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Abs! rac! 

The application of high pressure kinetic and thermodynamic ~ch~ques in mechani~  
studies of chemical reactions in solution, can contribute towards the Bucidation of the 
underlying rea~ion mechan~ms. In this ~ e w  the fundament~ prin~ples revolved in 
the con~ruoion of reac~on volume profiles and ihe mechani~ interpretation of the 
latter are presented lbr various types of reactions in inorganic, organometa2i; and 
biomorgan~ sys~ms. These include thermal and photo-induced ligand sub~itufion and 
dec~on-transl~r reaction~ as w~l as processes that involve the activation of small 
molecules. The mecha~fi~ in~ght gained through volume profile analysis for non-sym- 
m~6cal reactions forms the theme of this contribution. ~' 1999 E~evier S~cnce S.A. All 
fights reserved. 

~evu~,r~S: Rcacuon m¢cham~ns: V~umc profile ana~sis: Ligand subhuman 

1. | n ~ o d u ~ n  

In general the application of high pressure kinetic techniques to mechanist~ 
studies in coordination chemi~ry has assi~ed the elucidation of the underlying 
reaction mechan~ms. Detailed accounts on such ~ud~s deahng in general with 
reactions of coordination compounds in solution, have been pub~shed in recent 
years [1-13]. It is interesting to note that in a recent renew covering the activity 
in this area during 1987-1996, more than 1500 new data sets tbr measurements 
of kinetic and thermodynamic properties at devated pressure on inorgan~ sys- 
tems were repor~d [5]. In the case of symmetrical chem~ reaction~ such as 
solvent and ligand exchange processes where no net chem~al reaction occurs, 
the pressure dependence of the observed rate constant reveals unique intk~rma- 
tion on the nature of the tranfition state [6-8], In this pan~ular case the overall 
reaction volume is zero, and r ~ t a n t s  and products have the same partial 
molar volumes. This is rotary different in the case of non-symmetrical c h e m ~  
reactions. Here the activation and ~action volumes can be used to construct 
a volume profile lbr the reaction under study [1-13], It is the objective of 
this contribution to demonstrate how addifionak and in many cases important, 
mechan~t~ information can be obtained from analyses of volume profiles l~r 
various types of non-symmetrical thermal and p h o t o c h e m ~  reactions in inor- 
ganic, organometall~ and bioinorgan~ systems. A treatment of the effect of 
pressure on the symmetrical ch~n~al reactions mentioned above is given else- 
where in this issue. In some cases systems will also be discussed where only 
activation or reaction volume data are av~hb~ ,  i.e. where no comp~te volume 
profile can be reported, since such data can also in many cases improve our 
m~derstanding of the reaction mcchanisn~ and or the effect of pressure on the 
system under investigation. Typical examples were se~cted IYom the iiteratmv 
during the past 10 years, and in many cases from our own contriLutions to this 
~rea, 
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2. Bask concepts and expe~menlai ~chn~ues 

The application of temperature as a phy~cal pammc,er can lead to the construc- 
tion of an energy profi~ 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 e s p e d ~  been the entropy term, ~om application of the Eyfing 
theory, that has beta usclhl in reveafing intbrmation on 'orde( in the transition 
state, in a ~m~ar context, the appl~ation of pressure as a physical variable can ~ad 
ro insight on volume changes a~odated with the c h e m ~  process, as revealed by 
the cons~uction of a volume profile (see Fig. 1). This is based on the fundamental 
thermodynam~ relationship ( r G / r P ) r =  1~ ~om wh~h it can be derived that 
(? In K / ? P ) ;  = - A V / R T  and (? In k / ? P l ~  = - ~ I  ~ / R T ,  where AV represents the 
reaction volume assoch~d with the overall r e a ~ n  characterized by the equi- 
librium constant K, and ~ V" represents the volume of actNation for the reaction 
chara~efized by the rate constant k. Thus ~V equals the difikrence b~ween the 
partial molar volumes of the produc~ and the reactants, whereas AI"" equals the 
difference in pa~ial molar volume between the tran~tion and reactant states. It 
fo~ows that the volume profile represents partial molar volume changes assoda~d 
with the chem~al process along the reaction coordinate and enables us to fisual~e 
the nature of the tran~tion state in terms of volume changes that occur on either 
the reactant or product species during the Ibrward or back reaction, respe~ivc~. 

In general, ~ t ' "  and At ~' may be considered as the sum of two m~or compo- 
nents: an intfin~c part (A I ~ ,  or ~ ~].,~), which represents the change in volume due 
to changes in bond lengths and an~e~ and a s~w~tional part ( ~ V L ~ ,  or ~|~,t ,}, 
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which represents the volume changes due to dectro~fiction and other eft?cts acting 
on the surrounding solvent mo~cu~s during the activation process and the overall 
reaction [11. It is pfindpally the imfin~c volmne of actNation AI'~,~ that is 
confidered as the mechani~k indicator in the case of substitution and related 
reactions. The m c c h a n i ~  assignment for processes in wh~h no major solvafional 
changes occur is. in fact, ~raightforward. ~nce bond formation should result in a 
negat~e k l'~,, xalue and bond breakage in a positive one. In recent years a number 
of groups bare been involved in theoretkN cakulat[ans in efforts to account |~r the 
experhnentN~ observed volume data. Ret)rences to these ~ud~s are included in 
this prescmmion and renewed elsewhere [5]. 

For high pressure kinetic studies in coordination chmnimry the pressure range is 
usually limited to 300 MPa. Such pressures can ~gniiicant~ eff?ct the value of a 
rate or equilibrium constank which lbrms the basis of all ueatments of activation 
and reaction vdmne data. It is impo~ant to note that very high pressures are not 
needed since amNafion and reamion volumes are determined #ore the pressure 
dependence of rate and equilibrium constants extmpohted to amb~nt pressure. 
Various m~ruments lbr the study of slow and fast reamion~ including flow sy~ems 
and relaxation wchmques, have been developed. A detailed discussion on these is 
presented in two recent rev~ws [14.15]. The techniques involve stopped flow, 
T~ump. P~umg NMR. ESR. pulsed-hser and pulse-mdMysis instrumentation. 
They cover a kinetic time range I¥om hours and days to nano- and picoseconds. In 
~,cneml the pressure dependence of rate and eqmlibfium constants can be dete~ 
mined to a high degree of accuracy, and the experimental cwor limits on reaction 
and amivation vdume data are usualN onlv a ~ r  cm; mol ' 

The impressive progress made in the d~clopment of fi~st reaction techniques and 
the handIing of ox>gen sen~ive samples at ekvated pressm~ has ~imu~ted the 
progress made in inorganic, organom~a~k and bioinorgank mechani~k studies, 
Volumes of activation exhibit some important advantages ox~r entropies of activa- 
tion: they can be determined more accurate#: their in~rpretation is less difficult: 
their magnitude can be visuaiked or e~imated with the help of m o d ~  and their 
values can be correlated ~ith p a n e l  molar volumes of reactant and product species 
in the ground slate to con~ruct a reaction volume profile. 

The interpretation of the pressure dependence of a rate congant is based on a 
~mplilkd version of the tran~tion slate theory, which does not take the dynamics 
of the reactant-sol~vnt interaction into account [l -4]. This ~mplificalion usuall~ 
applies to non-difl~on-conlrol~d processes and has been adopted in the examples 
prcsen~d in this account. 

3. ki~and snNtitmion reactions 

Ligand sub~Rmion reactions of coordinatmn compounds have been the topic of 
many mechangtk mvestgations because of the ~ndamenmt importance of s,,ch 
rea~Mns in chemical and N~oNcal processes, For a ligand substitmion rea~Mn in 
general, there are ba~cal~ three simp~ palh~ay~ Ill the dissociative ~DI process, 
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with an imermedime of lower coordination number, (iil the associative (A) process, 
with an intermediate of higher coordinmion number, and (iii) the interchange ~11 
process, in which no intermediate of lower or higher coordination number is 
involved, and in which either bond breakage (l~t) or bond formation 1~.1 is the more 
important process. Such bond tbnnation/bond breakage processes should be char- 
acterized by specific intrin~c volume changes, 

For symmetrkat solvent or iigand exchange reactionm 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-pa~icipating ligand bond lengths occur during such processes. A continuous 
spec~um of tran~tion states can be envisaged, ranging t¥om a very expanded, 
highly dissociative one (large pogfive AV ~ ~, to a very compact, highly associative 
one Ilarge negative A V" I. The overall reacfon volume A V lbr such symmet~cal 
reactions is zero. The experimental data reported for such processes [I,2,4-8] 
clearly demon~mte the sensitivity of A 1'" towards the size of the metal center and 
coordinated ligands li.e. solvent molecules) which in fact tunes the intimate nature 
of the exchange process in terms of the prel?rence Ibr bond lbrmation or bond 
breakage processes, ¢Fu~her details are presented in another contribution in this 
issuel. 

Non-s3mmetrical ligand subst~ution ~actions are descried along the sam: lines 
as symmetrical solvent ligand exchange reactions and exhibit pressure dependencies 
that corrdme closely with those lk~und lbr bolvent exchange processes [1,2,4,5]. The 
sub~ut ion  can be of one ligand t~r another where neither is the solvent (ligand Ibr 
ligand substitmionh it can be sub~itution where one lot morel ligands attached to 
a metal center is late) ,~placed by one or more solvent mo~cu~s ~e.g. equation, 
solvolysis, base hydrolysis), or it can bc a reaction of a solvated metal ion in which 
one or more coordinated solvent molecules are replaced by one or more ligands 
(complex-formation or anationj. Thus the products and the reactants are difl?Nm, 
unlike the case Ik~r solvent exchange reaction~ In terms of volume changes these 
reactions ale of con~derab~ interest, since the pa~hl molar volumes of reactants 
and products will, in general, differ. Thus, the volume profile will consist of 
volumes of acfivmion in both directions, as well as the overall reaction volumm The 
latter may be obtained directly or indiwctly depending on the kinetic acces~bility 
and other properties of the sy~em. The partial molar volume of the pmductlsl can 
be greater than both the pa~ial molar volumes of the reactan~ and tmns~ion state, 
or smaller than both or intermediate between that of the reactants and iransition 
stale tsee Fig. I I. in I~vorable examples, the volume profile can be developed on an 
absolute scale rather than onb on a r~ative volume basis, when direct measure- 
ments of partial molar volumes oi" reactants and woducts (via denMly measure- 
~nents) can be made. 

3. I. Theisms! li~¢and suhs~/n~;/on reacfi~ms 

In the case of a nonsymmetrical ligand substitution reaction, the volume profile 
re~eals the location of the transition state with respect to the reactant and product 
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states, such that ~ V ~ can be related to the reaction volume A k[ The tbnnation of 
the mono bipyfidine complexes of Zn{li) and Cd(I1) aqua ions [16,17] provides 
excel~nt ~raightlbrward examp~s of both size influence on mechanist~ determina- 
tion and compl~nents activation volume and reaction volume measurement~ An 
improved access to the coordinated solvent by the figand in the outer sphere 
permits an ~ mechanism lbr formation of Cd(bpy~H~Oh z - ,  a process not possible 
in the formation of the analogous Zn(lI) complex, which is tbnned t¥om a smal~r 
hexaaqua ion, resulting in an I,~ mechanism. Fig. 2 displays the volume profiles tbr 
these txvo complex-formation reacfion~ The mechanism proposed for the zinc 
complex-formation is entirely confi~ent with recent calculations for water exchange 
on Zn~H~O~ z [18]. Density functional theory has been applied successlkflly to 
describe the ~ater exchange mechamsm R~r aquated Zn(ll), Pd(ll) and Pt(Ill 
cations [18,19]. The optimized tranfifion state structure tbr the Zn(ilJ ion clearly 
demonstrates the disso~ative nature of the proces~ in no way could a seventh 
~ t e r  molecule be forced to enter the coordination sphere without the fimultaneous 
dissociation of one of the six coordinated water molecule~ 

Aquation and so~olyfis reactions of octahedral and square-pZanar complexes, i.e. 
the reverse reaction of the complex-lbrmation d~cussed above, also exhibit very 
charactefist~ ~ l " values. One of the most exciting examples involves the aquafion 
of pentaammine complexes of Colllll and C~Ill),  lbr which controverfial argu- 
ments have been reposed in the Iheramre. A study of a series of aquation reactions 
involving neutral lea~ng ligand~ in order to reduce possible contributions resulting 
I¥om changes in dcctro~fiction, revealed k l "~ xalues in good agremnent with those 
tbund t\~r the ~ a ~ e x c h a n g e  processes. The data suppor! the operation of an (, 
mechanivn in the case of C~III)  complexes compared to an I,~ mechanism in the 
case o1" Colllll cmnplexes [20.21]. 

Typical dgsociatively activated subslilution rcamions of pemaqvanol~rrate~ll) 
and (illl complexes exhibit quite large and positive kl  ~" values [11,22-29]. 
SoKolys~ of the pentacyanonitrol~rrate{lll} ion has been ~ud~d in several sol- 
vents, and the rate constants R~r displacement of nitrite correktted with the electron 
donor ability of lhe solvent. It was concluded, based on the values of k i  ~'" and 
other considerations, that the solvent interacts with the cyanide ligands and an 
increase in the dectroq densit~ on the metal center contributes to inducing a 
d~sociative mechanism. 

A volume profile has been contracted l~r the aquation and the reverse complex- 
formation rm~tion in the case of amminepe~tacyanol~rrat~lll {Fig, 3) [29]. The 
~erv similar volumes of activation Rmnd i~r bolh the 12~r~ard and reverse reactions 
result Dora the rather similar pauial molar volumes of NH, (24,S cm; tool *) and 
H,O ~18.0 cm' tool ~) and the apparem insensitivity of k~'" Ik~r a lim~ing D 
mechanism toward the size of the ~avmg group [5]. 

The values of ~V ~ t\~r sub~itmion of a range of sub~ituted pyfidine ligands and 
other leaving gwup variants fi'om pentacyanul~rratc{lll complex ions by CN in 
aqueous solutmn are all poetize and vary li~le, con~stent with a D mechanism. 
There are reasonable correlations be~cen the logarithm of the rote constants and 
tl~e pK, values and also the values of k[ '" lk): uncharged leaving groups ~om this 
and other studies [25]. 
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V 

M=Zn 

~V~ = + 7,1 ± 0.4cm3m~ "1 

L'~V? = + 3"6 cm3moI ̀ 1 

~V ° = + 3.5 ± 0.5 cm3mol  d 

, . . +  . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . .  

M~:O~ + + bpy ~ 
} ' 

~ M~20)4~py} 2+ + 2 H20 

V 
M=Cd 

,~V ° = + 1.4 cm3mol "1 

, , + ~ . . ~ . . , , ~  ~ . . . .  ~ , ~  . . . . . .  , , . . . , ~+ , . . ~+~ ,  , . o  i . . ~_  . . . . . .  

± .2 cmamor 1 +W? = " 6,9 

.0 cm3mol 1 ,~V~ ~ 5 , 5 ~  

Fig. 2, Volume prolilcs Ibr Ibnnalion and d~s~¢i;flion of M~|13Ol41bp~j ? complexes: M =Zn. Cd 
It6.t+ I. 
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Fig, 3, Volume profi~ ~ r  the ov¢~ll r¢a¢~on [29]: F ~ C N I , N H {  + H,O ~ F~CNI~HeO ~ * NH~, 

Another type of ligand substitution reaction that exhibits an interesting and 
remarkable pressure dependence is base-catalyzed aquation Ibase hydrolysis reac- 
tionl. The kinetics and mechanism of 0ase hydrolys~ of Co(Ill) penmammine 
complexes have lhscmated chemists lbr decades, and have been compared with and 
contrasted to lhose of con'esponding reactions of Cr1111) complexes. At present, the 
A I "  data availab~ for tame then 30 cliff}rent Co{Ill} complexes vary, depending 
on the charge on the leaving ligand, between + 19 and +43 cm ~ tool ~ [30,31]. 
The distinmly positive values can be explained by charge neutndization and release 
ot a solvent mdecuk in the pre-equilibrium conjugate base lbnnation step, 
tbllo~vcd by ligand dissociation in the ~tc lim~ing step. Ahhough a wide sdetaion 
t~" the non-hydro137ing ligands ~as employed, the results ind~ated a relative 
insensitivity to their nnlure. Volume pwfilcs ~ere developed for these processes. 
O~crall, the results dearly demon~ntte the intnns~ and solvational volume changes 
that occur within the proposed SxlCB mechanism tbr these reaction~ 

Base hydrolysis of chromium{Ill} penmammine complexes in which the departing 
ligand is CI , is also chammerized by large po~tive & I '~ values [32]. The ~action 
volume I\~r the p~v-equilibnum conjugate base I\mnation step could be estimated to 
be 22 cm ' tool ~, giving rise to ~1 "~ values l't~r the rate determining ligand 
substitution step ranging t?om - 5 to + 13 cm ' tool ~, ~gnit)~ing a m¢chani~ic 
changeover from !, t c ~ ,  or D throughout the series Rw substitution on the 
corrugate base species. The outcome of the competition b,,~wecn the CroCI bond 
bt~;ikage and tl~e addition of solvent is controt~d by the nature of the non-sub~i- 
tuting ligands lo the extent "hal ~hen lhe latter cause steric hindrance, a more 
dissodmivc mechanism is promoted. The results [331 t\w base hydmlDis of some 
halopenlaamminc and related comp~xes of Crl l l l l .  in some of which the non-hv- 
droly:<ing ligands are aliphatic amines, also indicalc Ihal an assodative interchange 
ts occurnng, unde~ining the diO~rence fl'onl similar ~actions lbr Co{lllt 
compkxc~. 



d. Sh.h~¢ R. ~m~ El~fik G ~ l i n , m o n  (W~n~trr  Reric.w 187 ~19991 329 374 337 

L : Mesdien X n" L = Etsdien 

-6,~ ~ ~o 
°,~ j___ 

_-_  ~i£9 i 0,5 p 

CI- 
4~6"-~- " ~  &2 . . . . .  4,Z~"- ['-o,~ 

._i . . . .  i~;r ~ o~ ~ 

T 
T 
~o 
E 

E 

E 
o > 

i 0 

E 
~o 

o 

-4J ± I , I  

,0,2 : 1,5 

- 9 , ~ ,  ~,3 - 9 , ; ~  1,2 

_.~  . . . . .  ~.~l 
~ - -  

-•-f" US_" 

-I 1,4 z 0,7 
-~J 

. . . . . . . .  TS 

0,3 

Br- 

i_ 

N~ 

/ 

-~,2 ± O~ 

fii.  
~P 

.--r - - - r \ : %  -~[~t_%~o~ 

_ . [ . . _  ~ 0 , 4  

~ 0,0 __.~ 2~Z.~ 
-5,9 ~ 0,4 

. . . .  ~$  L 
~ . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~ . . . .  

C204 ~- 

reaction coordinate ~.. 

R : reactan~; ~S = ~ransilion slate; P : products 

I: i~ 4 V~flumc prolHes I\~ Ih¢ r¢~ctioll 13nt: PdlLtX ~' " "  ~ I t ,O ¢~ PdlL)I I  , 0 : '  ~ X" 



33S d. St<MwL R. I~m E!<~k G,~Minatio, Chemisto Rcvm~I~ t87 f1999~ 329 374 

Solvol)~is reactions of d~thy~ntfiamme (dien)and sub~Ruted d~n complexes of 
Pd(lll exhibit large and negative AV" values in agreement with an assodative 
mechan~m [34]. lntrodudion of 5te~c hindrance IMc or Et sub~kuents on the dien 
ligandl decreases the s~vo~fis rate con~an~ by up to fix orders of magnitud~ but 
does not affect the nature of the substitution mechanism since both AS" and AV ~ 
remain large and negative. The nature of the ~a~ng group does affect the value of 
A l ~ and may md~a~ the operation of an (, mechani~n [35]. Never~h~ess, the 
observation that the s~fic hindrance alone cannot change the nature of the 
sub~kution mechani~n tbr square planar comp~xes is very fignificant [36,3~. With 
the ax~lab~ A I ~ i~r both complex-lbrmation and reverse aquation reactions of 
Pdllll comp~xes, it is possible to construct rea~ion volume profiles lbr the overall 
processes. A ~w examples are given in Fig. 4. ~om which it IbNows that the 
tran~tion state has a ~gnificant~ lower patrol molar volume than either the 
reactant or product species, dcmon~rafing the a~odative chara~er of the subsfitu- 
tio~ procc~ e~en ~ken taking possible de~rostfiction effects inlo accouni [38], 

Solvolvfis or the Pd(lll complexes of pentamelh~a~d dien and one pyfidine 
Iigand by six diflbrent ,<~olven~ proceeds in each case by an associative process with 
no immediately obvious correlation beiween A I "" and any Wope~y of the solvenls 
[39]. The aqt|atiota and the reverse process of anation of mc-PtlR~mnlClz occur in 
tx~o ~leps each t~osses~mg transition sl;ilek of ~inaller volume than eilher reactant or 
?rodud. ;l~ i l luslnqed in l:ig. 5, ~ i th  the COll~eqtlenc¢ o1" an l ,  mechan~m Ibr both 
~lel~s m the l~l~m~l d ied{on  140,41]. 
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There a~e a number of imponam biological and medial processes in which 
ligand substitution reactions on transition metal centers play au hnportam role. 
One of ~hese concerns the antRumor activity of platinum complexes, tbr which i~ is 
generally accepted that subsl~ution reactions involving the metal complexes and 
DNA moiet~s play a key role in such processes [42]. In general these sub~itution 
reactions follow an associative mechanism and arc therefore usually characterked 
by markedly negative volumes of activation, i.e. the ~actions are accelerated by 
pressure. For examplm binding of ligands such as inosine and inofine monophos- 
phatc to Pd(ll~ centers in wh~h three coordination sites are non-substituting occurs 
by an assod,itNe mode of activation [43]. When the non-substhuting ligands on 
Pdilll ions are ethylcncdmmine {en} and Ehen, each of the observed kilaetic 
processes depends on the nudeo~de concentration [441. The binding and dgsoc~- 
lion {aquation} of the nucleosides occur associatively. 

A flmhcr example concerns the sub~itution reactions of cobalamins Ivitamin 
B~21, whkh have auracted con~derable attcmion from kinctim~s, in these sy~mns 
the usually kinetically inch Coilll} ion is labil~ed conskterably by the coffin ring, 
and there has been some disagreement in the literature concerning lhe mechanism 
of these sub~itution ~actions. The volume of activation data available I\~r com- 
p~x-t\maaation and reverse aquation rcataiol~s of the type: 

B~2-H20 +L" ¢~BI2-L '~ ""  ~ H , O  ~11 

~uc all in suppo, t of a d~sodatNc (L~) substitution mechanism [45 511]. ~:~r tlac 
reaction of B~2--H20 with pyridinc, the obscrxcd rate con~ants reached :~ limhin~ 
value at hi~a ligand concentrations. This is duc to ~ p~cur,o~l\~rmation s~ct~ 
preceding the dissociatixc interchange step. The nonlinear concentnttion dcpcl~- 
dence enabled a kinetic separation of the pt~cur~o~l~rmat, '~ con~aut and the 
tree-determining interchange rate constant to be made, such that a detaikd volume 
profile ibr the overall process could be d~twn tsce Fig. 61, The volume prolilc 
clearly ~lu~rates the dissociat~c charaocr of the tran~tion state. 

Rccent~. evidence was reported I\~r the u~xpcctcd assodatNc displaccn~cut ,q 
adenosyl by cyanide in ¢ocnzyme B~ [51]. Yhis e~idencc included, in addimm t~ 
other kinetic observations, a AI "~ value or' lll.0±[l.4 cm' tool t. Variou~ 
possibtc reaction mechani~ns ~crc suggested to account tbr Ihc assodatt~c tl~ttt~c 
of the process. 

3.~ l~dffli&;;,,t ~'I]~~ in ;]tc~,~d ~d,,~';hu;h,n ~,,~hm.~ 

In recent years an i!~tcrex~ in tunin~ the substitution lability of metal comp~xc~ 
xia a svst~mmic xarialion of the sle~ic and electronic properlic~ of lhe co~3Mimllcd 
~pec~ator iiga~ds lugs dcvclepcd Such xanation~ c ~  cause ~ drastic chan~c ~ 
labilit\ of the exchangable Ii~and u~d the fundamental quc~lon i~ xsheihcr ,~ ~,,1 

:hi~ is accompanied b~ a grMual changeover in the m,chanism of the s~bst~ulion 
~c t ion .  

The mechani~ic understanding of solven~ exchange react(ons has rc~chcd the 
point ,here apecific labili;ation efl~cls can be s~udied iu a sv~ematic swiv. lu ~13i~ 
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respect it is appropriate to rcl~'r to ~gnificant t~ms-labilization caused by the 
dep~tonation of a coordinated ~tattcr molecule. In the case of hcxaaqua cmnplexes 
,H I:e(lll). Rh(llll and Irllll}. such dcprotonation can cause an increase in the 
water exchange rate of betx~ccn 700 and 20000 times at 298 K [52 t, This labilization 
~ ~1~o accompanied by a changeover in mechanism I¥om a more associative 
inlct\'hangc mcchani,ln R~r hc.\aaqtm complex ions Io a more dissociative }nter- 
chalig¢ mcd~amxm Ibr the pcntaaquamotmh}droxo complex ions. A~ at result of 
rapid proton exchange, labilieation by coordinaled hydroxide is not site specilic, 
with the result that all live coordinated water molecules are labilized to the same 
extent. Recent qudics [53] on the effect of pressure on the water exchange reaction 
of the dihvdroxo b~tdged Rhl l l l l  dimcr demonstrated that coordinated water 
molecules located ~'is and t~,m.~ io the hvdroxo bridging ligands exhibit different 
chemical shifts, and exchange significantly ihs~er ~lth the bulk mRcnt than with ihe 
bridging h~droxo groups. SurprisinglB these water molecules exchange at a t~thcr 
similar rate lea. I0: ~|ster ~han water exchange on the hcxaaquarhodiumlllll 
m~momcr, but cat 10 ~ :,kmer lhan exchange on the pentaaquamonohydroxo 
menomcrt, l"tw cslimatcd xolume, t,f a~fixation ~ e ~  Iound [o bc belw¢cn + ~ and 
,. I~1 cm' reel ~. ~hich is a clear indicalion ~,r a dissociative exchange mechanism. 

The surprising ,imilaritv in the exchange r:~,es of lhe cis and t r ,o t~  water molecules 
bccome~ qttite undervandabl¢ it~ t~g~s of ~. limiting dissociative mechanism [53]. 

Phosphitc lieand~ such a> P[OUtt~ al~ ktlo~l~ Io labihee the s~m.~ position. 
])etai]ed kinetic xtttdie~ ~er¢ perl\~nned on eompkx-I\~mlation and the reverse 
aquation rc,clions tbr complexes of the type mms-[RuiNH,lalPIOEt}~llHeOl]: " 
lbr :~ range of organi~ and moruanic entering ligands in aqueous mlution [54]. 
Based on lhc x~.dumc of activation data and the constructed vdume profiles isec 
I:ig. 71. a| dis~ocialivc interchange mechanism was l,ropo~cd, e.g. lhc data suggested 
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that bond breaking is more important than bond making in the tranfifion ~ate, 
independent of the nature of the entering figand, v~. nuc~ophi~ or dc~rophi~. 

Other examp~s of large h~lization effects include the introduction of maa l -  
carbon bonds on traditional~ ine~ metal centers such as Co(Ill), Rh(~II~ and 
I~Iltl. For in ,ante ,  the presence of Cp* in the complexes M(Cp*~H:O)fl" 
(M ~ Rh(lll~ and l~IIl l l  causes an increase in the soNent exchange rate constant 
of 10 ~ as compared to the hexaaqua species ~5]. The volumes of a~Nation 
support the operation of a di~odatNe interchange mechan~m in both cases. In the 
case of the CoINHd~CH~ z' c~nplex, the strong rams hbifization caused by the 
m~al-carbon bond does not only show up in the ground state structure [5~, but 
also causes this complex to become extremdy labile. The substitution reaction is 
chara~efized by a laLee and 9ofitive volume of a ~ a t i o n ,  suggesting a limiting 
di~odat~e mechanism [57]. The introduction of carbon bonded alkyls on rho- 
do~mes also causes a d r a ~  increase in the labil~y of the uxms  portion. The 
nature of the organic ligand net only controls the rate of the sub~itution proces~ 
but also the nature of the mechanism. Based on the reported volumes of activation 
[58~ it could be concluded ~hat CH~ induces a l~st sub~ut ion process that 12~llows 
a dissociative interchange mechanisnL whereas lbr the weaker CH~CF~ donor 
group, the sub~u t ion  r e a ~ n  is ~gnificantly slower and Ibllows an a~oc~t~e 
in~v~mge mechanism. A ty~cal volume profile constructed lbr the revertible 
binding of iodide in the case of the methyl comp~x is shown in Fig. 8. In~rest~gly 
enough, wh~her the organic group was ~aricd or not Ibr a given nucleophil~ all 
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reactions studied xvcrc chalk~clen/ed by moderately negative entropies of activation, 
\vhich b\  cOnll'aM dcmmlstm',es lhe mcd~amstic discriminati,m prover of pressure 
~cr,tt, lcmpcratutc ats a phD~cal variablm 

[ he inIl>duclhm o1" metat carbon Bond, in ~qua~c-planar complexes has also 
tc,u!~cd ill qgnilicant labilizali~m eli"cots. The basic qucslion dealt with. ~as the 
p~, ib l i~ \  Io lind c\tdcncc I\~ a chanecmv'r~ in lhc st~bMitulion mechani,m of inch 
svstcm~. In general d ~ s~stcms Iollow an assoc~al~ve subslttmion mechanism, but 
~pccilic labilization ell)c~s may induce at dissociative substitution mode. The intro- 
duclion of a ~inglc metal carbon bond in benzvlamine complexes of lhe type 
Ptl(' N,NIIoI~O and PttN C N1H,O [59.6~q. caused an increase in lab~itv of  
the coordinated \~aler molecule by a lltctor o~" Itt a ill comparison to a complex of 
the 13pc I't(N N N/lifO" ttmvever, the actixa~ion ~otume~ clearly indicaled 
that the subxt~ution ~'amions xlill li~llow an associative mechamsm. A typical 
x~lumc profile liar one of the svstmns is ~porled i~ Fig. ~. The increase in labilit~ 
in lhc~c c~,mplcxe> was accounted lkn in ternls ~I" an increase in the cleclmphilicitv 
,,[ t]~c metal cemcr due ~o back bonding cfl)cts with Ih~ in plane benevl chelate. It 
i, clcar from a compari,,m xvilh olhcf l[IcmlOl'C data [37.61] I[idt more than ouc 
mcl~l cavN,n bond is rcqui~d in order to catlse a changeover IO a dissociative 
>ubslitttlion mode. The~ are a number of papers dealing with Stlbslilt~l[on reac6ons 
~,f I'ttll! o~nplc.xc~ containing txxo m e t a l  carbon ~-bonds in the ~i.~-armngemcnt. 
X, ~-do,~ors C t I . .  4-McC,.IIa. C,F~ and ( ' t t :  ~ea'c used, and dmso and diflbrcnl 

tl~tocthcr> xxcrc the labile lca~ing groups 162 M]. l:or all xcstcms parallel as~ocm- 
li~c and diswc~ali~c reaction paths were obswved. E~idence lk~r the occurrence of 
lilt tllillbtla[ dissoc~tti~c ~a~tion mode in SLIch NVSIem~ was oNained l?om po~aivc 
Xl '~ ~alucs ~-cpor~ed tier the investigated reactions [64]. 
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Solvent exchange and ligand substamion reactions can be d r a ~ a H y  affected by 
the influence of chdating figands. For in~ancm solvent exchange on FeIH~O), 3- 
occurs at a rate of 2 × 10: s ~ at 298 K and is characterized by an activation 
volume of - 5.4 cm 3 tool "~, typ~al for an assodative interchange mechanism [65]. 
Introduction of hexadentate chdafing ligands such as ~hylendiaminetetraacetate, 
cyclohexyldiaminetetraacetate and pheny~nediaminetetraacetate to produce seven- 
coordinate complexes of the type Fe"kL)H~O . resuhs in solvent exchange rates of 
ca. 10 ~ s '  at 298 K li,e, an accdcration of 10~} and volumes of activa~on of 
between + 3.2 and + 4.6 cm ~ mol • ~. which are typic~ tbr a di~odative i n ~  
change process [66.67]. Thus the increase in labifity is once again accompan~d by 
a changeover in :he nature of the ligand s u b ~ u t i o n  mechanism. In the case of 
substitution reactions on Rulllll ,  the lability of the hexaaqua compkx can be 
increased by up to six orders of magnitude by introducing a chdafing figand such 
as ethytendiaminetetraacetate {edtal into the coordination sphere [68,69]. A series of 
iigands have been chosen lbr displacing the wa:er in both Ru(edta~H20} and 
RulhedtaRH20) . The marked~ rapid substitution in the 1\grmer case was sug- 
gested to be due to dgtonion of metal-ligand bonds and labil~ation of the 
coordinated water mo~cuk aming from H-bonding between the flee carboxylate 
and the coordinated water. Both sets of reactions proceed by an assodativdy 
achvated subvitution process based on the interpretation of the amNation volumes 
data [68-7(I]. 

introduction of a muRidematc ligand into the coordination sphere of an aquated 
metal ion can also cause a change in coordinatmn gcometu accompan~d by a 
drastk decrease in lability. One st~h exampk involved ligand sub~itution rca~ions 
on Cu{ll}. The extremely rapid dgsodative ~ v e n t  exchange on Cu{H:O},,: ' [71] is 
slowed down by three orders of magnitude f. ," the trigonal bipymmidal 
CultrenlHeO: " ion, where tren = 2,S,2"-tnammotrkthylamine. The complex-lb> 
mation reaction of the five coordinam Cu{tren}H:O: ~ with neutral nuckophiles 
involves no change in charge, so the reported activation and reataion vdmncs are 
mainly due to intfins~ volume changes associated with the ligand s u b ~ m i o n  

- t 
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process [72]. Typical values Ii~r k l ' "  are between - 7 and - 10 cm' mol ~ Ibr the 
displacement of water by the entering nudeophile, and between -- 5 and .... 9 cm '  
tool ~ I\w the reverse aquation reammns. The volume profile in Fig. 10 cleafl~ 
dcmot>tmtcs the compare nature of the transition state compared to that of either 
the rc:tctant or product Mates. By wa~ o f  comparison. -XI ~ for  ~ol~enl exchange 
,m Cultrenlll~O" has a value ,~l" -. 4.7 _.-4-0.2 on1: tool '. which deurlv demon- 
,Iratc~ the common mechanism in ope~tt~m during sohcnt  exchange and ligand 
,ubqhut ion  remtion,. In terms of tile lig;md substitution mechau~m, this volume 
collapse is characteristic Ibr an associative interchange ~!,) mechanism, in general, 
ocmhedml Cu{ll} complexes undergo a very fast dtssociative interchange {~,)ligand 
substitution mechanism characterized b x a  positiv~ volume of a~tivation [711. The 
signilicant changeover in me~'hanism observed Ibr Ihe CultrenlH,O: ' complex [721 
is related to its unique tfiDmal bipyramidal struclure, which ehmin,~cs the Jahn .... 
[ c l k r  di>~ortton and rc~utts in a signilicamly do~er  asso~muve substitution reac- 
tion. Such ~c>ttlts clcarl~ demonstrate the ability of volume pmfiD analyses to 
di,cri~niuatc bcl~ccn thermal ligand subqitution mechanixn>. Further modificatmn 
~,f the ~ruu Iiuand to Me,Iron and M<.trcn drasticaih affects the coordination 
ecometrx a~ ~cll ;,s lhe lability of li~e complexes 173.74]. Ligand substitution 
rc'aclion~ of Cu~McJrenIH.O: are chara~'tcrm'd b~ less negative >flumes o1" 
ac~ixati,m than in the case of Cultrcnltt  O: . b m  these arc ,~ill in line ~ilh an (, 
<uh<itulim~ me. nanism. 

: ,~ PI?~,~,~ l~',m al ,.I:l l~h,,~,~m~h. ~',I h~,mJ ~ n ~ a ~ , ~  

Li~and pheto~ub~ti~ution reactions ~rc lhc mo~t ~ iddy  studied phmorea~tions of  
racial complexes, l hc  lirst quantilative studies of pressure efl~cls on such reactions 
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were performed for a series of CrINH~I~X ' '  "'" comp~xes [75], tbr which it was 
postulated that exchange of X "  or NH, occur via different exceed states. The 
pressure dependence of these reactions resulted in fignificamly negative apparem 
~ V "  values for both aquation of NH~ and aquation of X" -.  Since fiule was known 
about the pressure dependence of the other deactivation processem R was assumed 
that these apparent values represent those for the primary photoreactions. Accord- 
ipgly, the data were interpreted in terms of an associative lmost probably I,,) 
substitution process. The more negative values tbund for the aquation of X"- as 
compared to NH~ were ascribed to solvational contributions originating ~om 
charge creation (i.e. electro~ricfion) in the tran~tion ~ate. A more recent detailed 
reanalys~ of the data [76] also supported the m e c h a n i ~  conclusions in terms of an 
associative nature of the substitution process. 

Significantly more progress has been made in the ~udy of photosolvolysis 
reactions of Rhflll) ammine complexes [77,78]. For comp~xes of the type 
RhlNH,J,X ~ " " ,  the photosubstitution of X" or NH~ lbr solvent mo~cu~s can 
occur, it was generally %and that the two photolysis reactions exhibit oppo~te 
pressure effects. Similarly, the Wcssure dependence of the excited-state lil~thne, 
mcasm~d by pulsed laser techniques, also exhibited different trend~ depending on 
the major photochmmcal reaction observed. Throughout the series of complexes, 
solvoiv~s of NH~ is accompanied by a positive AI '~ wllue, whereas the solvolysis 
of X" exhibits negative value~ Both these values can be interpreted in a 
qual~ative way in terms of a dgmciative mechanism. The sub~antial difl)~nce in 
A I "  {kp} ~ r  ~he halide and ammine labiliattions ~ n  be ascribed to a negative 
contributmn Irom k l~, ,  due to cha~ge crealion when Ihe halide dissodates l?om 
the diposifive complex Io l\mn a ~fipo~tive cation and X" No appredab~ chaIL~e 
creation ~, expecIed ~ r  the dismdalion of Nit, .  This cliff)fence also shows up in 
the o~erall k l' R~r the gmund-staw [igand substitution process of + 3.9 and 17.8 
cm ~ tool ~. respemively, in the ease of the RhlNH,I,CI ~ complex [77], demom 
~rating the imponam c,mtfibmion of charge creation when the leaving group N 
anions. 

In sy~ems like those discussed above, the interprmafion of the data is sommimes 
complicated by mtvational contributions that play a ro~ when net charge creation 
or neutrafization ix involved during the substitution process. Therelbre. in more 
recent ~ud~s the pressure dependm~ce of some typkal orgamm~etallk phmosubstb 
tulion reactions including low valence metal cenlers and neutral liga~ds were 
investigated, A series of phmosubslilution reactions of the lype: 

MICOh + k ~'.-'. MICOI,L + CO 121 

(M ~. Cr. Mo. W: k ~ a donor lig;~nd) 

~cre sludtcd as ,i funclmn ~f pr¢'~ure Ibr various [. and solvents [79]. For all 
reaction, inxcsligalcd the pho~osubslilution quantum yield decreased with increa> 
ing pressure and resulted in dgnificamly pomNe volumm of activation. Under the 
assump~mn that nonradialive deamivafion is relatively independent of pressure, the 
apparem positive volumes of amivatmn lit ~'ell iato the picture of a d~sociali~e 
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mechanism, i.e. release of CO. This dissociation leads to a trigonal bipymmidal 
MICOk fragment that can either recombine with CO, be trapped by a solvent 
molecule or bind to L. The diflkrence in the pressure dependence for the recombi- 
nation with CO or combination with L can be used to account for the observed 
activation volumes. 

Numerous data [80-82] are now available for the photosubst~ution reactions of 
the type: 

MICOhlphen~ + L ~.ha,-M~CO~phen)L + CO t3} 

IM = Cr, Mo. W: k = PMc,  PEtit 

There has been some controversy in the literature concerning the nature of the 
photo-substitution mechamsm originating from the lower lying MLCT state. On 
the one hand it was assumed that the observed photo-subst~ution proceeds 
dbsodatively fi'om the LF excited state, i.e. MkCT excitation is MIowed by 
themml back population of the LF state. On the other hand it was argued that the 
MLCT states themselves are phmoactive and could in p~nciNe undergo an 
assodative substitution reaction. In order to resolve this apparent discrepancy, lhe 
eft?or of pressure on che above reaction as a lhnction of irradiation wavelength, i.e. 
LF and MLCT exaltation, ~as studied [80-84]. The first results lbr k = PEt, clearly 
su~uest+ e d +  an a>sociative substitution mechanism Ibr the Mo and W complexes 
xvhcn irradiated directly itm, the MLCT bands. This aas  indicated by negatix~ 
~1 .~ values l\~r 546 nlq irradiation, in conlra~ to posaixc A I ~ ~alucs l~r ligaud 
subslilution uhcn LF bands ~tere excited wilh 366 nm light. In the case of the 
,maller ('r complex. NII_CT excitation still uax¢ at ~mall positive ~alue of Al '~ 
~adicali~¢ of a di~t~ciati~e mechan~m, l-he associative character of the MLCT 
~tates could be accounted 16r in terms of partml transl~r of electron densiw l~om 
the metal to the phen ligand, by uhich the metal became more electmph~ic and 
could undergo nucleophilic attack b~ the entering ligand. More recently, in a series 
of studies [S2-S41 there was a systematic investigation of the influence of the metal 
center, entering nuc~ophile, and irn~diation ~va~elength as a hmclion of pressure 
lot various M IM :~: Cr. Mo. ~\'1 and PR~ IR = Me. BuZ Phi, The competition 
bcturen dissociative [.F and associative MLCT ligand substitution could be tuned 
b\ selecting the appropriate metal, entenng ligand, ligand concentration and 
prcx~ure. The tSpic'al l~suils displayed in Fig, I I show hoa  an increase in irra0m- 
tion xt'axclcnoh I?om kF to MLCT excitation rcsuhs ill a changcoxcr in the cfl~cl 
of pressure on ,9. xiz. a decrease in o x~ith incrcamng pressure Ibr irradialion at 31 3 
and 366 rim. compared to an increase in o uith illc~a~ng pressure ibr irradiation 
al 436 546 nm. rhc rcsull~ ~!~o~ed ihal i k  yizc of the racial center and lhc 
cntcrine nuclcophilc dc~crminc the irm~dia~ion xvaxck'ngth a~ uhich a mechanistic 
changeover occurs. [he bulkier the cnlcving nuclcophilc, the more diflicuh il is to 
,,b,cr~c an as~ociatiw mcchan~m rc~ulting from MLC-r cxcuation. 

A number of other I}pes of photochemical reactions involving organomelailic 
sx,tcms hate rcccnllx been sludied as a funclion of pressure in ¢~)Hs tO gain more 
~nsi~h~ ~n~o the derails of ~lae unde~ying reaction mechanisms, These include 
car l~onxla l ion and metal mclat bond homol~i~ rcaction~ [85.$6]. 
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Flash photoly~s techniques have in general been adopted with success to study 
thermal substitution and ~ectron-transl~r processes of reactive intermediates. In 
these sy~ems one geals with pressure eft~cts on subsequent thermal reactions that 
occur with unstable specks generated in solution photochem~ally that have rele- 
vance for instance in catalyt~ and biological processes. The interpretation of AV* 
data and volume profiles is more ~raightforxvard than in the case of the photo- 
chem~al processes itselL ~nce we are dealing with reaction rate constants deter 
mined direoty and the assodated pressure dependence of these, w~hout the added 
compilations of competing photophys~al decays. For examp~, flash photolysis 
has been adopted to study the sub~ufion behavior of reactive intermediates in 
organomet~tic ch~nistry. Irradiation of MICOL (M = Cr, Mo, W) in a coordinav 
ing solvent tS) produces intermediates of the type M(CO)sS [87,88], which can 
undergo rapid solvent displacement by a nuc~ophi~ I L) to produce MICO)~L as 
shown in Eq. ~41. 

MICO) , ,+S+hv~MICOkS+  L, ~st (4) 

M(CO}~S + L ~ MICOJ,L + S. slow 

The el'l~ct of pressure on such subshtulion reactions has been studied ibr a series 
of M, S. and L The results ~Table 1) demonstrate lhe roles played by the size of 
the metal center {MI, the bulkiness o1" the ligand ILL and the coordination ability 
of lhe solx~nl (S), The data exhibit a trend to more negative (less positive) AI ° 
values Ibr larger metal comers [S7,SS]. 

I ~ ~  . . . . . . .  U. X.,~ ~r} nm 

" "~ ~-~' ~,,." ~ .,~1 - '  
!!" ~ ~ ~ ' ~  ~ ~ e  
i 

. . . . .  . . . . . . .  

~ . ~ ~ ~  X~,,. ~ ~.,, 

- 5  ~ . . . . . .  * ° . . . .  

!~ ~ - - ~  

,t . . . . . . .  ' . . . . . .  ~ ~ 

/ L _ _  .t . . . . . . . .  L . . . . . . . .  ~ . . . . . . . . .  1 . . . . .  

r~ 40 80 t20  

- - ~ 1  . . . .  

Pressure [~Pa~ 

I:Ig 11 Plol of u . t und  Mganlhm , f f  Ih¢ guanlum sicld ~¢tsus pressure al different u.x~h~tnm 
~v~x~Mlgthn I\~r the r cadmn  IN41; MICOMphen~ ~ - I ~ R , ~ q . c - M l C O I d P R , ~ p h c n l  + C O :  ~M=Mo~ 
R ~- Bu~ 



348 G. S u ~ e L  R, ~ n  Eh!ik. Coonlination Chemist~ T Reviews 187 (1999~ 329-374 

Table I 
Seminar)' of  A[ "; data Ibr solvent displacement reactions of fl~c type: MICO)~S+L--*M{CO)~L+S 

S k A i ' "  ~¢m~mol ~1 

M = Cr M = Mo M = W 

Fluorobenzene l- | lexene 

Toluene 
Benzene 
~qflombcn~ene 
n-Hcptanc 
Huor~,benzene F'iperidihe 

Tolnene 
Benzene 
Chkm)benzcn¢ 

, -Heptane  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

+9.4 _+ 0.7 + 5.8 ± 0.8 +2,5 + 0,2 
+ 10,8 _+ 0,7 + 3.2 ..+.. 0,3 
+ t0.9 + 1.0 

+5.4 4- 0.4 + 3.2 ± 0.3 +0.4 ± 0,3 
+ 6 . 2 ± 0 . 2  + 2 2  ±0.3  +2.7_+0.4 

+6.1 ±0.3 
+4.8 + 1,4 
~4,2 + 0.3 
+tl.2 + 0.2 

+ 1 . 4 ± 0 . 4  

When the auacking nucleophile is a bidenm~ ligand, flash photolysis of M(CO)~ 
~sults in ~he m a ~ n  sequence out~ned in Eq. 15), in which ring closure involves 
CO displacement: 

M(CO), + hv~ M(CO)s + CO (5) 

M(COt~ + S~MICO)~S. ~st 

M(CO)~S 4- N-N ~ MICO)~N -N + S. k~ 

M(COI,N N - , M ( C O h ( N - N ) + C O .  k. 

~ b l e  2 
Summary of Al ''~ data ~>r the ~ n ~ d o s u ~  step in ~ .  151 

• 

M Solvent N N" k, at 25°C s ~ All  ~ AS + AI '+ 

tkJ tool ~1 iJ K ;real ~ Ictn ~mol ~j 

Cr TNucnc en 1.6×1(I ' 5 7 ± 5  ~ 145± 17 .... 11.9±1,5 
T~ucnc dabR, ~,5 × ltl a 8 1 ± 2  4 7 ± 7  + [7.2 ± IJl 
l:lm~robe~cne phen 26 52 ± 2 42 ± 6 ÷ 6.2 ± 0.5 

N|t~ ~ l u e n ¢  en 3.11 × tO " 7 2 ± 7  - 9 2 ± 2 2  - 5 A  ± 0,8 
goIuenc dabR, I , I x l O  ' 7 8 ± 5  - ~ ± 1 7  - -9 .5±0 ,4  
gluorobenzene phen I. [ × lIP 47 ± 2 4 _+ 7 2.9 ± 0.2 

W TMuenc cn 3.a×l~l  " 5 4 ± 2  - 172±1~  - 1 2 . 3 ± ! . 4  
~ u c n c  dabR,  2,9 ~ 111 8 3 ± 8  - 5 3 ± 2 ~  -- 13,7 ± 1.3 
~ l u e n e  b ~  X.ll~ltl  " 5N±2 -- 7 4 ± 7  - 1 0 , 9 ±  1.1 
t:luoa~henzene phcn 4.3 x ill: 51 ± 2 ~ 23 ± 5 8,2 ± 0.2 

" . . \ b b ~ i ~ i o n s :  on, ~hykncdmminm dabR, ,  l A ~ o ~ o p y l - l , 4 - d ~ z a b u m d k n m  bpy, Npyridmc: 
phcn. I . l !~phenuntha~n~ 
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Table 3 
Activation volumes for chelate ring closure in MICO)~L complexes in toluene (M = Mo. Wl 

L ~ M AV* [cm 3 mol ~1 

bpy 

dmbpy 

dpb~y 

dbubpy 

Mo - 3.9 + 0.6 
W -10.9_+ 1.1 

Mo - 5,6 + 0.4 
W - 8 . 4  + 1.0 

Mo 5.4+_0.5 
W - 6 . 4  +_ 0.6 

Mo 6.2 _+ 1.0 
W -4 .5  __. 0.2 

" Abbre~a~ons: bpy, 2,2'-bipyridm~ dmbpy, 4,4~dimethyl-22~bipyfidin~ dpbpy, 4,4"-diphenyl-L2'- 
bipyridin~ dbubpy, 4A'-d~wn-butyl-22'-bipyfidine. 

Typ~a! 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 cent ,  s [Mo, W) tend to exhibit fignificanfly negative AV" values sugge~ing 
ring closure in an associative reaction mode. The smai~r Cr center must lose CO 
prior to ring closure since only in the absence of ster~ hindrance on the entering 
ligand, as in the case of ethylenedhmin~ does an assodafive ring-closure occur. 

More recently, systemat~ studies of the effect of bulky subaituen~ on bpy and 
phen ligand~ as well as the influence of the solvent on ring-closure reactions of 
M(COI~N-N (M = Mo and W~ were unde~aken [90~91]. The results tbr a series of 
bipyridine ligands (see Table 31 clearly ind~ate a change in AV ~ ~om small 
negative to small pofitive values on increasing the steric hindrance on the Mo 
comp~x. This observation can be ascribed to a gradual change in mechan~m ~om 
L. to ~ on increasing stefic hindrance of the ligand. A fimilar trend is observed for 
the W complexes, although the overall A V ~ value rem~ns negative throughout the 
series of ligands. In this case, the values suggest that ring closure remains associa- 
tive, although a gradual change ~om limiting assodative (A} to an interchange 
associative (~) mechanism may occur on increasing the s~ric hindranc~ Through- 
out the series of comp~xes the A V" values are more negative for W than for Mo, 
which indicates that the W metal center has a greater ability to undergo bond 
[brmation with the ring-opened chdate. 

Actuation volumes have also been measured tbr the above reactions in supercriv 
icai fluids and t~und to be as large as + 7 I tool ~ under cond~ions near the 
c6tical point in supercritical ethane and CO z [90,92]. The results were interpreted as 
evidence ibr a large repulsNe contribution to the actuation volume assodated with 
the dissooation of CO during the ring-closure reaction. 
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3.4. Ru~;~n-m~ced tig,~d ~&~#ut~t 

The mechanism or inorganic and organometall~ flee r ad ia l  reaction& such as 
the I\~nnation of metM-carbon ~ bonds, can conveniently be stud~d by using 
puhe-radiolysis ~chniques. Such processes are closely related to substitution reac- 
tions, although they usually involve a formal change in the oxidation state of the 
metal center due to the covalent nature of the metal-carbon ~ bond. 

Appl~a~on of high pressure pulse-radiolysg techniques has made possible the 
con~ruction of volume pmfiks tbr the tbrmation and dBsodation of metal-carbon 
a bonds. In the first such study, it could be shown that the formation of a 
cobalt carbon bond is assisted by pressure in the reaction of Co"{ntaliH20}2- with 
"CH3 to produce Co"~{ntaRH2ORCH,I ~3]. This is due to an overall reaction 
volume o[ - 16.4_+ 1.6 cm ~ m o l  ~ {determined from the pressure dependence of 
the equilibrium constam} which results from a small positive volume of activation 
lbr the l\~rward bond lbrmation process and a large positive volume of activation 
I\~r the reverse homoly~s reaction. The volume profile in Fig. 12 clearly ind~ates 
the higher paniM molar volume of the transition state and underlines the operation 
of a dissociative mecbangm lbr the entrance of the rad ia l  into the coordination 
sphere of the Co{ll) complex. In t~ct, the small positive k V "  tbr the cobalt-carbon 
bond l\3m~afion readion suggests that the process lbllows an la mechani~n and is 
presumably comrolkd by solvent exchange on CoimagH2Ob . The dgnificantty 
larger volume of adNation Ibr the reverse hmnol~sis reaction is pa~ly ascribed to 
desolvation of the aliphatM flee mdi¢a~ lbrmed during the reaction. 

Similar results were rt~poned [94] l\~r the lbrmation of complexes of the type 
('riH,()i~R ~ in ~Mch "R i~ an Miphat~ ~tdical lhat lbrms a metal-cm~on ~ 

BE +10~ 

E 

~ c~ 
© 

.~ 

ff 

~ -~0~ 

t 

+6.0±25 f 

LCo(H20) ~ + "R i . 

1 I 

oalc : -12,6 ± 4.5 
e×p: -16.4 ~ 1.6 

L = n ~  

+18.6±2£ 

LCo~20)R" + H20 

Rea~ants ~ans~on St~o Produ~s 

Reaction coordinate 

I:~ 12 Volum~ prolile fl~r the rcaCuon oF mc~hq radicaI~ wifl~ lh¢ nilnlotri~cd~l¢ complex of Cottl) 
~1 >s K I'};t. 
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bond with Cr ~ +. This reaction was studied for ten different radicah, and the 
reactions all exhibit a small pofitive volume of activation with an average value of 
+ 4.3 ± 1.0 cm ~ tool ~ ~, independent of the nature of R. This constant value and 
the fact that the bond formation rate constants are all very fimilar and close to that 
for the water exchange process on C~H:OI~ ~, suggests that the complex-lbrma- 
tion reaction is contro~ed by an ~ ligand exchange mechanism. The dissociative 
nature of the ligand exchange process is presumably enhanced by Jahn-Teller 
distortion in C~H~O)~, ~ ~, fimilar to that reported for CuIH:OI~,: - [95]. 

Pulse radiolys~ studies of the oxidation of Cu(II) comp~xes by "OH rad~ah 
have shown that tranfient Cutlll~ complexes are formed. The effect of pressure on 
the formation of the various Culllll complexes has been ~udied in order to asfist 
the ctudd~aion of the underlying reaction mechanism. The reaction between "OH 
radicals and [Cut~(P2Ov)z(H:O)~]~'- resulted in the formation of a Cu(IlI) complex 
[96]. No reaction is observed with N~" or Br~ whereas SO£" inRiates the same steps 
as seen with "OH. This suggests that the mechanism probably involves a ligand 
interchange or H" atom abstraction process. The CulllI) complex undergoes a rapid 
first-order reaction, probably loss of the P.O_ ~ chelate, followed by add~ion of 
O H -  to yield a Cu(lll} complex that is predominantly hydroxylated and has a 
relativdy long half life. St,ong support for this mechanism comes from the ve~ 
small activation volume found for the fir~ step. The value of - 1 . 8  +_ 0.7 cm ~ 
mol ~ ~ is in close agreement with that lbund for the reactions of CuZ'laq) with 
"OH radials [97]. Fu~hennor~ it was recently reposed that electronqransfer 
reactions between metal ions and radica~ that are not diflh~on controlled, exhib~ 
pressure dependencies that suppo~ a ligand-substitution controlled process [98]. 
The slightly negative volume of ~,:tivation lbund for the reaction of 
[Cu~tiP~O:):iH:O)~" with 'OH can therelbre be interpreted as evidence for a pure 
interchange Ill or an associative interchange (~,1 mechanism tha~ controls the 
interaction betx~-een these two species. 

4. E ~ r o ~ a n s ~ r  reactions 

Significant progress has been made in the appl~ation of high pressure thermody- 
namic and kinetic ~chniques to the study of inorgan~ and bioinorgan~ electron- 
t rans i t  rea~ions during the last i0 years. Espc~ally in the case of sd~exchange 
reaction~ which represent the ~m~est symmetrical d e ,  ton-transit proces~ it has 
been pos~ble to account lbr the observed pressure effects in ter~s of the Marcus- 
Hush theory. In the case of nonsymm~fical dectronqra~,s~r reactions, the volume 
changes a~ pdmafily due to ~oh'ent ~organ~afion ~om changes in e~ctro~fi~ion 
a~odated with ~he ~ectron-tran~}r process. 

Symmetrical sol,exchange reactions are the sim~e~t kind of electronqransl~r 
proces~ since there is no nee chem~al reaction and no rea~ion volume, and 
~he~tb~ in p~ncip~ the mc~hanist~ in~rprctation of activation volume data, as iu 
the case of solvent exchange reaction~ is re~tiv~y ~ra~htlbrward. One of the first 
interc~ing observations was that the activation volume t%r sei~exchange on 
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FclHeOL ' ~ is cat. 12 cm ~ tool ' more negative than that for sdgexchange on 
Fe~HeOt<OH e Fe(HeOt,, e " [gq. The cliff?fence could be explained in terms of the 
operation of an outc~sphm~ mechanism in the ibrmer process and an inne~sphere 
mechanism in the latter case. since !he ik~nnafion of a hydroxo bridged spedes will 
be accompanied by the release of a solvent molecule, i.e. a markedly more positive 
activation ~olume. 

Another interesting example involves the sel~exchange ~action between MnOa 
and M n O a "  tBr uhich &l "° has a value o~" - 2t cm ~ tool t [100]. This reaction 
is catalyzed bv o~unmr ions ~uch as Nit " and K and the catalysis mani~s~ itself 
in very difl)rent Al "~ values. The same group [101] has studied an extensive ser~s 
of seGexchange rea,aions and lbund a good corrdafion between experimental and 
theoretically cakula~d values. In general, solvent t~organ~ation accounts tbr the 
laLeev contribution towards the observed activation volume, which has in many 
cases a ncgamc value. In some cases, viz. Co(cn)~'  z. and Co(phen)~ 3" z~- the 
thco~t~at volume of ac~vation was [bund to be Mgnificantly larger than the 
expefmental value, which was ascribed Io the pa~icipafion of high-spin to low-spin 
changeover assodatcd ~ith the dec tmnqmns~r  process. More recen~y, the group 
demon~ra~d that volumes of actNation l~r homogeneous sdgexchange reactions 
can be obt~ned l?om vdumcs of activation lk~r heterogeneous sell:excMnge 
~action~ on ~he surtktcc of an dectrode [102]. A dct~fikd account on electrode 
rcaclion~ of metal complcx¢~ in solution at high pressures is included in this issue 
[loci, 

4, I, X~m~sw~mwtrh~d c l c ~ T n m - t n # ~ T  ~x~n'lh,~s 

Ol~e o~ective of many mechan~c  studies dealing with inorganic ekctron-~an~ 
l~r reamions has been to di~kguish between oum~spherc and inner~phere mecha- 
nisms. High p~ssure kinetic m~hods and analysis of reaction volume profiles have 
been employed to p~xwide a better understanding of the intimate mechanism 
invoiced in such processes. The difl~rentmtion between oute>sphere and inne~ 
sphere mechanisms depends on the nature of the precursor species, Ox/:Red in the 
~ l ~ i n g  scheme. ~hich can either be an ion pair or encounter complex, or a 
brid~e_ d in~nncdiate, respectively. 

Ox ~Red ¢>Ox Red. K {61 

Ox Red+( )x  R e d .  k~l 

O\ R e d  ~ -Ox  + R e d  

Thi~ means Ihat the coordination ~phcre of the reactants remains in!act in the 
!~rmc~ :a~e and is modified b~ ligand substitution in the laucr, which ~vil[ naturally 
affbct the associated volume changes. 

A diflicultx encountered in many cases in kinetic studies of outer-sphm~ electron- 
~mnsfer pa~cesses concerns the separate determination of the precursor formation 
constun~ (K} and the electron t~msl)r rate constant ~k,~) lin the scheme outlined 
:lbmel, from an mntfirica!ly dele,mined composile pammete~ In the majority of 
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caseL precursor ~nnation is a d i c t i o n  c ~ d l ~  step, Allowed by m ~ n n i n -  
ing electron transit .  In the presence of an excess of Red, the rate ~ e ~  ~ 
Wen  by: 

~,~ ~ ~ ~ 1  + ~[Red]) (7~ 

In many cases K is smNI, such that this equ~ion fimNifi~ to ~.~ = k ~ R ~ .  
wh~h means ~a t  the observed ~ c o a d ~ r d ~  rate con~ant and the assodated 
a ~ i o n  p a r ~ n c ~  ar- c o m p ~ i ~  q ~ f i ~  ~ AV ~ = ~V ~ (k~,~) + AI~K). 
When K ~ large enough such that 1 + K[Re~ > 1. ~ is po~ib~ to ~ p a m ~  k~t and 
K k ~ a l ~  and ~so the a ~ o d a ~ d  ~ f i v ~ n  p a m m e ~ ,  ~z. Al'°lk~,~j and 
A ~ h ~  

A series of reactions were studied where ~ was pos~Ne to resolve K and k~v. and 
the~by AV(K} and AV~lk~wL In this cas~ ~ i ~ y  c h a N ~  rea~ion ~ r t ~  
were selected as indicated in the ~l low~g ~neml  ~heme: 

Co(NH3hX '~ ""  + F ~ C N I d -  ~ I N H ) ) ~ '  " '  ' F~CNI¢  ], K t~  

~ o I N H 3 ) ~  ~ "~' ' F~C N} ~  ] ~ C ~ "  + 5 N H 3 + X "  + F ~ C N K  3 , k~  

X "  = HzO, M%SO, py, CI , N~ 

The data [104] ind~a~d that ion pNr %nnmion is accompaNed ~ dose to zero 
Al" value~ Th~ is rather su~fMng, Mnce it ~ ~neml ly  accepted :aat ~ m p ~ r  
~nnaf ion shodd inv~ve conMdemNe chaNe ~ i ~ f i ~  accow?an~d by ~rong 
desolvafion due to a decrease in d m ~ t f c ~ n .  Values of ~I t h e ~  indicate 
that the ~ a ~ n  ~ most probably exist as ~ m ~ ~  ~ p ~ .  i.c 
wRh no M ~ i ~ a n t  charge ~ m l i ~ t ~ n  ~ ~ n ~  by ~ l v a t i ~ .  It is exide~t 
that the ~ r ~  t m ~ r  steps exhibit a strong pressure ~ ~ i ~ .  ~ith mo~t 
~ s ~ m s  ha~ng ~V ~ vNues of between + 25 and 4 34 cm ~ tool ~. These vNues 
i n d ~ e  that Oectron ~ans~r  is accompanied ~ ex~n~ve d~oNN~n,  mos~ 
pmbaNy ~ N ~ d  to charge nemml~afion a ~ o d a ~ d  w~h the d e ~ r o n ~ m n ~ r  
process. A MmNNed model based on paroal molar volume data, in which c~ctron 
tmns~r  occurs within the precursor ion-pa~ [Co(NH~ls~ ~ ~ "~ • F~CN)d ], ~ad- 
ing to the successor ~mpair  [CoINHd~X < " '  • F~CNK ~ 1, pNdkts an ovemi; 
volume increase of ca. 65 cm ~ tool ~. ThN means that ~ c o ~ m g  to the A I '~ valtms 
mentioned abov~ the w ~ N ~ n  ~ a ~  ~ r  the d e d m n q m n s ~ r  proces~ !~s approxi- 
matdy ha l~av  between the reactant and pmdu~ states on a volume basis ~ r  the 
precursor and ~ucce~or ~ m p N ~  The hrge~ volume contribution arises from the 
o~dafion of F~CN~) to F~CNL ' , which is ~ ~ n ~  by :, large decrease 
in dectro~ficfion and an increase ~n ~ n i ~  molar volume of ca 40 ~n ' tool ~ 
[1,105]. Theo~t~at c M c M ~ n s  also confirmed that the tranMtion state tbr these 
~ a ~ s  I~s appmMm~dy hM~ay along the ~ a ~ n  c o o l , a m  n a votumc 
hams [10~. ThN first io~rmatmn on the nature of the v~ume pmfi!e ~v an 
ome~sph~e de~ron-tmns~r r ~ i ~  proved to be in good ag~ement with fl~e 
results ~ported ~ b ~ q ~ m i ~  ~ r  sys~ms wRh a low driving ~ e  in which it wa~ 
pos~ble to conswud a cmnNe~ volume profile bv studying the efl)ct of p ~ s u ~  ~: 
both the ~ r w a ~  and the reverse r ~ i ~ m  as well as on the overall equilib, imn 
co~mm.  
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More recently outer-sphere redox reactions between [Co(N)~H:O] ~ ~ / 
[CoIN)~OHI: ' I(N)~ = tctraazacycloamme ligands) and Fc(CN)~ ~ have been stud- 
icd as a lkmcti;m of IN)s, temperature and pressure in order to cstabl~h pos~ble 
correlations bet~veen, on the one hand. the ~ze, geometry and charge og the 
cobalt(iI|) complex and on the other hand, the outer-sphere formation constant, 
the electron t rans i t  t~te constant, and thermal and pressure activation parm~eters 
[1071. The ~ai~cs obtained indicate that outc~sphere Rmnation constants are. 
~ithin the experimental error, the same ~gr all the systems studied. The electron 
tr',msl~r ~tc cm~mms ~k~r ~he [Co{N),H:O] ~ complexes increase on increasing the 
size of the macwcyclic ligand independently of its ,'t~ or r a m s  geometw. For the 
{CoI N k O H ] '  complexes, the same trend is observed but the difl?rences are 
smal~r. The thermal and pressure activation parameters are those expected t)r  
these types of r~¢ctions and are imcrpreted in view of combined eft}cts of 
electrostatic and hydroge~ bonding interamions. All the A V" values are very 
positive and arise ~om changes in eleclroMfidion associated ~vilh charge nemraliza- 
t~on Icspccially FeICNI, a to FciCNI,, 3 } and a volume increase on reduction of 
Co{Ill} ~o Colllt. For all the sv~ems ~udied. the value of AV ~ obtained for the 
hvdroxo complex is con~stcntlv louver than that of its aqua counterpa~. The lower 
am~ation volume values found Ibr the hydmxo sy~ems have to be related to the 
absence ,ffcontnbutions afifing ~om the reduction of Coil l l l  to Collil,  ooth due 
to charge differences {absence of a 3 + cation) and bond distances Ishorter C o - O  
hond), thal i, lhc increased compactness of the L cage. 

Recent conventional and high pressure investig~ttions on the intcm~olecular 
:Icc~mn<ransl~r ~eaction between myoglobin and hcxacyanol~rmlclllll have 
~lao~n that both oxv- and deoxymyoglobin arc ¢cdox active species [lOg]. The rate 
and ~tivation parameters underline the ope~ttion of an outer6phere mechanistr 
Ibr N~th sy~em~ Precursor lbrmatmn is accompanied by ~gnificam desolvafion, 
especially around the [Fe{CNL] 3 mo~ty. The strongly neDtive kF~{k} value 
~\mnd l~r ~he rcactmn with oxymyoglobin partially results ~om a large volume 
decrease due to the reduction of [F~CNh~ ~ to [Fe{CNb(] ~ accompankd by some 
volume increase due to lhe release of dioxygcn. 

Data arc also a~aifabic Ibr the reduction of Fe{CNhL" (whm~ L = CN , 
NO. ). Ru!CNL ~ and aquatcd Fe{lllj, bv ascvrbic acid and ascorbate ions 
[lii6.1119 tl 1]. The pcnta,  and hexacyano complexes all exhibit a strongly negative 
volume of amhation that results mainly fiom the increase in d e c t ~ t r k t i o n  due to 
the reduction of MICNI~L" {M = Fe. RuJ. In the case ofaquated Fe~lllj species. 
the activation volumes are dgniticantly posilivc: these have been ascribed to an 
outcbsphcl~ dcctmnqmnsl)r  reaction in the case of FdHeOL ~' , but to an 
i,mer-sphet\' rcaclio~ in the case of the more !abiie FclHeOkOH: ' complex [106]. 

The interp~vtation of volume changes associated uith electwn-translk'r reactions 
1~ ts bcnclitc¢l considca~btv i~om work on high pressure ckctmchcmisuLx perlbrmcd 
bx Trcgloau and co~orkcrs {10Ll 12]. The> s3xtematically investigated the ¢l'lkct of 
pressure on the redox potentials of a series of trandtmn metal complcxc~ and fi'om 
~hc ,ssociatcd rcamion volumes t\w the rcdox couples could distingmsh between 
intrinsic and mhational volume contributions in such reactions. 
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There is much interest in ~he oxidation of polyaminocarboxylate complexes of 
Fe(il) by molecular oxygen and hydrogen peroxide mainly due to the fundamental 
importance of such reactions in biochem~al processes, such as the c~avage of 
DNA, the decomposition of H202, and the d~mutafion of superoxide. All oxida- 
tion reactions of chdated Fdl i j  complexes ~ud~d as yet, are found to be 
accelerated by pressure and accompan~d by significantly negative volumes of 
activation [113]. These can be ascribed to ;he bonding of dioxygen that is accompa- 
eied by the oxidation of Fe(ll) to F~III) and the reduction of dioxygen to 
superoxide and peroxide ions, processes that are all expected to lead to a decrease 
in panial molar volume. In a recent rcinvestigation of the Fdqedtat o~dation 
reaction it was possible to resolve the different readion s~ps that lbrm part of the 
oxidation process, and to a~ign the negative volumes of activation in a more 
detailed way [ 114,115]. 

4.Z L ~ g ~ t a n ~  eleclnm-trun4~r r~ctMm 

A c h ~ n ~ n g  question concerns the l~a~bility of the a p ~ a t i o n  of hig~ pressure 
kinet~ and thermodynmn~ ~chniques in the study of Iong-d~tancc dec~on-!ran~ 
~r rea~ions. Do such processes exhi~t a c h a r a c ~ f i ~  pressure dependence, and to 
what extent can a volume profile analy~s revctd information on the ~timate 
mechanism of the dc~ron-trans~r process'? 

The systems investigated were in~rmo~cular and intramo~cular dectronqran~ 
~r re~fions between ruthenium complexes and cytochromc c[116 119]. A series of 
in~rmo~cular reactions between chda~d cobalt com~exes and cytochrome c were 
also studied [120]. A variety of high pressure experimental ~chnique~ including 
s:opped-flow, flash-photo,sis, pulsc-~dioly~s and w)hammctr3, were em~oyed in 
these invest~ations. A remarkab~ good agreement was lbund betwee~ the volume 
data obtained with the aid of these different ~chniques, which c~afly demon~ratcs 
that these difl~rent mdhods tbr the study of electron-transfer processes com~iment 
each other. 

A p ~ a l i o n  of puise-radiolysis ~chniques revealed that the fl)llowing intramo~c- 
ular and inlenno~cular dectronqrans~r reactions all exhibit a ~gnificant accelc~a- 
lion with incrcafing prcssur~ The reported volumes of adivation are - 17.7 ± 0.9. 
- ! 8.3 ± 0.7, and - 15,6 +_ 0.6 cm ~ tool ~. respectivel~ fl)r the three rea~ions, and 
denote a marked volume reduction as the reaction proceeds from the readan! to 
the transition state [I 19]. 

(NH,)~Run~H~33~y! c 

(NH,LRff~4H~30!cyl c 

~(I _~,(NH O>Rul)L(His33)cyt (.I) 

)1~ ~(NIt~)~Ru))L(His3O)cy! ~.)~ 

(9) 

Ru~qNtt~). : +cy I ( ' I I~ -~Ru~(NH~I .  ~ ÷cv t ( '~  

At this stage it ~¥as un¢c~ain what the negative ~olum~s uf ~cti~alion reailx 
meam since overall reaction volumes were not available. However d~la in the 
titen~ure [1211 suggested that lhe oxidation of RuINH,)~, ~ to Ru INH, I~ "  is 
accompanied by a volume decrease o~ ca. 30 cm ~ tool ~. which would mean that 
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the activation volumes quoted above could mainly arise from volume changes 
associated with the oxidation of the ruthenium redox pa~ne~ 

In order to obtain thrther intbrmation on the magn~ude of the overall reaction 
volume and the location of the tran~fion state along the reaction coordinate, a 
series of intcrmotecular e~ctronqranfl~r reactions of ¢ytochrome c with pentaam- 
mineruthenium complexes were ~ud~d, where the sixth ligand on the ruthenium 
complex was scooted in such a way that the overall driving force was low enough 
so that the ~vaction kinetics could be studied in both directions [117,118]. The 
selected sub~fluen~ were ison~otinamide lisnl, 4-dhylpyridine 14-etpyJ, py~dinc 
Ipy), and 3.5~utidine Ilutl. The overall reaction can be Ik~rmulated as: 

Ru~INH0~L ~' +cyt ct',:z.RutqNH0~k 2' +cyt  c tl~, k~,k~ 110) 

For all the ~y~ems investigated, the l~rward reaction was significantly decele~ 
atcd by pressure, whereas the back reaction was ~gnificantly accelerated by 
pressure. The absolute values of the w~lumes of activation l~r the ibrward and 
reverse processes were indeed very ~mila~ demon~rafing that a ~milar rearrange- 
mcnt occurred in order to reach the tran~tion state. In addition, the overall 
reaction volume ibr these sy~cms could be determined spectrophotomctrical!y by 
recording the spectrum of an equilibrium mixture as a function of pressure, and 
electrochemically by recording cyclic and ditl)rential pulse voltammograms as a 
fimdion of pressure [I 22]. These results are summarized along with kinetic data and 
aciivation pan,meters in Table 4. A comparison of the AI: data demon~rates the 
generally good agreement between the values obtained ~om ;he difference in the 
volumes of ~d~at~on Ibr the forward and rcvcrsc rcaction~ and those obtained 
thcrmodyna~a~ally~ Furthermore. the ~'dues also deafly dmnon~rate that A 1 '~ = 
11.5fAI' 1, i.c, the transition state lies approximately hall\ray bctwcen the reactant 
and product states on a volume basi~ independent of the direction of electron 
transfer. The typkai volume profile in Fig. 13 presents the overall p~ture, from 
which the location of the tran~fion state can clearly be seen. 

Similar res~U were recently obtained for the redox reactions of a series of cobalt 
iminc complexes with cytochrome ~' [120,123]. In general a good agreement exists 
between the kinctically and thennodynamkally determined parameters, and the 
typical volume profile in Fig, 14 once again demon~rates the symmetrical location 
of the tra~sition state with respect to the reactant and product states. Since it is 
known that oxidation of cytochrome ~' is accompanied by small volume changes 
[122]. the observed volume changes were ascribed to volume changes on the redox 
partner and not on cytochrome c itsel~ This was sugges~d by the t~ct that the 
change in partial molar volume associated with the oxidafon of the inve~igated 
Ru(ll) and Co(ll) complexes as obtained trom dectrochemical and den~t3' mea- 
suremcnt~ almo~ I~11~ accounted tk~r the observed overall readion volume. Thus 
the reduction of cytochromc ~' ca~ o~ly make a minor cont~bution towards the 
overall volume change. 

The results obtained lk)r lhe above systems dcmon~rate that the ~sulting pkture 
~ very con~stcnt and allows a I~he r  detailed analy~s of the data. The overall 
reaction volumes dctcn~ained in I~)ur different ways are surpri~ngly similar and 
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underline the validilv of the different methods empMyed. The volume profiles in 
lig~+ 13 ~tlld 14 demonstrate tile symmetric nature of the intnn~c and solvalmnal 
rcorganiza t i{m in o R ~ r  to  reach Ihe t rans i t ion  state ol' the c k c t n m - t r m l s ( c r  process .  
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Co Ill + cyi c II 

Rea~an~ 

[ Co Ill/ll + cyt c f1/111 ]~ 
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Co II + c~1 c III 

-18 
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Products 

Rea~ion coo~inate 

Ii~ 14 V,~lum¢ p~lil~ IL~ the rcver~ibl¢ inlu'~aclio~ or (o~ II Ill ~mniuenl ~ilh c~ ~, ~ II 111 t at 29N K. al 
~u~,~l pit [121L!2~] 
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In these sy~ems lhc volume profile is cmuml~d by effects on the redox panner of 
cytochrome c. but this does not necessarily al~ays have to be the cas~ The location 
of the tran~tion state on a volume basis will reveal information concerning the 
"early" and 'late" nature ef  the mmm~on state, as well as detaih on the actual 
electron transtkr route fi~llowed. 

Recent investigations on a series of intramolecular d~tron-transfer reactionv 
dosd~ related to the series of imermolecular reactions described above, rex~aled 
non~vmm~fical volume profiles [124]. Reactions of the ~ype: 

~N|i ~).,(LIRu~t'-iHis33~-cyt c '~ ~ (NH ,)~LlRu"4His33)-cyt c TM (I I~ 

~here L ~ isonicminamidm 4-t~hyipy~dme. KS-lutidm~ and pyndine, all exhibit 
vokm~es of a~watmn Ibr the t~rward reaction of between + 3 and + 7 cm: tool ~ 
compared to ove~afll reaction volumes of betwc, n + 19 and + 26 cm; tool '. This 
indicates that ekctron t r an s i t  ~om Fe to Ru is character~ed by an "ear~" 
Iron,l ion state in terms of volume changes along the reaction coordinate. The 
overall vdumc changes could be accounted tbr in terms of dectm~rkt ion cfi~xts 
centered around the ammine ligands on the rmhenmm center. A number of possible 
explanations in terms of dectromc and nuclear factors were off, red to account I~r 
the asymmetrical nature of the volume profik. 

In another sy~cm involving the oxi&nion of cvtochrome t, b~ an anionk 
chromiumtVl oxo complex, evidence Ibr a late product like tranmion ~ate was 
l\~und on the basis of the reported ~olumc of activation [! 25], This was ascribed to 
the eflk~ivc tormation of an ion-pair precursor species as a result of the infraction 
between the ~cganvcly charged C~VI complex and the po~t~d} charged ~urfi~ce of 
cvtochromc c. 

Recently, Monshima and co-~orke~ [126] investigated the cfl~ct of pressure on 
electron t rans i t  aries in zinc ruthenium nu+dificd myo~obms. The rate constant 
for electron t r ans i t  from photocxmmd ZnP* to the RuINt l+) , '  moire) of the 
modified protdn decreased horn 5 × I0" to 55 s ~ upon increasing the distan+~ 
~om 95 to 19.3 ~ when the Ru complex is attached to His70 and H~S3. 
respemNdy. This decrease in the rate ~m~ant  was accompankd by' an increase m 
AI "~ ~om + 4  to + 17 cm ~ tool t Within the context of the results reptmed 
abmv and the volume changes associated ~i~h the reduction of the Rut l l l l  ammine 
complexc~ the gradual increase in At '"  with mcrea~ng donor-act~ptor di~ant~ 
and ~ith decreasing rate constant could be a clear demon~ration of kaflv" Ilbr the 
fi~stl and "late" {l~r the slow rcamionsl transition states. Volume changes main~ 
associated with changes in ekctro~rktion on the Ru ammiac center will control the 
solvent ~organkation and so account R~r the "earlx lreactan~qike~ and "hie" 
~product-likel transition stales. 

4.~. t'hot¢uhcm~¢,d c~o~m-t~msh~ ~aja ,ns  

II is reasonable to expect tha~ phoicchcmkal dc~tron-i~an~Kr rea~ions will. 
similar to thermal ekctron-tmns~r processe~, exhibit ~gnlficanl pressure ef!k~ts 
main~ associated with changes in ~ectw~dcl ion that accompany the d~ tmn-  
t r ans i t  pwce~ I12.131. 
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Volume changes associated with electron translkr quenching of excited Ru- 
Ibipyl~ ~" were recently [127] obtained ~om time-resolved photoacoustic calori- 
mctfc studies. A volume change of - 11 cm ' too l  t was observed lbr electron 
transl~r between [Rulhipyl /"]*  and F~H:O),, ~ . This value was ascribed m 
sotvcnt to solvent reorganization associated xvith the clectron-transt~r reaction. 
The same workers lbund fignificantly ~uallcr volume et]~cts l\~r reverfib~ dec- 
tam transl~r between xanthcnc dyes and transition metal cyanides according to 
the overall reaction: 

X*+MiCN), , '  ~ X  +M(CN},) • • (12} 

corresponding to a volume contraction lbr electron t r a n s i t  fixnn the excited dye 
to the metal cyanide and to volume expansion Ibr ckctmn transfer fiom the 
metal cyanide to the excited dye. ttcrc too, mlvent rearrangement was sugge~ed 
to account tbr the observed volume effects. 

A number of unimo~cular photoredox reataions have been studied [12,131. A 
A I,; value of +4.8 cm ~ tool ' R~r the charge-tinnier photolys.is of 
Co(NH,},Br 2 was Ibund and suggested the Ibnnation of a cage radical pair, 
Colli l(Br'h resulting IYom the LM~'I exc~teO state. Disso,,dation of this radical 
pair to the reaction products was sugge~ed to account Ibr the increase in vol- 
ume as reflected by the pos~ive volume of a,a~atmn [128]. 

The phmolysis of gelCN),NO" via MLCT exmtatien results in the oxidation 
of the metal ami -clvalion of the NO li~and according to the reaction: 

Vc~*(('NkNO" ~i S~;Fe***I('NI,S~ + N O  I13) 

The quantum yield Ibr ~he production of Fe{CNt,S: stwng!y depends on the 
nature of the sokent, altd decreases with increasing donor number and , isco~itv 
of ~he medium. The ~alues of k l'~ are Vgnilicantly po~tive {~ec Table 5! and 
correlate with the fluidity o[ t~e medium, which points to the participation of a 
cage recombination mechanism as outlined below [129]. 

2- hv  

~ __ ~C1T 

k~ 

(S = S o ~ t )  

{F~CN~NOV } * 

,,. I k2 
~ I ~ ( C N ~ - ~ N ~  

al 
FOl~(CN)sS ~ + NO 

A svstemalic v>fiation of tile viscosity supported the validity of these argu- 
ments. The observed pressure effects in different reaction media ise~ fable  51, 
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Table 5 
Values of AF,~ and AV,7 fi3r the reaction: Fe 'qCNI ,NO r 
solvent and ex¢ttation energy 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Solvent 2. ,  (nlnl ¢~" Imol einstein ~1 

* S ~ F~t~qCN I,S: * N O  as a ~ n ~ i o n  o f  

AI',~ (crn' reel ~l Al '~  Icm' reel ~! 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

H,O 436 0.17 + 7.7 ± 0.4 * 8.8 ± 0.4 
~13 0 x7 -,-5.5 +0.7 + 7 . 8 =  1.0 

M¢Otl 436 0.39 + 7.2 ± 0.5 + 10.3 _ 0.6 
313 0.63 +6.5 ± 0.~ + 13,0+ 1.9 

Me,SO 436 11.3~ +.7.9 ± 0.3 ~ l l . I  -'20.4 
4115 i139 +7.5 : 1.1 + II .4 _"L- 16 
3i3 042 ~g.4_+ I 3 + 14,1 ± 1.0 

" Values at ambicnl pressure i.e. (I.1 MPa. 

ind~ate that visco~ty plays a minor role and that the effects result mainly from the 
contribution of k> that is. ~he dissooation of the F~II I I -NO bond. The larger 
values lbund lbr AV~ in some of the solvents can be explait~ed in terms of the 
pressure dependence of the ~scosity. which will result in a d e ,  ease in ~ and a more 
positive AVff value (see Re~ [129] for more detai~L 

5. Ac6vafion of small mo~cu~s 

In this section we will deal with studies that involve the activation of small 
molecu~s such as O. and CO, by model coordination comp~xes as ~ell as 
~oloDcal mo~cule~ and lbcus on the m e c h a n i ~  in~brmation obtained ~om the 
analys~ of the conesponding vMume profiles. 

~ I. A ~ z  {~ ¢~.Lt'gcn 

One of the most fundament~ questions when dealing with the activation of 
dioxygen by tran~tion metal comp~xes is the way in which these species really 
interact with each othe~ Are these processes control~d kinetically by substitution 
or by de~ron-~anst~r reaction~ 

In order to model the first redox actuation s~p of dioxygen, a system that 
involves the binding of O: to a macroc)~l~ hexam~hylcyclam Co{ll) complex to 
lbrm the corresponding Co(Ill} superoxo species, was studied [! 30]. 

(LICo{H:O)::" +O~ ~ {H:O}IL)CoO:: " + H.O. k,. k ~. K, 1151 

The overall rc~tion (Eq. (i 51)involves iigand sub~itution and electron ~ansfer 
to produce the Co, ill) superoxo complex, the question b~ng, wh~h is the rate-de- 
termining step? From lhc pressure dependence of the overall equilibrium constant. 
a reaction volume of - 22 cm ~ reel ~ ~as determined, which demon~rates that the 
disphcemcnt of a water mo~cu~ in the Colll) complex b3 dioxygen is accompu- 
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nied by a signilicam volume col!aps~ probably due to the oxidation of Co(lI) to 
Co{ i11} dunng the overall ~vaction. The kinet~s of the reaction could be studied by 
flash p h o t o l y ~  since the dioxygcn complex can be photo-dissociated by irradiation 
into the CT band~ and the subsequent reequitibration could ~e l~llowed on the ~s 
time scale. From the effect of pressure on the kinetics of binding and release of 
dioxygen, the activation volumes for both proccsse~ could be determined, The 
~vsuhs sho~ that the binding of dioxygen is accc~ratcd by prcssur~ AV" (k : )=  - 
4.7 _. 0.3 cm' tool ~, whcr~s the release of dioxygcn is ~rongly dec~eratcd by 
pressure with Al ~tk ~)= + 17.9_+0.5 cm' tool ~. The combination of these 
wducs yields k I '(E~) = k I '" (k,) .... A I' ° {k ,) = -- 22.6 ± 0.8 cm ~ tool 1. which is 
in a very good agreement with the value dctcn~ined directly from the equilibrium 
constant measm~ments as a tkmction of pressure. The volume profile for this 
r~mtion is given in Fig. 15. The small volume of activation associated with the 
binding of dioxygen is clear evidence lbr a rate-limiting interchange of ligands, 
dioxygcn Ibr wate~ which is l\)llowcd by an intramolccular electron4ransfer 
reaction between Co(ll) and O, to lbnn Co ~" O, , the superoxo species. It is the 
latter process that accounts tbr the large volume collapse on the way to the reaction 
product~ since CoIIII) complexes are in general 20-30 cm ~ tool " ~ smaller than the 
corresponding Colll) complexes [103,123]. Thus. during flash-photolyA~ electron 
transfer in the reverse diversion occurs due to irradiation into the CT band, which 
is I~llo~cd by the rapid release of dioxygcn. 

The binding of ( ' 0  has. in Inanv stud;es, been used as a model tbr the activation 
ot dioxygcn, since this mdccu~ does not undergo any reat actiwttion in the systems 

E 
E 
U 

~g 

_ _  

c 
> 

m 

, _  
~ 

~© 
~ 

oJ .., (L)Co 2+ 

-22,6 
i 

-20! 

25 -4 
I ~  _ _  

Rea~ants 

I 

÷ Qa. 

-4.7 I [ (L)C°"°OO2+]  + 

+ ~ 7 ' 9  : 

(NCoO02+ 

Transition State Products 

Reaction coordinate 

Fig 15 Volum~ pn~tile fi~r lhc re,lclion of O, ~vilh the ('olII~L complex. 1L .-- hcxamclh~lc)~laml at 29~ 
K I~ ~o] 
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T +5,2.10 ......... 
-5.9 

~ [MmCO]# +4.~ 
_ 

-23 .~  

MbCO 
~ ,  _ _  

MbO 2 

[ 

Rea~an~ Transition State Products 

Reaction coordinate 

Fig. 16. V~ume profile Ibr Ihe reactions of CO and O, wilh myoglobin at 298 K 1131~ 

~ud~d, it merely binds to the metal center. The absence of subsequent dectron- 
transi t  reactions ~mplifies the kinet~ ana~fis and reveals more mechani~  
insight on the actual binding process. A typical example concerns the comparative 
binding of O: and CO to dem:ymyoglobin [1311. The large difference in AI '~ 
observed lbr these readiol~ can dearly be seen ~om the comparative volume 
profiles shown in Fig. 16. The volume profile l\~r the binding of O, is characterized 
by a substanti~ increase in volume on going ~om the reactant to the tranfifion 
state, followed by a ~gnificant volume reduction on going to the product state. The 
observed volume increase was ascribed to rate-determining movement of O2 
through the protein to the heme pocket, which may involve hydrogen bonding to 
the di~al hi~idine as well as desolvation. This step is |bllowed by rapid bond 
tbrmation with the Fe~lll center, during which the change in spin state ~om high 
to low, movement of the Fellll center into the porphyfin plane, and a~o6ated 
conlk~rmational changes account for the drastic volume reduction. The overall 
reac6on volume of - 1 8  cm ~ too l  ~ demon~ratcs the large volume reduction 
caused by the binding of O,. The ~olume profile t~r the binding of CO shows a 
considerable volume decrease on going ~om the reactant to the transition state. 
which has been ascribed to the rate-d~ennining bond l~rmation process. The 
reverse bond cleavage reaction is ~ccompanied by a volume decrease, wh~h may be 
related to the different bonding mode of CO compared with O,. This die,  fence in 
bonding mode must also account l\~r the much smMIcr absolute reaction volume 
observed in this case. 

The effect of pressure on the binding ~net~s of O, and CO to myoglobin was 
studied in more detail on a milli-, mizro-, and nanosecond time scale l\~r sperm 
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whak, horse, and dog myoglobin. The results were analyzed quantitatively in terms 
of the Ib~owing three-step mechanimn: 

A(MbL) --~ B(Mb. LI ¢-, C(Mb..'L) ~ SIMb + L) (16) 

where A represents the bound species, B the short lived gmninate pair, C the longer 
lived geminate pair. and S the enfi",ely separated species. The volume profiles lbr all 
three m5oglobins could be drawn (Fig. 17}: fi'om these it was concluded that the O, 
diflh~ion step within the prt,idn matrix is quite different among lhe three Mb 
species [I 32], It was I~rther sttggcsted that the activation volumes are very senfitive 
to the amino acid re,dues adjac.ent to, and flanking the ligand path channel, in the 

416.7 

. 3 . 5  

. . . . . .  A " x",,-,___. 
C 

10.4 

S 

(A) Sperm Whale 

. . . . . . . .  s 

A 

(B) llorse 

(('l lhl~ 

Reaction Coordinate 

i:ig, t7. Volmue profiks Mr 1he Nn~ng of O, to d i ~ n t  myo~o~ns  [132]. 
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case of CO binding [t31]. the o ~ H  AV ~ was neg~N~ wh~h ~ consistent ~ t h  
the rate ~ ~ g  bond mrmmmn step. 

A v~ume profile was also generated mr the binding of dioxygen to ~ m e ~ n  
[13~. The AV" values ~ r  the 'on" and "off ~ a ~ n s  as wall as the o ~ 1 1  ~a~mn 
volume, are ca. twice the m a g ~ d e  of those mr the come,on , r ig  myo~o~n cas~ 
in the ~ m e ~ h ~  sy~em two Felll) centers are oxidized to Fellii~ during which 
dioxygen is reduced and bound as h ~ m ~ d e  to one F~Illl  cente~ The A l ~  
value can be partly accounted ~r  in terms of d ~ v ~ n  of oxygen dunng its 
e n t ~ e  into the p ~ i n .  The value is however, such that it sugge~s some ~ of 
dynam~ ' ~ h i ~  m o ~ n  of the ~mein that m ~ ~ y  causes an o~ning up 
of a de~ and enaN~ oxygen to enter the ~ m o n .  The ~ g ~ a m  vdume d ~ e  
that occurs mi~wmg the m r m ~ n  of the tran~tion state can be ascribed to the 
ox~m~n of the Fe centers and the ~ d u ~ n  of O, to O, . The ~ct that the overa~ 

. ~  

volume colh~e is aimo~ donne that observed ~ r  the o ~ n a t i o n  of myo~oNn 
may i n d ~  fimilar ~rudur~  ~atu~s in o x y ~ m e ~ t h ~  and o ~ m ~ o N ~  This 
would suggest that a d ~ c d ~ n  of lhc bonding mode as Fe "t-O~ or Fem-O,H 
IH ~om h ~ n e  ETI instead of Fe t~ ~O~, would indeed be more appropfime mr 
oxymyo~oNn. 

More ~ n f l y ,  binding of CO to lucanar Fetll! com~cx~ was ~udied in doail 
~s a ~ n d ~ n  of t~npe~tu~ and pressure [! 3~.135]. In these systems the high spin 
Fc(III center is five coordina~ and has a vacan~ pocket ax~lab~ ~ r  the bonding 
of CO. These ~s~ms can t h ~ e ~  be c o n s ~ e d  ideal ~r  the m ~ d m g  of 
b i o ~ c a l  processes. A doai~d kinetic analysis of the "on' and "off" ~ a ~ n s .  as 
well as a thermodynam~ anaivfis of the ove~lt ~ui~brum. enabled the construc- 
tion of ~ce energy, entropy and v~ume profiles ~r  the binding of CO to 
[Fe~{Ph~Xy~P~) shown in Fig. 18. The l?ee energy profi~ d e m o n ~ s  the 
~vorab~ th~modynam~ driving mrce ~ r  the over~l ~ a d ~ m  as well as the 
~ N d y  low a ~ v m ~ n  energy mr the binding process. The entrop} pro~e 
d e m o c r a t s  the h i ~  deg~e of order in the tranfition state on the Nnd~g of CO. 
The large volume collapse ~ s o ~  with the ~ rw~d  reaction is very close to the 
partial mohr volume of CO. which suggests that CO com~e~ly disappears wit~n 
the ligand pocket cavity of the comp~x in the tranfifion state during pani~ 
Fe-CO bond ~rmation. It is also known [1341 that Fe~CO bond ~rmation ~ 
acconpanied by a ~ g h ~ n  to Iow-~in converfion of the Fetll) center. In m~ing  
the f i~coo~mm~ !ow~pin FellI)com~ex. the meal moves toward the ~ane of 
the equ~ofial nitrogen donors. Thus. ~ ~  the trans~ion state ~ r  the Nnding 
of CO, there is a h ~ h ~ n  to ~a -~ in  c~nge during which bond ~ m ~ o n  is 
c o m ~ c d  and the metal cenler moves into the li~nd plane. These processes 
account ~r  the subsequent volume decrease observed from the ~ n s i t ~ n  to the 
product state, The overall reamion volume of ca. -~ 47 c m  ~ tool t. t h ~ e ~  
c o n ~ s  of a volume decrease of ca. -~ 35 cm ~ tool ~ a~ocmtcd ~ t h  the di~appea~ 
ance of CO into the ligand cavity, and ca. -- 12 cm ~ tool e mr the hgh~Dn to 
low-~n t~nsit~n, 

A m N ~  o| d ~ n  by its in~rammn with copper proteins has also been 
studied kinmkally ~r  many model sv~mns. Among other c l ans  to model the 
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ihnction~ity of tyro~nas~ a monoxygena~e wh~h acfiwUes dioxygen for ortho 
hydrox~ation of menophenots, led to the dev~opment of a series of dinudear 
copper model complexes [136.13~. Very dctai~d and sophi~ated kinet~ measure- 
meots have e~abl~hed that during the rea~ion of a series of dinuclear Cutll 
comp~xes with dioxygen, intramo~cular ligand hydroxylanon occurs leading to 
phenolate b~dged Cullll complexes [136]. From conve~.tional and high pressure 
kinet~ studies on the reaction of [Cu~mac~Ckl,CNb][PF,,b (mac = 3.~9.172~23. 
hexatricyclo~23.3.1.1~iaconta-l129L2,~11130),1~ 13Ll(l&232527-decaene) with 
dioxygen [137], the actNation parameters were found to be ~H"  = 32 +_ 2 kJ 
tool :,AS" = - 1 4 6 + 8 J K  tmoi ~ a n d A i : " - - . - 2 1 + l c m ' m o l  t. lnara te  

- -  - -  

d~ermin~g step a pcroxo complex is lbrmed as ~n m~rmediate, which then reacts 
in a very ~st reaction to give the final product. The negative AS ~ and kl  "° values 
support the idea of a highly structured trandfion state that is tb~,'n-,ed as a result of 
the presence of the highly r e a ~ e  and easily o~d~ab~ cuprous spedes. The 
negatNe volume of activation is a ~rong indkation of Cu-O,  bond formation that 
is accompan~d by electron tnms~r to produce the C u " - O , - C u  '~ peroxo interme- 
dia~. The [brmal oxidation of Cnll) to C~I t )  and ~du~ion of O- to O,: are 
expecmd to be accompan~d by at ~gnificant volume col~psm pa~ly due to intnndc 
and salvational volume changes. Similar results were observed tk~r the reamion of 
Cu'lphcn} wit~ dioxygen [138]. 

~2. A('¢i)atum ~!1 ~ N(~h~ 

One of the most impo~ant processes denting ~ith the ,tchvation of CO,. in~olxes 
the hydration of CO, to bicarbonate, as uctl as the rc~er,e dehydration of 
bicarbonate ta produce CO,. These proce,ses ,|re ,q NotoDcd and environmental 
intere~ since they control the lmnspo~ and equilibrium behavior of CO,. The 
spontaneous hydralion of CO, and dd~vdnttion of HCO; are proce>,e~ that are 
too slow and must therel%re gc catalyzed by metal comp~xes in order to e~pedi~e 
the overall conversion rate. 

Among others, high pressure kinet~ studies on the m~zvmes which are ellic~m 
catNy~s in biologicM systems have been undecmken in order to clanl~ the catNvti~ 
mechan~m of such sy~ems. The active center of the zinc containing mctallocnzvme 
carbon~ anhydmse ICAI consists of lhre¢ bistidme residues and one ~ater ~:olecule 
coordhmted to zinc in a dighfly d i l a t e d  tetmhedral geometry. Catabtm actRitv is 
integrally related to the ion~mion tpK., value ca. 71 of the coordinated ~vatcr 
molecu~, and lbr human CA I! the mechanism is rel)rred to as :he zinc hydroxide 
mechanism, which has been described and modeled theoretmalb in considembk 
detail. The CA catalyzed reactions thmnselves have been studied in detail b~ many 
investigators using a variety of techniques, and ha~e l\~rmed the ~ub!ect of several 
theoreacal oak ulations and compu,er ~mnlation~ The apNicatmn of hieh pressure 
kinet~ measurements provided I~trther mechani>~k distinction tha~ previous!y 
:lvaitaNe [139]. 

The tirst complete, d¢taikd ~olume protilc ~cc Iqg. 1~1 I)r an enzxmc catalyzed 
reaction in both directions hats been getwmted [139 t. The Znl|ll bound hydrox34 
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mob~ suNe~s the carbon of CO, to nudeop~l~ atack resflfing in the formation 
of an oxygen-carbon bond, and the N s ~  are confis~nt with a unidentate 
bonding of Ncarbona~. For this process the ~anfifion state I~s approfimatdy 
halt\ray between the reactant and produ~ states (see leR pa~ of volume profile). 
The sub~uf ion  of coordina~d b~arbon~e by water ~nds moN toward a fimifing 
D mechan~m (see right pan of volume profile) than wou~ be p~dicted on the 
basis of the coordination chemistry of aquated Zn(II), which may ~sutt ~om the 
influence of the en~ronment of the a~ive cen~r of the enzyme. 

A wid -~ :ange of methods has been used to ~udy Co(l) comNexes with tetraaza- 
macra ~iic ~igands as po~ntial camly~s for the reduction of CO~ [14~. The 
inieract~n of the low spin [Cot(HMD~ ~ spe~es, H M D =  5,7,7,12,14,14-hexam- 
e:l~xl-I A,8,1 l-tetraazacyclotdradecan~l l-d~ne, w~h CO2 in CH~CN ~ads to a 
f i~.coo~i~?~ spede~ [Co(HMD~CO~ ~, which is in equilibrium with a fix~oo~ 
di~,~:: ~ ,::~xx ion, [C~HMD~COglCH3CN~ +, formed through add~ion of 
Ct~,;.~: ?~.:~ults #ore an XANES ~udy together with other ~lbrmNion provide a 
clear indic, aion that in the fix-coord~Ne comNex cobalt is in the + 3 oxNation 
slaw, naeaning that the final complex ion is C~Ill)-CO~ (i.e. COz is coordinated 
as carboxylate). Hence the initial Coil) comp~x has reduced the bound CO~ to 
carboxylate. The change in coordinat~n number equifibfium can be studied readily 
by UV-. vis spectrophotometry; the thermodynamic param~ers a~ AH = - 2 9  kJ 
tool ' A S = - l 1 3 J m o l  ~K ~ a n d A V = - 1 7 . 7 c m  ~mol ~.Thelat~rtwoare 
mmua~y compmiNe and consNtem with a highly ordered and compact fix~oordi- 
natc complex ion. It has been proposed that the m~or part of the volume decrease 
arises ~om the intramo~cular dectron-trans~r process accompaNed by a shorten- 
ing of ~be Co-CO, bond Ins supported by the XANES and EXAFS ~ud~s) and an 
increase in electro,fiction. Only a ~ l a ~ d v  minor contdb~ion to the large 
ncgat~e rea~mn volume is suggested to result ~om the intfin~e eft?or of CH.xCN 
addition [14~. 

~ Oxidative addition and reductive elimina6on reactions 

In general, bond I~mnation processes are characterized by negative volumes of 
a~i~aion, whereas bond breakage processes are characterized by positive values. It 
~s theretbre not surprising that oxidm~e add~ion reactions are cham~efized b7 
~gnificantly negative volumes of activatmn, pa~hlly due to bond lbrmation and 
partially due to charge creation in the mm~fion state. 

When H:, CH,I or HCI ate added to Vaska~ compound [tnms-l~ 
CllCO~PPhdzL or related compoundm negat~e values of ~l '~ were Ibund and 
they exhibit a meaningfi~t sNvent dependence. The variation of A I'" could be 
correla~ctl ~'ith a pohfizability (unctiot~ q~. of the ~,~cnt, permiu~g an extrapola- 
tion to yield a At'L,, value o. +-17 to -18  cm' tool ~ [141.14~. Simultaneous 
tbmmfion of two lr fl bonds to produce a c+-dihidrido complex upon H~ addition 
was the exOanatiou proposed, whi~ addaion of CHd resumed in a linear tranfition 
state. [! t ' t! ,  Irk d. In a ser~s of m~g~s [1431 the oxktative addition of 
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iodome~hane to complexes of the type Rh*tl~-diketonate~lCOliPPhd was studied as 
l'tm¢~,.,~ ~i' pressure in different solvents. The reported volumes of activation varied 
hc~xecn • 13 and - 25 cm' tool ' and were used |o describe the mtlurc of the 
~an~l ion s~ale in Igrlns of a linear or a conceMcd lhrcc-ccnter mechanics.  

l 'he kinelics o1' oxidative addition of CH~I to lhe PdIll~ specieK PdMe~lbpyL to 
lbnn l-kllMe,lbp)'~ in acelone have been inve~igaled at ambiem and at higher 
p~v,nuru'~ 1144]. A A l "  value of - 1 1 . 9  urn' tool ~ lends to ¢onfinn the A 
me~han~m proposed milially. The complemcnlary reaction, reductive dimmation 
~l ~',11,, I1,,n Ihe PdllVi species. PdlMedbpyl .  leaving PdlM¢ibpy)l ikewise  in 
;~¢cl,,n¢. ~an also in~e~ligated over a range of prcssm~s. This allowed lhe construc- 
tion ~1 a ~olumc proliX. The latter reaction slo~ved down on increa~ng pressure, 
yielding a A l '~ of + 17 ± ! cm' tool ~. a value consistent with species production 
in the overall reaclion, a change in the oxidation slate of Pd from + IV Io + il and 
pn,babl) conskk, rable bond breakage in tile lean, l ion slate. 

i(lunina~ion rcaclions, in gene~d, exhibit the opposite pressure effect to those 
ob,,er~cd l\,r ox~dali~c addition, viz. a decrea~¢~ in rate ems tan l  wilh increa6ng 
l~rc~urc, i.e. a po~il iw A I '~ Ill wax fi~und lha! ihe reductive eliminatiotl of  
hbdrogcn Ir~,m II ,Ru dU-(OMelICOI,, is characterized by a volume of activation of 
~ 2~ _~ 2 ¢m' tool ~. ~vMreas Ihe reverse hydrogenation of HRu~p-COMe~CO)~,,  

i~ accompanied b~ a AI '~ o1" 4 9.6 ± I},6 cm ~ tool ~ [145]. 

?, (~;nciudiu~ remarks 

I hc anal~n of a O~emiual Pnwcss in ~crm~ ~l volume chm~cs alon~ ~h~ reaction 
C~,*'l~ItlilIIC CAll help ~is t~ \isuJ[iZ¢ file ~iI[UFC dlld structure o[ the lean,lion slale 

in lerlns of intnn~c and soI~ational changes in partial molar volume. With the data 
presendy t radable ,  inlMn~c volur~e changes are in general well understood and can 
he interpreted with ¢ontidence. This is. howeve~ not the case for solvafional volmne 
changes since ",ignitica,~ly less dma are available and lhe interpretation is more 
,Wculalis~'. A s~slemali¢ variation of charge comribufions and solvenl effects have 
to be undertaken m order to be able Io separale the intrinsic from lhe solvafional 
~olume ¢~1|11 ibutions.  

1-here are many case~ m xxhich il is experimentally not possible to construct a 
~olume profile. I\w inslanc¢ due to subsequent reactions or the irreversibility of the 
process ~s i\~und m many cleclron transl~'r and photochemical reaclions. Neverlhe- 
tc~. ~hc w~lumes of ac|ivafion for su~l~ pwcesses can sliii be employed very 
',uccc~,lid b u~ gain thrther reformation on lhe nature of the transition state. As 
mc~t,~ncd in Section I. theoretical caiculat,m~ ha~¢ m reccnl years been success- 
tu!lk periL,treed to c~nlirm Ihc mcchaniMns suggested on the basi~ of activation 
x,,Im~w data and xolulne profile anal>sis, a.d to prcdi¢l the relative size oi such 
da~a. :\ I|umbcr of important theorctlual papers are oiled [IX,19.146--1521. 

II i~ imperlanl I~} ~¢ali~e lhat the prescnled interprelations of the ~I "~ dala arc 
all ha~¢d oll a simpliliu'd ~¢rshm of the lean,lion state theory, which has ils 
llm~lal.mn and renlrlcl,m~ m:d ;aMous modi~¢atlons tire being discuss~ I. The~e 
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include the ~ o d u ~ n  of s tocha~ and transport modds to account for the 
back-flux over the activa~d com~ex barrier in dense media [153,154]. NotwRh- 
standing this compilation, it is dear from the presentation that the addition~ 
p h y s ~  parame~r of pressure has not only added a dedfive dimenfion to 
mechan~t~ ~udies of inorganic, organometali~ and ~norganic readions in 
solutiom but has also made posfi~e the consuu~ion of reaction volume proffies 
that can be an~yzed accord~g to the ways d~non~ra~d in this ~ e w .  
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