energy along the reaction coordinate
are considered in order to understand the nature of the reaction mechanism. in this
respect, it has especially been the entropy term, from application of the Eyring
theory, that has been useful in revealing information on ‘order” in the transition
state. In a similar context, the applicatinn of pressure as a physical variable can lead
t0 insight on volume changes associated with the chemical process, as revealed by
the construction of a volume profile (see Fig. 1). This is based on the fundamental
thermodvnamic relationship (8G/0P), = V., from which it can be derived that
(cInK'7Py;, = —AV/RT and (¢ Ink /¢ P), = — A1"" /RT, where AV represents the
reaction voluine associated with the overall reaction c¢haracterized by the equi-
librium constant X, and AV represents the volume of activation for the reaction
charactenzed by the rate constant A&, Thus A}V equals the difTerence between the
partiand molar volumes of the products and the reactants, whereas Al equals the
dilference in partial molar volume between the transition and reactant states. It
follows that the volume profiie represents partial molar volume changes associated
with the chemical process along the reaction coordinate and enables us 10 visnalize
the nature of the transition state in ierms of volume changes that occur on either
the reactant or product species during the forward or back reaction, respectively.

In general. A and Al may be considered as the sum of two major compo-
nents: an intrinsic part (A7 or AF,.), which represents the change in volume due
to changes in bond lengths and angles. and a solvational part (A7, or A ).
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Fig. 1. Schematic representation of a volume profie for the reaction A+ B -+ AR in which three possible
tocations for il ransitios state we indicated (see teat)
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which represents the volume changes due to electrostriction and other effects acting
on the surrounding solvent molecules during the activation process and the overall
reaction [1]. U 15 principally the intrinsic volume of activation A%, that is
considered @s the mechanistic indicator in the casc of substitution and related
reactions. The mechanistic assignment for processes in which no major solvational
changes occur is. in fact, straightforwurd, since bond formation should result in a
negative A7, value and bond breakage in a positive one. In recent years a number
ol groups have been invoelved in theoretical calculai.ons i efTorts to account for the
exnerimentally observed volume data. References to these studies are included in
this presentation and reviewed elsewhere [3).

For high pressure kinetic studies in coordination chemistry the pressure range is
tsually limited to 300 MPa. Such pressures can significantly effect the value of a
rate or equilibrium constant. which forms the basis of all treatments of activation
and reaction volume data, It is important to note that very high pressures are not
needed since activation and reaction volumes are determined from the pressure
dependence of rate and equilibrium constants extrapolated to ambient pressure.
Various mstruments for the study of slow and fast reactions. including flow systems
and relaxation techniques. have been developed. A detailed discussion on these is
presented i two recent reviews [14,15]. The techniques involve stopped flow,
T-jump. P-jump. NMR. ESR. pulsed-laser and pulse-radiolyvsis instrumentation.
They cover a kinetic time range from hours and days to nane- and picoseconds. [n
seneral the pressure dependence of rate and equilibrium constants can be deter-
mined to a high degree of accuracy. and the experimental crror limits on reaction
and activation volwme dati are usually only a few em® mol "

The impressive progress made in the development of fast reaction echniques and
the handting of oxygen sensitive samples at elevated pressure has stimulated the
progress made i inorganic. organometallic and bicinorganic mechanistic studies.
Volumes ol activation exhibit some important advantages over entropies of iictiva-
tion; they can be determined more accurately: their interpretation is less difficult:
their magnitude can be visualized or estimated with the help of models: and their
vlues can be correlated with partial molar volumes of reagtant and product species
i the ground state 10 construct a reaction volume profile.

The mterpretation of the pressure dependence of o rate constant is based on a
simplified version of the transition state theory, which does not take the dynamics
ol the reactant- solvent tnteraction into account [L-4]. This simplification usually
applies to non-diffusion-controlled processes and has been adopted in the examples
presented m this account.

3. Ligand substitution reactions

Ligand substitution reactions of coordination compounds have been the topic of
many mechanistic mvestigations because of the fundamental importance of svch
reactions in chemical and biological processes. For a ligand substitution reaction in
general, there are basically three stmple pathwavs: (i) the dissociative (D) process,
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with an intermediate of lower coordination number, (i1) the associative (A) process,
with an intermediate of higher coordination number, and (iit) the interchange (1)
process. in which no intermediate of lower or higher coordination number is
involved, and in which cither bond breakage (f,) or bond formation (/,) is the more
important process. Such bond formation /bond breakage processes should be char-
acterized by specific intrinsic volume changes.

For symmetrical solvent or ligand exchange reactions, the volume of activation
will be a direct measure of the degree of bond formation 'bond breakage in the
transition state. keeping in mind that some extension or compression of the
non-participating ligand bond lengths occur during such processes. A continuous
spectrum  of transition states can be envisaged, ranging from a very expanded,
highly dissociative one (large positive AT™), to a very compact, highly associative
one (large negative AF'™), The overall reaction volume Al for such symmetrical
reactions is zero. The experimental data reported for such processes [1.2.4-8]
clearlv demonstrate the sensitivity of AF™ 1owards the size of the metal center and
coordinated ligands (i.e. solvent molecules) which in fact tunes the intimate nature
of the exchange process in terms of the prelerence for bond formation or bond
breakage processes. (Further details are presented in another contribution in this
1ssue).

Non-syinmetrical ligand substitution reactions are classified along the sani: lines
as symmetrical solvent hgand exchange reactions and exhibit pressure depuendencies
that correlate closely with those found for solvent exchange processes [1.2.4.3]. The
substitttion can be of one ligand for another where neither is the solvent (ligand for
ligind substitution), it can be substitution where one (or more) ligands attached to
4 metal eenter is (are) replaced by one or more solvent molecules (e.g. aquation,
solvolysis, base hydrolysis), or it can be a reaction of u solvated metai ion in which
one or more coordinated solvent molecules arve replaced by one or more ligands
(complex-formation or anation). Thus the products and the reactants are different,
unlike the case for solvent exchange reactions. In terms of volume changes these
reactions are of considerable interest, since the partial molar volumes of reactants
and products will, in general, differ. Thus, the volume profile will consist of
volumes of activation in both directions, as well as the overall reaction volume. The
Latter may be obtained directly ov indirectly depending on the kinetic accessibility
and other properties of the system. The partinl molar volume of the product(s) can
be greater than both the partial molar volumes of the reactants and transition state,
or smaller than both or intermediate between that of the reactants and transition
state (see Fig. 1), In favorable examples, the volume profile can be developed on an
absolute scale rather than only on a relative volume basis. when direct measure-
ments of partial molar volumes of reactants and products (via density measure-
ments) can be made.

31 Thermed ligand substitniion reactions

In the case of a nonsymmetrical ligind substitution reaction, the volume profile
reveals the location of the transition state with respeet to the reactant and product
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states. such that A}~ can be related to the reaction volume AV, The (ormation of
the mono bipyridine complexes of Zn(ll) and Cd(1l} aqua ions [16,17] provides
excellent straightforward examples of both size influence on mechanistic determina-
tion and complements activation volume and reaction volume measurements. An
improved access to the coordinated solvent by the ligand in the outer sphere
permits an /, mechanism for formation of Cd(bpy)(H,0),” ~. a process not possible
in the formation of the analogous Zn(ll) complex, which is formed from a smaller
hexaaguat ion. resulting in an /, mechanism. Fig. 2 displays the volume profiles for
these two complex-formation reacitons, The mechanism proposed for the zine
complex-formation is entirely consistent with recent caleulations for water exchange
on Zn(H-0),”  [I8). Density functional theory has been applied successfully 1o
describe the water exchange mechamism for aquated Zn(il), Pd(Il) and Pi(Ih
cations [18.19}. The optimized transition state structure for the Zafll) ion clearly
demonstrates the dissociative nature of the process; in no way could a scventh
water molecule be forced to enter the coordination sphere without the simultaneous
dissociation of one of the six coordinated water molecules.

Aquation and solvolysis reactions of octahedral and square-pianar complexes. i.e.
the reverse reaction of the complex-formation discussed above, also exhibit very
characteristic A" values. One of the most exciting examples involves the aquation
of pentaammine complexes of Co(lll) and Cr(l1D), for which controversial argu-
ments have been reported in the Tuerature. A study ol a series ol aquation reactions
mvelving neutral leaving Lizands, in order o reduce possible contributions resulting
from changes in clectrostriction, revealed AT values in good agreement with those
found tor the water-exchange processes. The data support the operation of an f,
mechamsm in the case of Cridlh) complexes compared to an 1, mechanism in the
case of Cofllh complexes [20.21].

Typical dissoctatively activated substitution reactions of pentacvanolerrate(l)
and (111) complexes exkibit quite large and positive A" values {11,32-29].
Salvolysis of the pentacyanonitroterrate(l1l} ion has been studied in several sol
vents, and the rate constants for displacement of nitrite correlated with the ¢lectron
donor ability ol the solvenl, Tt was concluded. based on the values of AV and
other considerations, that the solvent interacts with the ¢vanide ligands and an
increase in the ¢lectron densiy on the metal center contributes to inducing a
dissoctative mechanism.

A volume prodile has been constructed for the aquation and the reverse complex-
formation reaction in the case of anmminepentacyanoferratetil) ¢(Fig. 3y [29]. The
very stmilar volumes ol activation found for both the forward and reverse reactions
result fram the rather similar partial molar volumes of NH, (24.8 em’ mol ') and
H.O (18.0 em’ mol ') and the apparent insensitivity of A" lor a limiting D
mechanism toward the size of the leaving group [3).

The vilues of AV 7 tor substitution of a ranae of substituted pyridine ligands and
other leaving group varants from pentacvanoterratetil) comples ions by N in
aqueous soluton are all positive and vary Hitle, consistent with a [ mechanism.
There are reasonable correlations between the logarithm of the rate constants and
the pK, values and also the values of AI™ for uncharged leaving groups from this
and other studies [25].
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Fig. 2. Volume protiles for formation and dissociation of MGHO),(0py)”  complexes; M = 2Zn, Cd
[16.17).
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. . 1
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Fig. 3. Volume profile for the overall reaction [29) F(CNINHL  + H.0 «s Fe(CN)H.OY + NI,

Another type of ligand substitution reaction that exhibits an interesting and
remarkable pressure dependence is base-catalyzed aquation (base hydrolysis reac-
tion). The kinetics and mechanism of base hydrolysis of Coflll) pentaammine
complexes have fascinated chemists for decades. and have been compared with and
contrasted to those of corresponding reactions of Cr(111) complexes. At present, the
Al data available for maie then 30 ditferent Co(lil) complexes vary, depending
on the churge on the leaving ligand. between + 19 and + 43 e’ mol ' [30.31].
The distinetly positive vitlues can be explained by charge neutralization and release
of o solvent molecule in the pre-equilibrium conjugate base formation  step,
tollowed by hgand dissecration in the rate limiting step. Although a wide selection
o the non-hyvdrolyzing ligands was emploved, the results indicated a4 relative
msensitivity o their nature. Volume profiles were developed tor these progesses.
Overali, the resulis clearly demonstrate the intrinsic and solvational volume changes
that occur within the proposed S, 1CB mechamisim tor these reactions.

Base hydrolysis of chromium{111) pentuammine complexes in which the departing
ligand is 1 . is also characterized by large positive A" values {32]. The reaction
volume for the pre-equilibrium conjugate base formation step could be estimated 10
be 22 om' mol . giving rise to A values tor the rate determining ligand
substitution step ranging from - Sto + 13 em' mol ' signifying a mechanistic
changeover trom 7w 7, or D throvghout the series for substitution on the
conmjugate base species. The outgome of the competition between the Cr- Cl bond
breakage and the addition of solvent is contrelled by the nature of the non-substi-
tuting hgands 1o the extent “hat when the Latter cause sterie hindrance. 4 more
dissoctative miechanism s promoted. The results [33] tor base hvdrolvsis of some
halopentaammine and related complexes of Crillh, in some of which the non-hy-
drolyzing ligands are aliphatic amines, also indicate that an associative interchange
voooeeurnng, underlining the differenee from similar reactions tor - Cotill)
colnpleses,
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Solvolvsis reactions of diethylentriamine (dien) and substituted dien complexes of
Pd(i1) exhibit large and negative AF™ values in agreement with an associative
mechanism [34]. Introduction of steric hindrance (Me or Et substituents on the dien
ligand) decreases the solvolysis rate constants by up 1o six orders of magnitude, but
does not affect the nature of the substitution mechanism since both AS* and AV
remain large and negative. The nature of the leaving group does affect the value of
A7 and may indicale the operation of an I, mechanism [35]. Neverheless, the
observation that the steric hindrance alone cannot change the nature of the
substitution mechanism for square planar complexas is very significant [36,37]. With
the available Al™ for both complex-formation and reverse aquation reactions of
PdclD) complexes, it is possible to construct reaction volume profiles for the overall
processes. A few examples are given in Fig. 4. from which it follows that the
transition state has a significantly lower partial molar volume than cither the
reactant or product species, demonstrating the associative character of the substitu-
tiop process even when taking possible electrostriction effects into account [38].

Solvolvsis of the Pd(ID complexes of pentamethylated dien and one pyvridine
hgand by six different solvents proceeds m each case by an assoctative process with
no immeditely obvious correlation between A1™ and any property of the solvents
[34]. The aquation and the reverse process of anation of rac-PUHR,-en)Cl. occur in
(o steps cach possessing transition states of smaller volume than either reactant or
product, as ustrated i Figs 50 with the consequence of an £ mechinism for both
steps i the torward direetion [H041].
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There are a number of important biological and medical processes in which
ligand substitution reactions on transition metal centers play an important role,
One ol ihese concerns the amtitumor activity of platinum complexes. for which it 1s
generally accepted that substitution reactions involving the metal complexes and
DNA moieties play a key role in such processes [42]. In gencral these substitution
reactions follow an associative mechanisim and are therefore usually characterized
by markedly negative volumes of activation. i.e. the reactions are accelerated by
pressure. For example. binding of ligands such as inosine and inosine monephos-
phate to Pd(F) centers n which three coordination sites are non-substituting oceurs
by an associaiive mode ol activation [43]. When the non-substituting ligands on
Pd(ll) ions are ecthylenediamine (en) and Eten, cach of the observed kinetic
processes depends on the nucleoside concentration {44]. The binding and dissoci-
tion (aquation) of the nucleosides oceur associatively.

A further exannple concerns the substitvtion reactions of cobalamins (vitamin
B,-) which have attracted considerable attention from kineticists. In these svstems
the usually kinetically inert Coti1) ion is labilized considerably by the corrin ring,
and there hus been some disagreement in the literature concerning the mechanism
of these substitution reactions. The volume of activation data available for ¢com-
plex-formation and reverse aquation reactions of the tvpe:

B.-HO +L" «B,.-L" " +HO th

are all in suppoct of o dissociative (£,) substitution mechamsm [45-30], For the
reaction of B,.-H\O  with pyridine, the observed rate constants reached o lnting
value at high ligand concentrations. This s due 1o w0 precursar-formation srep
preceding the dissociative interchange step. The nonlinear concentration depen-
dence enabled @ Kinetie separation of the precursor-forman © constant and the
rate-determining mterchange rile constant 1o be made, such that a detailed volune
profile for the overall process could be drawn (see Fig. 6). The volume prolile
clearly illustrates the dissociative character of the (ransition state,

Recently, evidence was reported for the unexpected associative displacenient of
adenosyl by evanide in coenzyme B, [$1]. This evidence included, in addition 1o
other kinetic observations. a A" wvalue of - 100+ 04 cm' mol
possible reaction mechanisms were suggested 1o account for the associative sature
ol the process.

Variows

2 Labdizarion eifecrs in thermal substitation redetions

In recent years an interest in tumng the substitution fatility of metal compleses
Vi asvstematic varition ol the steric and electronic properties of the coordinaed
spectator Bpands has developed. Such vamations can cause a drastic change
Labiitty of the exchangable freand and the fundamental quesion is whether or o
chis s wecompanied by a cradual chungeover i the mechanism of the substitution
reaction.

The mechanistic understanding of solvent exchange reactions has veached the
point where specific labilization etfsets can be studied in a sysiematic way. 1o this
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respect it s appropriate to refer 1o significant rrans-labilization caused by the
deprotonation of i coordinated water molecule. T the case ol hexaagqua complexes
of Fe(dID, RhtIth and Tr(l1D. such deprotonation can cause an nereise in the
water exchange rate of between 700 and 20000 times at 298 K [32], This labilization
v abo decompanied byoa changeover in mechiunism  (rom a4 more associative
mterchange mechanism tor hexaaqua complex 1ons 1@ g nore dissociative inter-
hange mechanism for the pentaaguitmonehydroxo comples wons. As o result of
rapid proton exchunge, labilization by coordiated hyvdroxide is not site specitic,
with the result that all five coordinated water molecutles are labilized 1o the same
eatent. Recent studies [33] on the efteet of pressure on the water exchange reagtion
ol the dihvdroxo brdged RhillD dimer demonstrated that coordinated  waler
melecules located iy and paay 10 the hydroxo bridging ligands exhibit ditfereat
chenical shilts. and exchange signiftcanty faster with the bulk solvent than with the
bridging hydrozo groaps. Surprisingly, these water molecules exchange at a rather
sunilar tate qens 107 faster than water exchange on the hesaaquarhodiumdLl)
monomer, but v 107 Slower than exchange on the pentaaquamonohydroxo
menomer). The estimated volumes of activation were tound Lo be between -+ 9 and
< Hremy mol L which s o clear indication Gor o dissociative exchange mechanism.
The surprising similarity i the exchange etes of the ofs and prans water molecules
bevomes quite understandable i o of o Himting dissoctative mechamsm [33].

Phosphite hinds such as POGEO. are koown 1o labilize the rrany posizion,
Detuded Kinetie studies were performad on complex-tormation and the reverse
aguation reictions for complexes of the tvpe trans-[RutNH,), i P(OEU, ) (H.O)]
tor o range of organic and inerganic entering ligands in agueous solution [34],
Based on the volume of activauon data and the constructed velume profiles (see
b 7 asdissoctative mterchinge mechansm was proposed, ¢.g. the da suggested
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that bond breaking is more important than bond making in the transition state,
independent of the nature of the entering ligand. viz. nucleophile or electrophile.

Other examples of large labilization effects include the introduction of metal-
carbon bonds on traditionally inert metal centers such as Co(IlD), Rh(}), and
Ie(I1). For instance. the presence of Cp* in the complexes M(Cp*XH.0),*~
(M = Rh(1ID and Ir(II1)) causes an increase in the solvent exchange rate constant
of 10" as compared to the hexaaqua species [55). The volumes of activation
support the operation of a dissociative interchange mechanism in both cases. In the
case of the Co(NH,);.CH," " complex. the strong mrens labilization caused by the
metal-carbon bond does not only show up in the ground state structure {56], buy
also causes this complex to become extremely labile, The substitution reaction is
characterized by a large and positive volume of activation, suggesting a linuting
dissociative mechanism [57]. The introduction of carbon bonded alkyls on tho-
doximes also causes a drastic increase in the lability of the rruns position. The
nature of the organic ligand net only controls the rate of the substitution process,
but also the nature of the mechanism. Based on the reperted volumes of activation
[38L it could be concluded that CH, induces & fast substitution process that follows
a dissociative interchange mechanism. whereas for the weaker CH.CF, donor
group, the substitution reaction is sipnificantly slower and follows an associative
interchange mechanism. A typical volume profile constructed for the reversible
binding of iodide in the case of the methyl complex is shown in Fig. 8. Interestingly
enough, whether the organic group was varied or not for a given nueleophile, all
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reactions studied were characterized by modetately negative entropies ol activation,
which by contrast demonstrawes the mechamistic diseriminaton power of pressure
verste teanperature as i physieal variable,

The mtroduction of metal carbon bhonds v square-planar compleses has also
restlied e ostgntficant Libiliation effects, The basie question dealt with, was the
possibiity o find evidenee for a changeover v the substitution mechamam ot <uch
sestems I general o svstems Tollow an associative substitution mechanism, but
specitic fabilization effects mav induce a dissoctative substitution made, The intro-
duction of a single metal carbon bond in benavkinune complexes of the type
PuC NNIHO o and PuN -C-NiH.O  [39.60] caused an increase i lability of
the coardimated water molecute by a Gactor of 100 m comparison W a complex of
the type PUN N NIHAOS 0 However, the activavon volumes clearly indicated
that the substitution reactions sull follow an assoctative mechantsm. A typical
volume profile for one of the svstems is reported i Fig, 9 The increase in lability
I these compleses was decountted for in terms of an inerease in the electrophilicity
ol the mctal center due to back honding cftects with the in plane bensvl chelate. 1t
v clear from g comparison with other literature dita [37.61] that more than one
metil carbon bond 5 required in order to cause @ changeover 1o a disseciative
substitution mode. There are i number of papers dealing with substitution reactions
O Pidly compleses contaiming two metal carbon a-bonds in the i arrangement.
Ao a-donors C H 3MeC L, O and CHL were used, and dimse and diflerent
tiocthers were the labile leaving groups (62 64]. For all svstems parallel associa-
tve and dissoviatve reaction paths were observed, Evidence for the occurrence of
the unusuad dissociative reaction mode in such svsieris was obtaned from positive
V7 vadues reported for the investigated reactions [64).
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Solvent exchange and ligand subsutution reactions ¢an be drastically affected by
the influence of chelating ligands. For instance, solvent exchange on Fe(H.,0),' -
oceurs at a rate of 2x 107 s " at 298 K and is characterized by an activation
volume of — 5.4 cm” mol ~', typical for an associative interchange mechanism [65].
Introduction of hexadentate chelating hgands such as ethvlendiaminetetraacetate,
cyclohexyldiaminetetraacetate and phenylenediamineletraacetate to produce seven-
coordinate complexes of the type Fe"'(LyH.O . results in solvent exchange rates of
ca. 107 s ' at 298 K (i.e. an acceleration of 107) and volumes of activation of
between + 3.2 and -34.6 cm® mol ~ ', which are typical for a dissociative inter-
change process [66.67]. Thus the increase in lability is once again accompanied by
& changecver 1n the nature ol the ligand substitution mechanism. In the case of
substitution reactions on Ru(lil). the lability of the hexaaqua complex can be
increased by up to six orders of magnitude by introducing a chelating ligand such
as ethylendiamineteiraacetate (edta) into the coordination sphere [68,69]. A series of
ligands have been chosen for displacing the water in both Rufedta)(H.0) and
Rufhedtal(H.0) . The markedly rapid substitution in the former case was sug-
gested to be due 1o distortion of metal-tigand bonds and labilization of the
coordinated water molecule arising from H-bonding between the free carboxvlate
and the coordinated water. Both sets of reactions proceed by an assoctatively
actvated substitution process based on the interpretation of the activation volumes
data [68-70].

Introduction of a multidentate ligand into the coordination sphere of an aquated
metal on can also cause u change in coordination geometry accompanied by a
drastic decrease in lability. One such example mvolved ligand substitution rauctions
on Cu(lD. The extremely rapid dissociative solvent exchange on CutH.Oy, 7 [71] s
slowed down by three orders of magnitude v the wrigonal  bipyranudal
Cuttren)H.O" * 1on, where tren = 2.2 2" -tnaminotricthylamine. The complex-for-
mation reaction of the five coordinate Cuttren)H,O" * with neutral nucleophiles
ivolves no change 1 charge. so the reported activation and reaction volumes are
mainly due 1o intrinsic volume changes associted with the ligand substitution

)
TRyl .- PR M- b
Puchihb Do~ 50 SR T

1
e

fre 9 Volume prohie for anation of PuC NNIH O b gade [39]
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Fig B0 Valime profites tor comples tormation 1eoctons of CuttrembA7 by a series of pyridine
freands [72]
process {72]. Typical values for AT~ are between — 7and — 10 ¢cm’ mol ' for the
dispiacement of water by the entering nucteophile, and between -5 and - 9 em'?
mod ' for e reverse aquatien reactions, The volume profile in Figo 10 clearly
demonstrates the compact nature of the transition stiate compared 10 that of cither
the reactant or product states. By way of compirtson, A7 for solvent exchange
on CultretlO7 has a value of - 37+02 em’ mol . which clearly demon-
strates the common mechanism i operaiion during salvent exchange and hgand
substituion reactions: Interms of the hgand subsuitution mechanism. this volume
collapse iy charagleristic for an associative interchange (/,) mechanism. In general.
octithedral Cufll) complexes undergo a very last dissociative interchange (/,) ligand
substitution mechimsm characterized by a positive volume of activinion {71]. The
sighticant changeover i mechanism observed lor the Cuttrem)HZO"  complex [72]
sorelated o its untque trgonal bipyramdal stracture, which chminates the Jahn
Feller distortion and results ina signilicantly slower associative substitution reie-
von. Such resalts clearly demonstrate the ability of volume profile analyses to
diserimimate between thermal ligand substitution mechanisms. Further modificiation
of the tran heand o Medtren and Me tren drasticaldly attects the coordimation
veometry as well as the famlity of the complexes [73.74) Ligand substitution
reactions of CutMetrentHAO™ are charseterized by less negative volumes of
setivition than i the case of CutirentH O L but these are sull in fine with an /|
Shstittion mefatism,

L Phrachennced omd phororduced oo subsnracion

Lizand phoetosubsntution reactions are the most widely studied photoreactions of
metal comptleses, The first quantitative studies of pressure effects on such reactions
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were performed for a series of CriNH,).X'" """ complexes {75], for which il was
postulated that exchange of X' or NH, occur via different excited states. The
pressure dependence of these reactions resulted in significantly negative apparent
AV* values for both aquation of NH, and aquation of X" ~. Sinee little was known
about the pressure dependence of the other deactivation processes, it was assumed
that these apparent values represent those for the primary photoreactions. Accord-
ingly. the data were interpreted in terms of an associative {most probably I}
substitution process. The more negative values found for the aquation of X"~ as
compared to NH, were ascribed 1o solvational contributions originating lrom
charge creation (1.¢. electrostriction) in the transition state. A motre recent detailed
reanalysis of the data [76] also supported the mechanistic conclusions in Lerims ol an
associative nature of the substitution process.

Stgnificantly more progress hus been made in the study of photosolvolysis
reactions ol Ri{II) ammine complexes [77.78). For complexes ol the type
RhNH XY | the photosubstitution of X"~ or NH, for selvent molecules can
oceur, 1t was generally found that the two photelysis reactions exhibit opposite
pressure effects, Similarly, the pressure dependence of the excited-state lifetime,
measured by pulsed laser technigques, also exhibited different trends depending on
the major photochemical reaction observed. Thronghout the series of complexes,
solvolysis of NH, is accompanied by a positive A1 value. whereas the sebvolysis
of X7 exhibits negative values, Both these values can be interpreted in 2
qualitative way in terms of a dissociative mechanism. The substantial difference in
ALk ) for the halide and ammne labilizations can be aseribed 1o u negative
contribution Trom Al 7, due (o charge ereation when the halide dissociates from
the dipositive complex to Torm a tripositive cation and X* . Mo appreciabie chirge
rreation s expected for the dissoctation o NH L. This ditference lso shows up i
the overadl A4 tor the ground-state ligand substitution process of -+ 3% and 7.8
em® mol ' orespectively. in the case of the RYNHD.CL - complex [77]. demon-
strating the important contribution of charge creation when the keaving group 1s
anionie,

In systems like those discussed above, the interpretation of the dati is sometimes
complicated by solvattional contributions that play @ role when net charge creation
or newtralization is involved during the substitution process. Therelore, in more
recent studies the pressure dependenge of some typical organometallic photosubsti-
tution reactions including low valence metal centers and neutral learals were
investigated. A series of photosubstitution ceactions ol the type:

. h . -
MCO), + L - AMCO)LL 4+ O (2)
(M - Cr. Mo, W2 L= a donor Ligind)
were studied as a Tunction of pressure for various Loand solvents [79] For all
reactions investigated the photosubstitution gquantum vield decreased with mereis-
ing pressure and resulted in significantly positive volumes of activation. Under the

assumption that nonradiative deactivation is relatively independent of pressure, the
apparent positive volumes of activation fit well into the picture of o dissociative
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mechanism. Le. release of CO. This dissociation leads to a trigonal bipyramidal
M(CO)., fragment that ¢an either recombine with CO. be trapped by a solvent
melecule or bind to L. The difference in the pressure dependence for the recombi-
nation with CO or combination with L can be used to account for the observed
activition volumes.

Numerous data [80-82] are now available for the photosubstitution reactions of
the tvpe:

M{COh (pheny+ L ll'-‘fm--?\»‘u[(CC))_ﬂ[phen)L +CO (3
(M =Cr. Mo, W: L =P>Me.. PEt))

There has been some controversy in the literature concerning the nature of the
photo-substitution mechanism originating trom the lower Iving MLCT state. On
the one hand it was assumed that the observed photo-substitution proceeds
dissociatively from the LF excited state. Le. MLCT excitation is followed by
thermal back population of the LF state. On the other hand it was argued that the
MLCT states themselves are photoactive and could in principle undergo an
assoctative substitution reaction. In order to resolve this apparent discrepancy. the
effect of pressure on the above reaction as a function of irradiation wavelength, i.e.
LF and MLCT excitation, was studied [80-84]. The first results tor L = PEL, clearly
suggested an associative substitution mechansm tor the Mo and W complexes
when mrradied directly o the MLCT bands, This was indicated by negative
AU values Tor 346 nm wrradiation, e contrast to posttive M7 vadues Tor higand
substitution when LT bands were excited with 366 nm light, In the case of the
smaller Crovomplex. MLCT excitauon sull gave a small positive value of M7
ndicative of o dissoctative mechanwm. The assocauve character of the MLCT
stutes could be accounted for in terms of partial transter of electron density from
the metal to the phen ligand, by which the metal became more electrophilic and
could undergo nucleophilic attack by the entering ligand. More recently, i series
al studies [82 - 84 there was o svstematic mvestigation of the influence of the metal
center. entering nuclkeopinle. and wradiavon wavelength as a function ot pressure
for vanous M (M= Cro Moo W and PR (R = Me. Bu”, Phy The competition
between dissoctative LI and associative MLCT hgand subsutution could be tuned
by selecting the appropriate: metal, entering ligand, hgand concentration and
pressure. The typical resuwis displaved e Figo T show how an imerease s irraaia-
ton winvelength from LE to MLCT excitation resulis m a changeover in the eflect
of pressure on oL vz decrease o with increasmg pressure for irradiaiion at 313
and 3006 am. compared to an increase in o with increasing pressure for irtadiation
at 4360 546 nm. The results <howed that e size of the metal venter and the
entering nucleophile determine the wradiation wavelength at which @ mechanistic
vhangeover oecurs. The bulkier the entering nucleaphile. the more difficult it s
abserve an associtivg nechanism resulting from MLCT excitation.

A number of other types of photochemical reactions involving organometallic
sistems have recently been studied as a function of pressure in etforts to gain more
msight mto - the dewils of the underlving reaction mechanisms, These include
carbenylation and metal metal bond homelsis reactions [83.86].
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Flash photolysis techniques have in general been adopted with success to study
thermal substitution and clectron-transfer processes of reactive intermediates. In
these systems one ceals with pressure effects on subsequent thermal reactions that
occur with unstable species generated in solution photochemically that have rele-
vance for instance in catalytic and hiological processes. The interpretation of AV*
data and volume profiles 1s mote straightforward than in the case of the photo-
chemical processes itself, since we are dealing with reaction rate constants deter-
mined directly and the associated pressure dependence of these, without the added
complications of competing photophysical decays. For example, flash photolysis
has been adopted to study the substitution behavior of veactive intermediates in
organometaltic chemistry, Irradiation of M{CO),, (M = Cr. Mo, W) in a coordinat-
ing solvent (8) produces intermediates of the type M(CO)S [87.88], which can
undergo rapid solvent displacement by a nucleophile (L) te produce M(CO)L as
shown im Eq. (4).

M(CO), +S + hr - MICO)LS + L. fast {4
MICO)LS + L - MICO)L +8,  slow

The effect of pressure on such substitution reactions has been studied for a series
of M. S.and L. The results (Table 1Y demonstrate the roles played by the size of
the metal center (M1, the bulkiness of the ligund (L), and the coordination ability
of the solvent (81, The data exhibit o trend to more negative less positive) AT
vitlues Tor larger metal centers [R7.88)
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Summary of AT data tor solvent dhpl.n.c.m(.m reactions of the an M(CO)~S+L»M|CO) LS

5

Fluorobenzene
Toluene
Benzene
Chiorobemeene
n-Heptane
FFluotohenzene
Telieny
Benzene
Chlarobensene
n-Heptane

When the

M(CO) + § — M(CO).S.
M{CO).S + N-N = M{CO)..N-N -+,
V{COIN - N - M(CO}(N-N) + CO,

Tible 2

Summary of Al

M Solvent

L

1-Hexene

Piperidine

A7 (cm mnl ')
M=(C7

+94 107

+ 108+ 0.7
109+ 10
+54+04
+hY4H2
+01+£0.3
+48+ 14
~d4.2+03
+0.24+02
+14+04

+348 + 18
+3.2+03

M =Mo

+
=
S

=+ H
o R
Lo

-
|85
£t

attacking nucleophile is a hidentate ligand, flash photolysis of M(CO),
results in the reaction sequence outhined in Eq. (3). in which ring closure involves
CO displacement:

M(CO), + hr = M(CO), + CO

NN

Cro Toluene en
Toluene disbR
Fluorobenzens phen

Mo Toluene il
Toluene dabR,
Fluorobenzene  phen

W Toluene en
Tuoluene dubR,
Taluene bpy
Fluorobenaame  phen

©Abbreviations: en,
phen. L10-phen

wthrodme.

kol 25°C s

ethylenediaming:

tfast

data for the ring-closure step in Eq. (5)

Al

kI mol "

L= 10 ST 43
RER St+2
6 32%2
Jox1{o ° A
IRES TS
1 1= 1 47 2
ERUER IV M2
29410 83+ 8
8010 - SR+2
J 3y Ayl
dubR ..

Ky
I\F ‘}

AN

K 'mol

T

- —
—d

4
-4
4

13 =~J
|+ 1+ -+

-4 421
S+ 17
94T

~172 4 16
— 53+ 26
T
~2143

Ld-dilsopropyl-1 4-diazabutadiene:

(5)

Al
tem’ mot ")

HY+15
+172410
+62 405

—54+08
~9.3 404
29402

S123= 14
13T+ 13
109 + L]
~824 02

hpy. bipyridine:
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Table 3
Activation volumes ior chelate ring closure in M(COXL complexes in toluene (M = Mo, W)

L M AV (em mol ")
bpy Mo —39+06

W -109+11
dmbpy Mo —-56+04

v -84+1.0
dpbry Mo 54405

W —64+4{.6
dbubpy Mo 62410

W -45102

* Abbreviations: bpy, 2.2-bipyridine; dmbpy, 4.4'-dimethyl-2 2" bipyridine; dpbpy. 4.4-diphenyl-2.2"
bipyridine; dbubpy, 4.4'-di-ter-butyl-2,2-bipyridine.

Typical data for a series of ring-closure reactions are summarized in Table 2,
from which it follows that the nature of the metal center and the bulkiness of N-N
control the intimate nature of the CO displacement mechanism [89]. The larger
metal centets (Mo, W) tend to exhibit significantly negative AV values suggesting
ring closure in an assoclative reaction mode. The smaller Cr center must lose CO
prior to ring closure since only in the absence of steric hindrance on the entering
ligand, as in the case of ethylenediamine, does an associative ring-closure occur.

More recently. systematic studies of the effect of bulky substituents on bpy and
phen ligands, as well as the mfluence of the solvent on ring-closure reactions of
M(CO)N-N (M = Mo and W) were undertaken [90,91]. The resulis for 4 series of
bipyridine ligands (see Table 3) clearly indicate a change in AF* from small
negative to small positve values on increasing the steric hindrance on the Mo
complex. This observation can be ascribed to a gradual change in mechanism from
I, to I, on increasing steric hindrance of the ligand., A similar trend is observed for
the W complexes. although the overall AF™ value remains negative throughout the
sertes of ligands. In this case, the values suggest that ring closure remains associa-
tive, although a gradual change from limiting associative (A} to an inlerchange
associative (I,) mechanism may occur on increasing the steric hindrance. Through-
out the series of complexes the AF” values are more negative for W than for Mo,
which indicates that the W metal center has a greater ability to undergo bond
formation with the ring-opened chelate.

Activation volumes have also been measured for the above reactions in supercrit-
ical fluids and found to be as large as + 7 | mol ' under conditions near the
critical point in supercritical ethane and €O, [90.92]. The results were interpreted as
evidence for a large repulsive contribution to the activation volume associated with
the dissociation of CO during the ring-closure reaction.



350 G, Stochel, B ovan Eldik Coordination Chemistry Reviews 187 ¢(1999) 329 174
34 Rudiarion-incuced ligared substitution

The mechanism ol inorganic and organometallic free radical reactions, such as
the formation of metal-carbon o bonds, can conveniently be studicd by using
pulse-radiolysts techniques. Such processes are closely related to substitution reac-
tions. although they usually involve & formal change in the oxidation state of the
metal center due to the covalent nature of the metal-carbon & bond.

Applicatton of high pressure pulse-radiolysis techniques has made possible the
construction of volume profiles for the formation and dissaciation of metal--carbon
o bonds. In the first such study. it could be shown that the formation of a
cobult carbon bond is assisted by pressure in the reaction of Co"(nta)(H.0). with
*CH, o produce CoMnta)HLOKCH,) ~ [93]. This is due to an overall reaction
volume of —16.4+ 1.6 cm® mol ' (determined from the pressure dependence of
the equilibrium constant) which results from a small positive velume of activation
for the forward bond formation process and a large positive volume of activation
lor the reverse homolysis reaction. The volume profile in Fig. 12 clearlv indicates
the higher partial molar velume of the transition state and underlines (he operation
ol a dissociative mechanism for the entrance of the radical into the coordination
sphere of the Co(lD complex. In lact, the small positive AF* for the cobalt-carbon
bond formation reaction suggests that the process follows an [, mechanism and is
presumably controlled by solvent exchange on Co(nta)(H,0), . The significantly
larger volume of activation for the reverse homolysis reaction is partly ascribed to
desolvation of the aliphatic free radicals formed during the reaction,

Similur results were reported [94] for the formation of complexes of the type
CrrH R in which K ois an aliphatic radical that forms a metal-carbon o

. ! 1] 1
2 +104 o
= ; /OHo. & "
":E 1 {L(HZD)CO\R ] L=nta
5 1 A
2 | +6.0£25 |
g | LCoH, O3 + 'R
5 - = -
= |
£ |
e +186x2C
£
& calc:-12.5+ 4.5
g ‘ exp. -164 £1.6
jg:: 10_% ’ LC;D(H2G)H‘+ H20 -
- n 1
Reactants Transition Stato Products

Reaction ¢oordinate

Frg 120 Velume profile tor the reaction of methy? radicals with the nitrlolriseetute complex of Colily
AL 29N K9]
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bond with Cr"~. This reaction was studied for ten different radicals, and the
reactions all exhibit a small positive volume of activation with an average value of
+ 4.3+ 1.0 ¢em® mol ~ ', independent of the nature of R. This constant value and
the fact that the bond formation rate constants are all very similar and close to that
for the water exchange process on Cr(H.0),” ~, suggests that the complex-forma-
tion reaction is controlled by an J; ligand exchange mechanisin, The dissociative
nature of the ligand exchange process is presumably enhanced by Jahn-Teller
distortion in Cr(H,0),” ~, similar to that reported for Cu(H.0),* - [95].

Pulse radiolysis studies of the oxidation of Cu(Il) complexes by "OH radicals
have shown that transient Cu(ll1} complexes are formed. The effect of pressure on
the formation of the various Cu(lll) complexes has been studied in order to assist
the elucidation of the underlying reaction mechanism. The reaction between “OH
radicals and [Cu"(P,0,),(H,0),]"~ resulted in the formation of a Cu(I1l) complex
[96]. No reaction is observed with N," or Br,* whereas SO, * initiates the same steps
as seen with "OH. This suggests that the mechanism probably involves a ligand
interchange or H® atom abstraction process. The Cu(1ll) cumplex undergoes a rapid
first-order reaction, probably loss of the P.O?  chelate, followed by addition of
OH ~ to vield a Cu(lll) complex that 18 predominantly hydroxylated and has a
relatively long half life. Strong support for this mechanism comes {rom the very
small activation volume found for the first step. The value of — 1.8 +0.7 ¢m’
mol ' is in close agreement with that found for the reactions of Cu” ~ (aq) with
*OH radicals [97]. Furthermore, it was recently reported that electron-transter
reactions between metal ions and radicals that are not diffusion controlled, exhibit
pressure dependencies that support a iigand-substitution controlled process [28].
The slightly negative volume of activation found for the reaction of
[Cu(P.O-)(HO)]°  with *OH can therefore be interpreted as cvidence for a pure
mterchange (1) or an associative interchange (£,) mechamsm thav controls the
mieraction between these two species.

4. Electron-transfer reactions

Significant progress has been made in the application of high pressure thermody-
namic and kinetic techniques to the study ol inorganic and bioinorganic ¢lectron-
transfer reactions during the last 10 years. Especially in the case of self-exchange
reiactions, which represent the simplest symmetrical electron-transfer process, it has
been possible to account for the observed pressure effects in terms of the Marcus-
Hush theory. In the case of nonsymmetrical electron-traunsfer reactions. the volume
changes are primarily due to solvent reorganization from changes in electrostriction
associated with the electron-transter process.

Symmetrical seli-exchange reactions are the simplest Kind of electron-transter
process. since there is no net chemical reaction and ne reaction volume, and
therefore in principle the mechanistic interpretation of activation volume data, as in
the case of solvent exchange reactions, is relatively straightforward. One of the first
interesting observations was that the activation volume for self-exchange on



352 G Stochel R ovan Bk Comvdinarion Chemtisiry Revrews 187 (1999) 329374

FetH, O 5 is cu. 12 em’ mol ' more negalive than that for self-exchange oa
Fe(H.OLOHY " Fe(H.01,"  [99]. The ditference could be explained in terms of the
operation of an outer-sphere machanism in the former process and an inner-sphere
meclianism in the latter case. since the formation of a hydroxo bridged specics will
be accompanied by the release of a solvent molecule. i.e. a markedly more positive
actvation velume.

Another interesting example involves the self-exchange reaction between MnO,
and MO, tor which A1 has a value of =21 em® mol ' [100]. This reaction
is catalvzed by counter ons such as N and K and the catalysis manifests itself
in very different AF7 values. The same group [101] has studied an extensive series
of self-exchange reuctions and found a good correlation between experimental and
theoretically calculated values. In general. solvent reorganization accounts for the
largest contribution towards the observed activation volume, which has in many
cases o negative value. In some coses. viz. Cofen), " = and Colphen),’* " the
theoretical volume of activation was found to be significantly larger than the
experimental value, which was ascribed to the participation of high-spin to low-spin
changeover associated with the electron-transter process. More recently, the group
demonstrated that volumes of activation for homogeneous selt-exchange reactions
can be obtained from velumes of activation tor heterogencous self-exchange
rutctions on the surface of an electrode [1021 A detailed account on electrode
raactions of meial complexes i solution at high pressures s included in this ssue
[13].

L1 Non-svimmerrioal cloetron=transtor veaotiony

One objective of many mechamistic studies dealing with inorganic electron-trans-
fer reactions his been o distinguish between outer-sphere and innerssphere mecha-
nisms. High pressure kinetic methods and analysis of reaction volume profiles have
been emploved 1o provide a better understanding of the intimate mechantsm
mverced inosuch processes. The differentiation between outer-sphere and inner-
sphere mechanisms deperids on the nature of the precursor species, Ox/ 'Red in the
following scheme. which can either be an 1on paw or encounter complex. or a
Brideed intermediate. respectively.

Ox +Red == Oy Red, N (6)
Ox Red =0y Red . 4y
Oy Red o = Ox 4+ Red

Pus micans that the coordmation sphere of the reactants remains intact in the
fornier use and s modified by ligand subastitution i the latter, which wiil naturally
atteet the assoctated volume changes,

A dufficubty encountered in many cases in kinetie studies of outer-sphere ¢lectron-
franster provesses conzerns the separate determination of the precursor formation
constant TA) and the electron transfer rate constant (&} (in the scheme cutlined
dhoved, from an empirically determined composite parameter. In the majority of
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cases, precursor formation 1s a diffusion contrelled step, foilowed by rate-determin-
ing electron transfer. In the presence of an excess of Red, the rate expression is
given by:

k"h\ == k”K{RCd].A(l + K[Rﬂdj) (7)

In many cases K is small. such that this equation simplifies to &, = &, (K{Red.
which means that the observed second-order rate constant and the associated
activation paramcters ar~ composile quantities, viz. AV = AV (k) + AF(K).
When K is large enough such that 1 + K[Red] > 1. it is possible to separaie ¥, and
K kinetically and also the ussociated activation puramcters, viz. AV*(k, ) and
AVIK).

A series of reactions were studied where it was possible to vesolve K and &, . and
thereby AV(K} and AV 7 (k). In this case, sppositely charged reaction partners
were selected as indicated in the following gereral scheme:

Co(NH:X" " + Fe{CN),' " «[Co(NH,).X* " -Fe(CN)* ], K (3
[COlNEL )XY ™ Fe(CN), 1= Co’ - +3NH, + X" +Fe(CN),* . &,
X" =H,0, Me,$O. py, Cl . N,

The data [104] indicated that ion pair formation is accompanied by close to zero
AT values, This is rather surprising, since it 15 generally accepted .nat ion-puir
formation should involve considerable charge neutralization accomranied by strong
desolvation due o a decrease in electrostriction. Values of Al therefore indicaic
that the reaction partners most probably exist as solvent-separated won-pairs. 1.0
with no significant charge neutralization accompanicd by desolvation. It is evider
that the electron transfer steps exhibit a strong pressure deceleration. with most
systems having AF” values of between + 25 and + 34 ¢em' mol '. These vaiues
indicate that ¢lectron transfer is accompanied by extensive desolvation, most
probably related to charge newiralization associated with the electron-transier
process. A sumplified mode! based on partial molar volume data, m which clectron
transfer occurs within the precursor jon-pair [ColNH1L.XY ' - Fe(CN) 7. lead-
ing 1o the successor ion-pair [Co(NH )X " -Fe(CN)," |, predicts an overui
volume increase of ¢ca. 63 ecm’ mol ', This means that according w the AT values
mentioned above, the transition state for the electron-transter process lies approvi-
mately halfway between the reactant and product states on g volume basis for the
precursor and successor 1on-pairs. The largest volume contribution crises from the
oxidation of Fe{CN),' o FelCN),' ., which 1s accompunied by o large decraase
in electrostriction and an increase i partial molar volume of ca. 40 cm’ mol
[1.103]. Theoretical calculations alse confirmed that the transition state tor thuese
reactions lies approximately hallway along the reaction coordinate n a volume
basts [106]. This first information oa the nature of the volume profile for un
outer-sphere electron-transfer reaction proved to be in good agreement with the
results reported subsequentiy for systems with a low driving force i which it was
possible to construct a complete volume profile by studying the offect of pressure o
both the forward and the reverse reactions, as well as on the overall equiliboium
constant.
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More recently  outer-sphere  redox  reactions  between  [Co(N):H.QJ'
[Co(NY.OHT ~ ((N). = tetraazacycloamine ligands) and Fe(CN),*~ have been stud-
wd as a function of (N).. temperature and pressure in order to establish possible
correlations between, on the onc hand. the size, geometry and charge of the
cobult(1T1) complex and on the other hand. the outer-sphere formation constant,
the elxetron transfer rate constant, and thermal and pressure activation parameters
[107]. The vadaes obtained ndicate that owter-sphere formation constants are,
within the experimental error. the same for all the systems studied. The electron
anster rate constants for the [CoiN).H,0]' " complexes increase on increasing the
size of the macroevelic Ligand independently of its cis or rrons gcometry, For the
[ColMLOH] - complexes, the same tiend s observed but the differences are
smadler. The thermal and pressure activation parameters are those expected for
these tvpes of reactions and are interpreted i view of combined effects of
cleetrostatic and hydroger bonding interactions. All the AF” values arc very
pasitive and arise (rom changes 1n electrestriction associated with charge neutraliza-
ton tespectally FetONY! o FetCN),Y 1 and a volume increase on reduction of
Cotlhy 1o Cotll). For all the systems studied, the value of A" obtained for the
hydroxo complex 1s consistently lower than that of its agqua counterpart. The lower
activation volume values found for the hydroxo systems have to be related to the
absence ol coninbutions arising from the reduction of Co(ilh) to Co(Il), noth duc
to charge ditferences tabsence of a 3+ cation) and bond distances (shorter Co -0
hond). that i~ the mereased compaciness of the L cage.

Recent conventional and high pressure investigations on the intermoleeular
Slectron-transter repction between myoglobin and  hexacvanotervate(11h)  have
shown dhat both oxy- and deoxymyoglobin arc redox active species [168]. The rate
and setivation parameters underline the operation of in outer-sphere mechanisir
for bouh systems. Precursor formation is accompanied by significant desolvation,
especialiv wround the {Fe(CN)]®  moiety. The strongly negative AV~ (k) value
found for the reaction with oxymyoglobin pariially results from a large volume
decrease dug to the reduction of JFCNLF 1o [Fe(CN) ] accompanied by some
volume inerease due to the release of dioxygen,

Data are also available for the reduction of FetCNLL*  (where L=CN
NOL )L RUONY  and aguated Fe(dlh), by ascorbic aad and ascorbate ions
[136.109 11 The penta-. and hexacvano complexes all exhibil a strongly negative
velume of getivation that results mainly from the increase in electrostriction due to
the reduicton of MICN)L" (M = Fe, Ru). In the case of aguated Fetlli) species,
the acuvation volumes are significantly positive: these have been uscribed to an
outer-sphere electron-transter reaction in the case of FetH.0),' . but to an
tner-sphere reaction in the case of the more labiie Fe(H.0).0H" complex [108)].

The mierpretation of volume changes associated swith electron-transter reactions
s benefiied considerably from work on high pressure electrochemstry performed
by Tregloan and coworkers {103,112). They systematically investigated the eifect of
pressure on the redox potentials of a series of transition metal complexes, and from
e assoclated reaction volumes for the redox couples could distinguish between
mtimsie and solvational volume contributions in such reactions.
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There is much interest in the oxidation of polyaminocarboxylate complexes of
Fe(I1} by molecular oxygen and hydrogen peroxide mainly duce to the fundamental
importance of such reactions in biochemical processes, such as the cleavage of
DNA, the decomposition of H.O., and the dismutation of superoxide. All oxida-
ton reactions of chelated Fe(1l) complexes studied as vet, are found to be
accelerated by pressure and accompanied by significantly negative volumes of
activation [113]. These can be ascribed to ithe bonding of dioxvgen that is accompa-
ried by the oxidation of Fe(ll) to Fe(lll) and the reduction of dioxygen to
superoxide and peroxide ions, processes that are all expected to lead to a decrease
in partial molar volume. In a recent reinvestigation of the Fe''{edia) oxidation
reaction it was possible 1o resolve the different reaction steps that torm part of the
oxidation process, and to assign the negative volumes of activation in a more
detasled way [114.115].

4.2 Long-distance elecrron-transfer redactions

A challenging question concerns the feasibility of the application of high pressure
kinetic and (hermodynamic techniques in the study of long-distance electron-trans-
fer reactions. Do such processes exhibit a chatacteristic pressure dependence, and to
what extent can a volume profile analysis reveal information on the intimate
mechanism of the electron-transter process?

The systems investigated were intermolecular and imtramelecular electron-trans-
fer reactions between ruthenium complexes and cyvtochrome ¢ [116-119). A series of
intermolecular reactions between chelated cobalt complexes and cytochrome ¢ were
also studied [120]. A varicty of high pressure experimental techniques. including
stopped-flow, flash-photolysis, pulse-radiolysis and voltammetry. were employed in
these investigations. A remarkably good agreement was found between the volume
data obtained with the aid of these ditferent technigues, which clearly demonstrates
that these different methods for the study of electron-transfer processes compliment
gach other.

Application of puise-radiolysis techniques revealed that the following intramolec-
ular and intermolecular electron-transter reactions all exhibit a significant accelera-
tion with increasing pressure. The reported volumes of activation are —17.7 09,
— 183407, and —15.6 0.6 cm' mol ', respectively, for the three reactions, and
denote a marked volume reduction as the reaction proceeds [rom the reactant to
the transition state [119].

(NH DRu(His33 kvt "' - NH L Ru(His33)eyt o 9)
(NH.Ru"-(His30keyt e = (NiE)LRu™-(His3%eyt o
RuMINH ), + ot M Ru"™(INH 1, + oyt e

At this stage 1t was uncertain what the negative volumes of activation really
meant since overall reaction volumes were not available. However data in the
literature {121] suggested that the oxidation of Ru(NH.)," " to RuiNH:,'" s
accompanied by a volume decrease of ca. 30 em’ mol ', which would mean that
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the activation volumes guoted above could mainly arise from volume changes
associiated with the oxidation of the ruthenium redox partner.

In order to obtain further information on the magnitude of the overall reaction
volume and the location of the transition stute along the reaction coordinate. a
series of intermolecular electron-transter reactions of ¢ytochrome ¢ with pentaam-
mineruthenium complexes were studied, where the sixth ligand on the ruthenium
complex was selected in such a way that the overall driving force was low enough
so that the reaction kinetics could be studied i both directions [117.118]. The
selected substituents were isonicatinamide (isn), d-ethylpyriding (d-etpy), pyridine
(py). and 3S-lutidine (lut). The overall reaction can be formulated as:

Ru"(NH).L'" +cyt ¢"esRu™NH)L* " +eyt e, &, &, (10)

For all the systems investigated, the forward reaction was significantly deceler-
ated by pressure, whereas the back reaction was significantly accelerated by
pressure. The absolute values of the volumes of activation for the forward and
reverse processes were indeed very similar, demonstrating that a similar rearrange-
ment oecurred in order ‘o reach the transition state. In addition. the overall
reaction volume lor these systems could be determined spectrophotometrically by
recording the spectrum ol an eguilibrium mixture as a function of pressure, and
electrochemically by recording cyclic and differential pulse voltammograms as a
function of pressure [122]. These results are summarized along with kinetic data and
activation pacameters i Table 4. A comparison of the AV data demonstrates the
generally good apreement between the values obtained {from he ditference in the
volumes of activation for the Torward and reverse reactions, and those obtained
thermodynamically. Furithermore, the s dues also clearly demonstrate that A7 =
0.53A1] 1e the transition state hies approximately halfway beiween the reactant
and product states on a4 volume basis, independent of the direction of electron
transfer. The typical volume profile in Fig. 13 presents the overall picture, from
which the location of the transition state can clearly bde seen.

Similar results were recently obtained for the redox reactions of a series of cobalt
imine complexes with cytochrome ¢ [120,123). In general a good agreement exists
between the kinetically and thermodynamically determined parameters, and the
typical volume profile in Fig. 14 once again demonstrates the symmetrical location
of the transilion state with respect to the reactant and product states. Since it is
known that oxidation of ¢ylochrome ¢ is accompanied by smalt volume changes
[122]. the observed volume changes were ascribed to volume changes on the redox
partner and not on ¢ytochrome ¢ iself. This was suggested by the fact that the
change in partial molar volume associated with the oxidation of the investigated
Rutll) and Co(ll) complexes as obtained trom electrochemical wnd density mea-
surements, almost fully accounted for the observed overall reaction volume. Thus
the reduction of cytochrome ¢ can only make a minor contribution towards the
overall volume change.

The results obtained for the above systems demonstrate that the resulting picture
tovery consistent and allews a further detailed analysis of the data. The overall
reaction volumes determined in four different ways are surprisingly similar and
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In these systems the volume profile 1s comralled by effects on the redox partner of
cyvlochrome ¢, but this does not necessarily always have to be the case. The location
of the transition state on a volume basis will reveal information concerning the
early” and ‘late’ nature of the transition state. as well as details on the actual
clectron transfer route followed.

Recent investigations on a series of mtramolecular electron-transfer reactions.
closely refated to the series of intermolecular reactions described above, revealed
non-svimnetrical volume profiles [124]. Reaciions of the 1ype:

INH LR -(His33)-cvt ¢ <= (NH ) LIRu-(His33}-cvt o' i11;

where L = isonicotinamide. 4-ethvlpyridine. 3.5-lundine. and pyndine. all exhibit
volumes of activation for the forwurd reaction of between + 3and + 7 em mol ',
compared to overall reaction votumes of between + 19 and + 26 cm’ mot ', This
indicales that clectron transfer from Fe to Ru 15 charactenzed by an ‘early’
transition state in terms of volume changes along the reaction coordinate, The
overall volume changes could be accounted for in erms of electrostriction eitects
centered around the ammine higands on the ruthenium center. A number of possible
explanations in terms of electronic and nuclear factors were offered to account for
the asymmetrical nature of the volume profike.

In another system involving the oxidation of cviochrome ¢ by an amionic
chromivm(V) oxo complex. evidence for a late product like transiion state was
found on the basis of the reported volume of activation [123]. This was ascribed 10
the effective tormation of an 1on-pair precursor species as a reselt of the interaction
between the negatively charged CriVy complexs and the positively charged surface of
eviochrome o

Recently, Merishima and co-workers [126] mvestigated the elfect of pressure on
electron transter rates in zine ruthemum moditied myoglobims. The rate constant
tor electron ransfer rom photoexated 'ZnP™* to the RutNHL) moiety of the
modified protein decreased from 5= 107 to 35 s ' upon increasing the distance
from 9.5 to 19.3 A when the Ru complex is attached to His70 and His$3,
respectively. This decrease in the rate constant was accompanied by an increase in
AF” from +4 o +17 cm® mol ' Within the centext of the resulis reported
above and the volume changes associated wiih the reduction of the Rutlil) amniine
compleses. the gradual inerease in A7 with mcreasmg donor -acceptor distance
and with decreasing rate constant could be o clear demonstration of “early” (for the
fast) and “late” {for the slow reactions) transitton states. Volume changes mamiy
associated with changes in electrostriction on the Ru ammine center will control the
solvent reorganization and so account tor the earh (resctans-hikey and late’
{product-like) transinon siates.

J.3 Photochenical efectron=mranisior Fodetions

It is remsonable to expect that photechemical eleciron-transter reactions will.
similar to thermal electron-transfer processes, exhibit sigmiticant pressure etfects
mainly associated with changes i electrostriction that accompany the electron-
transtei process [12.13].
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Volume changes assoctated with electron transler quenching of excited Ru-
(bipy}® © were tecently [127] obtained from time-resolved photoacoustic calori-
metric studigs. A volume change of — 11 cm' mol ' was observed for electron
transfer between [Ruthipy),” " |* and Fe(H,0),' . This value was ascribed io
solvent Lo solvent reorganization associmed with the electron-transter reaction.
The same workers found significantly smaller volume etfects for reversible elee-
tron transfer between xanthene dyes and transition metal cyanides according to
the overall reaction:

X* 4+ MICN), =X + M(CN),; SR ¢ i)

corresponding 1o a volume contraction for clectron tansker from the excited dye
to the metal evanide and to volume expansion for electron transter from the
metal evanide o the excited dye. Here too, solvent rearrangement was suggesied
o account for the observed volume etfects.

A number of unimolecular photoredox reactions have been studied {12,13]. A
A ovalue of 448 om® mol ' for the charge-transfer photolysis  of
CotNIL B was found and suggested the formation of a cage radical pair,
CotID(Br'y. resulting from the LMCT exciied state, Dissoctation of this rudical
pair 1o the reaction products was suggested to account for the increase in vol-
ume as refiected by the positive volume of activation [128).

The photolysis of FgCN)NO"  via MLCT excitetion results in the oxidation
of the metal and -'vation of the NO ligand according 1o the -eaction:

FSONINDT - SSTCNLST + NO (13)

The quantum vieid for the production of Fe(CNYLS™  strongly depends on the
natire of the sehents and decreases with increasing donor number and +iscority
ol the medium. The values of A7 are significantly positive (see Table 31 and
correlute with the fluidity ol tie medium, which points 10 the parucipation of a
cage recombination mechamsm ax outlined below [129).

Fe(CN)NO ™ 1‘;’ = {Fe(CN}NO" }*

C
I K| | k2

= [Fel(CN)s? ---NO]cage
K|S
(S = Solvemt) Femn(CN)sS™ + NO

A svstemate vaniation ot the viscosity supported the validity of these argu-
ments. The observed pressure effects in different reaction media (see Table $),
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Table 5

Values of AV and AF 7 for the resction: ESHONINOT +§ D Fe!CNYS?

+ NO as a function of
solvent and exaitation energy

Solvent ‘.. oy P tmod emstein ) Al tem® mal ) AFZ tem' mol "
H.0 436 017 £7T 04 PR

113 A7 +55407 +78+1.0
MeOH 436 0.3y +7.3 405 + L3+ 06

3 0.63 +6.5+0K8 +130+19
Me.S0 436 033 ~794+ 03 i1 =04

4% 0w +7.5 =11 +1ld4+16

33 42 +E4+ 13

+141 =10

* Values al ambient pressure. e G MPa,

indicate that viscosity plays a minor role and that the effects result mainly from the
contribution of k., that is, the dissociation of the F(II1)~-NO bond. The larger
vatues found for AFT in some of the solvents can be explained in terms of the
pressure dependence of the viscosity, which will result in a deciease in ¢ and a more
positive AV value {sce Ref. [129] for more details).

5. Activation of smail molecules

In this section we will deal with studies that involve the activation of small
molecules such as O, and CO. by model coordination complexes as well as
biologital molecules, and focus on the mechanistic information obtained from the
analysis of the corresponding volume profiles.

S Activation of dioxygen

On¢ of the most fundamental questions when dealing with the activation of
dioxygen by transition metal complexes is the way in which these species really
interact with euch other. Are these processes controiled kinetically by substitution
or by electron-transfer reactions?

in order to model the first redox activation step of dioxygen, a system that
involves the binding of O, to a macrocyche hexamethyicvelam Co(ll) complex to
form the corresponding Co(Il) superoxo species, was studied [130].

(LYCotH.O)*~ 4+ Oy e (H.ONL)CoO - + HO, k. & . K, (13)

The overall reaction (Eq. (15)} involves hgand substitution and clectron transfer
to produce the Codill) superoxo complex. the question being. which is the vate-de-
termining step? From the pressure dependence of the overall equilibrium constant,
a reuction volume of — 22 cm'moi ' was determuned. which demonstrates that the
displacement of a water molecule 1ir the Cotll) complex by dioxygen is accompa-
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nied by a signilicant volume collapse, probibly due to the oxidation of Co(Il) to
Co(111) during the overall reaction. The Kinetics of the reaction could be studied by
flash photolysis. since the dioxygen complex can be photo-dissociated by irradiation
mte the C7 band, and the subsequent reequilibration could ke followed on the ps
tnmw scale. From the ellect of pressure on the kinetics of binding and release of
dioxvgen, the activation volumes for botl processes could be determined. The
results show that the binding of dioxygen is aceelerated by pressure, AV (k)= —
4.7+ 03 em' mol 'L whereas the release of dioxygen is strongly decelerated by
pressure with A1tk )= +17.94+03 em’ mol '. The combination of these
values vields AT(R b= AU (ko — AV ¢k )= —22.6+08 em’ mol ', which is
m a very good agreement with the value determined directiy from the equilibrium
constant measurcemients as a function of pressure. The volume profile for this
reaction s given in Fig, 15 The smali volume of activation associated with the
binding of dioxyvgen is clear evidence for a rate-limiting interchange of ligands,
dioxveen for water, which 1 followed by an intramolecular electron-transter
reaction between Cofliy and O- 1o torm Co''" O, | the superoxo species. [t is the
latter process that accounts for the large volume collapse on the way to the reaction
products, since Co(111) complexes are in general 20-30 em’ mol *' smaller than *he
corresponding Co(l1) complexes [103,123]. Thus. during flash-photolysis, electron
transler i the reverse direction occurs due Lo irradiation into the CT band, which
15 followed by the rapid release of dioxygen.

The binding of CO has. in many studies. been used as a model for the activation
of dioxveen, since this molecule does not underge any real activation in the systems
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Fig. 16, Volume profile for the reactions of CO and O. with myoglobin at 298 K {1311,

studied, it merely binds to the metal center. The absence of subsequent electron-
transfer reactions simplifies the kinetic analysis and reveals more mechanistic
isight on the actual binding process. A typical example concerns the comparative
binding of Q. and CO 1o deoxymvogtobin [131). The large difference in AP~
observed for these reactions can clearly be seen from the comparative volume
profiles shown in Fig. 16. The volume profile for the bindiag of O. 15 characterized
by a substantial increase in volume on going from the reactant 10 the transition
state, foliowed by a significant volume reduction on going to the product state. The
observed volume increéase was ascribed to rate-determining movement of 0.
through the protein to the heme pocket. which may involve hydrogen bonding to
the distal histidine as well as desolvation. This step is followed by rapid bond
formation with the Fe(ll} center, during which the change in spin state from high
to low, movement of the Fe(Il) center into the porphyrin plane, and associated
conformational changes account for the drastic volume reduction. The overall
reaction volume of — I8 cm' mol ' demoustrates the large volume reduction
caused by the binding of O.. The volume profile for the binding of CO shows a
considerable volume decrease on going from the reactant to the transition state,
which has been ascribed 1o the rate-determining bond formation process. The
reverse bond cleavage reaction is accompanied by a volume decrease, which may be
reluted 1o the different bonding mode of CO compared with Q.. This difference in
bonding mode must also account for the much smaller absolute reaction volume
observed in this case.

The effect of pressure on the binding kinetics of O. and CO to mvoglobin was
studied in more detail on a milli-, micro-, and nanosecond time scale Tor sperm
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whale, horse, and dog myoglobin. The results were analyzed quantitatively in terms
ol the tollowing three-step mechanism:

A(MbL) == BiMb. L) = C(Mb-L) <= S(Mb + L) (16)

where A represents the bound species, B the short lived geminate pair, C the longer
itved geminate par. and S the entively separated species. The volume profiles for all
three mroglobins could be drawn (Fig. 17); from these it was concluded that the O,
diffusion step within the proicin matrix is quite different among the three Mb
species [132] Tt was further suggested that the activation volumes are very sensitive
o the o acwd restdues adjacent 1o, and flanking the ligand path channel. In the
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i 17, Volume profiles tor the hinding of 0. to different myoglobins (133
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case of CQ binding [131]. the overall AV® was negative. which is consistent with
the rate determining bond formation step.

A volume profile was also penerated for the binding of dioxygen to hemerythrin
[133]). The AF” values for the ‘on’ and “off” reactions as well as the overall reaction
volume. are ca. twice the mapnitude of those for the corresponding mvoglobin case.
In the hemerythrin system two Fe(1l) centers are oxidized to Fe(il) during which
dioxypen 1s reduced and bound as hydroperoxide 10 one Fe{lll) center. The AV,
value can be partly accounted for in terms of desolvation of oxvgen durning its
entrance into the protein. The value is however. such that it suggests some form of
dynamic “breathing” motion of the protein that momentarily causes an opening up
of a clett and enables oxvgen to enter the protein. The significant volume decrease
that ovcurs following the formation of the transition state can be ascribed to the
oxsdation of the Fe centers and the reduction of O. 10 O. . The fact that the overall
volume collapse is 1imost double that observed for the oxygenation of myoglobin
may indicate similar structural features in oxvhemervthrin and oxymyoglobin. This
would suggest that a description of the bonding mode as Fe'" -0, or Fe'"-0.H
(H from histichne E7) instead of Fe'' Q.. would indeed be more appropnate for
oxymvoglobin,

More recently. binding of CO to lucanar Fe(lly complexes was studied in detail
as a function of emperature and pressuie [134.135). In these svstems the high spin
Fe(11) center s five coordinate and has a vacant pocket available for the bonding
of CO. These systems can therefore be considered wdeni for the modeling of
biological processes. A detailed kinetic analvsis ol the "on” and “oft” reactions. as
well as a thermodynamic analysis of the overall eguilibrium, enabled the construc-
tion of free energy, entropy and volume profiles Jor the hinding of CO 1o
[Fe"(PhBzXy))(PF,) shown in Fig. 18. The tree energy profile demonstrates the
favorable thermodynamic driving force lor the overall reaction, as well as the
relatively low activation energy for the binding process. The entropy profile
demonstrates the high degree ol urder 1n the transition staie on the binding of CO.
The large volume collapse associated with the Torward reaction is very close to the
partial molar volume of CO. which suggests that CO completely disappears within
the Ligand pocket cavity of the complex n the transition state during partial
Fe-CO bond formation. It is also known [134] that Fe-CO bond formation is
accompanied by a high-spin 1o low-spin conversion of the Fe(1l) center. In forming
the six-¢coordinate, low-spin Fetll) complex. the metal moves toward the plane of
the equatorial nitrogen donors. Thus, following the transition state for the binding
of €O, there is a high-spin to low-spin change during which bond fermation 1s
completed and the metal center moves o the hgand plane. These processes
account for the subsequent volume decrease observed from the transition to the
product state. The overall reaction volume of ca. —47 em’ mol ‘. therefore
consists of a volume decrease ol ca. - 35 ¢’ mol ¥ associited with the disappear-
ance of CO mto the ligand cavity. and ca. — 12 an® mol ' tor the high-spin 1o
low-spin transition,

Activation of dioxygen by its interaction with copper proteins has also been
studied  Kinetically for many model svstems. Among other efforts 10 model the
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functionality of iyrosinase. a monoxyvgenase which activates dioxvgen for ortho
hydroxvlation of menophenols. led to the development of a serics of dinuctear
copper mode! complexes {136,137]. Very detailed and sophisticated Kinetic measure-
ments have cstablished that dunng the reaction of a senes of dinuclear Cu(l)
complexes with dioxygen. intramolecular ligand hydroxylation occurs leading to
phenolate bridged Cu(ll) complexes [136). From convertional and high pressure
kinetic studies on the reaction of {Cuy(mac)CH CNYLJ(PF, 1, (mac = 3.,6.9.17.20.23
hexatricyclo-[23.3. 1. 1 tiaconta-1(29.2.9, 1 1(30), 1 2(13:,14.16.23.25.27-decaene)  with
dioxygen [137). the activation parameters were found to be AH” =32+2 K]
mol "AS" = — 1464+ 8JK ‘mol "Tand A" = -2+ lan'mol ' Inarate
determining step a peroxo comples s formed as an intermediate. which then reacts
in a very [ast reaction to give the finai product. The negative AS* and Al"" values
support the wdea of a Inghly structured transition state that is formed as a result of
the presence of the highly reactive and easily oxidizable cuprous species. The
negative volume of activation is a strong indication of Ca -O. bond formation that
is accompanied by clectron transfer to produce the Cu"-0.-Cu" peroxo interme-
diate. The lormal oxidation of Cwl) to Cutli} and reduction of O- to O, are
expected to be accompanied by a significani volume collapse. partly due 10 intnasic
and solvational volume changes. Similur results were observed for the reaction of
Cu'{phen} with dhoxygen [138).

3.2 Activation of carbon doxide

One of the most important processes dealing with the activation of CO.L nvolves
the hvdration of CO. 10 bicarbonate. as well us the reverse dehvdration of
bicarbonate to produce CO.. These processes are ol biological and environmental
interest since they control the transport and equilibrium behavier of €O, The
spontancous hvdration of CO, and dehvdrtion of HCO.  are processes that are
too slow and must therefore be catalvzed by metal complexes in order 1w expedite
the overall conversion rate.

Among others, high pressure kinetic studies on the enzymes which are etficient
catalysts in biological systems have been underiaken in order to clanfy the catalyuc
mechanism ot such svstems. The active center of the zine contaming metalloenzyme
carbonic anhydrase (CA) consists of three histidine iesidues and one water ~olecule
coordinated 10 zine in o slightly distorted tetrahedral geometry. Catalyuie activity is
integrally reluted 1o the ionization (pk, value ca. 71 of the coordinated water
molecuie. and for human CA [ the mechanism is referred 1o as the zine hydroxide
mechanism, which has been described aud modeled theoretically in considerable
detail. The CA catalyzed reactions themselves have been studied in detail by many
vestigators using a variety of technigues. and have formed the subject of several
itheoretical calculations and compurer simalations: The application of high pressure
kinetic measurements provided further mechanistic distinenon than previously
awvailable [139],

The first complete. detaited volume protile Gee Tig. 19 Tor an enzyme catalyzed
reaclion in both directions has been generated (139]. The ZetlD bound hydroxyl
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moiety subjects the carbon of CQ, to nucleophilic attack resulting in the {ormation
of an oxygen-carbon bond, and the results are consistent with a unidentate
bonding of bicarbonate. For this process the transiion state lies approximately
halfway between the reactant and product states (see left part of volume profile).
The substitution of coordinated bicarbonate by water tends more toward a limiting
D mechanism (see right part ol volume profile) than would be predicted on the
basis of the coordination chemistry of aquated Zn(I1), which may result from the
infiuence of the environment of the active center of the enzyme,

A wid- range of methods has been used to study Co(l) complexes with tetraaza-
macros <tic ligands as potential catalysts for the reduction of CO. [140]. The
inieraction of the low spin [Co'(HMD)] -~ species, HMD = 5,7,7,12,14,14-hexam-
ethinl-1.4.8, 1 -tetraazacyclotetradecane-4,1 1-diese, with CO. in CH.CN ieads to a
five connlisiate species, [Co(HMDYCO,)] ~, which is in equilibrium with a six~coor-
dipet womneex ion, [Co(HMD)CO.)CH,CN)]*. formed through addition of
Cliyt ™ lesults from an XANES study together with other information provide a
clear indication that in the six-coordinate complex cobalt is in the + 3 oxidation
state, meaning that the final complex ion is Co(lI-COs  {i.e. CO. is coordinated
as carboxylate). Hence the initial Co(l) complex has reduced the bound CO. to
carboxvlate. The change in coordination number equilibrium can be studied readily
by UV -vis spectrophotometry; the thermodynamic parameters are AH = — 29 kJ
mol ' AS= -—-113Jmol 'K 'and AV= —17.7 cm® mol . The latter two are
mutually compatible and consistent with a highly ordered and compact six-coordi-
nale complex ion, 1t has been proposed that the major part of the volume decrease
irises from the intramolecular electron-transfer process accompanied by a shorten-
g of the Co-CO, bond {as supported by the XANES and EXAFS studies) and an
increase m- electrostriction. Only a relatively minor contribution to the large
negative reaction volume is suggested te result f~om the intrinsic effect of CH,.CN
addition [140].

6. Oxidative addition and reductive climination reactions

In general, bond formation processes are characterized by negative volumes of
activation, whereas bond breakage processes are characterized by positive values. It
s therelore not surprising that oxidative addition reactions are characterized by
significantly negative volumes ol activation. partially due to bond formation and
partially due to charge creation in the transition state.

When H.. CH.l or HCl ars added to Vaska's compound (rrans-lr-
CHCORPPh)L). or related compounds, negative values of Al'* were found and
they exhibit o meamingful solvent dependence. The variation of Al could be
correlated with & polarizability function, ... of the solvent. permitting an extrapola-
ton o yield & A7 value o0 <17 10 — 18 ant mol ' [141.142]. Simultangous
tormation of two Ir- £l bonds to produce a ¢is-dihidrido complex upon H. addition
was the explanation proposed. while addition of CH,I resulted in a linear transition
state, [V OH-IeL) Inoa series of studies [143] the oxidative addition of
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odomethane to compleses of the type RE'(B-diketonateCONPPL,) was studied as
function of pressure in different solvents, The reported velurmes of activation varied
between - 13 and - 25 am’ mol " and were used 10 deseribe the nature of the
transition stale wy terms of” a linear or a concerled three-conter mechanism,

The kingties of oxidative addition of CH,l to the Pd(1T) species, PdMeq(bpy). to
form PdIMe ghpy) i acetone have been investigated at ambient and at higher
pressures P A AV walue of < 1Y em’ mol T tends o confirm the A
medhanism proposed ially, The complementary reaction, reductive ehiminatien
ol CHL, tromy the PAAY) species, PdEMe (bpy), leaving PdlMeqbpy) likewise in
avetons, was o mvestiganted over a range of pressures. This allowed the construc-
Gon el w volume profife. The kitter reaction slowed down on increasing pressure,
viclding a A7 of 4 174 Tem' mal | 4 value vonsistent with species production
in the overall reaction, a change in the oxidation state of Pd from + 1V to + 11 and
probubly cotsiderable bond breakage m the transition state.

Flimination reachions, in general. exhibit the opposite pressure effect to those
observed for omdative addition, vie, a decrease in rate constant with increasing
pressure. bes e positive A I owas found that the reductive climination of
hvdrogen trom HERu (p-COMeCO, 15 characterized by a volume of activailon of
P20+ 2em  mol Cwhereas the reverse hydrogenation of HRu(p-COMe}CO),,,
toaceompanied by A of <96+ 06 em' mol ! [145].

7. Conciuding remarks

The analysis o acchemical process i serms of volume changes along the reaction
coordimate cun bedp as to viswabize the noture and structure of the transition shile
e terms of itrinsie and solvitional changes in partial molar volume, With the data
presently avanlable, intrinsic volume changes are in general well understood and can
be mterpreted with confidence. This s, however, not the case for solvational velume
changes since signiticantly less data are available and the interpretation is more
speculative. A systematic varintion of chirge contributions and solvent effects have
to be undertiken v order to be able Lo separate the intrinsic from the solvational
volutne contiibutions.

Theie are many cases in which i is experimentally not possible to construct a
volume profile. Tor instance due to subsequent reactions or the irreversibility of the
provess s found i many electron transter and photochemical reactions. Neverthe-
less. the volumes of activation for such processes can still be emploved very
sitceesstully o gain further mtormation on the nature of the transition stiate. As
mentioned e Section 1L theoretical caleulations have inrecent vears been suceess-
ully pertonmed o conlirm the mechumsms supgested on the basis of activation
volame datic and volume profite analvsis, and 1o prediet the relative size o such
datie. A number of miportant tieoretical papers are ated [18,19,146 132,

s impertant to realize that the presented interpretations of the A< data are
all hiased on i simplified sersion of the transition state theory, which has its
bmtations and restrictions, wed various modifications are peing discusse 1. These
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include the introduction of stochastic and transport models to account for the
back-flux over the activated complex barricer in dense media [153,154]. Notwith-
standing this complication, it is clear from the presentation that the additional
physical parameter of pressure has not only added a decisive dimension to
mechanistic studies of inorganic, organometallic and bioinorganic reactions in
solution, but has also made possible the construction of reaction volume profiles
that can be analyzed according to the ways demonstrated in this review.,
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