
Activation and Reaction Volumes in Solution. 3

A. Drljaca,† C. D. Hubbard,† R. van Eldik,*,† T. Asano,*,‡ M. V. Basilevsky,§ and W. J. le Noble*,⊥

Institute for Inorganic Chemistry, University of ErlangensNürnberg, Egerlandstr. 1, 91058 Erlangen, Germany, Institute for Fundamental Research of
Organic Chemistry, Kyushu University, 6-10-1 Hakozaki, Higashi-ku, Fukuoka, Japan, Karpov Institute of Physical Chemistry, 10, Vorontsovo Pole,

103064 Moscow, Russia, and Department of Chemistry, State University of New York, Stony Brook, New York 11794-3400

Received March 2, 1998 (Revised Manuscript Received May 28, 1998)

Contents
1. Introduction 2167

A. Scope of the Review 2167
B. Basic Concepts 2168
C. Experimental Techniques 2169
D. Volume Data from Other than High-Pressure

Experiments
2169

2. Volume Data for Inorganic Reactions 2170
A. Solvent/Ligand Exchange Reactions 2170
B. Ligand Substitution Reactions 2198
C. Photoinduced Thermal Substitution Reactions 2204
D. Addition Reactions 2205
E. Formation and Dissociation Reactions 2207
F. Isomerization Reactions 2207
G. Electron-Transfer Reactions 2208
H. Electrodeposition/Electrochemical Reactions 2212
I. Heterolysis, Homolysis, and Homolytic Fission 2212
J. Photochemical and Photophysical Processes 2212
K. Reactions in Supercritical Fluids 2214
L. Bioinorganic and Biological Reactions 2215
M. Theoretical Calculations and Modeling 2221

3. Volume Data for Organic Reactions 2221
A. General Remarks 2221
B. Comments on Table 2 2252
C. Comments on Table 3 2258
D. Comments on Table 4 2258
E. Other Pressure Effects 2270
F. Viscosity Dependence of Reaction Rates 2272
G. Appendix: Rate Expressions of Stochastic

Theories
2279

4. Acknowledgments 2280
5. References 2280

1. Introduction

A. Scope of the Review
Three of the present authors reviewed the activa-

tion and reaction volumes of chemical reactions in
solution for the 10-year period January 1977 to
December 1986.1 Increased interest, activity, and

developments in the field have prompted us to
include additional authors in an effort to cover the
next 10 years of literature, from January 1987 to
December 1996, in a timely fashion. Of particular
note are the developments in the theoretical treat-
ment and interpretation of experimental volume
data, and the application of high-pressure techniques
to reactions of biochemical significance and to reac-
tions in supercritical fluids, which have added new
dimensions to the work over the past 10 years. In
addition, some important data that became available
during 1997 have also been included.

The presentation, except for the new topics, follows
the outline of the earlier reviews in this series.1,2 The
current version is presented as a direct continuation
of our earlier review,1 with as little duplication as
possible, and readers are therefore urged to consult
ref 1 in order to bridge the presentations. The
organization of data is similar to that of the earlier
reviews,1,2 i.e., the data are organized in tabular form
according to the type of reaction studied. In addition,
a section on the viscosity dependence of reaction rates
(3.F) is included. In the accompanying text the
mechanistic implications of the data are discussed
and in selected cases detailed analyses are presented.
Several monographs have appeared since 1986 cover-
ing the following topics: inorganic high-pressure
chemistry;3 organic high-pressure chemistry;4 high-
pressure chemical synthesis;5 high-pressure chemis-
try and biochemistry;6 high-pressure chemistry, bio-
chemistry and materials science;7 chemistry under
extreme or nonclassical conditions;8 high-pressure
NMR;9 experimental techniques in high-pressure
research;10 high-pressure techniques in chemistry
and physics;11 and high-pressure liquids and solu-
tions.12 These monographs include review chapters
dealing with specific aspects of the determination and
interpretation of activation and reaction volume data
for particular types of chemical processes. In addi-
tion, several reviews have appeared in journals since
1986. These reviews are more limited in scope than
the present one (although perhaps also more critical);
among these there are accounts dealing with inor-
ganic and organometallic reactions,13-22 high-pres-
sure NMR spectroscopy,23 organic reactions,24-28 bio-
chemical systems,29 and photochemical and photo-
physical aspects.30-34
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B. Basic Concepts
A detailed account of the basic principles and

fundamental concepts relevant to the determination
and interpretation of activation and reaction volumes
has been given in the previous review.1 These
remain pertinent as there have been no new funda-
mental developments. Reaction and activation vol-
umes for reactions in solution are still interpreted
in terms of intrinsic (due to changes in bond lengths
and bond angles) and solvational (due to changes in
electrostriction) contributions. By way of comparison

with earlier work in this area, fewer investigators
have tried to measure the pressure dependence of
∆Vq to report data on the compressibility of activa-
tion. The accuracy of kinetic and thermodynamic
measurements has improved significantly such that
in principle it should be easier to study the pressure
dependence of ∆Vq. In many cases no significant
pressure dependence was discerned by the original
authors in the lower pressure range (up to 150 MPa).
However, linear dependence of the logarithm of the
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rate constant upon pressure is not general or ex-
pected over wider ranges. Related to this point are
the empirical equations used to fit the data, a topic
we have discussed in our earlier reviews.1,2 A recent
paper35 has examined this issue critically.

Improvements in instrumentation and develop-
ment of new techniques (see section 1.C) in the study
of chemical reactions at elevated pressure have
opened new areas of research and volume data have
been generated for systems that could not be studied
before. In this respect the more widespread applica-
tion of volume profile analysis has contributed toward
a better understanding of reaction mechanisms for
chemical reactions in solution. The location of the
transition state along the reaction coordinate can

then be discussed in terms of partial molar volume
changes associated with the chemical process, and
in cases where the partial molar volumes of reactants
and products are experimentally accessible the actual
partial molar volume of the transition state can be
determined. The partial molar volume of the transi-
tion state can also be estimated on a computational
basis, and this has been accomplished for a few
organic reactions (see section 3) and has been sug-
gested to be potentially possible for certain inorganic
reactions (see section 2.M). An advantage is that the
interpretation of volume changes in terms of intrinsic
and solvational components as they relate to the
mechanism is more direct, straightforward, and
therefore more reliable than is the interpretation of
thermal activation parameters, allowing molecular
and solvent reorganization to be visualized, modeled,
and predicted for other reactions. In this way such
analyses contribute to our fundamental understand-
ing of the detailed reaction mechanisms. In addition,
such studies have more recently also been extended
to reactions in supercritical fluids. More information
on these advances is given in the subsequent sections.

Most of the activation volume data for inorganic,
organometallic, and organic reactions reported in this
review can be analyzed in terms of the transition-
state theory. The interpretation of volume data for
fast chemical processes where the transition-state
theory is no longer valid has attracted the attention
of a number of investigators, and will therefore be
dealt with separately in section 3.

C. Experimental Techniques
Further development of NMR techniques to study

chemical reactions under extreme conditions of tem-
perature and pressure has been reported.36,37 The
development of a high-pressure NMR probe for a
standard narrow-bore 400-MHz magnet is a remark-
able achievement,38 since in the past a considerably
more expensive wide-bore magnet was usually em-
ployed. Instrumentation has also been developed to
perform routinely pulse-radiolysis experiments at
pressures up to 200 MPa (i.e., 2 kbar)39 using a
transportable high-pressure system.40 Further modi-
fications of high-pressure stopped-flow instruments
constructed earlier were undertaken to enable mea-
surements using fluorescence detection to be made,
and to permit the use of low temperatures for
reactions in organic solvents.41,42 A special optical
cell was constructed to carry out flash photolysis
experiments on organometallic compounds at el-
evated pressure in supercritical fluids.43 Noteworthy
progress has also been achieved in employing elec-
trochemical techniques at elevated pressures, and
therefore more diverse applications can be pursued
and a wider range of measurements obtained.44-47

D. Volume Data from Other than High-Pressure
Experiments

Time-resolved laser-induced photoacoustic methods
can be employed to obtain information on molecular
volume changes. In particular these techniques have
been applied to biological systems and the subject has
been reviewed in recent years.48,49 Volume changes
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that occur in a photoinduced chemical reaction
consist of the volume difference between the reac-
tants and products, and the contraction or expansion
of the medium through cooling or heating. These
contributions can be separated by means of photo-
thermal measurements as a function of one of the
thermoelastic parameters of the medium.48 The
direct volume change originating from the molecular
process other than heating or cooling can be calcu-
lated from measurements of the acoustic signal as a
function of temperature. The conformational volume
change associated with the photodissociation of CO
from sperm whale myoglobin has been determined
using this method.50 Detailed accounts of the volume
effects measured on reactions of proteins have been
reported using this technique.48,49 More recent work
not covered by these reviews include volume changes
that for instance occur during the bacteriorhodopsin
photocycle,51,52 photoisomerization of carbocyanines,53

intramolecular electron transfer during MLCT (metal-
to-ligand charge transfer) excitation of ruthenium
cyano complexes,54 electron-transfer quenching of
excited Ru(bpy)3

2+,55 exciplex formation in a semi-
flexible donor-bridge-acceptor compound,56 pho-
totransformation of phytochrome A,57 and triplet
formation of water-soluble porphyrins.58

2. Volume Data for Inorganic Reactions

The data in Table 1 (1552 entries from 328 refer-
ences) are arranged according to the different types
of reactions and the atomic number of the central
metal atom. Reaction volume data (∆V) are included
in the table where available, and the methods
employed to determine ∆V are (a) from the pressure
dependence of the equilibrium constant, (b) from
dilatometric or partial molar volume (density) mea-
surements, and (c) from theoretical extrapolations.
There are other general remarks with regard to the
table: ∆Vq data are quoted at ambient pressure; the
maximum applied pressure is quoted in the fourth
column; the number of data refers to the number of
pressures at which measurements (usually three to
five kinetic runs) were performed; concentration is
given in mol L-1 (M) or mol kg-1 (m); salts quoted
under remarks were used to adjust the ionic strength
(µ). A list of abbreviations follows the tabulated data.
Reactions for which no reaction products are specified
in detail are indicated in this way since the original
papers did not specify a definite product or set of
products.

A. Solvent/Ligand Exchange Reactions

In this section exchange of a ligand molecule
coordinated to a metal ion with an identical but
uncoordinated molecule of the bulk solvent is con-
sidered. Thus there is no net reaction and the
reaction volume is zero. The classification system for
solvent exchange is the familiar one:383 D for dis-
sociative activation, in which an intermediate of
lower coordination number is proposed since the
departing solvent molecule is completely dissociated
before the entering one is adjacent or present (the
intermediate is rarely detected); A (associative) for

a reaction in which the entering solvent molecule
increases the coordination number since it is present
in the coordination sphere before the leaving mol-
ecule departs; and I for an interchange process. The
latter category, in which no intermediate of higher
or lower coordination number occurs, may be further
subclassified as Ia or Id which indicate interchange
with associative and dissociative characters, respec-
tively. These can be paired with SN2 limiting (A),
SN2 (Ia), SN1 (Id), and SN1 limiting (D), the nomen-
clature commonly in use for organic reactions. The
interchange may be regarded as “pure” if in a volume
sense the extent to which the entering solvent
molecule is entering is exactly matched by the extent
to which the leaving molecule is departing.

In considering solvent exchange processes, it has
been customary14 to assume that any change in
electrostriction during the activation process is neg-
ligible, and there is no change in volume due to
possible coordinate bond length changes or rear-
rangements of the coordinated solvent molecules or
other not exchanging ligands. It has been recognized
that indeed there may be bond length changes;14

however, it is difficult to project how this property
could be readily accessible experimentally. Recent
calculations on water exchange on first row transition
metal ions in oxidation state two led to the con-
clusion384-387 that the coordinated but nonexchanging
water molecules are drawn closer to the metal ion
during activation and therefore there is a volume
change contribution to the measured volume of
activation from this source. Yet other calculations
reveal the shortcomings of this approach.388,389 There-
fore, in highlighting many solvent exchange pro-
cesses, it will be assumed that ∆Vq is a parameter
that registers pure interchange when its value is
zero. Negative values denote associative activation
proceeding from Ia to A with increasing compactness
and increasing negative magnitude. Transition states
arising from mechanisms, ranging from Id to D, are
indicated by increasing positive values of ∆Vq. There
is general agreement among experimentalists over
this classification.

Of the almost 100 entries of this type of system,
the large majority are ionic systems and the central
metal ion is a transition metal. Water is the most
common solvent reported and therefore the most
common exchanging molecule, but a variety of other
unidentate molecules also function as solvents. In a
few cases the exchange of bidentate solvent molecules
has been monitored. There is a rich variety of
systems that have nonexchanging ligands some of
which are of multidentate character, beside those
sytems which comprise a central metal ion coordi-
nated only by ligands of which the solvent is com-
posed. Some of the stimulus to study the former
reaction type arises from the investigation of the
gadolinium ion in concert with selected ligands as
suitable complexes to serve as magnetic resonance
imaging agents. Indeed NMR spectroscopy remains
the instrumental method used in almost all studies.
However, due to the technical difficulties and non-
availability of commercial NMR high-pressure acces-
sories, the studies reported emerge from quite a

2170 Chemical Reviews, 1998, Vol. 98, No. 6 Drljaca et al.



Table 1. Activation and Reaction Volumes of Inorganic Reactionsa

no. reaction solvent
T,
°C

P,
MPa

no. of
data

∆Vq,
cm3 mol-1

∆Vh , cm3 mol-1

(method) ref(s) remarks

Solvent/Ligand Exchange Reactions
1 Be(H2O)4

2+ + H2O H2O 57 200 9 -13.6 ( 0.5 59 diluent CD3NO2

2 Be(DMSO)4
2+ + DMSO DMSO 27 200 8 -2.5 ( 0.2 59 diluent CD3NO2

3 Be(TMP)4
2+ + TMP TMP 91 200 8 -4.1 ( 0.2 59 diluent CD3NO2

4 Be(DMF)4
2+ + DMF DMF 53 200 8 -3.1 ( 0.4 59 diluent CD3NO2

5 Be(TMU)4
2+ + TMU TMU 73 200 8 +10.5 ( 0.7 59 diluent CD3NO2

6 Be(DMPU)4
2+ + DMPU DMPU 85 200 8 -10.3 ( 0.8 59 diluent CD3NO2

7 Sc(TMP)3+ + TMP TMP 25 200 8-13 -20.1 ( 1.0 60
8 Ti(H2O)6

3+ + H2O H2O 0-25 230 10 -12.1 ( 0.4 61 2.0 m triflic acid
9 TiO(e-DMSO)4(a-DMSO)2+ + DMSO CD3NO2 -16 200 9 +1.6 ( 0.1 62

(exchange of axially bonded a-DMSO)
10 TiO(e-DMSO)4(a-DMSO)2+ + DMSO CD3NO2 21 200 9 +4.8 ( 0.1 62

(exchange of equatorially bonded e-DMSO)
11 Ti(DMF)6

3+ + DMF DMF -3 200 9 -5.7 ( 0.6 63
12 Ti(DMF)6

3+ + DMF DMF -31 200 9 -6.8 ( 0.4 63
13 cis-TiCl4(Me2S)2 + Me2S CH2Cl2 -55 220 8-12 +24.4 ( 1.0 64
14 cis-TiCl4(Me2Se)2 + Me2Se CH2Cl2 -45 220 8-12 +26.1 ( 1.2 64
15 cis-TiCl4‚2TMPA + TMPA CHCl3 12 220 8-12 +17.5 ( 1.0 64
16 V(DMSO)6

3+ + DMSO CD3NO2 25 200 7 -10.1 ( 0.6 65
17 Cr(CH3NH2)5H2O3+ + H2O H2O 60 200 9 -3.8 ( 0.3 66 µ ) 0.7 M
18 Mn(DMF)6

2+ + DMF DMF 36 300 7 +1.6 ( 0.5 67
19 Mn(DMF)6

2+ + DMF DMF 25 200 9 +2.4 ( 0.2 68
20 Mn(DMF)6

2+ + DMF DMF 45 200 10 +4.2 69
21 Mn(DMTF)6

2+ + DMTF DMTF 29 200 10 +11.5 69
22 Mn(HOAc)6

2+ + AcOH AcOH 25 180 >12 +0.4 ( 0.7 70 0.02 M HClO4 (diluent d2-DCM)
23 Mn(OAc)2(HOAc)4 + AcOH AcOH 25 180 >12 +6.7 ( 0.6 70 0.0 M HClO4 (diluent d2-DCM)
24 Mn(en)3

2+ + en en 5 200 10 +0.9 ( 0.9 71
25 Fe(en)3

2+ + en en 52 200 15 -1.2 ( 0.8 71
26 Fe(H2O)(phdta)- + H2O H2O 25 150 8 +4.6 ( 0.2 72 µ ) 1.0 M
27 Fe(DMF)(phdta)- + DMF DMF 25 150 8 +10 ( 2 72,73
28 Fe(DMF)6

2+ + DMF DMF 25 200 9 +8.5 ( 0.4 68
29 Co(CH3NH2)5(H2O)3+ + H2O H2O 16 200 7 +5.7 ( 0.2 66 µ ) 1.3 M
30 Co(en)3

2+ + en en 60 200 14 +0.9 ( 0.9 71
31 Co(tn)3

2+ + tn tn 29 200 13 +6.6 ( 0.3 74
32 Co(CN)5(H2O)2- + H2O H2O 18 400 4 +7.1 ( 0.4 75 pH ) 3, µ ) 0.35 M (CF3SO3H)
33 Ni(DMTF)6

2+ + DMTF DMTF -22 200 10 +20.6 69
34 9 200 10 +21.8
35 Ni(Ma)(DMF)2+ + DMF DMF 50 200 >10 +10.6 ( 0.8 76
36 Ni(Ma)(MeCN)2+ + MeCN MeCN 50 200 >10 -3.5 ( 0.9 76
37 Ni(MeCN)6

2+ + MeCN MeCN 59 >200 >12 +12.0 ( 0.4 77
38 Ni(EtCN)6

2+ + EtCN EtCN 57 >200 >12 +13.7 ( 0.5 77
39 Ni(PrCN)6

2+ + PrCN PrCN 56 >200 >12 +13.1 ( 0.5 77
40 Ni(PriCN)6

2+ + PriCN PriCN 55 >200 >12 +12.4 ( 0.6 77
41 Ni(BuCN)6

2+ + BuCN BuCN 56 >200 >12 +14.4 ( 0.4 77
42 Ni(PhCN)6

2+ + PhCN PhCN 59 >200 >12 +13.1 ( 0.6 77
43 Ni(en)3

2+ + en en 25 270 8 +11.4 ( 2.0 78
44 Cu(DMF)6

2+ + DMF DMF 27 200 9 +8.4 ( 0.4 79
45 Cu(tren)H2O2+ + H2O H2O 25 200 9 -4.7 ( 0.2 80 µ ) 1.0 M (NaClO4)
46 Ga(H2O)6

3+ + H2O H2O 25 220 9-12 +5.0 ( 0.5 81 [HClO4] ) 3, 0.4 and 0.25 M
47 Ga(H2O)5(OH)2+ + H2O H2O 25 220 9-12 +7.7 ( 1.4 81 [HClO4] ) 3, 0.4 and 0.25 M
48 trans-ZrCl4‚2TMPA + TMPA CHCl3 6 200 10 -11.1 ( 0.8 82,83
49 Mo(O)2(acac)2 + Hacac Hacac 5 90 3 0 84
50 Ru(NH3)5H2O3+ + H2O H2O 25 400 5 -4.04 ( 0.14 85 0.01 m triflic acid
51 Ru(H2O)6

2+ + H2O H2O -5 to 0 190 5-6 -0.4 ( 0.7 86 1.5 m triflic acid
52 Ru(H2O)6

3+ + H2O H2O 5 190 4 -8.3 ( 2.1 86 [Htos] ) 0.1, 0.5 and 3.0 M
53 Ru(H2O)5(OH)2+ + H2O H2O 15 190 4 -2.1 ( 1.4 86
54 Ru(CH3CN)6

2+ + CH3CN CH3CN 100 >200 5 +0.4 ( 0.6 86
55 Ru(η-C6H6)(H2O)3

2+ + H2O H2O 83 200 9 +1.5 ( 0.4 87
56 Ru(η-C6H6)(CH3CN)3

2+ + CD3CN CD3CN 25 200 5 +2.4 ( 0.8 88
57 Ru(η-C5H5)(CH3CN)3

+ + CD3CN CD3CN 25 200 11 +11.1 ( 0.5 88
58 Rh(CH3NH2)5H2O3+ + H2O H2O 45 200 8 +1.2 ( 1.1 66 µ ) 0.7 M
59 Rh(H2O)6

3+ + H2O H2O 50 210 4 -4.2 ( 0.6 89 µ ) 5.6 M (NaClO4), see text
60 Rh(H2O)5OH2+ + H2O H2O 50 210 4 +1.5 89 µ ) 5.6 M (NaClO4), see text
61 Cp*Rh(H2O)3

2+ + H2O H2O -2 200 9 +0.6 ( 0.6 90
62 Rh2(CH3CN)10

4+ + CH3CN CH3CN 41 200 6 -4.9 ( 0.2 91
63 Pd(H5dien)H2O2+ + H2O H2O 23 200 7 -2.8 ( 0.4 92
64 Pd(Me5dien)H2O2+ + H2O H2O 25 200 7 -7.2 ( 0.6 93
65 Pd(Et5dien)H2O2+ + H2O H2O 25 200 7 -7.7 ( 1.3 93
66 Pd(1,4-dithiane)2

2+ + 1,4-dithiane CD3NO2 9 200 9 -9.8 ( 0.4 94
67 Pd(Et2S)4

2+ + Et2S Et2S 85 200 >10 -11.6 ( 0.4 95
68 Pd(H2O)4

2+ + H2O H2O 51 200 >10 -2.2 ( 0.2 95
69 Pd(dma)4

2+ + dma dma 30 200 >10 -2.8 ( 0.2 95
70 Pd(MeCN)4

2+ + MeCN MeCN 63 200 >10 -0.1 ( 0.4 95
71 Pd(DMF)4

2+ + DMF DMF 32 200 >10 -0.2 ( 0.6 95
72 Pd(Me2S)4

2+ + Me2S Me2S 30 200 >10 -9.4 ( 0.3 95
73 Pd(MeNC)4

2+ + MeNC MeNC -9 200 >10 -3.1 ( 0.1 95
74 bisoxa(Gd(DO3A)H2O) + H2O H2O -1 200 9 +2.3 ( 0.2 96
75 Gd(DTPA)(H2O)2- + H2O H2O 13, 64 200 9 +12.5 ( 0.2 97
76 Gd(DOTA)(H2O)- + H2O H2O 12, 67 200 9 +10.5 ( 0.2 97
77 (N(CS)N-bz-Gd(DO3A)(H2O))23 + H2O H2O 5 200 8 +3.1 ( 0.2 98
78 Gd(DO3A-bz-NO2)(H2O) + H2O H2O 15 200 10 +7.7 ( 0.5 98
79 BO-(Gd(DO3A)(H2O))2 + H2O H2O 4 200 10 +0.5 ( 0.2 99
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Table 1. (Continued)

no. reaction solvent
T,
°C

P,
MPa

no. of
data

∆Vq,
cm3 mol-1

∆Vh , cm3 mol-1

(method) ref(s) remarks

Solvent/Ligand Exchange Reactions (Continued)
80 Tb(H2O)9

3+ + H2O H2O -5 250 9-12 -5.7 ( 0.5 100,101 [HClO4] ) 2.0 M
81 Tb(PDTA)(H2O)2

- + H2O H2O 18 200 9 -7.6 ( 0.3 102 pH ) 4.0 (HClO4)
82 Dy(H2O)9

3+ + H2O H2O -5 250 9-12 -6.0 ( 0.4 100,101 [HClO4] ) 2.0 M
83 Dy(PDTA)(H2O)2

- + H2O H2O 18 200 9 -5.5 ( 0.3 102 pH ) 4.1 (HClO4)
84 Ho(H2O)9

3+ + H2O H2O -5 250 9-12 -6.6 ( 0.4 100,101 [HClO4] ) 2.0 M
85 Er(H2O)9

3+ + H2O H2O -5 250 9-12 -6.9 ( 0.4 100,101 [HClO4] ) 2.0 M
86 Er(PDTA)(H2O)2

- + H2O H2O -1 200 9 -6.5 ( 0.3 102 pH ) 4.1 (HClO4)
87 Tm(H2O)9

3+ + H2O H2O -5 250 9-12 -6.0 ( 0.8 100,101 [HClO4] ) 2.0 M
88 Tm(PDTA)(H2O)2

- + H2O H2O -1 200 9 -1.2 ( 0.5 102 pH ) 4.1 (HClO4)
89 Yb(PDTA)(H2O)2

- + H2O H2O 19 200 9 +7.4 ( 0.8 102 pH ) 4.0 (HClO4)
90 Os(η-C6H6)(H2O)3

2+ + H2O H2O 87 200 9 +2.9 ( 0.6 87
91 trans-Os(en)2(η2-H2)(H2O)2+ + H2O H2O 11 200 10 -1.5 ( 0.5 103
92 trans-Os(en)2(η2-H2)(CH3CN)2+ + CH3CN CH3CN 25 200 4 -0.5 ( 0.2 103
93 Cp*Ir(H2O)3

2+ + H2O H2O 8 200 9 +2.4 ( 0.5 90
94 Ir(H2O)6

3+ + H2O H2O 85 200 4 -5.7 ( 0.5 104 µ ) 5.1 M (NaCF3SO3)
95 Ir(H2O)5(OH)2+ + H2O H2O 85 200 4 -0.2 ( 0.8 104 µ ) 5.1 M (NaCF3SO3)
96 Pt(H2O)4

2+ + H2O H2O 24 200 >10 -4.6 ( 0.2 95
97 Pt(MeNC)4

2+ + MeNC MeNC -9 200 >10 -3.7 ( 0.1 95
98 Pt(1,4-dithiane)2

2+ + 1,4-dithiane CD3NO2 57 200 9 -12.6 ( 1.2 94
99 Pt(Me2S)4

2+ + Me2S CD3NO2 39 200 9 -22.0 ( 1.3 94
100 Pt(DMSO)2(DMSO)2

2+ + DMSO CD3NO2 -9 180 5 -2.5 ( 0.3 105
101 87 180 5 -5 ( 3 105
102 cis-PtPh2(Me2S)2 + Me2S C6H6 69, 75 200 8 +4.7 ( 0.5 106
103 cis-PtPh2(DMSO)2 + DMSO CDCl3 58 200 9 +5.5 ( 0.8 106 pH ) 5.1
104 cis-PtMe2(DMSO)2 + DMSO C6H6 60 200 11 +4.9 ( 0.5 106 pH ) 5.0
105 UO2(HMPA)4

2+ + HMPA HMPA 7 200 9 -11.3 ( 1.4 107
106 UO2(TMPA)5

2+ + TMPA TMPA 7 200 9 +2.1 ( 1.5 107 µ ) 3.0 M (NaClO4)

Ligand Substitution Reactions
107 Be(H2O)4

2+ + hipt a Be(ipt)(OH2)2
+ + H+ H2O 25 200 8 -7.1 ( 0.2 +5.3 ( 0.2 (a) 108 µ ) 0.1 M (NaClO4/HClO4)

108 B(OH)3 + hipt a B(OH)2(ipt) + H2O H2O 25 200 6 -9.9 ( 0.3 -2.8 (c) 109 µ ) 0.1 M (NaClO4)
109 B(OH)3 + H2cht2- a B(OH)2(cht)3- + H3O+ H2O 25 200 6 -15.3 ( 1.9 -9.0 (c) 109 µ ) 0.1 M (NaClO4)
110 B(OH)3 + H2res2- a B(OH)(res)2- + H2O H2O 25 200 6 +3.9 ( 0.4 109 µ ) 0.1 M (NaClO4)

Mg2+ + 8-hydroxyQui f Mg(8-oxyQui)+ + H+ H2O 5 100 9 42 µ ) 0.2 M (KCl), pH ) 8.0
111 -3.1 ( 0.4 -6.7 ( 2.6 (b) absorbance
112 -3.6 ( 0.5 -7.6 ( 3.2 (b) fluorescence
113 -3.4 ( 0.3 -7.2 ( 2.2 (b) global

Mg(8-oxyQui)+ + H+ f Mg2+ + 8-hydroxyQui H2O 5 100 9 42 µ ) 0.2 M (KCl), pH ) 8.0
114 +3.6 ( 2.2 absorbance
115 +4.0 ( 2.7 fluorescence
116 +3.8 ( 1.9 global

hydrolysis of H2O 40 500 6 110 pH ) 1 (HCl)
117 P6m -5.67
118 P6 -3.81
119 P8m -5.35
120 P8 -3.87
121 V(H2O)6

3+ + SCN- f V(H2O)5NCS2+ + H2O H2O 25 200 9 -9.4 ( 0.6 +8.5 ( 1.2 (a,c) 111 µ ) 0.6 M, 0.014 < pH < 1.7
122 V(H2O)5NCS2+ + H2O f V(H2O)6

3+ + SCN- H2O 25 200 9 -17.9 ( 0.7 111 µ ) 0.6 M, 0.014 < pH < 1.7
123 VO(H2O)5

2+ + D2O f VO(H2O)4D2O 2+ + H2O D2O 65 200 6 +1.9 ( 0.2 112
124 V(DMSO)6

3+ + NCS- f V(DMSO)5NCS2+ +
DMSO

DMSO 40 180 7 -1.1 ( 1.1 +10.5 ( 2.7 (a) 65

125 V(DMSO)5NCS2+ + DMSO f V(DMSO)6
3+ +

NCS-
DMSO 40 180 7 -11.6 ( 1.6 65

Cr(NH3)5(DMF)3+ + H2O f Cr(NH3)5(H2O)3+ +
DMF

H2O 150 113

126 40 -2.8
127 45 -3.1
128 50 -3.7
129 Cr(Hedta)OH2 + NCS- f products H2O 25 200 7 -7.8 ( 0.9 +3 ( 2 (a) 114 µ ) 1.0 M (HClO4/NaClO4)
130 Cr(edta)- + NCS- f products H2O 25 200 7 -13.6 ( 0.6 114 µ ) 1.0 M (HClO4/NaClO4)
131 Cr(bpy)3

3+ + OH- f products H2O 50 300 7 -0.9 ( 0.5 +32 ( 5 (a) 115 µ ) 1.0 M (NaCl)
132 Cr(phen)3

3+ + OH- f products H2O 50 300 7 +5.2 ( 0.4 +21 ( 4 (a) 115 µ ) 1.0 M (NaCl)
Cr(CO)5(FB)pip f Cr(CO)5pip + FB FB 25 150 116 [FB]; [hep] (M)

133 4 +9.7 ( 0.5 0.89; 6.0
134 3 +9.5 ( 0.9 1.3; 5.6
135 4 +7.5 ( 0.1 2.0; 5.3
136 4 +9.6 ( 1.0 2.6; 5.0
137 4 +7.9 ( 0.5 4.4; 3.8
138 4 +5.4 ( 0.5 5.5; 3.0
139 4 +6.1 ( 0.3 10.1; 0
140 trans-Cr(tacpa)Cl2+ + OH- f products H2O 10 140 +31.1 ( 0.1 117

CrCl(N5)2+ + OH- f Cr(N5)(OH)2+ + Cl- H2O 25 100 118
141 N5 ) sfac-(en)(dien) 5 +23.3 ( 1.9 µ ) 0.05 M
142 N5 ) mer-(en)(Medpt) 6 +30.3 ( 1.6 µ ) 0.1 M
143 N5 ) mer-(en)(dpt) 5 +25.3 ( 1.0 µ ) 0.5 M
144 N5 ) mer-(ibn)(dpt) 6 +24.0 ( 1.9 µ ) 0.1 M
145 N5 ) mer-(tn)(dpt) 5 +25.5 ( 1.0 µ ) 0.5 M
146 Cr(CO)5thf + pip f Cr(CO)5pip + thf thf 25 100 9 -2.2 ( 0.6 119
147 Cr(CO)5thf + PPh3 f Cr(CO)5PPh3 + thf thf 25 100 8 -1.9 ( 1.0 119
148 Cr(CO)5thf + P(OEt)3 f Cr(CO)5P(OEt)3 + thf thf 25 100 5 -3.6 ( 0.7 119
149 Cr(NH3)5X3+ + H2O f Cr(NH3)5(H2O)3+ + X H2O +10 (b) 120a µ ) 0.01 M (HClO4)
150 X ) DMSO 45 100 3 -3.2 ( 0.1
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Table 1. (Continued)

no. reaction solvent
T,
°C

P,
MPa

no. of
data

∆Vq,
cm3 mol-1

∆Vh , cm3 mol-1

(method) ref(s) remarks

Ligand Substitution Reactions (Continued)
151 X ) HCONH2 45 150 4 -4.8 ( 0.3
152 X ) OC(NH2)2 51 140 5 -8.2 ( 0.5
153 X ) OC(NHMe)2 49 170 4 -3.8 ( 0.2
154 X ) MeCONMe2 45 100 3 -6.2 ( 0.4
155 X ) DMF 45 100 3 -7.4 ( 0.1
156 X ) (MeO)3PO 45 100 3 -8.7 ( 0.1
157 Cr(MeNH2)5Me2SO3+ + H2O f

Cr(MeNH2)5H2O3+ + Me2SO
H2O 25 -0.8 ( 1.1 120b

158 Cr(MeNH2)5HCONMe2
3+ + H2O f H2O 25 -0.5 ( 0.3 120b

Cr(Me2NH2)5H2O3+ + HCONMe2

159 Cr(Me2NH2)5MeCONMe2
3+ + H2O f H2O 25 -0.1 ( 1.2 120b

Cr(MeNH2)5H2O3+ + MeCONMe2

160 Cr(NH3)5Cl2+ + H2O f Cr(NH3)5(H2O)3+ + Cl- H2O 33.5 100 5 +17.0 ( 0.9 121 [OH-] ) 0.2 M, µ )
1.0 M(ClO4

-)
161 Cr(NH2CH3)5Cl2+ + H2O f

Cr(NH2CH3)5(H2O)3+ + Cl-
H2O 25 100 5 +34.8 ( 1.7 121 [OH-] ) 0.5 M, µ )

1.0 M(ClO4
-)

162 Cr(NH3)5I2+ + H2O f Cr(NH3)5(H2O)3+ + I- H2O 17 100 5 +22.2 ( 0.6 121 [OH-] ) 0.1 M, µ )
1.0 M(ClO4

-)
163 Cr(NH3)5(OC(CH3)N(CH3)2)2+ + H2O f H2O 29 100 5 +25.0 ( 0.7 121 [OH-] ) 0.1 M, µ )

Cr(NH3)5(H2O)3+ + CH3CON(CH3)2 1.0 M(ClO4
-)

Cr(TPP)(Cl)L2+ a Cr(TPP)(Cl)2+ + L; k1, k2 toluene 25 100 5 122
Cr(TPP)(Cl)2+ + MeIm f Cr(TPP)(Cl)MeIm2+; k3

164 L ) py, k1 +25.7 ( 0.5
165 L ) py, k2/k3 +1.3 ( 1.1
166 L ) Qui, k1 +23.8 ( 0.6
167 L ) Qui, k2/k3 -1.9 ( 1.6
168 L ) PPh3, k1 +19.6 ( 0.2
169 L ) PPh3, k2/k3 +2.0 ( 0.6
170 trans-Cr(tmd)2F2

+ + H2O f
trans-Cr(tmd)2(H2O)F2+ + F-

H2O 35-50 150 4 -3.4 to -2.3 123 acidic solution

171 trans-Cr(tmd)2(F)Cl+ + H2O f
trans-Cr(tmd)2(H2O)F2+ + Cl-

H2O 20-35 150 4 -8.8 to -7.7 123 acidic solution

Cr(CO)4(DTH) + 2L f Cr(CO)4L2 + DTH
172 L ) P(OMe)3 DCE 60 100 5 +10.1 ( 0.8 124
173 L ) P(OMe)3 CB 50 100 5 +8.8 ( 0.4 124
174 L ) P(OPri)3 DCE 60 125 5 +10.4 ( 0.4 124
175 L ) P(OPh)3 DCE 55.5 100 5 +9.3 ( 0.5 124

Cr(NH3)5(OSO2CF3)2+ + S f Cr(NH3)5S3+ +
CF3OSO2

-
150 4 125 S ) solvent

176 CH3CN 25 -8.9 ( 0.5
177 MeOH 20 -10.5 ( 0.7

(bz)Cr(CO)5 a Cr(CO)5 + bz; k1, k-1

Cr(CO)5 + pip f (pip)Cr(CO)5; k2

178 k1k2/k-1 C6H6 25 100 5 +4.2 ( 0.3 126
179 k-1 C6H6 25 100 5 +12.3 ( 1.4 126

Cr(phen)(CO)4 + P(OMe)3 a
fac-Cr(phen)(CO)3(P(OMe)3) + CO; k1, k-1

180 k1 DCE 50 100 5 +13.8 ( 0.5 -4 ( 1 (b) 127
181 k-1 DCE 35 100 5 +19.2 ( 0.5 127

trans-Cr(tn)2Cl2
+ + H2O f

trans-Cr(tn)2Cl(H2O)2+ + Cl-
H2O 150 4 128

182 35 -2.02
183 40 -1.93
184 45 -1.78
185 50 -1.7

trans-Cr(tn)(en)Cl2
+ + H2O f

trans-Cr(tn)(en)Cl(H2O)2+ + Cl-
H2O 150 4 128

186 35 -2.99
187 40 -2.75
188 45 -2.69
189 50 -2.53

Mn(CO)5Br + bpy f Mn(CO)3(bpy)Br + CO 25.5 100 3 129
190 MeOH +22
191 MeOH-H2O -20
192 Mn(CO)5Cl + dab f Mn(CO)3(dab)Cl + CO toluene 30 150 4 +20.6 ( 0.4 130
193 Mn(CO)5Cl + [9]aneS3 f

([9]aneS3)Mn(CO)3Cl + CO
acetone 29.5 140 5 +20.6 ( 2.6 31

194 Mn(DMF)6
2+ + Et2DTC- f DMF -45 120 7 +9.5 ( 0.5 132

Mn(DMF)4(Et2DTC)+ + 2DMF
195 Fe3+ + Hipt f Fe(ipt)2+ + H+ H2O 25 250 6 6 +7.8 ( 0.1 (a) 133 µ ) 1.0 M, [H+] ) 1.0 M
196 Fe(ipt)2+ + H+ f Fe3+ + Hipt H2O 25 250 6 6 -16.5 ( 0.9 (a) 133 µ ) 1.0 M, [H+] ) 1.0 M
197 Fe3+ + ClO2

- a FeClO2
2+ H2O 5 150 5 5 +16.5 ( 2.7 (a) 134

198 Fe(OH)2+ + HClO2 f FeClO2
2+ + H2O H2O 5 150 5 +6.9 ( 2.3 134

199 Fe(bpy)3
2+ + CN- f products H2O 25 100 4 +12.2 135 µ ) 0.33 M (NaCl)

200 Fe(phen)3
2+ + CN- f products H2O 25 100 4 +10.5 135 µ ) 0.33 M (NaCl)

201 Fe(4,4′-Me2bpy)3
2+ + CN- f products H2O 25 100 4 +12.3 135 µ ) 0.33 M (NaCl)

202 Fe(4,4′-Me2bpy)3
2+ + OH- f products H2O 25 100 4 +11.7 135 µ ) 0.01 M (NaCl)

203 Fe(H2O)6
3+ + SCN- a Fe(SCN)(H2O)5

2+ + H2O H2O 25 150 4 +8.9 ( 0.2 (b) 136 [HClO4] ) 1.0 M
204 Fe(DMSO)6

3+ + SCN- a
Fe(SCN)(DMSO)5

2+ + DMSO
DMSO 25 150 4 +12.4 ( 0.7 (b) 136 [NaClO4] ) 0.2 M
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Table 1. (Continued)

no. reaction solvent
T,
°C

P,
MPa

no. of
data

∆Vq,
cm3 mol-1

∆Vh , cm3 mol-1

(method) ref(s) remarks

Ligand Substitution Reactions (Continued)
205 Fe(DMF)6

3+ + SCN- a Fe(SCN)(DMF)5
2+ + DMF DMF 25 150 4 +25.1 ( 0.3 (b) 136 [NaClO4] ) 0.2 M

Fe(CN)5L3- + CN- f Fe(CN)6
4- + L 25 100 5 137

206 L ) 4-(1-butylpentyl)pyridine H2O-MeOH +16
207 L ) 4-phenylpyridine H2O +10
208 L ) N-(n-pentyl)pyrazinium (Na2 salt) H2O +10
209 L ) pyrazine H2O +13

Fe(CN)5L3- + CN- a Fe(CN)6
4- + L H2O 25 4 138

210 L ) 4-CNpy 100 +19.0 ( 0.5 (+8.0 ( 1.5) µ ) 0.1 M (CN-) +
5.0 M (NaCl)

211 L ) 4,4′-bpy 100 +13.5 ( 0.7 (+15.6 ( 1.5) µ ) 0.1 M (CN-)
212 L ) 4-tBupy 130 +11.4 ( 1.0 (+9.1 ( 1.5) µ ) 0.1 M (CN-)

Fe(CN)5(NO2)3- + H2O f Fe(CN)5(H2O)2- + NO2
- H2O 25 100 5 139 µ ) 0.5 M (LiClO4)

213 +2.2 ( 0.1 [H+] ) 0.2 M (HCl)
214 +1.9 ( 0.1 [H+] ) 0.5 M (HCl)
215 Fe(CN)5(NO2)3- + DMF f Fe(CN)5(DMF)2- + NO2

- DMF 25 100 5 +26.9 ( 1.5 140 0.5% H2O
216 Fe(CN)5(NO2)3- + DMSO f Fe(CN)5(DMSO)2- + NO2

- DMSO 25 75 4 +25.9 ( 1.1 140
217 Fe(CN)5(NO2)3- + MeOH f Fe(CN)5(MeOH)2- + NO2

- MeOH 45 100 5 +19.6 ( 1.8 140 0.5% H2O
218 Fe(CN)5(NO)2

4- + H2O f Fe(CN)5(H2O)3- + NO2
- H2O 25 125 5 +20.1 ( 1.0 139 [OH-] ) 0.1 M

Fe(CN)5(L)3- + CN- f Fe(CN)6
4- + L H2O 25 150 4-5 141

219 L ) p-(CH3CH2CH2)2CHC5H4N 20% MeOH +16.3 ( 1.4
220 L ) p-(C5H4N)2 H2O +13.6 ( 0.5
221 L ) p-(C6H5)(C5H4N) H2O +10.4 ( 0.5
222 40% MeOH +11.2 ( 1.5
223 L ) p-CH3(CH2)5NC4H4N+ H2O +9.6 ( 0.8
224 40% MeOH +2.3 ( 0.9
225 80% MeOH +13.2 ( 0.9
226 40% isopropyl

alcohol
-3.1 ( 0.6

227 L ) p-C6H4N2C2H2 H2O +17.9 ( 0.4
228 40% MeOH +19.2 ( 0.5
229 L ) p-(CH3)3CC5H4N H2O +11.4 ( 1.0
230 40% MeOH +20.1 ( 0.9
231 17% tert-butyl

alcohol
+12.0 ( 0.8

232 40% Me2CO +19.5 ( 1.2
233 L ) p-NCC5H4N H2O +19.0 ( 1.0
234 40% MeOH +11.8 ( 0.7
235 L ) p-CH3C4H4N2

+ H2O +0.9 ( 0.5
236 40% MeOH -6.1 ( 0.9
237 80% MeOH -2.4 ( 0.6
238 40% isopropyl

alcohol
+8.0 ( 0.8

239 L ) C4H4N2 H2O +12.5 ( 1.2
240 40% MeOH +14.4 ( 1.5
241 L ) p-CH3C4H4N2

+ H2O +20.9 ( 0.5
242 Fe(CN)5(4-CNpy)3- + CN- f Fe(CN)6

4- + 4CNpy H2O 25 100 4 +19.0 ( 1.0 142 [CN-] ) 0.10 M
243 Fe(CN)5(4,4′-bpy)3- + CN- f Fe(CN)6

4- + 4,4′-bpy H2O 25 100 4 +13.5 ( 0.7 143 [CN-] ) 0.10 M
244 Fe(CN)5(4-t-bupy)3- + CN- f Fe(CN)6

4- + 4-t-bupy H2O 25 125 4 +11.4 ( 1.0 143 [CN-] ) 0.10 M
Fe(CN)5(NH2R)3- + py f Fe(CN)5(py)3- + NH2R H2O 100 5 144

245 R ) H 40 +16.4 ( 0.6
246 R ) CH3 40 +24.0 ( 1.0
247 R ) C2H5 40 +16.3 ( 1.5
248 R ) PhCH2 40 +17.4 ( 1.4
249 R ) iPr 25 +18.5 ( 0.6

Fe(CN)5H2O3- + Ln- f Fe(CN)5L(3+n)- + H2O H2O 25 100 4 145 µ ) 0.1 M
250 Ln- ) imidazole +15.5 ( 0.7 pH ) 7.0
251 Ln- ) histidine +17.0 ( 0.4 pH ) 7.5
252 Ln- ) methionine +17.9 ( 0.6 pH ) 6.5
253 Ln- ) glutathione +14.1 ( 0.4 pH ) 6.0
254 Ln- ) glycine +16.4 ( 0.6 pH ) 11.7
255 Ln- ) â-alanine +16.8 ( 0.2 pH ) 11.7

Fe(CN)5H2O2- + L f Fe(CN)5L2- + H2O H2O 40 150 4 146 pH ) 6.0
256 L ) cytosine +2.5 ( 0.5
257 L ) cytidine +9.5 ( 1.2
258 L ) CMP +12.8 ( 1.1
259 Fe(5-Brphen)3

2+ + H2O f H2O 25 100 7 +23.0 147
5-Brphen + Fe(5-Brphen)(H2O)2

2+

260 Fe(DMF)6
2+ + Et2DTC- f Fe(DMF)4(Et2DTC)+ + 2DMF DMF -35 160 9 +12.3 ( 0.8 132 µ ) 0.10 M (NaClO4)

261 Fe(DMF)6
2+ + Paa f Fe(DMF)4(Pada)2+ + 2DMF DMF -35 160 9 +7.5 ( 1.0 -2.0 ( 0.3 (a) 132 µ ) 0.10 M (NaClO4)

262 Fe(DMF)4(Pada)2+ + 2DMF f Fe(DMF)6
2+ + Pada DMF -35 160 9 +9.5 ( 1.3 132 µ ) 0.10 M (NaClO4)

263 Fe(Ah)3 + H+ + 2H2O f Fe(H2O)2(Ah)2
+ + HAh H2O -0.5 100 5 -5.4 ( 0.5 -3.2 ( 0.7 (a) 148 µ ) 2.0 M (NaClO4)

264 Fe(H2O)2(Ah)2
+ + H+ + 2H2O f Fe(H2O)4Ah2+ + HAh H2O 3 100 5 -9.1 ( 0.6 -6.9 ( 0.5 (a) 148 µ ) 2.0 M (NaClO4)

265 Fe(H2O)4(Ah)2+ + H+ + 2H2O f Fe(H2O)6
3+ + HAh H2O 25 100 5 -15.6 ( 1.5 -9.3 ( 0.1 (a) 148 µ ) 2.0 M (NaClO4)

266 Fe(H2O)4Ah2+ + 2H2O f Fe(H2O)5(OH)2+ + HAh H2O 25 100 5 -3.3 ( 0.6 148 µ ) 2.0 M (NaClO4)
267 Fe(H2O)5(OH)2+ + HAh f Fe(H2O)4Ah2+ + 2H2O H2O 25 100 5 +5.2 ( 0.5 148 µ ) 2.0 M (NaClO4)
268 Fe(H2O)6

3+ + HAh f Fe(H2O)4(Ah)2+ + H+ + 2H2O H2O 25 100 5 -6.3 ( 1.4 148 µ ) 2.0 M (NaClO4)
269 Fe(H2O)4Ah2+ + HAh f Fe(H2O)2(Ah)2

+ + H+ + 2H2O H2O 25 100 5 -2.2 ( 0.5 148 µ ) 2.0 M (NaClO4)
270 Fe(H2O)2Ah2

+ + HAh f Fe(Ah)3
+ + H+ + 2H2O H2O 25 100 5 -2.2 ( 0.9 148 µ ) 2.0 M (NaClO4)

271 Fe(H2O)5(OH)2+ + H4dfb+ f Fe(H2O)4(H3dfb)3+ + 2H2O H2O 25 100 5 +4.3 ( 0.5 148 µ ) 2.0 M (NaClO4)
272 Fe(H2O)6

3+ + H4dfb+ f Fe(H2O)4(H3dfb)3+ + H+ + 2H2O H2O 25 100 5 -4.7 ( 1.6 148 µ ) 2.0 M (NaClO4)
FeL3

2+ + NaOH f products H2O 25 149
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Table 1. (Continued)

no. reaction solvent
T,
°C

P,
MPa

no. of
data

∆Vq,
cm3 mol-1

∆Vh , cm3 mol-1

(method) ref(s) remarks

Ligand Substitution Reactions (Continued)
273 L ) bpy 140 6 +12.8 ( 0.4 µ ) 0.01 M
274 L ) phen 140 6 +14.2 ( 0.8 µ ) 0.005 M
275 L ) 3-Mebsb 120 3 +13.6 ( 1.8 µ ) 0.33 M (KOH)
276 L ) 4-MeObsb 100 4 +12.0 ( 2.1 µ ) 0.33 M (KOH)

FeL3
2+ + H2O f products H2O 25 149 (edta)

277 L ) 5-Brphen 6 +22.3 ( 1.0 µ ) 0.030 M
278 L ) 5-NO2phen 5 +21.7 ( 1.0 µ ) 0.030 M
279 Fe(gmi)3

2+ + OH- f Fe(OH)+ + 3gmi H2O 25 100 3 +16.7 150
280 20% CH3OH 25 100 3 +16.2
281 40% CH3OH 25 140 5 +15.5
282 50% CH3OH 25 100 3 +12.6
283 60% CH3OH 25 100 3 +8.1
284 80% CH3OH 25 100 3 +4.9
285 20% C2H5OH 25 100 3 +15.0
286 30% C2H5OH 25 100 3 +15.0
287 40% C2H5OH 25 100 3 +10.0
288 50% C2H5OH 25 100 3 +3.3
289 20% i-C3H7OH 25 100 3 +15.3
290 30% i-C3H7OH 25 100 3 +13.7
291 40% i-C3H7OH 25 100 3 +9.7
292 50% i-C3H7OH 25 100 3 +7.6
293 60% i-C3H7OH 25 100 3 +5.8
294 10% t-C4H9OH 25 100 3 +14.9
295 17% t-C4H9OH 25 100 3 +12.2
296 30% t-C4H9OH 25 100 3 +7.4
297 50% t-C4H9OH 25 100 3 +4.0
298 20% (H3C)2CO 25 100 3 +11.0

Fe(gmi)3
2+ + OH- f Fe(OH)+ + 3gmi H2O 25 100 3 151 µ ) 0.33 M (NaCl)

299 20% egly +14.1
300 30% egly +15.7
301 40% egly +17.7

Fe3+ + Xn- H2O 25 200 7 152
302 Fe(H2O)6

3+ + NCS- f Fe(H2O)5(NCS)2+ + H2O -5.7 ( 0.3 +11.8 ( 0.3 (a)
303 Fe(H2O)5(OH)2+ + NCS- f Fe(H2O)5(NCS)+ + H2O +9.0 ( 0.4
304 Fe(H2O)6

3+ + HN3 f Fe(H2O)5N3
2+ + H2O + H+ +3.8 ( 0.8 (a)

305 Fe(H2O)5(OH)2+ + HN3 f Fe(H2O)5N3
2+ + H2O +6.8 ( 0.5

306 Fe(H2O)6
3+ + N3

- f Fe(H2O)5N3
2+ + H2O +16.5 ( 0.5

307 Fe(H2O)5(OH)2+ + N3
- f Fe(H2O)5N3

2+ + OH- +12.9 ( 1.5
Fe(hxsb)2+ + OH- f Fe(OH)+ + hxsb 25 153

308 H2O 130 5 +13.3 ( 1.9 [OH-] ) 0.33 M
309 50% MeOH 130 5 +14.0 [OH-] ) 0.33 M
310 75% MeOH 130 5 +6.2 ( 0.6 [OH-] ) 0.33 M
311 75% MeOH 130 4 +5.5 ( 1.2 [OH-] ) 0.10 M
312 85% MeOH 130 4 +6.8 [OH-] ) 0.33 M
313 35% PriOH 100 3 +9 [OH-] ) 0.10 M
314 67% PriOH 100 3 -2.5 [OH-] ) 0.10 M
315 17% ButOH 130 4 +14.1 ( 1.1 [OH-] ) 0.33 M
316 38% ButOH 130 2 +12 [OH-] ) 0.10 M
317 50% ButOH 120 3 -4.2 [OH-] ) 0.10 M
318 Co(DMF)6

2+ + Et2DTC- f Co(DMF)4Et2DTC+ +
2DMF

DMF -35 160 9 +12.1 ( 0.6 132 µ ) 0.10 M (NaClO4)

319 Co(H2O)6
2+ + Cl-phen f Co(Cl-phen)(H2O)4

2+ + 2H2O H2O 25 150 7 +6.6 ( 0.3 +6.4 ( 0.8 (a) 154
320 Co(Cl-phen)(H2O)4

2+ + 2H2O f Co(H2O)6
2+ + Cl-phen H2O 25 150 7 +0.2 ( 0.4 154

321 trans-Co(tacpa)Cl2+ + OH- f products H2O 12 140 +27.1 ( 0.4 117
322 Co(edta)- + H+ + H2O f Co(hedta)OH2 H2O 85 230 7 +3.5 ( 0.7 155
323 Co(hedta)OH2 f Co(edta)- + H+ + H2O H2O 85 230 7 +6.7 ( 0.7 155
324 R-Co(tetren)Cl2+ + H2O f R-Co(tetren)OH2

3+ + Cl- H2O 80 100 5 -3.6 ( 0.9 156 µ ) 1.0 M (HClO4)
325 R-Co(tetren)Cl2+ + OH- f R-Co(tetren)OH2+ + Cl- H2O 80 100 5 +42 ( 1.3 156 µ ) 1.0 M (HClO4)
326 â-Co(tetren)Cl2+ + H2O f â-Co(tetren)OH2

3+ + Cl- H2O 80 100 5 -1.7 ( 1.0 156 µ ) 1.0 M (HClO4)
327 â-Co(tetren)Cl2+ + OH- f â-Co(tetren)OH2+ + Cl- H2O 60 100 5 +35 ( 1.0 156 µ ) 0.01 M (HClO4)
328 Co(NH3)5Cl2+ + H2O f products H2O 65 100 5 -7.4 ( 0.6 156 µ ) 0.01 M (HClO4)
329 Co(tmen)3

3+ + OH- f products H2O 25 100 5 +57.6 ( 0.9 157 µ ) 0.1 M (NaClO4)
330 +59.1 ( 0.3 157 µ ) 1.0 M (NaClO4)
331 Co(TAPP)(H2O)2

5+ + NCS- f
Co(TAPP)(H2O)(NCS)4+ + H2O

H2O 25 150 5 +18.8 ( 0.8 158 pH ) 1, µ ) 1.0 M (NaNO3)

dmbzim-Co-H2O + L f dmbzim-Co-L + H2O H2O 25 100 5 159
332 L ) N3

- +6.4 ( 0.1 -9.9 (b)
333 L ) NH3 +5.5 ( 0.3
334 trans-[Co(NH3)4Cl2]+ + H2O f H2O 16 200 5 -12.0 (b) (trans) 160
335 45% t, 55% c-[Co(NH3)4(H2O)Cl]2+ + Cl- -14.0 (b) (cis)
336 trans-[Co(en)2Cl2]+ + H2O f H2O 40 200 5 +1.8 -9.1 (b) 160 [HClO4] ) 1 mM

74% t, 26% c-[Co(en)2(H2O)Cl]2+ + Cl- [HNO3] ) 7.6 mM
337 cis-[Co(en)2Cl2]+ + H2O f H2O 30 200 6 -0.3 -18.6 (b) 160 [HClO4] ) 1.1 mM

cis-[Co(en)2(H2O)Cl]2+ + Cl- [HNO3] ) 0.6 mM
338 trans-[Co(trien)Cl2]+ + H2O f

cis-â-[Co(trien)(H2O)Cl]2+ + Cl-
H2O 10 200 6 +1.1 -8.8 (b) 160 [HClO4] ) 1.0 mM

339 cis-R-[Co(trien)Cl2]+ + H2O f
cis-R-[Co(trien)(H2O)Cl]2+ + Cl-

H2O 32 200 6 -1.9 -10.0 (b) 160 [HClO4] ) 10 mM

340 cis-â-[Co(trien)Cl2]+ + H2O f
cis-â-[Co(trien)(H2O)Cl]2+ + Cl-

H2O 15 200 6 -0.1 +1.9 ( 0.8 (b) 160 [HClO4] ) 1.0 mM

341 cis-R-[Co(edda)Cl2]- + H2O f
cis-R-[Co(edda)(H2O)Cl] + Cl-

H2O 31 200 6 +3.2 -7.4 (b) 160 [HClO4] ) 9.6 mM
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Table 1. (Continued)

no. reaction solvent
T,
°C

P,
MPa

no. of
data

∆Vq,
cm3 mol-1

∆Vh , cm3 mol-1

(method) ref(s) remarks

Ligand Substitution Reactions (Continued)
342 cis-R-[Co(edda)(H2O)Cl] + H2O f

cis-R-[Co(edda)(H2O)2]+ + Cl-
H2O 47 200 6 +0.8 160 [HClO4] ) 1.0 mM

343 trans-[Co(en)2Br2]+ + H2O f H2O 25 200 6 +1.0 160 [HClO4] ) 10 mM
85% t, 15% c-[Co(en)2(H2O)Br]2+ + Br-

Co(NH3)5X2+ +H2O f Co(NH3)5(H2O)2+ + X- H2O 200 5 161 [HClO4] ) 100 mM
344 X ) Cl- 65 -6.0
345 X ) Br- 54 -6.4
346 X ) NO3

- 40 -5.7
Co(en)2(NH3)X2+ + H2O f H2O 200 5 161

Co(en)2(NH3)(H2O)2+ + X-

347 X ) trans-Cl- 70 -5.0 -17.3 (b) [HClO4] ) 100 mM
348 X ) trans-Br- 60 -3.1 -14.7 (b) [HClO4] ) 1 mM
349 X ) cis-Br- 60 -5.6 -16.1 (b) [HClO4] ) 100 mM
350 X ) cis-NO3

- 45 -6.1 -13.2 (b) [HClO4] ) 100 mM
cis-Co(en)2(OH2)2

3+ + XO4
2-/HXO4

- f
H2O + cis-Co(en)2(OH2)(XO4)+

H2O 55 140 3 162 pH ) 2.0, µ ) 1.0 M
(NaClO4)

351 X ) S +8.3 ( 0.5
352 X ) Se +8.5 ( 0.4

cis-Co(en)2(OH2)(XO4)+ + H2O f
XO4

2- + cis-Co(en)2(OH2)2
3+

H2O 55 140 3 162 pH ) 2.0, µ ) 1.0 M
(NaClO4)

353 X ) S +2.2 ( 0.4
354 X ) Se +3.3 ( 0.7

cobalt(III) ammine base hydrolysis H2O 100 5 163
355 Co(NH3)5OC(Me)N(Me)2

3+ + OH- f 15 +43.2 ( 1.7 [OH-] ) 25 mM, µ ) 34 mM
Co(NH3)5OH2+ + MeCONMe2

356 Co(NH2Me)5Cl2+ + OH- f Co(NH2Me)5OH+ + Cl- 9.5 +32.8 ( 1.7 [OH-] ) 10 mM, µ ) 13 mM
357 Co(NH2Et)5Cl2+ + OH- f Co(NH2Et)5OH+ + Cl- 12 +31.1 ( 0.5 [OH-] ) 1 mM, µ ) 3 mM
358 cis-Co(en)2(NH3)Cl2+ + OH- f 25 +31.8 ( 0.6 [OH-] ) 50 mM, µ ) 56 mM

78% cis-, 22% trans-Co(en)2(NH3)OH2+ + Cl-

359 cis-Co(en)2(NH3)Br2+ + OH- f 25 +30.8 ( 1.0 [OH-] ) 50 mM, µ ) 56 mM
77% cis-, 23% trans-Co(en)2(NH3)OH2+ + Br-

360 trans-Co(en)2Cl2
+ + OH- f 14.5 +24.3 ( 1.1 [OH-] ) 15 mM, µ ) 16 mM

5% cis-, 95% trans-Co(en)2(Cl)OH+ + Cl-

361 cis-Co(en)2Cl2
+ + OH- f 14.5 +27.9 ( 0.7 [OH-] ) 50 mM, µ ) 51 mM

37% cis-, 63% trans-Co(en)2(Cl)OH+ + Cl-

362 trans-Co(en)2(N3)Cl+ + OH- f 15 +26.7 ( 0.4 [OH-] ) 50 mM, µ ) 50 mM
23% cis-, 77% trans-Co(en)2(N3)OH+ + Cl-

363 cis-â-Co(trien)Cl2
+ + OH- f cis-Co(trien)(Cl)OH++ Cl- 4 +35.7 ( 1.2 [OH-] ) 0.005 mM,

µ ) 100 mM
364 trans-Co(RSSR-cyclam)Cl2

+ + OH- f 9.5 +18.7 ( 1.5 [OH-] ) 1 mM, µ ) 1 mM
trans-Co(RSSR-cyclam)(Cl)OH++ Cl-

365 cis-Co(en)2(NO2)Cl+ + OH- f cis-Co(en)2(NO2)OH+ + Cl- 24 +20.8 ( 0.3 [OH-] ) 50 mM, µ ) 50 mM
366 cis-Co(tet)Cl2

+ + OH- f cis-Co(tet)(Cl)OH+ + Cl- 12 +23.1 ( 0.8 [OH-] ) 1 mM, µ ) 3 mM
367 cis-Co(tet)(Cl)OH+ + OH- f cis-Co(tet)(OH)2

+ + Cl- 12 +25.9 ( 2.1 [OH-] ) 1 mM, µ ) 3 mM
368 trans-RS-Co(tet)(Cl)2

+ + OH- f 12 +22.1 ( 0.7 [OH-] ) 1 mM, µ ) 3 mM
369 trans-RS-Co(tet)(Cl)OH+ + Cl- 5 +20.4 ( 0.7 [OH-] ) 2 mM, µ ) 6 mM
370 trans-RR(SS)-Co(tet)Cl2

+ + OH- f 6 +24.4 ( 1.2 [OH-] ) 2 mM, µ ) 6 mM
trans-RS-Co(tet)(Cl)OH+ + Cl-

371 trans-RS-Co(tet)(Cl)OH+ + OH- f 12 +23.8 ( 0.9 [OH-] ) 1 mM, µ ) 3 mM
trans-RS-Co(tet)(OH)2

+ + Cl-

Co(NH3)5(OSO2CF3)2+ + CH3CN f 150 4 125 µ not adjusted
Co(NH3)5(CH3CN)3+ + CF3OSO2

-

372 CH3CN 25 -3.1 ( 0.1
373 MeOH 17 -3.2 ( 0.1

trans-Co(N-eten)2Cl2
+ + H2O f H2O/

ButOH
25 150 4 164 [HCl] ) 0.01 M,

µ ) 0.5 M (NaCl)
trans-Co(N-eten)2Cl(H2O)+ + Cl- wt % ROH

374 0 +5.83
375 5 +5.61
376 10 +5.61
377 20 +5.00
378 30 +3.95
379 40 +2.55

s-cis-Co(eee)X2
+ + H2O f X- + s-cis-Co(eee)(H2O)X2+ H2O 40 150 4 165 [HClO4] ) 0.1 M

380 X ) Cl- -4.6
371 X ) Br- -4.2

Co(NH3)5(RCOO)2+ + H2O f Co(NH3)5(H2O)3+ + RCOO- H2O 200 5 166 [HClO4] ) 0.4 M
kobs ) ko + k1[H+]

R ) H 64.5
382 ko +0.9
383 k1 -5.8 ( 0.3 -3.6 (b)

R ) CH3 64.5
384 ko +0.7
385 k1 -4.2 ( 0.3 -4.7 (b)

R ) C2H5 64.5
386 ko +0.5
387 k1 -4.4 ( 0.4 -5.9 (b)

R ) CH2Cl 74.5
388 ko +0.4
389 k1 -4.5 ( 0.4 -6.9 (b)

R ) CH2Br 74.5
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Table 1. (Continued)

no. reaction solvent
T,
°C

P,
MPa

no. of
data

∆Vq,
cm3 mol-1

∆Vh , cm3 mol-1

(method) ref(s) remarks

Ligand Substitution Reactions (Continued)
390 ko -1.5
391 k1 -6.4 ( 0.3 -4.4 (b)

R ) CHCl2 79.5
392 ko -7.0 ( 0.3 -18.5 (b) [HClO4] ) 0.01 M,

R ) CHBr2 79.5 [NaClO4] ) 0.39 M
393 ko -6.4 ( 0.2 -16.3 (b) [HClO4] ) 0.01 M,

R ) CCl3 74.5 [NaClO4] ) 0.39 M
394 ko -5.7 ( 0.4 -18.1 (b) [HClO4] ) 0.01 M,
395 R ) CF3 74.5 -5.7 ( 0.3 -14.4 (b)
396 Co(TMPP)(H2O)2

5+ + TU a
Co(TMPP)(H2O)(TU)5+ + H2O

H2O 22 140 5 +12.6 ( 0.6 167 [H+] ) 0.1 M, µ ) 1.0 M
(NaClO4)

397 Co(NH3)5Cl2+ + OH- f Co(NH3)5OH2+ + Cl- H2O 64 150 8 -5.1 ( 0.2 168 pH ) 1 (HClO4)
398 Co(tacn)(en)Cl2+ + OH- f Co(tacn)(en)OH2+ + Cl- H2O 64 150 8 -3.6 ( 0.2 168 pH ) 1 (HClO4)
399 Co(tacn)(tn)Cl2+ + OH- f Co(tacn)(tn)OH2+ + Cl- H2O 64 150 8 -4.5 ( 0.8 168 pH ) 1 (HClO4)

trans-CoCl2(RSSR-cyclam)+ + OH- f H2O 200 169
trans-Co(OH)(RSSR-cyclam)(Cl)+ + Cl-

400 10 +17.5 ( 0.3
401 15 +19.7 ( 0.4
402 20 +18.3 ( 0.6
403 25 +17.2 ( 0.5
404 30 +17.1 ( 0.6
405 35 +15.9 ( 0.7
406 40 +15.6 ( 0.8
407 trans(O)-Co(taud)Cl + H2O f trans(O)-Co(taud)H2O+ + Cl- H2O 25 160 5 -3.2 ( 0.2 170 µ ) 1.0 M (NaClO4),

pH ) 1
408 trans(O)-Co(taud)Br + H2O f trans(O)-Co(taud)H2O+ + Br- H2O 25 160 5 -2.3 ( 0.1 170 µ ) 1.0 M (NaClO4),

pH ) 1
409 trans(O)-Co(taud)Cl + OH- f trans(O)-Co(taud)OH + Cl- H2O 25 160 5 +19.1 ( 0.3 170 µ ) 1.0 M (NaClO4),

pH ) 9
410 trans(O)-Co(taud)Br + OH- f trans(O)-Co(taud)OH + Br- H2O 25 160 5 +19.7 ( 0.4 170 µ ) 1.0 M (NaClO4),

pH ) 9
411 Ni(H2O)6

2+ + Cl-phen f Ni(Cl-phen)(H2O)4
2+ + 2H2O H2O 25 150 7 +6.0 ( 0.1 +3.9 ( 0.6 (a) 154

412 Ni(Cl-phen)(H2O)4
2+ + 2H2O f Ni(H2O)6

2+ + Cl-phen H2O 25 150 7 +2.1 ( 0.2 154
413 Ni(H2O)6

2+ + OAc- a Ni(H2O)5(OAc)+ + H2O H2O 25 160 9 +8.0 ( 1.5 (b) 171 µ ) 0.10 M (NaClO4)
414 Ni(H2O)6

2+ + gly- a Ni(H2O)4(gly)+ + 2H2O H2O 25 160 9 +11.2 ( 0.2 (b) 171 µ ) 0.10 M (NaClO4)
415 Ni(H2O)4(gly)+ + gly- a Ni(H2O)2(gly)2 + 2H2O H2O 25 160 9 +12.0 ( 0.5 (b) 171 µ ) 0.10 M (NaClO4)
416 Ni(H2O)6

2+ + sar- a Ni(H2O)4(sar)+ + 2H2O H2O 25 160 9 +11.7 ( 0.5 (b) 171 µ ) 0.10 M (NaClO4)
417 Ni(H2O)4(sar)+ + sar- a Ni(H2O)2(sar)2 + 2H2O H2O 25 160 9 +9.9 ( 0.8 (b) 171 µ ) 0.10 M (NaClO4)
418 Ni(H2O)6

2+ + en a Ni(H2O)4(en)2+ + 2H2O H2O 25 160 9 +5.2 ( 0.5 (b) 171 µ ) 0.10 M (NaClO4)
419 Ni(H2O)4(en)2+ + en a Ni(H2O)2(en)2

2+ + 2H2O H2O 25 160 9 +5.6 ( 0.9 (b) 171 µ ) 0.10 M (NaClO4)
420 Ni(H2O)6

2+ + edda2- a Ni(H2O)2(edda) + 4H2O H2O 25 160 9 +28.6 ( 0.2 (b) 171 µ ) 0.10 M (NaClO4)
421 Ni(H2O)6

2+ + NH3 a Ni(H2O)5(NH3)2+ + H2O H2O 25 -0.1 ( 0.5 (b) 136 µ ) 1.0 M (NaClO4)
422 Ni(CH3OH)6

2+ + isoq a Ni(CH3OH)5(isoq) + CH3OH CH3OH 25 +3.2 ( 0.1 (b) 136 µ ) 1.0 M (NaClO4)
423 Ni(C2H5OH)6

2+ + isoq a Ni(C2H5OH)5(isoq)2+ + C2H5OH C2H5OH 25 +1.1 ( 0.1 (b) 136 µ ) 1.0 M (NaClO4)
424 Cu(tren)H2O2+ + 4-Clpy f Cu(tren)4-Clpy2+ + H2O H2O 25 200 6 -10.0 ( 2.0 -5.3 (a) 80 µ ) 1.0 M (NaClO4)
425 Cu(tren)H2O2+ + py f Cu(tren)py2+ + H2O H2O 25 200 6 -7.1 ( 1.0 +1.6 (a) 80 µ ) 1.0 M (NaClO4)
426 Cu(tren)H2O2+ + 4-Mepy f Cu(tren)(4-Mepy)2+ + H2O H2O 25 200 8 -8.7 ( 1.1 -1.2 (a) 80 µ ) 1.0 M (NaClO4)
427 Cu(tren)(4-Clpy)2+ + H2O f Cu(tren)H2O2+ + 4-Clpy H2O 25 200 6 -4.7 ( 1.0 80 µ ) 1.0 M (NaClO4)
428 Cu(tren)py2+ + H2O f Cu(tren)H2O2+ + py H2O 25 200 6 -8.7 ( 1.0 80 µ ) 1.0 M (NaClO4)
429 Cu(tren)(4-Mepy)2+ +H2O f Cu(tren)H2O2+ +4-Mepy H2O 25 200 8 -7.5 ( 1.2 80 µ ) 1.0 M (NaClO4)
430 Cu(H2O)6

2+ + Cl-phen f Cu(H2O)4(Cl-phen)2+ + 2H2O H2O 25 200 4 -7.1 ( 0.5 +1.9 ( 0.4 (a) 172 µ ) 0.05 M (NaClO4),
5.7 < pH < 5.9

431 Cu(H2O)4(Cl-phen)2+ + 2H2O f Cu(H2O)6
2+ + Cl-phen H2O 25 200 4 +5.2 172 µ ) 0.05 M (NaClO4),

5.7 < pH < 5.9
432 Cu(H2O)6

2+ + phen f Cu(H2O)4(phen)2+ + 2H2O H2O 25 +10.0 (b) 173
433 Cu(H2O)4(phen)2+ + phen f Cu(H2O)2(phen)2

2+ + 2H2O H2O 25 +8.8 (b) 173
434 Cu(H2O)2(phen)2

2+ + phen f Cu(phen)3
2+ + 2H2O H2O 25 +1.6 (b) 173

435 Zn(H2O)6
2+ + bpy f Zn(H2O)4(bpy)2+ + 2H2O H2O 25 +11.9 (b) 173

436 Zn(H2O)4(bpy)2+ + bpy f Zn(H2O)2(bpy)2
2+ + 2H2O H2O 25 +1.1 (b) 173

437 Zn(H2O)2(bpy)2
2+ + bpy f Zn(bpy)3

2+ + 2H2O H2O 25 +1.6 (b) 173
438 Zn(H2O)6

2+ + phen f Zn(H2O)4(phen)2+ + 2H2O H2O 25 +19.4 (b) 173
439 Zn(H2O)4(phen)2+ + phen f Zn(H2O)2(phen)2

2+ + 2H2O H2O 25 +6.0 (b) 173
440 Zn(H2O)2(phen)2

2+ + phen f Zn(phen)3
2+ + 2H2O H2O 25 -1.7 (b) 173

441 Zn(H2O)6
2+ + Cl-phen f Zn(H2O)4(Cl-phen)2+ + 2H2O H2O 25 200 4 +5.0 ( 0.4 +0.9 (c) 172 µ ) 0.05 M (NaClO4),

5.7 < pH < 5.9
442 Zn(H2O)4(Cl-phen)2+ + 2H2O f Zn(H2O)6

2+ + Cl-phen H2O 25 200 4 +4.1 ( 0.4 172 µ ) 0.05 M (NaClO4),
5.7 < pH < 5.9

443 Zn(H2O)6
2+ + bpy a Zn(H2O)4(bpy)2+ + 2H2O H2O 0 200 6-9 +7.1 ( 0.4 +3.5 ( 0.4 (a) 174 µ ) 0.01 M (NaClO4)

444 Mo(CO)5(4-CNpy) + bpy f Mo(CO)4bpy + CO + 4-CNpy C6H5CH3 25 100 4 +3 175
445 Mo(H2O)6

3+ + NCS- a triflic acid 12 140 8 -11.4 ( 0.5 176 [H+] ) 1.0 M, µ ) 1.0 M
Mo(H2O)5(NCS)2+ + H2O (lithium triflate)

Mo(DTH)(CO)4 + 2 L f Mo(CO)4L2 + DTH DCE 100 5 124
446 L ) P(OMe)3 40.0 -11.3 ( 0.5
447 L ) P(OPri)3 50.0 -10.2 ( 0.8
448 L ) P(OPh)3 40.0 -9.3 ( 0.4
449 Mo(dto)(CO)4 + 2 P(OPri)3 f Mo(CO)4(P(OPri)3)2 + dto DCE 46 150 4 -9.4 ( 0.2 124
450 Mo(BTE)(CO)4 + 2 P(OPri)3 f Mo(CO)4(P(OPri)3)2 + BTE DCE 56 150 4 +3.9 ( 0.3 124

Ru(medtra)(H2O/OH-) + SC(NH2)2 f H2O 25 100 5 177 µ ) 0.2 M (Na2SO4)
Ru(medtra)SC(NH2)2 + H2O/OH-

451 -6.1 ( 0.7 pH ) 2.5
452 -8.9 ( 1.1 pH ) 8
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Table 1. (Continued)

no. reaction solvent
T,
°C

P,
MPa

no. of
data

∆Vq,
cm3 mol-1

∆Vh , cm3 mol-1

(method) ref(s) remarks

Ligand Substitution Reactions (Continued)
453 -9.7 ( 1.2 pH ) 9

Ru(medtra)(H2O/OH-) + SCN- f
Ru(medtra)SCN- + H2O/OH-

H2O 25 100 5 177 µ ) 0.2 M (Na2SO4)

454 -7.7 ( 0.5 pH ) 2.5
455 -15.4 ( 1.5 pH ) 8
456 -15.1 ( 1.5 pH ) 9

trans-Ru(NH3)4(P(OEt)3)(H2O)2+ + L f H2O 25 100 178
trans-Ru(NH3)4(P(OEt)3)(L)2+ + H2O

457 L ) imidazole +4.2 ( 0.2 pH ) 8.6
458 L ) isonicotinamide +1.9 ( 0.3 -5.6 ( 0.8 (b) pH ) 5.3
459 L ) pyrazine +2.0 ( 0.3 -8.4 ( 0.6 (b) pH ) 5.0

Ru(edta)(H2O)- + Ln- f Ru(edta)(L)(1+n)- + H2O H2O 25 100 6 179 µ ) 0.2 M (Na2SO4)
460 L ) (NH2)2CS -6.8 ( 0.6 pH ) 5
461 L ) (NHMe)2CS -8.8 ( 0.2 pH ) 5
462 L ) (NMe2)2CS -12.2 ( 0.5 pH ) 5
463 L ) N3

- -9.0 ( 0.6 pH ) 5
464 -9.9 ( 0.5 pH ) 6
465 L ) SCN- -9.6 ( 0.3 pH ) 5

Ru(hedta)(H2O)- + Ln- f Ru(hedta)(L)(1+n)- + H2O H2O 25 100 5 180 µ ) 0.2 M (Na2SO4)
466 L ) SCN- -7.3 ( 0.6 pH ) 3
467 -10.8 ( 0.7 pH ) 8.3
468 L ) N3

- -14.2 ( 1.2 pH ) 8.3
469 L ) (NH2)2CS -4.1 ( 0.7 pH ) 3
470 -7.1 ( 0.5 pH ) 8.3
471 L ) (NHMe)2CS -6.2 ( 0.5 pH ) 3
472 L ) (NMe2)2CS -10.4 ( 1.0 pH ) 3
473 HRu3(CO)11

- + PPh3 f HRu3(CO)10(PPh3)- THF 25 100 5 +21.2 ( 1.4 181
474 Ru3(CO)11(CO2CH3)- + P(OMe)3 f 90% THF, 10% 25 100 4 +16 ( 2 181

Ru3(CO)10(CO2CH3)P(OMe)3
- + CO MeOH

475 Ru3(CO)10(CO2CH3)P(OMe)3
- + P(OMe)3 f 90% THF, 10% 25 100 5 +24.5 ( 2.0 181

Ru3(CO)10(P(OMe)3)2 + CH3O- + CO MeOH
476 Ru3(CO)11(CO2CH3)- + P(OMe)3 f 10% THF, 90% 25 100 5 +2.5 ( 2.5 181

Ru(CO)10(CO2CH3)P(OMe)3
- + CO MeOH

477 trans-Rh(tacpa)Cl2+ + OH- f products H2O 25 140 +19.5 ( 1.2 117
478 RhIII(NH3)5(H2O) + CO3

2- f RhIII(NH3)5(OCO2) +H2O H2O 50 150 4 -1.8 ( 0.6 182 µ ) 1.0 M, pH ) 12
479 RhIII(NH3)5(OCO2) +H2O f RhIII(NH3)5(H2O) + CO3

2- H2O 50 150 4 -2.4 ( 0.5 182 µ ) 1.0 M, pH ) 12
Rh(NH3)5(OSO2CF3)2+ + S f Rh(NH3)5(S)3+ +

CF3OSO2
-

150 4 125 S ) solvent

480 CH3CN 35 -7.8 ( 0.5
481 MeOH 25 -6.6 ( 0.1
482 Rh(NH3)5Me2SO3+ + H2O f Rh(NH3)5H2O3+ + Me2SO H2O 25 +1.5 ( 1.2 120b
483 Rh(NH3)5HCONMe2

3+ + H2O f
Rh(NH3)5H2O3+ + HCONMe2

H2O 25 -2.9 ( 0.3 120b

484 Rh(MeNH2)5Me2SO3+ + H2O f
Rh(MeNH2)5H2O3+ + Me2SO

H2O 25 +1.5 ( 0.6 120b

485 Rh(MeNH2)5HCONMe2
3+ + H2O f

Rh(MeNH2)5H2O3+ + HCONMe2

H2O 25 +1.7 ( 0.4 120b

486 trans-Rh(Hdmg)2(CH3)H2O + I- f H2O 9 150 4 +2.1 ( 0.4 183 µ ) 1.0 M (NaClO4)
trans-Rh(Hdmg)2(CH3)I- + H2O

487 trans-Rh(Hdmg)2(CH3)H2O + py f H2O 20 150 4 +7.16 ( 0.01 183 µ ) 1.0 M (NaClO4)
trans-Rh(Hdmg)2(CH3)py + H2O

488 trans-Rh(Hdmg)2(CH3)H2O + TMTU f H2O 20 150 4 +4.30 ( 0.04 183 µ ) 1.0 M (NaClO4)
trans-Rh(Hdmg)2(CH3)TMTU + H2O

489 trans-Rh(Hdmg)2(CH3)I + H2O f H2O 9 150 4 +6.3 ( 0.3 183 µ ) 1.0 M (NaClO4)
trans-Rh(Hdmg)2(CH3)H2O + I-

490 Rh(acac)(cod) + phen f Rh(cod)(phen)+ + acac- MeOH 25 100 5 -6.9 ( 0.2 176
491 Rh(tfac)(cod) + phen f Rh(cod)(phen)+ + tfac- MeOH 25 100 5 -6.0 ( 0.1 176
492 Rh(TPPS)(H2O)2

3- + TU f
Rh(TPPS)(H2O)(TU) 3- + H2O

H2O 22 140 4 -11.1 ( 0.5 167 [H+] ) 0.1 M,
µ ) 1.0 M
(NaNO3)

493 (η5-C5H5)Rh(CO)2 + PPh3 f products C6H5CH3 40 150 4 -14.4 ( 1.5 184
494 (η5-C5H5)Rh(CO)2 + P(n-Bu)3 f products C6H5CH3 40 150 4 -17.0 ( 0.7 184

Pd(pp3)X+ + P(OCH3)3 f Pd(pp3)(P(OCH3)3)2+ + X- CH3Cl 30 185
495 X- ) Cl- -25.5 ( 0.5
496 X- ) Br- -24.5 ( 0.7
497 X- ) I- -22.6 ( 0.8
498 Pd(H2O)4

2+ + Me2S f PdMe2S(H2O)3
2+ + H2O H2O 25 200 9 -4.0 ( 0.2 186 µ ) 1.0 M (HClO4)

499 Pd(H2O)4
2+ + Et2S f PdEt2S(H2O)3

2+ + H2O H2O 25 200 9 -8.7 ( 0.1 186 µ ) 1.0 M (HClO4)
500 Pd(H2O)4

2+ + S(CH2)4O f Pd S(CH2)4O(H2O)3
2+ + H2O H2O 25 200 9 -6.6 ( 0.2 186 µ ) 1.0 M (HClO4)

501 Pd(H2O)4
2+ + S(CH2)4S f Pd S(CH2)4S(H2O)3

2+ + H2O H2O 25 200 9 -10.1 ( 0.3 186 µ ) 1.0 M (HClO4)
Pd(H2O)4

2+ + L f Pd(H2O)3L2+ + H2O H2O 25 200 187 [HClO4] ) 1.0 M
502 L ) S(CH2CH2COOH)2 -7.6 ( 0.3
503 L ) EtSCH2COOH -7.9 ( 0.5
504 L ) S(CH2COOH)2 H2O -8.1 ( 0.4
505 Pd(met)Ino(H2O)2+ + Ino f Pd(met)(Ino)2

2+ + H2O H2O 25 130 6 -15 ( 3 -1 ( 3 (a) 188 µ ) 0.5 M, pH ) 4.0
506 Pd(met)IMP(H2O)2+ + IMP f Pd(met)(IMP)2

2+ + H2O H2O 25 130 6 -9 ( 2 (a) 188 µ ) 0.5 M, pH ) 4.0
507 Pd(met)(Cl)Ino+ + H2O f Pd(met)(Ino)(H2O)2+ + Cl- H2O 25 130 6 -1 ( 4 188 µ ) 0.5 M, pH ) 4.0
508 Pd(met)(Ino)(H2O)2+ + Cl- f Pd(met)(Cl)Ino+ + H2O H2O 25 130 6 +1 ( 2 188 µ ) 0.5 M, pH ) 4.0

Pd(R4en)(H2O)2
2+ + Nu f Pd(R4en)(H2O)(Nu)2+ + H2O H2O 25 100 5

509 R ) H, Nu ) adenosine -9.6 to -7.1 pH ) 4.1
510 R ) H, Nu ) adenosine -6.74 ( 0.01 pH ) 2.9
511 R ) H, Nu ) inosine -9.7 ( 1.5
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Table 1. (Continued)

no. reaction solvent
T,
°C

P,
MPa

no. of
data

∆Vq,
cm3 mol-1

∆Vh , cm3 mol-1

(method) ref(s) remarks

Ligand Substitution Reactions (Continued)
512 R ) Et, Nu ) adenosine -10.6 ( 0.8
513 R ) Et, Nu ) inosine -6.1 ( 0.1
514 Pd(Et4en)(H2O)(adenosine)2+ + H2O f

Pd(Et4en)(H2O)2
2+ + adenosine

H2O 25 100 5 -6.3 ( 2.5 189

515 Pd(Et4en)(H2O)2
2+ + inosine f

Pd(Et4en)(H2O)(inosine)2+ + H2O
H2O 25 100 5 -4.3 ( 0.6 189

516 Pd(H2O)4
2+ + MeCN a Pd(H2O)3(MeCN)2+ + H2O H2O 5 200 4-7 -4.0 ( 0.8 -2.5 ( 0.4 (a) 189 1.00 M HClO4

517 Pd(H2O)3(MeCN)2+ + H2O a Pd(H2O)4
2+ + MeCN H2O 5 200 4-7 -1.5 ( 0.5 190 1.00 M HClO4

Pd(R5dien)H2O2+ + L f Pd(R5dien)L2+ + H2O H2O 100 93 pH < 5, µ ) 0.1 M (NaClO4)
R ) Me

518 L ) SC(NH2)2 15 5 -9.3 ( 0.4
519 L ) SC(NHMe)2 25 5 -9.1 ( 0.6
520 L ) SC(NMe2)2 25 5 -13.4 ( 0.7

R ) Et
521 L ) SC(NH2)2 15 6 -8.3 ( 0.3
522 L ) SC(NHMe)2 25 6 -10.2 ( 0.6
523 L ) SC(NMe2)2 25 6 -12.7 ( 0.6

Pd(H2O)4
2+ + RCOOH f Pd(H2O)3OOCR+ + H+ H2O 25 150 7 191 µ ) 1.0 M (HClO4)

524 R ) CH3 -8.1 ( 0.3
525 R ) CH3CH2 -8.9 ( 0.8
526 R ) HOCH2 -3.4 ( 0.2

Pd(H2O)3OOCR+ + H+ f Pd(H2O)4
2+ + RCOOH H2O 25 150 7 191 µ ) 1.0 M (HClO4)

527 R ) CH3 -1.7 ( 0.2
528 R ) CH3CH2 -1.7 ( 0.2
529 R ) HOCH2 -2.3 ( 0.2
530 Pd(Et4en)(H2O)2

2+ + d(GpG) f
Pd(Et4en)(d(GpG))H2O2+ + H2O

H2O 25 140 4 -3.8 ( 0.2 192 µ ) 0.1 M (HClO4)

531 Pd(Et4en)(d(GpG))H2O2+ f
Pd(Et4en)(d(GpG))2+ + H2O

H2O 25 140 4 +1 ( 2 192 µ ) 0.1 M (HClO4)

Pd(Me5dien)py2+ + S f Pd(Me5dien)S2+ + py 193
532 (S ) solvent) H2O 25 150 7 -3.1 ( 0.1 [OH] ) 0.01 M
533 MeOH 25 150 7 -6 ( 1 0.1 M ptsa
534 EtOH 25 100 5 -4.1 0.1 M ptsa
535 DMSO 30 80 5 0 0.1 M ptsa
536 DMF 30 100 5 -3.4 ( 0.3 0.1 M ptsa
537 MeCN 30 100 5 -2.4 ( 0.6 0.1 M ptsa
538 Pd(H2O)4

2+ + DMSO f Pd(H2O)3(DMSO)2+ + H2O H2O 25 180 9 -9.2 ( 0.6 -7.5 ( 0.3 (a) 194 µ ) 1.0 M (HClO4)
Pd(dien)(OH2)2+ + L f Pd(dien)(L)2+ + H2O H2O 12 100 5 195 µ ) 0.1 M (NaClO4)

539 L ) adenosine -2.0 ( 0.4 pH ) 5 (NaOH)
540 L ) cytidine +1.5 ( 0.7 5 < pH < 7
541 L ) thymidine -0.6 ( 2.2 5 < pH < 7
542 L ) uridine -0.8 ( 2.2 5 < pH < 7

Pd(Et4dien)(OH2)2+ + HSO3
-/SO3

2- f
Pd(Et4dien)(SO3) + H2O

H2O 25 100 5 196 µ ) 0.5 M

543 -10.4 ( 0.5 pH ) 3.3, [total sulfur] ) 0.001 M
544 -12.4 ( 0.6 pH ) 3.3, [total sulfur] ) 0.01 M
545 -11.5 ( 0.4 pH ) 5.2, [total sulfur] ) 0.001 M
546 -16.6 ( 0.9 pH ) 5.2, [total sulfur] ) 0.01 M

Pd(R5dien)X(2-n)+ + H2O f Pd(R5dien)H2O2+ + Xn- H2O 100 5 197 [OH-] ) 0.01 M,
µ ) 0.1 M (NaClO4)

R ) Me
547 X ) Br- 25 -11.4 ( 0.7 -4.1 ( 1.1 (c)
548 X ) I- 25 -9.7 ( 0.3 +0.2 ( 1.5 (c)
549 X ) N3

- 25 -11.7 ( 0.7 -1.3 ( 1.0 (c)
550 X ) C2O4

2- 25 -10.4 ( 0.6 -4.5 ( 1.0 (c)
R ) Et

551 X ) Br- 34 -11.6 ( 0.5
552 X ) I- 34 -6.8 ( 0.9 +0.2 ( 1.5 (c)
553 X ) N3

- 34 -11.3 ( 0.4 -0.3 ( 0.8 (c)
554 X ) C2O4

2- 25 -7.6 ( 0.8 -3.7 ( 1.0 (c)
555 Cd(H2O)6

2+ + bpy f Cd(H2O)4(bpy)2+ + 2H2O H2O 0 200 6 -5.5 ( 1.0 +1.4 (c) 166 µ ) 0.01 M (NaClO4)
556 La(H2O)n

3+ + Hdcp2- f La(H2O)n-3(Hdcp)+ + 3H2O H2O 25 200 8 -4.9 ( 0.3 +12.1 ( 1.5 (a) 198
557 La(H2O)n-3(Hdcp)+ + 3H2O f La(H2O)n

3+ + Hdcp2- H2O 25 200 8 +7 198
558 Ce(H2O)9

3+ a Ce(H2O)8
3+ + H2O H2O 25 200 6 +10.9 ( 0.3 (a) 199

559 Eu(edta)(H2O)3 a Eu(edta)(H2O)2 + H2O H2O 87.5 200 4 +13.2 ( 0.2 (a) 102 pH ) 6.5 (NaClO4)
560 Eu(CyDTA)(H2O)3 a Eu(CyDTA)(H2O)2 + H2O H2O 115 200 4 +3.0 ( 0.3 (a) 102 pH ) 6.0 (NaClO4)

EuIII(ar)2(H2O) + H+ + dtpa f
EuIII(ar)dtpa(H2O) + Har

H2O 25 100 5 200 pH ) 4.8

561 fast step -19.3 ( 0.4
562 slow step -1.0 ( 1.4
563 GdIII(ar)(H2O) x + dtpa5- + H+ f

GdIII(dtpa)(H2O)2- + Har
H2O 25 100 4 -24.0 ( 1.8 201 µ ) 0.3 M, pH ) 3.4

564 -13.9 ( 0.8 µ ) 0.3 M, pH ) 5.7
565 GdIII(ar)2(H2O) + dtpa5- + H+ f

GdIII(dtpa)(H2O)2- + Har + ar
H2O 25 100 4 +1.4 ( 2.8 201 µ ) 0.3 M, pH ) 3.4

566 +69.6 ( 3.7 µ ) 0.3 M, pH ) 5.7
567 cis-(C6H5Cl)(PPh3)W(CO)4 + pip f

cis-(pip)(PPh3)W(CO)4 + C6H5Cl
C6H5Cl 24.5 150 4 -11.3 ( 0.4 124

568 cis-W(CO)4(4-Mepy)2 + phen f
cis-W(CO)4(phen) + 2(4-Mepy)

C6H5CH3 25 70 2 +8 202

569 CH3ReO3 + OH- f CH4 + ReO4
- H2O 25 200 2 -2.4 ( 0.4 203

PtMe4(phen) + HA f PtMe3(A)(phen) + CH4 25 150 4 204
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Table 1. (Continued)

no. reaction solvent
T,
°C

P,
MPa

no. of
data

∆Vq,
cm3 mol-1

∆Vh , cm3 mol-1

(method) ref(s) remarks

Ligand Substitution Reactions (Continued)
570 HA ) salicylic acid H2O -8.5 ( 0.5
571 HA ) formic acid H2O -6.6 ( 1.0
572 HA ) benzoic acid MeOH -8.2 ( 0.3
573 HA ) benzoic acid H2O -15.1 ( 1.6
574 HA) acetic acid H2O -10.5 ( 0.5

PtMe4(bpy) + HA f PtMe3(A)(bpy) + CH4 25 150 4 204
575 HA ) formic acid -12.2 ( 0.4
576 HA ) acetic acid H2O -11.6 ( 1.0
577 Pt(H2O)4

2+ + Me2S f PtMe2S(H2O)3
2+ + H2O H2O 25 200 8 -15.3 ( 0.4 186 µ ) 0.01 M (HClO4)

578 Pt(H2O)4
2+ + Et2S f PtEt2S(H2O)3

2+ + H2O H2O 25 200 8 -17.0 ( 0.3 186 µ ) 0.01 M (HClO4)
579 Pt(H2O)4

2+ + S(CH2)4O f PtS(CH2)4O(H2O)3
2+ + H2O H2O 25 200 8 -13.9 ( 0.3 186 µ ) 0.01 M (HClO4)

580 Pt(H2O)4
2+ + S(CH2)4S f PtS(CH2)4S(H2O)3

2+ + H2O H2O 25 200 8 -20.1 ( 0.2 186 µ ) 0.01 M (HClO4)
581 rac-Pt(R1-en)Cl2 + H2O f rac-Pt(R1-en)(H2O)Cl+ + Cl- H2O 38 200 5 -9.4 ( 0.7 -5.3 ( 1.1 (a) 205
582 rac-Pt(R1-en)(H2O)Cl+ + Cl- f rac-Pt(R1-en)Cl2 + H2O H2O 38 200 5 -4.0 ( 0.4 205
583 rac-Pt(R1-en)(H2O)Cl+ + H2O f

rac-Pt(R1-en)(H2O)2
2+ + Cl-

H2O 6 200 5 -6.6 ( 1.7 -2.2 ( 2.0 (a) 205

584 rac-Pt(R1-en)(H2O)2
2+ + Cl- f

rac-Pt(R1-en)(H2O)Cl+ + H2O
H2O 6 200 5 -4.4 ( 0.5 205

585 cis-Pt(NH3)2(1-MeU)H2O+ + I- f
cis-Pt(NH3)2(1-MeU)I + H2O

H2O 15 100 5 -7.7 ( 0.1 206

586 cis-Pt(NH3)2(1-MeU)2 + I- f
cis-Pt(NH3)2(1-MeU)I + 1-MeUH

H2O 60 100 5 -5.6 ( 0.6 206

587 Pt(CN)4ClOH2- + HSO3
- a (O2SO)Pt(CN)4Cl3- + H2O H2O 25 150 9 -9.4 ( 0.4 207 µ ) 1.0 M, [H+] ) 0.03 M

588 Pt(N-C-N)H2O+ + tmtu f Pt(N-C-N)tmtu+ + H2O H2O 25 125 -12.0 ( 0.5 208a 5-10% DMF
589 Pt(N-C)(py-SO3)H2O + tmtu f

Pt(N-C)(py-SO3)tmtu + H2O
H2O 25 150 -10.5 ( 0.1 208b

590 Pt(N-C)(py-SO3)H2O + N3
- f

Pt(N-C)(py-SO3)N3
- + H2O

H2O 10 150 -10.1 ( 0.6 208b

591 Pt(N-C)(py-SO3)N3
- + H2O f

Pt(N-C)(pySO3)H2O + N3
-

H2O 10 150 -12.4 ( 0.9 208b

CrCl(L)2+ + Hg2+ f Cr(L)3+ + HgCl+ H2O 25 150 5 209
592 L ) mer-(tn)(dpt) +0.3 ( 0.3
593 L ) mer-(Me2tn)(dpt) -0.5 ( 0.1
594 L ) mer-(tn)(Medpt) +1.8 ( 0.2
595 L ) mer-(en)(dpt) -5.0 ( 0.2
596 L ) mer-(ibn)(dpt) -0.03 ( 0.07
597 L ) mer-(en)(2,3-tri) -5.7 ( 0.2
598 L ) mer-(en)(Medpt) -0.8 ( 0.6

Photoinduced Thermal Substitution Reactions
599 Cr(CO)5(en) f Cr(CO)4(en) + CO C6H5CH3 50 150 4 -11.9 ( 1.5 210
600 Cr(CO)5(R2dab) f Cr(CO)4(R2dab) + CO C6H5CH3 30 150 4 +17.2 ( 1.0 210
601 (η1-phen)Cr(CO)5 f (η2-phen)Cr(CO)4 + CO C6H5F 25 150 5 +6.2 ( 0.5 211

Cr(CO)5(S) + L f Cr(CO)5L + S 25 100 5 212
602 L ) 1-hexene S ) n-heptane +6.2 ( 0.2
603 L ) piperidine +1.4 ( 0.4
604 L ) 2-picoline -1.4 ( 0.3
605 L ) pyridine -1.4 ( 0.5
606 L ) 1-hexene S ) C6H5F +9.4 ( 0.7
607 L ) piperidine +6.1 ( 0.3
608 L ) pyridine +8.2 ( 0.2
609 L ) 1-hexene S ) C6H5Cl +5.4 ( 0.4
610 L ) piperidine +0.2 ( 0.2
611 L ) 2-picoline +3.1 ( 0.6
612 L ) 1-hexene S ) C6H6 +10.9 ( 1.0
613 L ) piperidine +4.2 ( 0.3
614 L ) 1-hexene S ) C6H5CH3 +10.8 ( 0.7
615 L ) piperidine +4.8 ( 1.4

Mo(CO)5(S) + L f Mo(CO)5L + S 25 100 5 212
616 L ) 1-hexene S ) n-heptane +2.2 ( 0.3
617 L ) 1-hexene S ) C6H5F +5.8 ( 0.8
618 L ) pyridine +6.3 ( 0.1
619 L ) 1-hexene S ) C6H5Cl +3.2 ( 0.3
620 S ) C6H5CH3 +2.7 ( 0.4 213
621 Mo(CO)5bpy f Mo(CO)4bpy + CO C6H5CH3 26 150 5 -3.9 ( 0.6 213
622 Mo(CO)5dmbpy f Mo(CO)4dmbpy + CO C6H5CH3 26 150 5 -5.6 ( 0.4 213
623 Mo(CO)5dpbpy f Mo(CO)4dpbpy + CO C6H5CH3 26 150 4 -5.4 ( 0.5 210
624 Mo(CO)5en f Mo(CO)4en + CO C6H5CH3 40 150 4 -5.4 ( 0.8 210
625 Mo(CO)5(R2dab) f Mo(CO)4(R2dab) + CO C6H5CH3 25 150 5 -9.5 ( 0.5 211
626 (η1-phen)Mo(CO)5 f (η2-phen)Mo(CO)4 + CO C6H5F 25 150 5 -2.9 ( 0.2

Mo(OC)5L-L f Mo(OC)4L-L + CO 25 150 5 214
627 L-L ) phen C6H5CH3 -1.6 ( 0.1
628 L-L ) phen C6H5Cl -11.0 ( 1.6
629 L-L ) phen THF -18.2 ( 2.2
630 L-L ) dpp C6H5Me +4.9 ( 0.4
631 L-L ) dmp C6H5Me +9.5 ( 0.6
632 L-L ) 5-NO2phen C6H5Me +10.3 ( 1.2
633 L-L ) Cl-phen C6H5Me -1.2 ( 0.1

Mo(OC)5L-L f Mo(OC)4L-L + CO C6H5CH3 25 150 215
634 L-L ) phen 4 +0.6 ( 0.2
635 L-L ) 2,9-Me2phen 4 -0.1 ( 0.4
636 L-L ) 4,7-Me2phen 5 +1.5 ( 0.3
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Table 1. (Continued)

no. reaction solvent
T,
°C

P,
MPa

no. of
data

∆Vq,
cm3 mol-1

∆Vh , cm3 mol-1

(method) ref(s) remarks

Photoinduced Thermal Substitution Reactions (Continued)
637 L-L ) 5-Clphen 5 +3.3 ( 0.5
638 L-L ) 3, 4, 7, 8-Me4phen 5 +2.3 ( 0.4

Mo(OC)5L-L f Mo(OC)4L-L + CO 216
639 L-L ) phen liquid CO2 10 210 6 +16.2 ( 0.2
640 L-L ) phen 20 210 7 +23 ( 2
641 L-L ) phen 30 210 5 +36 ( 2
642 L-L ) phen heptane 25 210 >5 -3.0 ( 0.1
643 L-L ) phen C6H5CH3 25 210 >5 -1.6 ( 0.1
644 L-L ) phen C6H5Cl 25 210 >5 -9.8 ( 1.4
645 W(CO)5en f W(CO)4en + CO C6H5CH3 50 150 4 -12.3 ( 1.4 210
646 W(CO)5(R2dab) f W(CO)4(R2dab) + CO C6H5CH3 40 150 4 -13.7 ( 1.3 210
647 (η1-phen)W(CO)5 f (η2-phen)W(CO)4 + CO C6H5F 25 150 5 -8.2 ( 0.2 211

W(OC)5L-L f W(OC)4L-L + CO 210 >5 216
648 L-L ) phen supercritical 35 +181 ( 18 150-250 bar
649 L-L ) phen fluid ethane 40 +36 ( 4 150-250 bar
650 L-L ) phen 48 +33 ( 3 150-250 bar
651 L-L ) phen 60 +11 ( 1 150-250 bar
652 L-L ) phen 35 +6.7 L/mol 50-100 bar (near critical point)
653 L-L ) phen 40 +6.2 L/mol 50-100 bar (near critical point)
654 L-L ) phen 48 +3.9 L/mol 50-100 bar (near critical point)
655 L-L ) phen 60 +3.0 L/mol 50-100 bar (near critical point)
656 L-L ) phen supercritical 35 +7.2 L/mol 50-100 bar (near critical point)
657 L-L ) phen fluid CO2 42 +3.6 L/mol 50-100 bar (near critical point)
658 L-L ) phen 48 +1.4 L/mol 50-100 bar (near critical point)
659 L-L ) phen 60 +0.5 L/mol 50-100 bar (near critical point)
660 L-L ) phen heptane 25 -4.0 ( 0.2
661 L-L ) phen C6H5CH3 25 +3.6 ( 0.1
662 L-L ) phen C6H5Cl 25 -5.4 ( 0.2
663 W(OC)5bpy f W(OC)4bpy + CO C6H5CH3 25 100 5 -10.9 ( 1.1 217

W(CO)5(S) + 1-hexene f
W(CO)5(1-hexene) + S

25 100 5 212

664 S ) n-heptane +2.7 ( 0.4
665 S ) C6H5F +2.5 ( 0.2
666 S ) C6H5Cl +0.4 ( 0.3
667 W(CO)5dbubpy f W(CO)4dbubpy + CO C6H5CH3 25 150 4 -4.5 ( 0.2 218
668 W(CO)5dpbpy f W(CO)4dpbpy + CO C6H5CH3 25 150 4 -6.4 ( 0.6 218
669 W(CO)5dmbpy f W(CO)4dmbpy + CO C6H5CH3 25 150 4 -8.4 ( 1.0 218
670 cis-(CB)(Ph2MeP)W(CO)4 + 1-hexene f

cis-(hexene)(Ph2MeP)W(CO)4 + CB
CB 35 150 4 +9.7 ( 0.8 219

cis-(CB)(PPh2(CH2)nCHdCH2)W(CO)4 f
ring closure

CB 35 150 4 219

671 n ) 1 +7.7 ( 0.8
672 n ) 2 +5.12 ( 0.01
673 n ) 3 +10.7 ( 0.8
674 n ) 4 +10.5 ( 0.2

Addition Reactions
675 Li+ + B(OH)4

- a LiB(OH)4 H2O 25 200 16 +7.8 ( 0.7 (a) 220 µ ) 0.1 M
B(OH)3 + H2O a H+ + B(OH)4

- H2O 25 200 16 221
676 -28.9 ( 0.3 (a) µ ) 0.1 M (NaCl)
677 -31.8 ( 0.1 (a) µ ) 1.0 M (NaCl)

Na+ + B(OH)4
- a NaB(OH)4 H2O 25 200 16 221

678 +5.9 ( 1.0 (a) µ ) 0.1 M (NaCl)
679 +7.0 ( 0.2 (a) µ ) 1.0 M (NaCl)
680 -17.4 ( 0.7 (a) µ ) 1.0 M (Me4NCl)
681 Cr(CO)5O(C6H5)(C2H5) + C4H9N f

Cr(CO)5O(C6H5)(C2H5)(C4H9N)
CH3CN 25 150 5 -16.6 ( 0.4 222

682 carbene + 3,4-dihydro-2H-pyran 3,4-dihydro- 25 100 3 -15.0 ( 0.6 223
carbene ) (OC)5CrdC(OMe)(C2Me) 2H-pyran

683 (OC)5CrdC(OMe)(Ph) + Pr2N-CN f
(OC)5CrdC(NPr2)(NdC(OMe)(Ph))

MeCy 28 150 4 -17.3 ( 0.3 224

684 (OC)5CrdC(OMe)(Ph) + Et2N-CC-Me f
(OC)5CrdC(NEt2)(C(Me)dC(OMe)(Ph))

octane 30 150 5 -20.2 ( 1.4 224

(CO)5Cr(OEt)C2(C6H5) + (NH2)C6H4(X) f
(CO)5CrC(OEt)HC2 (C6H5)NH(C6H4)X

CH3CN 150 5 225

685 X ) CN 15 -27.9 ( 0.6
686 X ) CH3CO 44 -26.6 ( 0.5
687 X ) Cl 34 -24.5 ( 0.4
688 X ) F 15 -24.6 ( 0.9
689 X ) H 15 -22.2 ( 0.8
690 X ) CH3 15 -21.1 ( 1.0
691 X ) CH3O 15 -21.1 ( 1.0

â-elimination of (H2O)5CrIII-CH2CH2OH2+ H2O 20 150 226
692 -4.1 ( 0.2 pH ) 2.58
693 -5.4 ( 0.3 pH ) 3.05
694 -3.6 ( 0.3 pH ) 3.53
695 -3.1 ( 1.0 pH ) 3.67
696 -5.4 ( 0.4 pH ) 4.27
697 Fe(N4)2+ + Im f Fe(N4)Im2+ DMSO 30 90 10 +27.2 ( 1.5 227 µ ) 0.2 M (NaClO4)
698 Fe(N4)Im2+ + Im f Fe(N4)(Im)2

2+ DMSO 35 100 6 +21.8 ( 0.9 227 µ ) 0.2 M (NaClO4)
(OC)3Fe(1-5-η-C6H7)+ + 4-CHOpy f 2a CH3CN 150 4 228

699 14 +5.6 ( 0.4 [4-CHOpy] ) 0.01 M
700 14 -2.9 ( 0.1 [4-CHOpy] ) 0.05 M
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Table 1. (Continued)

no. reaction solvent
T,
°C

P,
MPa

no. of
data

∆Vq,
cm3 mol-1

∆Vh , cm3 mol-1

(method) ref(s) remarks

Addition Reactions (Continued)
701 2a f (OC)3Fe(1-5-η-C6H7)+ + 4-CHOpy 25 +5.6 ( 0.4

(OC)3Fe(1-5-η-2-MeOC6H6)+ + 4-CHOpy f 2b CH3CN 150 4 228
702 14 +5.9 ( 0.3 [4-CHOpy] ) 0.02 M
703 14 +1.2 ( 0.1 [4-CHOpy] ) 0.04 M
704 14 -2.9 ( 0.3 [4-CHOpy] ) 0.08 M
705 14 -3.8 ( 0.2 [4-CHOpy] ) 0.10 M
706 25 -9.8 ( 0.9 [4-CHOpy] ) variable
707 2b f (OC)3Fe(1-5-η-2-MeOC6H6)+ + 4-CHOpy 25 +18.0 ( 1.9

(OC)3Fe(1-5-η-C7H9)+ + 4-CHOpy f 2c CH3CN 25 150 5
708 +0.4 ( 1.1 [4-CHOpy] ) 0.01 M
709 +0.1 ( 0.1 [4-CHOpy] ) 0.10 M
710 2c f (OC)3Fe(1-5-η-C7H9)+ + 4-CHOpy ≈0
711 (OC)3Fe(η5-2-MeOC6H6)+ + Et-py f 3b CH3CN 15 150 5 -7.8 ( 0.2 229
712 (OC)3Fe(η5-2-C7H9)+ + Et-py f 3c CH3CN 25 150 5 -6.4 ( 0.2 229

PFeL + L f PFeL2 DMF 20 180 4 230
713 L ) CN- -11.4 ( 2.3
714 L ) imidazole -7.6 ( 1.3

Co(hfac)Ln+ + OH- a Co(hfac)LOH(n-1)+ H2O 231
715 L ) (en)2 +10.3 ( 0.2 (a)
716 L ) tren +10.5 ( 0.2 (a)
717 L ) â-2,3,2-tet +13.1 ( 0.2 (a)
718 L ) â-3,2,3-tet +14.4 ( 0.2 (a)
719 L ) cyclen +12.8 ( 0.2 (a)
720 L ) cyclam +15.7 ( 0.2 (a)
721 L ) mer(N)-(gly)(en) +2.7 ( 0.2 (a)
722 L ) mer(N)-i-dtma +4.2 ( 0.2 (a)
723 L ) cis(O)-aeida -1.8 ( 0.2 (a)
724 L ) trans(O)-aeida -8.7 ( 0.2 (a)

MeOH
725 L ) (en)2 +20.6 ( 0.3 (a)
726 L ) tren +18.8 ( 0.2 (a)
727 L ) â-2,3,2-tet +24.4 ( 0.2 (a)
728 L ) â-3,2,3-tet +29.4 ( 0.4 (a)
729 L ) cyclen +18.8 ( 0.2 (a)
730 L ) cyclam +20.6 ( 0.2 (a)
731 L ) mer(N)-(gly)(en) +10.3 ( 0.2 (a)
732 L ) mer(N)-i-dtma +8.7 ( 0.2 (a)
733 L ) cis(O)-aeida +0.1 ( 0.4 (a)
734 L ) trans(O)-aeida -13.3 ( 0.4 (a)
735 L ) (NH3)4 +27.1 ( 0.4 (a)
736 L ) R-trien +22.9 ( 0.4 (a)
737 L ) â-trien +19.8 ( 0.2 (a)
738 L ) fac(N)-i-dtma +4.0 ( 0.4 (a)
739 L ) R-edda -13.0 ( 0.2 (a)
740 L ) â-edda -5.0 ( 0.2 (a)

CoX2(3-Mepy)2 + 2(3-Mepy) a CoX2(3-Mepy)4 3-Mepy 17 300 7 232
741 X ) Cl- 18.5 150 4 -18 (a)
742 X ) Br- 20 300 7 -19 (a)

CoX2(4-Mepy)2 + 2(4-Mepy) a CoX2(4-Mepy)4 4-Mepy 233
743 X ) Cl- -26 (a)
744 X ) Br- -27 (a)
745 Co(aben)4Cl + py a Co(aben)4Cl(py) py 19 150 5 -21.8 (a) 234

R,S,R,S-Ni(tmc)2+ + A a R,S,R,S-Ni(tmc)A2+ 25 140 8 235 0.03 < µ < 0.04 M (unadjusted)
746 A ) CH3CN -3.2 ( 0.5 (a)
747 A ) C6H5CN -4.2 ( 0.5 (a)
748 A ) DMF -0.2 ( 0.5 (a)
749 A ) H2O -0.5 ( 0.5 (a)
750 Mo(CO)5O(C6H5)(C2H5) + C4H9N f CH3CN 25 150 5 -16.4 ( 0.3 222

Mo(CO)5O(C6H5)(C2H5)(C4H9N)
751 [Rh(MPI)]PF6 + CH3CN f products CH3CN 25 400 8 -4.4 ( 0.5 (a) 236

RhI(â-diketone)[P(OPh)3]2 + CH3I f
RhIII(â-diketone)[P(OPh)3]2(CH3)(I)

752 â-diketone ) acac (CH3)2CO 25 150 4 -17.3 ( 0.7 176
753 21 140 7 -18.7 ( 1.0 237
754 â-diketone ) tfac (CH3)2CO 25 150 4 -14.5 ( 0.8 176
755 â-diketone ) cupf (CH3)2CO 25 150 4 -17.1 ( 0.8 176
756 â-diketone ) TFBA (CH3)2CO 21 130 5 -19.3 ( 0.5 237
757 DCE 21 120 4 -9.1 ( 0.3 237
758 DCM 21 130 5 -17.7 ( 0.5 237
759 CHCl3 21 110 5 -22.7 ( 0.4 27
760 RhI(cupf)[P(OPh)3](CO) + CH3I f CH3OH 25 150 4 -24.9 ( 0.5 176

RhIII(cupf)[P(OPh)3](CO)(CH3)(I)
Rh(sacac)(CO)(PPh3) + CH3I f products 25 100 5 238

761 CHCl3 -16.9 ( 1.0
762 C6H5Cl -13.6 ( 0.3
763 CH2Cl2 -18.3 ( 0.9
764 ClH2CCH2Cl -13.2 ( 0.5
765 (CH3)2CO -15.2 ( 0.6
766 CH3NO2 -15.2 ( 0.7
767 CH3CN -13.9 ( 0.7

Rh(cupf)(CO)(PPh3) + CH3I f products
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Table 1. (Continued)

no. reaction solvent
T,
°C

P,
MPa

no. of
data

∆Vq,
cm3 mol-1

∆Vh , cm3 mol-1

(method) ref(s) remarks

Addition Reactions (Continued)
768 CHCl3 -17.3 ( 0.8
769 CH2Cl2 -17.4 ( 0.8
770 ClH2CCH2Cl -16.1 ( 0.3
771 (CH3)2CO -15.7 ( 0.7
772 CH3CN -25.4 ( 0.7
773 Pd(bpy)Me2 + MeI f Pd(bpy)(I)Me3 (CH3)2CO 20 150 5 -11.9 ( 0.6 239 [MeI] ) 0.04 M
774 Pd(bpy)(I)Me3 f C2H6 + Pd(bpy)(I)Me (CH3)2CO 20 150 5 +17.3 ( 1.4 239 [NaI] ) 0.04 M

[Pd(C6H3RCH2NMe2)X]2 + 2PhC2Ph f CHCl3 25 150 4 240
2(Pd(C6H3RCH2NMe2)X(PhC2Ph))

775 R, X ) F, Cl -18.6 ( 0.9
776 R, X ) H, Cl -15.0 ( 0.5
777 R, X ) MeO, Cl -16.2 ( 1.4
778 R, X ) H, Cl -14.4 ( 1.2

[Pd(C6H3RCH2NMe2)X]2 + 2EtC2Et f CHCl3 25 150 4 240
2(Pd(C6H3RCH2NMe2)X(EtC2Et))

779 R, X ) H, I +0.9 ( 0.7
780 H2CdCHCH2SnBut

3 + Cl3CCHO f H2CdCH2SnBut
3 37.5 80 5 -11.7 ( 0.3 241

Cl3CCH(OSnBut
3)CH2CHdCH2

781 Eu(fod)3 + adamantine f products CDCl3 21 100 6 +8 ( 2 242
carbene + 3,4-dihydro-2H-pyran 3,4-dihydro- 25 100 3 223
carbene ) 2H-pyran

782 (OC)5WdC(OMe)(C2Me) -14.9 ( 0.5
783 (OC)5WdC(OEt)(C2Ph) -17.8 ( 0.5

(CO)5WC(OEt)C2Ph + C3H3NNH f MeCN:C6H5CH3 44 100 4 243
(CO)5WC(OEt)CHCPhC3H3N2 (% vol)

784 100:0 -18.0 ( 1.4
785 35:65 -19.0 ( 1.2
786 15:85 -19.7 ( 0.9
787 0:100 -22.7 ( 0.6
788 (OC)5WdC(OMe)(Ph) + Pr2N-CN f MeCy 60 150 4 -20.7 ( 1.1 224

(OC)5WdC(NPr2)(NdC(OMe)(Ph))
789 (OC)5WdC(OMe)(Ph) + Et2N-CC-Me f octane 25 150 5 -24.7 ( 1.0 224

(OC)5WdC(NEt2)(C(Me)dC(OMe)(Ph))
W(CO)5O(R1)(R2) + C4H9N f 25 150 5 222

W(CO)5O(R1)(R2)(C4H9N)
790 R1, R2 ) C6H5, C2H5 CH3CN -15.0 ( 0.7
791 R1, R2 ) C6H5, C2H5 C6H4Cl2 -16.5 ( 0.6
792 R1, R2 ) C6H5, C2H5 C6H5Cl -17.0 ( 0.9
793 R1, R2 ) C6H5, C2H5 C6H5CH3 -18.8 ( 0.8
794 R1, R2 ) C6H5, C2H5 n-heptane -21.9 ( 0.7
795 R1, R2 ) CH3, CH3 CH3CN -15.3 ( 0.8

H2Os3(CO)10 + L f H2Os3(CO)10L C6H5Cl 30 180 244
796 L ) etbp -16.6 ( 2.4
797 L ) P(OMe)3 -13.2 ( 1.6
798 L ) P(OPh)3 -12.8 ( 0.7
799 L ) P(OPri)3 -12.7 ( 0.5
800 L ) P(Bun)3 -16.1 ( 1.1
801 L ) PPh2(OEt) -14.9 ( 1.7
802 L ) PPh3 -20.2 ( 0.2
803 L ) P(p-F3CC6H4)3 -20.4 ( 0.6
804 L ) P(p-FC6H4)3 -21.0 ( 1.0
805 L ) P(p-MeC6H4)3 -19.3 ( 0.4
806 L ) P(p-MeOC6H4)3 -19.0 ( 0.8
807 L ) (m-tol)3 -16.4 ( 0.7
808 L ) PBzPh2 -20.9 ( 0.8
809 L ) PCyPh2 -26.2 ( 1.0
810 L ) (NMe2)3 -31.8 ( 0.9
811 L ) PCy2Ph -22.9 ( 1.0
812 L ) PBz3 -20.4 ( 0.7
813 L ) P(o-tol)3 -8.1 ( 1.4
814 Me2Pt(bpy) + MeI f Me3Pt(bpy)+ + I- (CH3)2CO 25 200 5 -11.7 ( 0.3 245
815 Me2Pt(bpy) + EtI f EtMe2Pt(bpy)+ + I- (CH3)2CO 25 200 5 -9.7 ( 0.7 25

Formation and Dissociation Reactions
816 HF a H+ + F- H2O 25 200 16 +3.3 ( 0.5 (b) 246 µ ) 0.1 M
817 Na+(C222) + en f products en 30 200 12 +8.9 ( 0.4 247
818 NaF a Na+ + F- H2O 25 200 16 -9.6 ( 0.1 (b) 246 µ ) 0.1 M

CryNa+ f Cry + Na+ 200 5-7 248
819 DMSO 40 +2.1 ( 0.7
820 DMF 25 +2.0 ( 0.2

CryNa+ + Hdca f CryH+ + Na+ + dca- 25 200 5-7 248
821 DMF -8.0 ( 1.0
822 MeCN -16.0 ( 0.8 +3.3 ( 0.4 (b) 248
823 Cry + Na+ f CryNa+ DMSO 25 200 5-7 +5.4 ( 1.1 248
824 Cry + Hdca f CryH+ + dca- DMSO 25 200 5-7 -11.1 ( 2.6 136 µ ) 1.06 M (KCl)
825 18-crown-6 + K+ f K(18-crown-6)+ H2O 25 200 5-7 +10.9 ( 0.2 249 µ ) 3.00 M

(NaClO4/HClO4)
VO2

+ + H2O2 a VO(O2)+ + H2O H2O 20 160 8
826 [H+]-independent path +2.8 ( 1.0
827 1/[H+]-dependent path +9.9 ( 1.7
828 [H+]-dependent path +14.2 ( 3.2
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Table 1. (Continued)

no. reaction solvent
T,
°C

P,
MPa

no. of
data

∆Vq,
cm3 mol-1

∆Vh , cm3 mol-1

(method) ref(s) remarks

Formation and Dissociation Reactions (Continued)
829 VO(O2)2

+ + H2O2 a VO(O2)2
- + 2H+ H2O 20 200 8 0.0 ( 0.2 249

830 H+ + ClO2
- a HClO2 H2O 5 150 5 +10.7 ( 1.5 (a) 134 µ ) 1.0 M (NaClO4)

831 Cu2+ + C221 f Cu(C221)2+ DMSO 35 80 8 -1.6 ( 1.5 250
832 Cu(C221)2+ f Cu2+ + C221 DMSO 39.5 100 6 +1.6 ( 0.5 250
833 Cu2+ + C221 f Cu(C221)2+ DMF 25 200 9 -0.4 ( 0.6 250
834 (C6H4CH2PdN(CH3)2I)2 + (2)2,6-Me2py f CH3Cl 25 100 3 -22.6 ( 2.9 251

2(C6H4CH2PdN(CH3)2I-2,6-Me2py)
835 ReMeO3 + H2O2 + Br- a H2O 20 150 4 -10.6 ( 1.4 252 µ ) 2.0 M

ReMeO2(η2-O2)(H2O) + Br-, with ReMeO3

836 H2O2 + 2Br- + 2H+ f Br2 + 2H2O, without ReMeO3 H2O 20 150 4 -7.5 ( 1.1 252 µ ) 2.0 M

837 (C6H3(4-MeO)CH2PtN(CH3)2Cl)2 + (2)4-Mepy f CH3Cl 25 100 5 -14.5 ( 1.3 251
2(C6H3(4-MeO)CH2PtN(CH3)2Cl-4-Mepy)

Isomerization Reactions
(C221)1 a (C221)2 25 200 248

838 Me2SO +40 (a)
839 DMF +41 (a)
840 CH3CN +43 (a)
841 cis-TiCl4‚2TMPA a trans-TiCl4‚2TMPA CHCl3 -30 -1.3 ( 0.8 (a) 253
842 cis-TiCl4‚2TMPA a trans-TiCl4‚2TMPA CHCl3 67 230 8 +6.2 ( 1.8 64
843 Cr(NH3)5(OCHNH2)3+ f Cr(NH3)5(NHCHO)2+ + H+ H2O 25 100 5 -7.6 ( 0.8 121 µ ) 1.0 M (NaClO4),

[OH-] ) 0.1 M
844 Cr(NH3)5(OC(NH2)2

3+ f Cr(NH3)5(NHCONH2)2+ + H+ H2O 23.5 100 5 -9.8 ( 0.9 121 µ ) 1.0 M (NaClO4),
[OH-] ) 0.1 M

845 Fe(CO)2(1,3-cyclooctadiene)(PPh3), fluxionality C6H5CH3 -73 200 9 +0.5 ( 0.2 254
846 trans-Co(en)2(OH2)(OSeO2H)2+ a

cis-Co(en)2(OH2)(OSeO2H)2+
H2O 41 140 5 +7.2 ( 0.4 162 pH ) 1

trans-CoIII(en)2(H2O)Xn+ f cis-CoIII(en)2(H2O)Xn+ H2O 200 5-6 255 HClO4 solution
847 X ) H2O 45 +4.9 ( 1.3 -1.0 ( 1.2 (b) µ ) 1.05 M
848 X ) OH- 13 +6.1 ( 0.4 -5.5 ( 0.4 (b) 255 µ ) 0.03 M
849 X ) NCS- 63 +7.5 ( 0.3 -0.8 ( 0.0 (b) µ ) 0.03 M
850 X ) NH3 73 +7.4 ( 0.7 +0.4 ( 0.2 (b) µ ) 0.26 M
851 X ) NO2

- 65 +11.4 ( 1.0 +1.5 ( 0.5 (b) µ ) 0.01 M
852 X ) Br- 30 +2.1 ( 0.7 -2.8 ( 0.0 (b) µ ) 0.02 M
853 X ) N3

- 30 +7.5 ( 0.3 -2.3 ( 0.2 (b) µ ) 0.01 M
854 X ) OH- 45 +11.4 ( 0.5 -3.7 ( 0.5 (b) µ ) 0.07 M
855 X ) NH3 45 +18.6 ( 0.6 -1.5 (b) µ ) 0.03 M

cis-CoIII(en)2(H2O)Xn+ f trans-CoIII(en)2(H2O)Xn+ H2O 200 5-6 HClO4 solution
856 X ) H2O 45 +5.8 ( 1.2 µ ) 1.05 M
857 X ) OH- 13 +11.6 ( 0.4 µ ) 0.03 M
858 X ) NCS- 63 +8.3 ( 0.3 µ ) 0.03 M
859 X ) NH3 73 +7.0 ( 0.9 µ ) 0.26 M
860 X ) NO2

- 65 +10.1 ( 1.0 µ ) 0.01 M
861 X ) Br- 30 +4.9 ( 0.7 µ ) 0.02 M
862 X ) N3

- 30 +9.8 ( 0.3 µ ) 0.01 M
863 X ) OH- 45 +15.1 ( 0.5 µ ) 0.07 M
864 X ) NH3 45 +19.5 ( 1.1 µ ) 0.03 M
865 trans-Co(en)2(H2O)2

3+ f cis-Co(en)2(H2O)(OH)2+ + H+ H2O 19.5 200 5-6 +3.0 ( 0.1 (b) 255
866 trans-Co(en)2(H2O)(OH)2+ f trans-Co(en)2(OH)2

2+ + H+ H2O 19.5 200 5-6 +5.9 ( 0.0 (b) 255
867 cis-ZrCl4‚2TMPA f trans-ZrCl4‚2TMPA CHCl3 -12.5 150 9 -1.6 ( 0.6 82,83
868 (µ-H)3Ru3(µ3-CCO2-Me)(CO)9 f

(µ-H)2Ru3(µ3-η2-CHCO2-Me)(CO)9

decane 57 200 5 -0.3 ( 0.7 256

869 (µ-H)3Ru3(µ3-CSEt)(CO)9 f
(µ-H)Ru3(µ3-η2-CH2SEt)(CO)9

decane 57 200 5 +22.0 ( 1.4 256

870 HRu3(µ3-η3-EtSCCMeCMe)(CO)9 f
Ru3(µ-SEt)(µ3- η3-CCMeCHMe)(CO)9

decane 48 210 5 +12.7 ( 1.1 257

871 ttt-RuCl2(CO)2(Ph2MeP)2 f ccc-RuCl2(CO)2(Ph2MeP)2 CHCl3 63 140 +19 ( 2 258
872 ttt-RuCl2(CO)2(PhMe2P)2 f ccc-RuCl2(CO)2(PhMe2P)2 CB 70 140 -19 ( 2 258
873 t-RuCl2(CO)2(Ph2MeP)2 f c-RuCl2(CO)2(Ph2MeP)2 CHCl3 34 140 +15 ( 2 258
874 t-RuCl2(CO)2(PhMe2P)2 f c-RuCl2(CO)2(PhMe2P)2 TCE 64 140 +16 ( 2 258
875 (µ-H)2Ru3(µ3-CHCO2Me)(CO)9 CD3C6D5 36 200 9 +4.1 ( 0.3 259

hydride exchange (bridging, terminal)
C6H4XP(p-XC6H4)2Rh2(µ-O2CHCH3)2(O2CHCH3)- 25 150 5 260

(p-YC6H4)3PCH3 f (C6H4XP(p-XC6H4)2-
(p-YC6H4)2)2(CH3)2Rh2(µ-O2CHCH3)2

spontaneous process C6H5CH3 -22.7 ( 0.2
876 X ) H, Y ) H -21.5 ( 0.5
877 X ) H, Y ) Me -23.1 ( 1.1
878 X ) Me, Y ) H -21.4 ( 0.7
879 X ) Me, Y ) Me

acid-assisted process CH3COOH -15.3 ( 0.2
880 X ) H, Y ) H -13.8 ( 0.2
881 X ) H, Y ) Me -14.8 ( 0.2
882 X ) Me, Y ) H -13.7 ( 0.3
883 X ) Me, Y ) Me

trans-(NZ)W(CO)2(F) + L f cis-(NZ)W(CO)(L)(F) 261
884 no CO (L ) 0) 60 100 5 +15.6 ( 0.4
885 L ) CO 60 100 5 +3.9 ( 0.2
886 L ) P(OMe)3 25 150 4 +15.7 ( 0.6
887 H(µ-H)Os3(CO)10(PPh3) CD2Cl2 -19.5 200 9 -0.8 ( 0.4 259

hydride exchange (bridging, terminal)
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Table 1. (Continued)

no. reaction solvent
T,
°C

P,
MPa

no. of
data

∆Vq,
cm3 mol-1

∆Vh , cm3 mol-1

(method) ref(s) remarks

Isomerization Reactions (Continued)
Ir4(CO)9(SCH3)3 1.3 200 7 262

888 bridged a unbridged +15.4 ( 0.4 (b)
889 intramolecular CO exchange +8.3 ( 0.8
890 Ir2Rh2(CO)11PPh3 (fluxional PPh3 migration) CD2Cl 51 180 7 +10.1 ( 1.5 263
891 (O2SO)Pt(CN)4Cl3- f (O3S)Pt(CN)4Cl3- H2O 25 150 10 +5.3 ( 0.4 208 µ ) 1.0 M,

[H+] ) 0.03M

Electron-Transfer Reactions
892 VV + acetoin a MeCOCOMe + 2VIV + 2H+ -3.5 ( 0.4 264
893 VV + hydroxyacetone a MeCOCHO + 2VIV + 2H+ -1.3 ( 0.7 264

Cr(H2O)6
2+ + -R f products H2O 20 150 5 265

894 -R ) CH3 +6.3 ( 1.0
895 -R ) CH2CH2OH +4.0 ( 1.0
896 -R ) CH(CH3)OH +3.5 ( 1.0
897 -R ) C(CH3)2OH +5.7 ( 1.0
898 -R ) CH(CH3)CH2OH +3.9 ( 1.0
899 -R ) CH2C(CH3)2OH +3.4 ( 1.0
900 -R ) CH2C(CH3)2NH2 +3.6 ( 1.0
901 -R ) CH(OH)CH2OH +4.8 ( 1.0
902 -R ) CH(CH3)OCH2CH3 +4.3 ( 1.0
903 -R ) CH(CH3)CH(CH3)OH +3.9 ( 1.0

Cr(H2O)6
2+ + H2O2 + reactant f products H2O 25 200 4 266 µ ) 0.5 M, pH ) 3

reactant +3.5 ( 0.2
904 0.01 M CF3COO- +5.4 ( 0.5
905 0.1 M CF3COO- +2.3 ( 0.6
906 0.01 M CH3COO- -6.0 ( 0.2
907 0.32 M CH3COO- -1.1 ( 1.3
908 H2O
909 Cr(II) reactants f Cr(H2O)5(CMe2OH)2+ H2O 25 150 4 -38 ( 3 (a) 267 µ ) 0.5 M, pH ) 5.3
910 20 +5.7 pH ) 4.1,

[MeCO2] ) 0
911 20 +6.0 pH ) 5.2, [MeCO2] )

0.009 M
912 20 -3.9 pH ) 5.2, [MeCO2] )

0.050 M
913 20 -7.4 pH ) 5.2, [MeCO2] )

0.27 M
914 Cr(bpy)3

3+/2+ (redox couple) H2O 25 130 8 +21.1 (B) 268 µ ) 0.1 M (KNO3)
915 Cr(CNdipp)6

2+ + Co(nox)3(BBu)2 f CH3CN 25 150 11 +2.2 ( 2 269 Bu4NBF4 electrolyte
Cr(CNdipp)6

+ + Co(nox)3(BBu)2
+

Cr(CNdipp)6
2+ + Co(nox)3(BPh)2 f CH3CN 150 11 269

Cr(CNdipp)6
+ + Co(nox)3(BPh)2

+

916 20 +5.6 ( 2
917 16 +10.8 ( 1
918 19 +11.0 ( 1
919 19 +10.8 ( 1 [Bu4N(BF4)] )

4 × 10-5 M
920 19 +9.7 ( 2 [Bu4N(BF4)] )

5 × 10-5 M
921 19 +7.3 ( 2 [Bu4N(BF4)] )

10 × 10-5 M
922 19 +8.2 ( 2 [Bu4N(BF4)] )

25 × 10-5 M
923 19 +8.5 ( 2 [Bu4N(BF4)] )

50 × 10-5 M
924 19 +11.0 ( 2 [Bu4N(BF4)] )

0.120 M
925 19 +15.0 ( 2 [Bu4N(BF4)] )

0.204 M
926 MnIII(cydta)- + HONH(SO3)- f products H2O 25 100 5 -10 ( 1 270 µ ) 0.25 M

MnO4
1-/2- (self-exchange) 75% H2O-25%

D2O
45 180 10 271 [OH-] ) 0.2 M,

µ ) 1.1 M
kobs ) k0 + kM[M+]

927 k0 -22.8 ( 1.2
928 M+ ) Na+, kM +3.3 ( 1.0
929 M+ ) K+, kM -1.1 ( 0.3

Mn(CNC(CH3)3)6
+/2+ (OS self-exchange) 200 272

930 CH3CN 6 10 -12 ( 1 µ ) 0.69 M
931 CH3OH 6 6 -20 ( 2 µ ) 0.17 M
932 C6H5CN 12 9 -9 ( 2 µ ) 0.52 M
933 EtOH 7 9 -16 ( 2 µ ) 0.16 M
934 (CH3)2CO 6 10 -20 ( 2 µ ) 0.16 M
935 (CH3O)3PO 6 6 -10 ( 2 µ ) 0.16 M
936 Et2CO 7 7 -22 ( 2 µ ) 0.18 M
937 DCM 0 11 -18 ( 2 µ ) 0.11 M

CH3CN/CH2Cl2 200
938 9:1 1 10 -12 ( 2
939 4:1 0 14 -14 ( 2 µ ) 0.17 M
940 7:3 1 23 -15 ( 2 µ ) 0.18 M
941 3:2 0 13 -15 ( 2 µ ) 0.16 M
942 1:1 1 14 -14 ( 2 µ ) 0.14 M
943 2:3 2 19 -19 ( 3 µ ) 0.12 M
944 3:7 1 13 -15 ( 3 µ ) 0.12 M
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Table 1. (Continued)

no. reaction solvent
T,
°C

P,
MPa

no. of
data

∆Vq,
cm3 mol-1

∆Vh , cm3 mol-1

(method) ref(s) remarks

Electron-Transfer Reactions (Continued)
945 1:4 2 14 -13 ( 3 µ ) 0.12 M
946 1:9 2 8 -15 ( 2 µ ) 0.11 M

CH3CN/BrC6H5 200
947 4:1 2 10 -12 ( 4 µ ) 0.15 M
948 1:1 2 18 -15 ( 3 µ ) 0.15 M
949 1:4 2 14 -13 ( 3 µ ) 0.11 M

DCM/BrC6H5 -22.6 ( 0.8 (a)
950 4:1 1 100 14 -17 ( 2 µ ) 0.08 M
951 1:1 1 100 19 -21 ( 3 µ ) 0.11 M
952 3:7 3 300 18 -16 ( 2 µ ) 0.14 M

Mn(CNC6H11)6
+/2+ (OS self-exchange) 272

953 CH3CN 2 200 11 -17 ( 1 µ ) 0.20 M
954 CH3OH 2 200 18 -16 ( 2 µ ) 0.18 M
955 (CH3)2CO 3 300 17 -20 ( 2 µ ) 0.19 M
956 DCM 3 300 15 -21 ( 4 µ ) 0.12 M
957 BrC6H5 2 200 10 -9 ( 2 µ ) 0.17 M

DCM/BrC6H5

958 7:3 3 300 21 -17 ( 2 µ ) 0.09 M
959 1:1 3 300 18 -18 ( 2 µ ) 0.10 M
960 3:7 3 300 18 -10 ( 4 µ ) 0.10 M
961 (FeII)2O(O2Ph)(N(CH2CEtN2C6H4)2)2 + O2 f propionitrile 20 140 11 -12.8 ( 0.9 273

(FeIII)2O(O2)(O2Ph)(N(CH2CEtN2C6H4)2)2

FeII(edta)/O2 f FeIII(edta) H2O 25 274 pH ) 5, µ ) 0.5 M
962 [Fe(edta)] ) 0.0025 M 100 6 -16.9 ( 1.2
963 [Fe(edta)] ) 0.02 M 95 5 -12.7 ( 0.9

FeII(hedtra)/O2 f FeIII(hedtra) H2O 25 274 pH ) 5, µ ) 0.5 M
964 [Fe(hedtra)] ) 0.0025 M 95 5 -11.6 ( 1.2

FeII(dtpa)/O2 f FeIII(dtpa) H2O 25 274 pH ) 5, µ ) 0.5 M
965 [Fe(dtpa)] ) 0.02 M 100 5 -7.1 ( 0.4
966 Fe(H2O)6

3+ + Co([9]aneS3)2
2+ f H2O 25 200 7 -15.9 ( 0.3 -17.1 ( 0.4 (a) 275 µ ) 0.1 M (CF3SO3

-)
Fe(H2O)6

2+ + Co([9]aneS3)2
3+

967 Fe(H2O)6
3+ + Co(sep)2+ f Fe(H2O)6

2+ + Co(sep)3+ H2O 2 210 7 -5.0 275 µ ) 0.3 M (CF3SO3
-)

968 (CN)5Fe(CN)Pt(NH3)4(CN)Fe(CN)5
4-, H2O 25 150 10 -5.7 ( 0.2 276

intramolecular one-electron-transfer event
969 H2Asc + Fe(CN)6

3- a H2Asc•+ + Fe(CN)6
4- H2O 25 60 5 -40 ( 68 277 µ ) 0.1 M (NaClO4)

970 HAsc- + Fe(CN)6
3- a HAsc• + Fe(CN)6

4- H2O 25 60 5 -14 ( 3 277 µ ) 0.1 M (NaClO4)
H2Asc + 2Fe(CN)6

3- f Asc + 2H+ + 2Fe(CN)6
4- H2O 25 5 278

971 95 -16.6 ( 0.5 pH ) 0.30, µ ) 1.0 M
972 95 -15.0 ( 1.0 pH ) 5.00, µ ) 1.0 M
973 96 -16.3 ( 0.4
974 H2Asc + 2Fe(H2O)6

3+ f Asc + 2H+ + 2Fe(H2O)6
2+ H2O 25 90 5 +14 ( 2 279 µ ) 1.0 M

975 H2Asc + 2Fe(H2O)5(OH)2+ f Asc + 2Fe(H2O)6
2+ H2O 25 90 5 +4.6 ( 0.7 279 µ ) 1.0 M

976 K3Fe(CN)6 + L-ascorbic acid H2O 35 190 -16 ( 1.5 280
2[Fe(CN)4(bpy)- + QH2 f 2[Fe(CN)4(bpy)2- +

Q + 2H+
H2O 25 100 5 281

QH2 ) catechol µ ) 1.0 M
977 [catechol] ) 0.017 M -18.3 ( 0.8
978 [catechol] ) 0.005 M -18.3 ( 2.5
979 QH2 ) But-catechol -18.0 ( 1.3
980 QH2 ) Me-1,4-hydroquinone -16.7 ( 1.1

Fe(phen)3
2+/Fe(phen)3

3+ (self-exchange) 282
981 as bisulfate salt D2O/D2SO4 3 210 8-10 -2.2 ( 0.1 0.3 mol kg-1

(bisulfate)
982 as perchlorate salt CD3CN 4 210 8-10 -5.9 ( 0.5 0.2 mol kg-1

(perchlorate)
983 Fe(CN)6

3-/4- (OS self-exchange) H2O 25 150 4 -1.0 ( 0.2 (a) 283
984 Fe(cp)2/Fe(cp)2

+ (self-exchange) CD3CN -8.5 to 10 200 9 -7 ( 1 284 µ ) [Fe(cp)2

peroxodisulfate oxidation of 25 3 285
985 FeII(CN)4(ein)2- H2O 100 +4.6
986 FeII(CN)4(phen)2- H2O 140 -2.1
987 H2O/DMSO 140 -3.6
988 FeII(CN)4(Me2bsb)2- H2O 100 -10.2
989 FeII(CN)2(bpy)2 H2O 100 -7.7
990 H2O/DMSO 100 -8.3
991 Fe(CN)6

3-/4- (redox couple) H2O 25 200 5-6 -38.3 ( 1.0 (a) 286 µ ) 1.00 M (KCl)
992 -36.6 ( 0.7 (a) µ ) 0.51 M (KCl)
993 -36.2 ( 0.8 (a) µ ) 0.28 M (KCl)
994 -37.1 ( 1.3 (a) µ ) 0.28 M (LiCl)
995 -34.4 ( 0.6 (a) µ ) 0.28 M (K2SO4)
996 Fe(H2O)6

3+/2+ (redox couple) H2O 25 200 5-6 +5.0 ( 0.3 (a) 286 µ ) 0.28 M (CF3SO3H)
997 Fe(phen)3

3+/2+ (redox couple) H2O 25 200 5-6 +6.2 ( 0.5 (a) 286 µ ) 1.00 M (KNO3)
998 +14.2 ( 0.5 (a) µ ) 0.25 M (KNO3)
999 +16.3 ( 0.2 (a) µ ) 0.27 M (NaHSO4)

1000 Fe(CN)6
3-/4- (redox couple) H2O 25 130 8 -38.7 ( 0.5 (a) 47 µ ) 1.0 M (KNO3)

1001 Fe(phen)(CN)4
1-/2- (redox couple) H2O 25 130 8 -25.5 ( 0.8 (a) 47 µ ) 1.0 M (KNO3)

1002 Fe(bpy)(CN4)1-/2- (redox couple) H2O 25 130 8 -25.7 ( 0.6 (a) 47 µ ) 1.0 M (KNO3)
1003 Fe(bpy)2(CN)2

1+/0 (redox couple) H2O 25 130 8 -6.6 ( 0.5 (a) 47 µ ) 1.0 M (KNO3)
1004 Fe(phen)3

3+/2+ (redox couple) H2O 25 130 8 +6.7 ( 1.0 (a) 47 µ ) 1.0 M (KNO3)
1005 Fe(bpy)3

3+/2+ (redox couple) H2O 25 130 8 +8.0 ( 0.3 (a) 47 µ ) 1.0 M (KNO3)
1006 Fe(H2O)6

3+/ Fe(H2O)6
2+ (self-exchange) H2O 25 130 8 -11.1 ( 0.4 287 µ ) 0.5 M

(HClO4/NaClO4)
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Table 1. (Continued)

no. reaction solvent
T,
°C

P,
MPa

no. of
data

∆Vq,
cm3 mol-1

∆Vh , cm3 mol-1

(method) ref(s) remarks

Electron-Transfer Reactions (Continued)
1007 Fe(H2O)5OH2+/Fe(H2O)6

2+ (self-exchange) H2O 25 130 8 -0.8 ( 0.9 287 µ ) 0.5 M
(HClO4/NaClO4)

Fe(CN)6
3-/4- (self-exchange) H2O 25 100 6 288

1008 +22 ( 2 µ ) 0.5 M
1009 +8 ( 2 at a Pt electrode

Co(RNH2)5Xn+ + Fe(CN)6
4- f products H2O 130 5 289 µ ) 1.0 M (LiClO4)

1010 R ) Me, X ) H2O 25 +29.4 ( 1.6 pH ) 3.9
1011 R ) Me, X ) OH- 25 +32.9 ( 1.3 pH ) 7.3
1012 R ) Et, X ) H2O 25 +33.1 ( 2.0 pH ) 3.9
1013 R ) Et, X ) OH- 35 +30.6 ( 2.8 pH ) 7.3
1014 Co(nta)(H2O)2

- + •CH3 f H2O 17 150 4 kb: +19 ( 2 290,291
Co(nta)(H2O)(CH3)- + H2O

1015 kf: +6 ( 2.5
1016 Co(nta)(H2O)2

- + •O2CH3 f H2O 17 150 4 +6.0 ( 1.0 290,291
Co(nta)(H2O)(O2CH3)- + H2O

1017 (HCY)Co(H2O)2
2+ + O2 f H2O 25 200 5 -4.7 ( 0.3 -22.6 ( 0.8 (a) 292

(H2O)Co(HCY)(O2)2+ + H2O
1018 (H2O)Co(HCY)(O2)2+ + H2O f

(HCY)Co(H2O)2
2+ + O2

H2O 25 200 5 +17.9 ( 0.5 292

1019 Co(NH3)5(HP2O7) + Fe(CN)6
4- f products H2O 35 150 5 +36 ( 3 293 µ ) 1.0 M, pH ) 4.3

1020 Co(NH3)5(P2O7)- + Fe(CN)6
4- f products H2O 44 150 5 +13 ( 1 293 µ ) 1.0 M, pH ) 9.6

1021 â-Co(NH3)5(P3O10)2- + Fe(CN)6
4- f products H2O 35 150 5 +13 ( 2 293 µ ) 1.0 M, pH ) 8.8

1022 ø-Co(NH3)5(P3O10)2- + Fe(CN)6
4- f products H2O 44 150 5 +32 ( 2 293 µ ) 1.0 M, pH ) 9.0

1023 Co(NH3)5(HPO3)+ + Fe(CN)6
4- f products H2O 41 150 5 +22 ( 2 293 µ ) 1.0 M, pH ) 9.0

1024 Co(NH3)5(H2PO2)2+ + Fe(CN)6
4- f products H2O 41 150 5 +30 ( 1 293 µ ) 1.0 M, pH ) 4.3

1025 Co(NH3)4(pzc)2+ + Fe(CN)5H2O3- a H2O 24 100 5 +23.1 ( 1.6 294 µ ) 0.10 M (NaClO4)
(NH3)4Co(µ-pzc)Fe(CN)5

- + H2O
1026 Co(en)2(pzc)2+ + Fe(CN)5H2O3- a H2O 24 100 5 +27.8 ( 0.9 294 µ ) 0.10 M (NaClO4)

(en)2Co(µ-pzc)Fe(CN)5
- + H2O

1027 Co(NH3)5(HPO4)+ + Fe(CN)6
4- H2O 25 150 4 +37 ( 4 295 µ ) 1.0 M (LiClO4)

1028 Co(NH3)5(H2PO4)2+ + Fe(CN)6
4- H2O 25 150 4 +17 ( 1 295 µ ) 1.0 M (LiClO4)

1029 Co(NH3)5(PO4) + Fe(CN)6
4- H2O 25 150 4 +44 ( 5 295 µ ) 1.0 M (LiClO4)

1030 Co(NH2Me)5(PO4) + Fe(CN)6
4- H2O 25 150 4 +32 ( 1 295 µ ) 1.0 M (LiClO4)

1031 Co(AT)(HPO4)+ + Fe(CN)6
4- H2O 25 150 4 +36 ( 2 295 µ ) 1.0 M (LiClO4)

1032 Co(NH3)5(H2O)3+ + Fe(CN)6
4- glyc/H2O 30 100 6 +27.9 ( 0.1 296

1033 Co(CyDTA)2- + Fe(CN)6
3- f

Co(CyDTA)- + Fe(CN)6
4-

H2O 25 120 4 +6.5 297 pH < 10.8, µ ) 0.5 M
(NaClO4)

Co(NH3)4(NH2R)X(3-n)+ + Fe(CN)6
4- f H2O 35 100 5 298 µ ) 1.0 M

Co2+ + 4NH3 + NH2R + Xn- + Fe(CN)6
3-

1034 R ) H, Xn- ) N3
- +18.8 ( 1.1 -16 ( 2 (c)

1035 R ) H, Xn- ) Cl- +25.9 ( 3.1 -3 ( 8 (c)
1036 R ) CH3, Xn- ) Cl- +25.1 ( 1.5 +3 ( 2 (c)
1037 R ) iBu, Xn- ) Cl- +31.3 ( 0.9 -6 ( 1 (c)
1038 Co(phen)3

3+/2+ (redox couple) H2O 25 130 8 +21.1 (a) 268 µ ) 0.1 M (KNO3)
1039 Co(bpy)3

3+/2+ (redox couple) H2O 25 130 8 +34.4 (a) 268 µ ) 0.1 M (KNO3)
1040 Co(en)3

3+/2+ (redox couple) H2O 25 130 8 +34.0 (a) 268 µ ) 0.1 M (KNO3)
1041 Co(sep)3+/2+ (redox couple) H2O 25 200 6 +13.5 ( 0.4 (a) 286 µ ) 1.0 M (KCl)
1042 Co(sep)3+/2+ (redox couple) H2O 25 200 6 +13.9 ( 0.5 (a) 286 µ ) 0.28 M (KCl)
1043 Co(diamsar)3+/2+ (redox couple) H2O 25 160 5 -10.4 ( 0.5 +17.4 ( 0.5 (a) 299 µ ) 0.14 M
1044 Co(diamsarH2)5+/4+ (redox couple) H2O 25 160 5 -9.6 ( 0.8 +19.5 ( 0.8 (a) 299 µ ) 0.39 M
1045 Co(en)3

3+/2+ (self-exchange) H2O 65 210 5 -15.9 ( 1.0 300 µ ) 0.5 M
1046 Co([9]aneS3)2

2+/3+ (self-exchange) H2O 25 200 11 -4.8 ( 0.2 301 µ ) 0.5 M
1047 Co(sep)3+/2+ (self-exchange) H2O 10 200 11 -6.4 ( 0.2 301 µ ) 0.5 M

Co(phen)3
3+/2+ (self-exchange) H2O 25 160 5 302 µ ) 0.1 M (NaCl/NaNO3)

1048 anion ) Cl- -20.4 ( 0.5
1049 anion ) NO3

- -19.7 ( 1.1
1050 Co(terpy)2

3+ + V(H2O)6
2+ f Co(terpy)2

2+ + V(H2O)6
3+ H2O 25 100 3 -1.8 ( 0.7 303 µ ) 1.0 M (NaClO4)

(Nx)CoIII(µ-L)FeII(CN)5 f Co2+ + xN + FeIII(CN)5L H2O 24 100 5 294 µ ) 0.1 M (NaClO4)
1051 Nx ) (NH3)4, L ) pzc -4.8 ( 0.2
1052 -6.4 ( 0.2 photoinduced
1053 Nx ) (en)2, L ) pzc -4.8 ( 0.2
1054 Nx ) (NH3)5, L ) pz -6.4 ( 0.2
1055 -4.8 ( 0.2 photoinduced
1056 Co(nox)3(BF)2

+ + FeCp2 a Co(nox)3(BF)2 + FeCp2
+ CH3CN 25 150 15-20 -6 ( 1 304

1057 -14 ( 2 0.1 M Bu4NBF4

1058 Co(dmg)3(BF)2
+ + FeCp2 a Co(dmg)3(BF)2 + FeCp2

+ CH3CN 25 150 15-20 -9 ( 1 304
1059 -15 ( 2 0.1 M Bu4NBF4

1060 C6H5NO2 -9 ( 1
1061 Me2CO -12 ( 1
1062 Co(dmg)3(BF)2

+ + FeCp2 a Co(dmg)3(BF)2 + FeCp2
+ CH3CN 25 150 15-20 -10 ( 1 304

1063 -15 ( 2 0.1 M Bu4NBF4

1064 Co(dmg)3(BF)2
+ + Fe(CH3Cp)2 a CH3CN 25 150 15-20 -11 ( 1 304

Co(dmg)3(BC6H5)2 + Fe(CH3Cp)2
+

1065 Co(dmg)3(BC4H9)2
+ + Fe(CH3Cp)2 a CH3CN 25 150 15-20 -11 ( 1 304

Co(dmg)3(BC4H9)2 + Fe(CH3Cp)2
+

Co(dmg)3(BC6H5)2
+ + Fe(CH3Cp)2 a 25 150 15-20 304

Co(dmg)3(BC6H5)2 + Fe(CH3Cp)2
+

1066 CH3CN -4 ( 1
1067 C6H5NO2 -5 ( 2
1068 Me2CO -12 ( 1
1069 CH2Cl2 -14 ( 1
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Table 1. (Continued)

no. reaction solvent
T,
°C

P,
MPa

no. of
data

∆Vq,
cm3 mol-1

∆Vh , cm3 mol-1

(method) ref(s) remarks

Electron-Transfer Reactions (Continued)
1070 Co(nox)3(BC6H5)2

+ + Fe(CH3Cp)2 a CH3CN 25 150 15-20 -9 ( 1 304
Co(nox)3(BC6H5)2 + Fe(CH3Cp)2

+

1071 Co(dpg)3(BC6H5)2
+ + Fe(CH3Cp)2 a CH3CN 25 150 15-20 -14 ( 1 304

Co(dpg)3(BC6H5)2 + Fe(CH3Cp)2
+

1072 Co(dmg)3(BF)2
+ + FeCp2 a CH3CN 25 150 15-20 -13 ( 2 304

Co(dmg)3(BF)2 + FeCp2
+

1073 (en)2CoIII(µ-NH2,O2
(-))CoIII(en)2

4+ + TMPNO f H2O 15 200 9 +0.2 ( 0.5 305 µ ) 0.1 M (NaClO4)
(en)2CoIII(µ-NH2,O2

(2-))CoIII(en)2
3+ + TMPNO+

1074 5 -1.4 ( 1.3 µ ) 0.5 M (NaClO4)
1075 (en)2CoIII(pzc)FeII(CN)5

- f H2O 25 70 3 +24 306
Co2+ + 2en + FeIII(CN)5(pzc)3-

1076 60% MeOH 25 70 3 +7
1077 CoIII(NH3)5pz3+ + FeII(CN)5(H2O)3- a H2O 25 70 10 +38 ( 1 307 pH ) 5, µ ) 0.10 M (NaClO4)
1078 (NH3)5CoIII(µ-pz)FeII(CN)5 f +36 ( 1 pH ) 5, µ ) 0.10 M (NaCl)
1079 Co2+ + 5NH3 + FeIII(CN)5(pz)2- +37 ( 1 pH ) 5, µ ) 0.10 M

((C2H5)4NClO4)
1080 60CoIII(edta)- + CoII(Hedta)OH2

- a H2O 85 230 7 -3.2 ( 0.3 155 pH ) 2.0, µ ) 0.5 M
60CoII(Hedta)OH2

- + CoII(edta)-

NiIIL(ClO4)2 + 2X- + HO2
• f NiIIILX2 H2O 25 150 4 308

1081 X ) SO4
2- -0.3 [X] ) 0.02 M

1082 X ) SO4
2- -1.3 [X] ) 0.05 M

1083 X ) SO4
2- -5.9 [X] ) 0.70 M

1084 X ) SO4
2- -6.2 [X] ) 1.50 M

1085 X ) H2PO4
- -12.4 [X] ) 0.05 M

1086 X ) H2PO4
- -10.7 [X] ) 0.70 M

1087 X ) H2PO4
- -9.6 [X] ) 2.0 M

1088 Ni(cyclam)2+ + •CH3 a (cyclam)(H2O)NiIII-CH3
2+ H2O 25 150 4 +24.4 ( 1.0 +20 ( 1.0 (a, c) 309

1089 (phen)2CuI + O2 f (phen)2CuII + O2
- H2O 17 150 3 -22 ( 2 310

1090 (CuI(C6H4(CH)2N2)NH((CH2)2)2)2 + O2 f MeOH 25 150 -21 ( 1 311
(CuII)2(O2)(C6H4(CH)2N2)NH((CH2)2)2

1091 Cu(H2O)m
2+ + •OH f Cu(III)aq + OH- H2O 25 150 3 +0.7 ( 0.2 312

Cu(dmp)2
+/2+ (self-exchange) 313

1092 CD3CN 38 200 -3.4 ( 0.6 µ ) 0.094 mol kg-1

(CF3SO3K)
1093 (CD3)2CO 29.5 200 -7.8 ( 0.6 µ ) 0.121 mol kg-1

(CF3SO3K)
1094 CuIII(GlyGlyHis), formation H2O 25 150 -5.1 ( 1 314
1095 CuIII(GlyGlyHis), decomposition H2O 25 150 +8 to +14 314
1096 Ld RuII-RuIII D2O 24 150 6 -7.5 ( 0.2 315
1097 Ru(en)3

3+/2+ (redox couple) H2O 25 130 8 +27.0 (b) 268 µ ) 0.1 M (KNO3)
1098 Ru(NH3)6

3+/2+ (redox couple) H2O 25 130 8 +30.3 (b) 268 µ ) 0.1 M (KNO3)
1099 Ru(NH3)6

3+/2+ (redox couple) H2O 25 130 8 +29.8 (b) 268 µ ) 0.1 M (HClO4)
1100 Ru(H2O)6

3+/2+ (redox couple) H2O 25 130 8 +12.5 (b) 268 µ ) 0.1 M (KNO3)
1101 Ru(H2O)6

3+/2+ (redox couple) H2O 25 130 8 +13.0 (b) 268 µ ) 0.1 M (HClO4)
1102 Ruo(cp)2 + RuII(cp)2Br (IS self-exchange) CD3CN 34-55 200 10 -3.0 ( 0.2 316

Ru(hfac)3
- + Ru(hfac)3

0 a Ru(hfac)3
0 +

Ru(hfac)3
-

200 8 317

1103 (CD3)2C 25 -6.1 ( 0.3
1104 CD3CN 26 -5.5 ( 0.1
1105 CDCl3 26 -8.1 ( 0.2
1106 CD3OD 25 -5.8 ( 0.3

Ru(cp)2/Ru(cp)2I(CF3SO3) 200 318
1107 CD3CN -2 11 -7.7 ( 1.1
1108 CD3CN -14 12 -4.8 ( 1.0
1109 CD3NO2 5 11 -4.0 ( 0.9
1110 CD3NO2 8 12 -3.5 ( 1.0

Ru(cp)2/Ru(cp)2Br(PF6) 318
1111 CD3CN 33 200 10 -2.9 ( 0.1
1112 CD3CN 41 200 8 -2.7 ( 0.4
1113 CD3CN 42 200 9 -2.9 ( 0.1
1114 CD3CN 44 200 9 -3.1 ( 0.2
1115 CD3CN 55 200 11 -3.3 ( 0.2
1116 C6D5NO2 34 200 9 -2.3 ( 0.7
1117 C6D5NO2 33 200 9 -3.1 ( 0.6
1118 C6D5NO2 40 150 7 -2.8 ( 0.4
1119 CD3NO2 42 200 9 -3.9 ( 0.5
1120 H2Asc + Ru(CN)6

3- a H2Asc•+ + Ru(CN)6
4- H2O 25 60 7 -26 ( 18 277 µ ) 0.1 M (NaClO4)

1121 HAsc- + Ru(CN)6
3- a HAsc• + Ru(CN)6

4- H2O 25 60 7 -9 ( 3 277 µ ) 0.1 M (NaClO4)
1122 H2Asc + Os(CN)6

3- a H2Asc•+ + Os(CN)6
4- H2O 25 60 7 -90 ( 75 277 µ ) 0.1 M (NaClO4)

1123 HAsc- + Os(CN)6
3- a HAsc• + Os(CN)6

4- H2O 25 60 7 -10 ( 3 277 µ ) 0.1 M (NaClO4)
Os(cp)2/Os(cp)2I(CF3SO3

-) 318
1124 CD3CN 10 200 19 -7.6 ( 0.9
1125 CD3NO2 -5 200 14 -4.7 ( 1.0
1126 (CD3)2CO 10 150 13 +9.7 ( 0.8
1127 (CD3)2CO 20 150 7 +11.0 ( 1.0
1128 CDCl3 20 170 16 -2.7 ( 0.7
1129 CDCl3 30 170 11 -7.0 ( 0.8
1130 CDCl3 41 170 12 -5.0 ( 1.0
1131 (CD3)2SO 42 170 22 +0.07 ( 0.2

IrCl6
2- + QH2 f IrCl6

3- + QH2
+ H2O 100 5 319

1132 QH2 ) catechol 25 -30.9 ( 1.3 pH ) 0, µ ) 1.0 M
1133 QH2 ) catechol 25 -24.5 ( 0.9 pH ) 2, µ ) 1.0 M
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Table 1. (Continued)

no. reaction solvent
T,
°C

P,
MPa

no. of
data

∆Vq,
cm3 mol-1

∆Vh , cm3 mol-1

(method) ref(s) remarks

Electron-Transfer Reactions (Continued)
1134 QH2 ) 4-tert-butylcatechol 25 -28.0 ( 3.6 pH ) 0, µ ) 1.0 M
1135 QH2 ) 3,4-dihydroxybenzoic acid 25 -30.3 ( 1.3 pH ) 0, µ ) 1.0 M
1136 QH2 ) 2,3-dihydroxybenzoic acid 25 -26.0 ( 0.2 pH ) 0, µ ) 1.0 M
1137 QH2 ) adrenalin 25 -29.2 ( 3.6 pH ) 0, µ ) 1.0 M
1138 QH2 ) 4-tert-butylcatechol 10 -24.9 ( 1.1 pH ) 0, µ ) 1.0 M
1139 QH2 ) 4-tert-butylcatechol 10 -21.2 ( 0.7 pH ) 2, µ ) 1.0 M
1140 QH2 ) 4-tert-butylcatechol 10 -23.5 ( 1.2 pH ) 0, µ ) 1.0 M
1141 QH2 ) 4-tert-butylcatechol 10 -23.6 ( 0.7 pH ) 2, µ ) 0.10 M
1142 QH2 ) adrenalin 10 -25.9 ( 1.3 pH ) 0, µ ) 0.10 M
1143 QH2 ) L-dopa 10 -25.1 ( 1.6 pH ) 0, µ ) 0.10 M
1144 QH2 ) 4-tert-butylcatechol 2 -20.0 ( 0.6 pH ) 2, µ ) 0.10 M

Electrodeposition/Electrochemical Reactions
0.5 M CoSO4 + 0.1 M K2SO4 H2O 23 170 320

1145 + 0.01 M NaClO4 +12.3 ( 0.2
1146 + 0.01 M KCl +12.4 ( 0.3
1147 + 0.1 M KCl +6.0 ( 0.2
1148 + 1 M KCl +5.9 ( 0.2
1149 + 2 M KCl +6.0 ( 0.4
1150 + 3.5 M KCl +6.0 ( 0.3
1151 + 0.01 M KCl, 10-5 M KSCN +12.0 ( 0.2
1152 + 0.01 M KCl, 0.01 M KSCN 0

0.5 M NiSO4 + 0.1 M K2SO4 H2O 23 170 320
1153 + 0.01 M KCl +13.3 ( 0.5
1154 + 0.01 M KCl, 0.01 M 2-propane sulfonate +14.6 ( 0.2
1155 + 0.01 M KCl, 0.05 M 2-propane sulfonate +13.8 ( 0.2
1156 + 0.01 M KCl, 0.1 M 2-propane sulfonate +13.6 ( 0.4
1157 + 0.01 M KCl, 0.01 M 2-naphthalene sulfonate +5.3 ( 0.2
1158 + 0.01 M KCl, 0.05 M 2-naphthalene sulfonate +5.0 ( 0.2
1159 + 0.01 M KCl, 0.02M 1,5-naphthalene sulfonate +7.4 ( 0.1
1160 + 0.01 M KCl, 0.1 M 1,5-naphthalene sulfonate +6.9 ( 0.3

0.5 M NiSO4 + 0.1 M K2SO4 H2O 25 170 321
1161 + 0.01 M KCl +13.4 ( 0.4
1162 + 0.01 M KCl, KSCN additive 0

0.01 M AgNO3 + 0.1 M KNO3 H2O 23 170 320
1163 + 0.5 M KCN 0
1164 + 5 M NH3 +20.3 ( 0.4
1165 + 10 M NH3 +20.9 ( 0.5
1166 + 5 M NH3, 0.05 M KSCN +21.1 ( 0.4
1167 + 5 M NH3, 0.1 M KSCN +20.0 ( 0.5

Heterolysis, Homolysis, and Homolytic Fission
heterolysis reactions:

1168 (H2O)5Cr(i-PrOH) + H2O f products H2O 25 200 +11.5 ( 0.8 322 µ ) 0.5 M (NaClO4)
1169 (H2O)5Cr(MeOH) + H2O f products H2O 25 200 +9.3 ( 0.7 322 µ ) 0.5 M (NaClO4)
1170 ([15]aneN4)(H2O)Cr(MeOH) + H2O f products H2O 25 200 +6.9 ( 0.4 322 µ ) 0.5 M (NaClO4)
1171 ([15]aneN4)(H2O)Cr(i-PrOH) + H2O f products H2O 25 200 +10.4 ( 0.3 322 µ ) 0.5 M (NaClO4)
1172 cis-(nta)(H2O)Cr(i-PrOH) + H2O f products H2O 25 200 +10.2 ( 1.0 322 µ ) 0.5 M (NaClO4)

(H2O)5CrC(CH3)2OH2+ + H2O f products H2O 25 200 323 µ ) 0.5 M (NaClO4)
anion:

1173 CF3COO- +14.2 ( 0.4 pH ) 3.0
1174 SO4

2- +11.2 ( 0.4 pH ) 3.0
1175 ClCH2COO- +19.5 ( 1.1 pH ) 3.8
1176 CH3CH(OH)COO- +9.1 ( 0.3 pH ) 3.5
1177 HCOO- +10.8 ( 0.3 pH ) 4.5
1178 HOCH2COO- +13.5 ( 0.5 pH ) 4.5
1179 CH3COO- +15.1 ( 0.8 pH ) 5.3
1180 CH3CH2COO- +14.1 ( 0.6 pH ) 5.4
1181 H2PO4

- +15.5 ( 0.3 pH ) 3.2
LCr-R2+ + H2O f LCr-OH2

3+ + RH H2O 25 50 324 [CH3COO-] )
L ) H2O, R ) CMe2OH

1182 +15.1 ( 0.8 0.015 M
1183 +11.3 ( 0.6 0.31 M
1184 +14.2 ( 0.5 0.0032 M
1185 +13.2 ( 0.9 0.0085 M
1186 +15.9 ( 0.3 0.0069 M
1187 +14.7 ( 0.3 0.0063 M
1188 +12.5 ( 0.8 0.027 M
1189 +9.2 ( 0.2 0.16 M

L ) H2O, R ) CH2OH
1190 +10.7 ( 0.5 0.015 M
1191 +6.1 ( 0.4 0.31 M
1192 +11.2 ( 0.2 0.038 M
1193 +10.0 ( 0.6 0.076 M
1194 +8.9 ( 0.4 0.17 M
1195 +6.4 ( 0.3 0.26 M
1196 L ) nta, R ) CMe2OH +4.6 ( 0.3 0.017 M
1197 +4.8 ( 0.5 0.27 M
1198 L ) nta, R ) CH2OH +7.2 ( 0.7 0.024 M
1199 +7.4 ( 0.7 0.27 M
1200 L ) [15]aneN4, R ) CMe2OH +14.1 ( 1.4 0.028 M
1201 L ) [15]aneN4, R ) CH2OH +14.0 ( 0.7 0.014 M
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Table 1. (Continued)

no. reaction solvent
T,
°C

P,
MPa

no. of
data

∆Vq,
cm3 mol-1

∆Vh , cm3 mol-1

(method) ref(s) remarks

Heterolysis, Homolysis, and Homolytic Fission (Continued)
homolysis reactions:

R-B12 325
1202 R ) ado egly 100 150 6 +18.5 ( 1.5
1203 R ) ado H2O 100 150 5 -2.0 ( 0.5
1204 R ) neopentyl egly 40 150 5 +7.9 ( 1.2
1205 R ) methyl egly 110 100 4 +17.0 ( 2.2

R-B12 150 325
1206 R ) Pri 70% egly 37 150 5 +0.2 ( 0.3
1207 R ) Pri 95% egly 37 150 3 -1.2 ( 0.3
1208 R ) ado 70% egly 100 150 +14

AdoB12 H2O 150 6 326
1209 107 +19.0 ( 0.2
1210 20% 1-propanol 107 +17.7 ( 0.2
1211 50% 1-propanol 101 +16.7 ( 0.4
1212 80% 1-propanol 107 +17.7 ( 0.5

NpB12 H2O 41 150 6 326
1213 +16.4 ( 0.1
1214 20% 1-propanol +18.8 ( 0.1
1215 35% 1-propanol +21.4 ( 0.1
1216 50% 1-propanol +23.1 ( 0.1 328
1217 65% 1-propanol +28.0 ( 0.1
1218 80% 1-propanol +29.9 ( 0.1
1219 MeB12 H2O 15 150 6 +18.2 ( 0.2 326
1220 [AdoCbi]+OH- H2O 15 150 6 +18.5 ( 0.2 326

iPrB12 H2O 30 150 6 326
1221 +1.2 ( 0.8
1222 20% 1-propanol +1.3 ( 1.3
1223 40% 1-propanol +0.1 ( 0.1
1224 50% 1-propanol -0.6 ( 1.0
1225 60% 1-propanol -0.1 ( 0.7
1226 80% 1-propanol -0.2 ( 0.9
1227 90% 1-propanol 0.0 ( 0.3

homolytic fission reactions:
wt %

1228 PhCH2Co(Hdmg)2PCy3 H2O/1-propanol 55 150 5-7 +24.4 ( 1.7 327
1229 10:90 +14.8 ( 1.2
1230 40:60 +12.0 ( 1.3
1231 50:50 +9.7 ( 0.6
1232 60:40

C6H5CH2Co(Hdmg)2L 150 328
1233 L ) PMe3 C6H5CH3 108 +32.6 ( 0.6
1234 L ) PEt3 C6H5CH3 93 +23.1 ( 0.3
1235 L ) PBu3 C6H5CH3 56 +22.5 ( 0.2
1236 L ) PBu3 C6H5CH3 83 +21.8 ( 1.2
1237 L ) PBu3 CH3OH 80 +12.4 ( 0.6
1238 L ) PPh3 C6H5CH3 49 +21.4 ( 0.5
1239 L ) PPh3 C6H5CH3 68 +20.2 ( 0.4
1240 L ) PCy3 C6H5CH3 49 +24.7 ( 0.8
1241 L ) pyridine C6H5CH3 92 +32.2 ( 1.1
1242 L ) CNpy C6H5CH3 79 +29.6 ( 0.3

C4H9Co(salen)L 150 328
1243 L ) CNpy acetone 48 +23.1 ( 0.4
1244 L ) CNpy iodoethane 48 +17.0 ( 0.7
1245 L ) CNpy C6H5CH3 48 +20.8 ( 1.3
1246 L ) CNpy C6H5CH3 69 +20.0 ( 3.3
1247 L ) pyridine C6H5CH3 69 +34.3 ( 3.2
1248 L ) PCy3 C6H5CH3 48 +25.5 ( 1.8
1249 L ) PCy3 C6H5CH3 56 +25.1 ( 1.5

Photochemical and Photophysical Processes
photochemical reactions:
Cr(CO)4(phen) + PMe3 f Cr(CO)3(phen)(PMe3) + CO C6H5CH3 25 160 4 329

1250 +6.8 ( 1.3 λirr ) 366 nm
1251 +4.7 ( 1.0 λirr ) 403 nm
1252 -0.2 ( 0.8 λirr ) 436 nm
1253 +1.3 ( 0.6 λirr ) 486 nm
1254 +1.9 ( 0.7 λirr ) 546 nm

Cr(CO)4(phen) + PPh3 f Cr(CO)3(phen)(PPh3) + CO C6H5CH3 25 160 4 329
1255 +6.4 ( 0.3 λirr ) 366 nm
1256 +5.0 ( 0.8 λirr ) 403 nm
1257 +2.9 ( 0.1 λirr ) 436 nm
1258 +2.8 ( 0.7 λirr ) 486 nm
1259 +2.7 ( 0.8 λirr ) 546 nm

cis-Cr(cyclam)(NH3)2
3+ + H2O f C6H5CH3 25 160 4 329

cisCr(cyclam)(NH3)(H2O)3+ + NH3

1260 +0.6 λirr ) 646 nm, pH )
3 (HNO3)

1261 +0.6 ( 0.4 λirr ) 476.5 nm, pH )
3 (HNO3)

Cr(CO)4(phen) + PEt3 f Cr(CO)3(PEt3)(phen) + CO C6H5CH3 25 200 9 331
1262 LF +9.6 ( 1.6
1263 MLCT +2.7 ( 0.3
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Table 1. (Continued)

no. reaction solvent
T,
°C

P,
MPa

no. of
data

∆Vq,
cm3 mol-1

∆Vh , cm3 mol-1

(method) ref(s) remarks

Photochemical and Photophysical Processes (Continued)
Cr(CO)6 + pip f Cr(CO)5(pip) + CO 25 200 9 332 λirr ) 313 nm

1264 n-pentane +9.1 ( 1.3
1265 n-hexane +7.0 ( 0.7
1266 n-heptane +9.3 ( 0.6
1267 n-octane +7.0 ( 1.0 334
1268 n-decane +7.3 ( 0.7
1269 n-dodecane +7.6 ( 0.5
1270 perfluorohexane +9.2 ( 0.3

Cr(CO)6 + L f Cr(CO)5(L) + CO 25 200 9 332 λirr ) 313 nm
1271 L ) py n-heptane +9.5 ( 1.0
1272 L ) CH3CN n-heptane +9.3 ( 1.0
1273 L ) CH3CN CH3CN +5.0 ( 0.6
1274 CpFe(CO)2(COCH3) + P(OMe)3 f CpFe(CO)2CH3 (k1) n-heptane 22 80 2 -39 ( 8 333
1275 CpFe(CO)(COCH3)(P(OMe)3) (kL) -16.4 ( 1.6 (b)

Mo(CO)4(phen) + PEt3 f Mo(CO)3(PEt3)(phen) + CO C6H5CH3 25 200 331
1276 LF 4 +5.7 ( 0.2
1277 MLCT 9 -13.3 ( 1.2
1278 Mo(CO)6 + py f Mo(CO)5(py) + CO n-heptane 25 200 9 +14.0 ( 1.2 332 λirr ) 313 nm

Ru(bpy)3
2+ + Cl- + CH3CN f Ru(bpy)2(CH3CN)Cl+ + bpy CH3CN 300 334

1279 15 2 +12
1280 25 6 +14
1281 60 6 +22

[Ru(bpy)3](PF6)2 + 2CH3CN f CH3CN 300 6 334
[Ru(bpy)2(CH3CN)2](PF6)2 + bpy

1282 25 +8
1283 60 +10

[Ru(bpy)3]2+ + Cl- + H2O f [Ru(bpy)2(H2O)]Cl+ + bpy H2O 60 300 6 334
1284 +9.5
1285 +12 9 M LiCl
1286 [Ru(bpy)3]Cl2 + CH2Cl2 f CH2Cl2 25 300 2 +17 334

[Ru(bpy)2(CH2Cl2)Cl]Cl + bpy
[Ru(phen)3]Cl2 + CH3CN f CH3CN 300 2 334

[Ru(phen)2(CH3CN)Cl]Cl + phen
1287 15 +9
1288 25 +18
1289 60 +27

W(CO)4(phen) + PEt3 f W(CO)3(PEt3)(phen) + CO C6H5CH3 25 200 9 331
1290 LF +8.1 ( 0.5
1291 MLCT -12.0 ( 0.7
1292 W(CO)6 + py f W(CO)5(py) + CO n-heptane 25 200 9 +8.8 ( 0.4 332 λirr ) 313 nm

W(CO)5(4-X-py) + P(OEt)3 f W(CO)5(P(OEt)3) + 4-X-py C6H5CH3 25 200 9 335 λirr ) 436 nm (LF)
1293 X ) H +5.7 ( 0.3
1294 X ) NC +6.3
1295 X ) OAc +9.9

W(CO)4(phen) + PEt3 f C6H5CH3 25 200 9 336
cis-W(CO)3(phen)PEt3 + CO

1296 LF +8.1 ( 0.5 λirr ) 366 nm
1297 MLCT -12.0 ( 0.7 λirr ) 546 nm
1298 (CO)5ReMn(CO)3(R-diimine) + CH2Cl2 f CH2Cl2 25 150 5 +17.2 ( 1.3 337 λirr ) 577 nm

Re(CO)5Cl + Mn(CO)3(R-diimine)Cl
1299 (CO)5ReMn(CO)3(R-diimine) + PPh3 f CH2Cl2 25 150 5 +15.7 ( 0.5 337 λirr ) 577 nm

(CO)5ReMn(CO)2(PPh3) (R-diimine) + CO
Photophysical Reactions: Spin Change 120 338
1A1 f 5T2

Fe(pyimH)3
2+

1300 MeOH/MeCN 0.0 ( 0.2 +5.3 ( 0.2 (a)
1301 MeCN +8.9 ( 0.4 +14.3 ( 0.5 (a)
1302 Me2CO +4.9 ( 0.3 +10.3 ( 0.4 (a)

Fe(pyBimH)3
2+

1303 MeOH/MeCN +0.2 ( 0.3 +4.3 ( 0..4 (a)
1304 MeCN +5.9 ( 0.4 +12.4 ( 0.5 (a)
1305 Me2CO +4.7 ( 0.4 +9.6 ( 0.4 (a)
1306 Fe(ppa)2

2+ Me2CO +2.6 ( 0.5 +8.7 ( 0.5 (a)
Fe(tppn)2+

1307 DMF +7 ( 3 +16.1 ( 2.0 (a)
1308 MeCN +5.1 ( 0.7 +10.7 ( 1.0 (a)

Fe(tpchxn)2+

1309 DMF +21 ( 3 +15.5 ( 2.0 (a)
1310 MeCN +5.4 ( 1.2 +11.5 ( 1.0 (a)

5T2 f 1A1 120 338
Fe(pyimH)3

2+

1311 MeOH/CN -5.3 ( 0.3
1312 MeCN -5.4 ( 0.3
1313 Me2CO -5.4 ( 0.3

Fe(pyBimH)3
2+

1314 MeOH/CN -4.1 ( 0.3
1315 MeCN -6.4 ( 0.3
1316 Me2CO -4.9 ( 0.4

Fe(ppa)2
2+

1317 Me2CO -6.1 ( 0.5
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Table 1. (Continued)

no. reaction solvent
T,
°C

P,
MPa

no. of
data

∆Vq,
cm3 mol-1

∆Vh , cm3 mol-1

(method) ref(s) remarks

Photochemical and Photophysical Processes (Continued)
1318 H2O -6.5

Fe(tppn)2+

1319 DMF -9 ( 3
1320 MeCN -5.6 ( 0.7

Fe(tpchxn)2+

1321 DMF +5.7 ( 2.0
1322 MeCN -6.1 ( 1.2

3Pt2(µ-η2-H2P2O5)4
4- 21 300 6 339 quencher:

1323 CH3OH -5.4 ( 1 PhCH2OH
1324 CH3CN -5.7 ( 1 PhCH2OH
1325 CH3OH -2.8 ( 1 Ph2CHOH
1326 CH3OH -2.6 ( 1 PhCH(OH)C2H5

1327 CH3OH -4.4 ( 1 PhCH(OH)CH3

1328 CH3OH -4.7 ( 1 PhCD(OH)CH3

1329 CH3OH -4.1 ( 1 PhCH2OCH3

1330 H2O -1.4 ( 1 H2CdCHCH2OH
1331 CH3OH -0.2 ( 1 H2CdCHCH2OH
1332 CH3OH +0.7 ( 1 H2CdCHCH(iPr)OH
1333 CH3CN +0.6 ( 2 n-Bu3SnH
1334 CH3OH -2.5 ( 1 n-Bu3SnH
1335 CH3OH +2.8 ( 1 O2

1336 CH3OH -7.6 ( 3 cyclohexane
Pt2(µ-η2-H2P2O5)4

4- H2O 8-22 340
1337 1A1g f 3A2u +0.5 ( 0.3
1338 1A1g + 0.01 M TlNO3 f 3A2u -10.6 ( 0.9
1339 quenching Tb(dpa)3

3- by ∆-Ru(phen)3
3+ H2O 25 280 9 -1.5 341

1340 quenching Tb(dpa)3
3- by ∆-Ru(phen)3

3+ MeOH 25 280 14 -2.6 341
Photophysical Reactions: Emission Lifetimes
Cr(NH3)6

3+ + L f Cr(NH3)5L3+ + NH3 210 342 λirr ) 437 nm
1341 L ) H2O H2O 25 +4.3 ( 0.3
1342 L ) DMF DMF 25 +3.8 ( 0.2
1343 L ) DMSO DMSO 25 +3.5 ( 0.2
1344 L ) HMPA HMPA 30 +3.4 ( 0.2
1345 cis-Cr(cyclam)(NH3)2

3+ DMF 11-40 210 +2.9 ( 0.4 343 λirr ) 488 nm, [HClO4] ) 1 mM
trans-Cr(cyclam)(NH3)2

2+ DMF 210 2 344
1346 2 2 +0.3 ( 0.1
1347 62 +7.0 ( 0.2
1348 Cu(dpp)2

+ CH2Cl2 20 250 -1.6 345
1349 Cu(dpp)2

+ CH3CN 20 250 -1.2 345
1350 Cu(dpp)2

+ CHCl3 20 250 +1.2 345
1351 Cu(dpp)2

+ THF 20 250 -0.3 345
Cu(dmp)2

+ (MLCT state) DCM 23 346 quencher:
1352 300 4 -3.4 ( 0.2 none
1353 260 2 -4.3 ( 0.2 0.3 M CH3CN
1354 260 2 -4.0 ( 0.2 0.3 M CH3OH

Cu(dpp)2
+ (MLCT state) DCM 23 346 quencher:

1355 300 5 -1.6 ( 0.2 none
1356 260 2 -1.2 ( 0.2 0.3 M CH3CN

3Cu(dpp)2
+ (MLCT state) CH2Cl2 23 250 6 31,347 quencher:

1357 +8.0 ( 0.8 Cr(hfac)3

1358 +0.8 ( 1.8 Cr(tfbzac)3

1359 +2.1 ( 1.8 Cr(tta)3

1360 +3.8 ( 0.4 Cr(tc-bzac)3

1361 -3.5 ( 0.4 Cr(br-dbm)3

1362 -8.1 ( 1.0 Cr(tfac)3

1363 -3.8 ( 1.0 Cr(n-acac)3

1364 -1.4 ( 0.7 Cr(tc-acac)3

1365 -2.4 ( 0.5 Cr(br-acac)3

1366 -0.3 ( 1.0 Cr(dbm)3

1367 -0.1 ( 0.8 Cr(acac)3

1368 +6.9 ( 1.3 p-dinitrobenzene
1369 -20.4 ( 4.8 p-chloronitrobenzene
1370 +1.2 ( 0.4 9,10-dichloroanthracene
1371 -2.4 ( 1.0 O2

1372 Ru(bpy)3
2+ EtOH/MeOH -113 100 9 +0.47 348

Ru(bpy)3
2+ + Q f Ru(bpy)3

+ + Q 25 300 4 349 quencher:
1373 CH3CN +1.3 DMA
1374 CH3CN +1.1 DEA
1375 CH3CN +1.0 DMpT
1376 CH3CN +8.9 B
1377 CH3CN +7.7 TMB
1378 n-butyl alcohol +1.8 DMA
1379 n-butyl alcohol +4.0 DEA
1380 n-butyl alcohol +6.5 DMpT
1381 n-butyl alcohol +13 B
1382 n-butyl alcohol +11 TMB

Rh2(µ-η2-1,3-diisocyanopropane)2+ CH3CN 25 300 7 350
1383 radiative decay -0.5
1384 nonradiative decay -0.5

Rh2(µ-η2-2,5-dimethyl-2,5-
diisocyanohexane)2+

CH3CN 7 250 7 350
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Table 1. (Continued)

no. reaction solvent
T,
°C

P,
MPa

no. of
data

∆Vq,
cm3 mol-1

∆Vh , cm3 mol-1

(method) ref(s) remarks

Photochemical and Photophysical Processes (Continued)
1385 radiative decay +2.8
1386 nonradiative decay +2.8
1387 W(CO)5(4-AcOpy) C6H5CH3 300 2 +0.1 ( 0.3 335
1388 W(CO)5(CNpy) C6H5CH3 300 2 +1.2 ( 0.3 335

Ir2(µ-η2-pyrazolate)2(COD)2 25 300 7 350
1389 radiative deactivation CH3CN +4.6
1390 nonradiative deactivation CH3CN +4.7
1391 radiative deactivation C6H5CH3 +4.4
1392 nonradiative deactivation C6H5CH3 +4.4

Pt2(µ-η2-H2P2O5)4
4- 25 300 7 350

1393 radiative deactivation H2O -1.6
1394 nonradiative deactivation H2O -2.4
1395 radiative deactivation CH3CN -0.2

Bioinorganic and Biological Reactions
1396 B12-H2O+ + 4-Mepy a B12-4-Mepy+ + H2O H2O 25 150 6 +1.7 ( 0.7 (a) 351 µ ) 1.5 M, pH ) 7
1397 B12-H2O+ + 3-Acpy a B12-3-Acpy+ + H2O H2O 25 150 6 +5.7 ( 1.3 (a) 351 µ ) 1.5 M, pH ) 7
1398 B12-H2O+ + TU f B12-TU+ + H2O H2O 20 150 4 +9.1 ( 0.9 352 µ ) 0.1 M, pH ) 4
1399 B12-TU+ + H2O f B12-H2O+ + TU H2O 20 150 4 +6.7 ( 0.3 352 µ ) 0.1 M, pH ) 4

B12a-H2O+ + Ln- f B12a-L(n-1)+ + H2O H2O 25 500 5 353
1400 Ln- ) Fe(CN)6

4- +16.2 ( 1.2 µ ) 0.13 M (NaClO4), pH ) 6.0
1401 Ln- ) Fe(CN)5NO2- +8.9 ( 0.5 µ ) 0.1 M (NaClO4), pH ) 6.0
1402 Ln- ) Fe(CN)5H2O2- +8.2 ( 0.8 µ ) 0.1 M (NaClO4), pH ) 6.0
1403 Ln- ) N3

- +6.9 ( 0.2 µ ) 0.5 M (NaClO4), pH ) 6.4
1404 B12-H2O+ + py f B12-py+ + H2O H2O 25 100 5 +8.7 ( 1.2 -8.2 ( 2.0 (c) 354 µ ) 0.5 M
1405 B12-py+ + H2O f B12-H2O+ + py H2O 25 100 5 +16.9 ( 0.8 -12.0 ( 2.0 (a) 354 µ ) 0.5 M
1406 B12-H2O+ + NH3 f B12-NH3

+ + H2O H2O 25 130 6 +9.4 ( 0.8 355 µ ) 1.0 M (NaClO4), pH ) 2.0
1407 B12-H2O+ + NH3 f B12-NH3

+ + H2O H2O 25 130 5 +8.6 ( 0.4 355 µ ) 1.0 M (NaClO4), pH ) 2.5
1408 B12-H2O+ + NH3 f B12-NH3

+ + H2O H2O 25 130 5 +8.3 ( 0.4 355 µ ) 1.0 M (NaClO4), pH ) 3.0
1409 B12-H2O+ + N3

- f B12-N3 + H2O H2O 25 130 6 +4.9 ( 0.3 355 µ ) 1.0 M (NaClO4)
1410 B12-H2O+ + N3

- f B12-N3
+ + H2O H2O 25 130 6 +6.9 ( 0.3 355 µ ) 0.1 M (NaClO4)

1411 B12-NH3
+ + H2O f B12-H2O+ + NH3 H2O 25 130 6 +8.3 ( 1.6 355 µ ) 1.0 M (NaClO4), pH ) 2.0

1412 Hr + O2 f HrO2 H2O 23 150 5 +13.3 ( 1.1 -39 ( 2 (b) 356
1413 HrO2 f Hr + O2 H2O 23 150 5 +52.2 ( 0.7 356
1414 Mhr + O2 f MhrO2 H2O 22 100 5 +8.4 ( 0.3 357
1415 MhrO2 f Mhr + O2 H2O 25 100 5 +28 ( 3 357
1416 Mb + O2 f MbO2 H2O 25 150 5 +5.2 ( 0.5 -19.3 ( 1.5 (a) 358 µ ) 0.1 M (NaCl), pH ) 8.5
1417 MbO2 f Mb + O2 H2O 25 150 5 +23.3 ( 1.8 359 µ ) 0.1 M (NaCl), pH ) 8.5

Mb + L f Mb-L H2O 25 150 359 µ ) 0.1 M NaCl
1418 L ) CO 4 -10.0 ( 0.8
1419 L ) O2 4 +5.2 ( 0.5
1420 L ) MeNC 8 +8.8 ( 1.0
1421 L ) tBuNC 6 +9.3 ( 0.3

Mb-L f Mb + L H2O 25 200 4 359
1422 L ) CO +11.7 ( 1.1
1423 L ) O2 +12.6 ( 1.7
1424 L ) MeNC +9.1 ( 3.5
1425 Mb + CO f Mb-CO H2O 25 150 4 -3.8 ( 1.6 -4.1 ( 0.8 (c) 360
1426 Mb-CO f Mb + CO H2O 25 150 4 -3.0 ( 0.6 (a) 360

H2O 20 200 7 361 pH ) .8
1427 (Mbs‚‚‚O2) f MbsO2 +3.5
1428 (Mb‚‚‚O2) f Mbs + O2 +16.7
1429 Mbs + O2 f (Mbs‚‚‚O2) +10.4 -6.3 (c)
1430 Mbs + O2 f MbsO2 +4.6
1431 Mbs + CO f (Mbs‚‚‚CO) -9.2
1432 MbH‚‚‚O2 f MbHO2 -8.4
1433 MbH‚‚‚O2 f MbH + O2 +11.2
1434 MbH + O2 f (MbH‚‚‚O2) +12.3 +1.1 (c)
1435 MbH + O2 f MbHO2 +3.8
1436 MbH + CO f (MbH‚‚‚CO) -12.7
1437 (MbD‚‚‚O2) f MbDO2 -17.8
1438 (MbD‚‚‚O2) f MbD + O2 -2.1
1439 MbD + O2 f (MbD‚‚‚O2) +8.6 +10.7 (c)
1440 MbD + O2 f MbDO2 0.0
1441 MbD + CO f (MbD‚‚‚CO) -18.8
1442 CO + R-Hb a R-Hb-CO H2O 20 150 4 -18.4 ( 0.5 362
1443 CO + â-Hb a â-Hb-CO H2O 20 150 4 -22.4 ( 1.7 362
1444 R-Hb + CO f R-Hb-CO H2O 20 150 15 -9.0 ( 0.7 363 pH ) 7, 50 mM Tris/HCl
1445 T-Hb + CO f T-Hb-CO H2O 10 150 15 -31.7 ( 2.4 363 pH ) 7, 50 mM Tris/HCl
1446 MCPH + CO H2O 25 150 6 -19.3 ( 0.4 359
1447 MCPH + O2 H2O 25 150 6 -11.3 ( 1.0 359
1448 PHDME + MeNC H2O 25 150 6 +11.6 ( 0.8 359
1449 PHDME + tBuNC H2O 25 150 6 -9.9 ( 1.0 359
1450 PHDME + 1Melm H2O 25 150 6 +10.9 ( 3.1 359
1451 PCO f P•CO (R chain) H2O 20 150 4 -21.8 ( 0.9 362 see abbvn
1452 PCO f P•CO (â chain) H2O 20 150 4 -15.4 ( 0.8 362 see abbvn
1453 P•CO f P + CO (R chain) H2O 20 150 4 +11.1 ( 0.8 362 see abbvn
1454 P•CO f P + CO (â chain) H2O 20 150 4 +7.4 ( 0.7 362 see abbvn
1455 P + CO f P•CO (R chain) H2O 20 150 4 +16.0 ( 0.6 362 see abbvn
1456 P + CO f P•CO (â chain) H2O 20 150 4 +12.1 ( 0.6 362 see abbvn
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Table 1. (Continued)

no. reaction solvent
T,
°C

P,
MPa

no. of
data

∆Vq,
cm3 mol-1

∆Vh , cm3 mol-1

(method) ref(s) remarks

Bioinorganic and Biological Reactions (Continued)
1457 Bhm + CO f products C6H5CH3 25 300 6 -13.7 ( 1.4 364

HRP + CO f HRP-CO 120 4 365
1458 H2O 34 -23.6 ( 1
1459 H2O 20 -23.7 ( 1
1460 H2O 4 -26.9 ( 1
1461 H2O/40% egly 20 -6.98 ( 0.02
1462 H2O/40% egly 0.5 -10.5 ( 0.6
1463 H2O/40% egly -10 -14.6 ( 0.8
1464 50% MeOH 20 -9.4 ( 0.2
1465 50% MeOH 10 -6 ( 0.2
1466 50% MeOH 4 -5.5 ( 0.2
1467 50% MeOH 0 -5.2 ( 1
1468 50% MeOH -10 -2.3 ( 0.3
1469 H2O/glyc -20 -1.6 ( 0.4

hemoprotein + CO H2O/glyc 25 200 6 366
1470 enzyme ) P450scc, ligand ) S- (cis) +2 ( 2
1471 enzyme ) P450LM2, ligand ) S- (cis) +3 ( 2
1472 enzyme ) P450LM3, ligand ) S- (cis) +6 ( 2
1473 enzyme ) P4507R, ligand ) S- (cis) +2 ( 2
1474 enzyme ) CPO, ligand ) S- (cis) +1 ( 2
1475 enzyme ) LP, ligand ) N (his) -10 ( 3
1476 enzyme ) P420, ligand ) unknown -25 ( 5
1477 enzyme ) P420, ligand ) unknown -11 ( 6
1478 enzyme ) P420, ligand ) unknown -42 ( 8

cytochrome P450cam + CO H2O/glyc 20 367 pH ) 7.4
1479 substrate ) adamantane +7 ( 3
1480 substrate ) norcamphor +3 ( 2
1481 substrate-free +4 ( 1
1482 substrate ) fenchone +20 ( 1
1483 substrate ) TMCH +14 ( 1
1484 substrate ) bromocamphor -32 ( 2
1485 substrate ) camphor -31 ( 2

NADH + horse liver alcohol dehydrogenase 368
1486 H2O/DMSO 20 100 3 +19 ( 2
1487 H2O -5 150 4 +23 ( 0.5
1488 H2O -21.5 100 3 +28 ( 0.3
1489 carbonic anhydrase catalysis H2O 25 150 6 -9 to +14 369 details in ref

cytochrome c oxidase: H2O 7 150 370
1490 reduced oxidase, 445 nm a 443 nm >0 (a)
1491 aerobic steady state a partially reduced oxidase -76 (a) pH ) 7
1492 porphyrin c-cytochrome b5 complex formation H2O 5 200 >10 -50 (a) 371 µ ) 1-10 mM (KCl),

pH ) 7
1493 Cyt cII + Co(terpy)2

3+ f Cyt cIII + Co(terpy)2
2+ H2O 25 100 5 +18.4 ( 1.3 +36 (b), +33 (c) 372 µ ) 0.1 M, pH ) 7.2

1494 Cyt cIII + Co(terpy)2
2+ f CytcII + Co(terpy)2

3+ H2O 25 130 5 +18.0 ( 1.4 372 µ ) 0.1 M, pH ) 7.2
1495 Ru2+ f ZnP•+ in (NH3)5Ru(His33)Zn-Cyt c H2O 25 150 4 -12 ( 1 373
1496 Fe2+ f Ru3+ in (bpy)2(im)Ru(His33)Fe-Cyt c H2O 25 150 4 0 373
1497 Fe2+ f Ru3+ in (bpy)2(im)Ru(His72)Fe-Cyt c H2O 25 150 4 -6 ( 2 373
1498 (NH3)5(lut)RuIII + CytcII f (NH3)5(lut)RuII + CytcIII H2O 25 150 4 +16.9 ( 1.4 +33.6 ( 1.7 (a) 374 µ ) 0.1 M, pH ) 7.1
1499 (NH3)5(lut)RuII + CytcIII f (NH3)5(lut)RuIII + CytcII H2O 25 150 4 -17.8 ( 1.6 +34.7 ( 2.1 (a) 374 µ ) 0.1 M, H ) 7.1
1500 (NH3)5(etpy)RuIII + CytcII f (NH3)5(etpy)RuII + CytcIII H2O 25 150 4 +14.7 ( 0.9 +26.9 ( 1.8 (a) 374 µ ) 0.1 M, pH ) 7.1
1501 (NH3)5(etpy)RuII + CytcIII f (NH3)5(etpy)RuIII + CytcII H2O 25 150 4 -14.9 ( 1.1 +29.6 ( 1.4 (a) 374 µ ) 0.1 M, pH ) 7.1
1502 (NH3)5(py)RuIII + CytcII f (NH3)5(py)RuII + CytcIII H2O 25 150 4 +17.4 ( 1.5 +33.4 ( 1.9 (a) 374 µ ) 0.1 M, pH ) 7.1
1503 (NH3)5(py)RuII + CytcIII f (NH3)5(py)RuIII + CytcII H2O 25 150 4 -17.7 ( 0.8 +35.1 ( 1.7 (a) 374 µ ) 0.1 M, pH ) 7.1
1504 Ru(NH3)5isn3+ + CytcII f Ru(NH3)5isn2+ + CytcIII H2O 15 100 4 +14.2 ( 1.5 375 µ ) 0.1 M, pH ) 7.1
1505 Ru(NH3)5isn2+ + CytcIII f Ru(NH3)5isn3+ + CytcII H2O 25 100 4 -17.2 ( 1.5 375 µ ) 0.1 M, pH ) 7.1
1506 (H3N)5RuII-(His33)CytcIII f (H3N)5RuIII-(His33)CytcII H2O 25 150 4 -17.7 ( 0.9 376
1507 (H3N)5RuII-(His39)CytcIII f (H3N)5RuIII-(His39)CytcII H2O 25 150 4 -18.3 ( 0.7 376
1508 RuII(NH3)6

2+ + (His33)CytcIII f RuIII(NH3)6
3+ +

(His33)CytcII
H2O 25 150 4 -15.6 ( 0.6 376

histone (H2A-H′′B)2 dissociation H2O 20 220 >10 377
1509 +90 ( 4 (a) µ ) 0.2 M (NaCl)
1510 +75 ( 5 (a) µ ) 2.0 M (NaCl)
1511 tetramer-dimer equilibrium +108 ( 4 (a) µ ) 0.2 M (NaCl)
1512 octamer-tetramer equilibrium +168 ( 6 (a) 379 µ ) 2.0 M (NaCl)
1513 octamer-dimer equilibrium +143 ( 2 (a) µ ) 0.2 M (NaCl)
1514 octamer-dimer equilibrium +142 ( 2 (a) µ ) 2.0 M (NaCl)

yeast hexokinase dissociation: H2O 280 >6 378
P2 monomer-dimer equilibrium

1515 0 +116 to+154 (a) pH ) 7.5
1516 0 +119 (a) 380 pH ) 7.5, 0.1 M Na2SO4

1517 30 +167 (a) pH ) 7.5
1518 20 +162 (a) pH ) 7.5
1519 20 +111 (a) pH ) 6.0
1520 20 +155 (a) pH ) 9.0

P1 monomer-dimer equilibrium
1521 0 +141 (a) pH ) 7.5
1522 0 +135 (a) pH ) 7.5, 0.1 M Na2SO4

Rb. sphaeroides R-26 300 6-8 379
1523 P+QA

- f PQA -6.1 ( 0.6
1524 P+QB

- f PQB -6.9 ( 1.9
1525 PR decay (QA

-) -5.7 ( 0.8
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Table 1. (Continued)

no. reaction solvent
T,
°C

P,
MPa

no. of
data

∆Vq,
cm3 mol-1

∆Vh , cm3 mol-1

(method) ref(s) remarks

Bioinorganic and Biological Reactions (Continued)
1526 PR decay (no QA

-) -0.5 ( 1.0
Rps. viridis 300 6-8 379

1527 P+QA
- f PQA +8.5 ( 0.9

1528 PR decay (QA
-) +0.4 ( 0.8

bacteriochlorophyll a (pyridine) 300 6-8 379
1529 Triplett decay +2.6 ( 0.4

inactivation of proteins:
cyt P450cam f cyt P420 H2O 20 200 10 380 pH ) 7.5, 0.1 M Na2SO4

wild-type protein
1530 no camphor bound to the active site -73 ( 1
1531 camphor bound to the active site -197 ( 7

[Tyr96 f Phe] mutant
1532 no camphor bound to the active site -86 ( 7
1533 camphor bound to the active site -87 ( 4

electron transfer: H2O 280
1534 DCPIP + L-ascorbic acid 25 150 -4.3 ( 1
1535 cytochrome c + L-ascorbic acid 10 190 -16.4 ( 0.8
1536 HAO + cytochrome c 20 100 -24.3 ( 0.4
1537 Ru(NH3)5isn3+ + CytcII a Ru(NH3)5isn2+ + CytcIII H2O 25 200 5 +26.4 ( 0.9 (a) 381
1538 (NH3)5RuIII-CytcII a (NH3)5RuII-CytcIII H2O 25 200 5 +31.7 ( 1.2 (a) 381
1539 trans-(NH3)4(isn)RuIII-CytcII a trans-(NH3)4(isn)RuII-CytcIII H2O 25 200 5 +21.1 ( 1.0 (a) 381
1540 trans-(NH3)4(py)RuIII-CytcII a trans-(NH3)4(py)RuII-CytcIII H2O 25 200 5 +23.3 ( 0.6 (a) 381
1541 trans-(NH3)4(lut)RuIII-CytcII a trans-(NH3)4(lut)RuII-CytcIII H2O 25 200 5 +18.6 ( 0.4 (a) 381

CytcIII + Ag + Cl- a CytcII + AgCl H2O 25 11 382 1 M NaCl, H ) 7
1542 0 -27 (a)
1543 50 -25 (a)
1544 100 -23 (a)
1545 150 -20 (a)
1546 200 -18 (a)
1547 250 -15 (a)
1548 300 -13 (a)
1549 350 -10 (a)
1550 400 -7.9 (a)
1551 450 -5.5 (a)
1552 500 -3.0 (a)

a Abbreviations: 2a, tricarbonyl[1-4-η-5-exo(N-4-formylpyridinio)cyclohexa-1,3-diene]iron; 2b, tricarbonyl[1-4-η-5-exo(N-4-
formylpyridinio)-2-methoxycyclohexa-1,3-diene]iron; 2c, tricarbonyl[1-4-η-5-exo(N-4-formylpyridinio)cyclohepta-1,3-diene]iron; 3a,
tricarbonyl[η5-exo(4-ethylpyridinio)-2-methoxycyclohexa-1,3-diene]iron; 3b, tricarbonyl[η5-exo(4-ethylpyridinio)cyclohepta-1,3-
diene]iron; 4-CHOpy, 4-formylpyridine; [15]aneN4, trans-1,4,8,12-tetraazacyclopentadecane; [9]aneS3, 1,4,7-trithiacyclononane;
aben, 1,2-bis(o-iminobenzylideneamino)ethane; acac, acetylacetone; AcO-, acetate ion; ado, 5′-deoxyadenosyl (radical); [AdoCbi]+OH-,
adenosylcobinamide; ar (arsenazo III), 3,6-bis(o-arsonophenylazo)-4,5-dihydroxynaphthalene; Asc, ascorbate anion; AT, 10-amino-
10-methyl-1,4,8,12-tetraazacyclopentadecane; ATA, N-acetyl-L-tryptophanamide; ATpCA, N-acetyl-L-tryptophan p-chloroanilide;
ATP, adenosine triphosphate; B, benzidine; B12a and B12, Cob(III)alamin; B12-H2O+, aquocobalamin; BHm, Protoheme;
bisoxa(DO3A)2, bis(1,4-(1-(carboxymethyl)-1,4,7,10-tetraaza-4,7,10-tris(carboxymethyl)-1-cyclododecyl))-1,10-diaza-3,6-dioxadecane;
BO(DO3A)2, 2,11-dihydroxy-4,9-dioxa-1,12-bis[1,4,7,10-tetraaza-4,7,10-tris(carboxymethyl)cyclododecyl]dodecane; bpy, 2,2′-bipy-
ridine; br-acac, 3-bromo-2,4-pentanedione; br-dbm, 2-bromo-1,3-diphenyl-1,3-propanedione; BTE, cis-2,2,7,7-tetramethyl-3,6-
dithiaoctane; Bu, n-butyl; But, tert-butyl; Bz, benzyl; bz, benzene; C222, 4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane;
CB, chlorobenzene; H2cht2-, chromotropic acid (1,8-dihydroxynaphthalene-3,6-disulfonate); Cl-phen, 2-chloro-1,10-phenanthroline;
CMP, cytidine-5′-monophosphate; Cndipp, 2,6-diisopropylphenyl isocyanide; CNpy, 4-cyanopyridine; cod, cycloocta-1,5-diene; COD,
η4-1,4-cyclooctadiene; cp, cyclopentadienyl; 18-crown-6, 1,4,7,10,13,16-hexaoxacyclooctadecane; Cry, 4,7,13,16,21-pentaoxa-1,10-
diazabicyclo[8.8.5]tricosane; cupf, cupferron (ammonium N-nitrosophenylhydroxylamine); cyclam, 1,4,8,11-tetraazacyclotetradecane;
cyclen, 1,4,7,10-tetraazacyclododecane; CyDTA, cyclohexyldiaminetetraacetate; cyt c, cytochrome c; dab, 1,4-diisopropyl-1,4-
diazabutadiene; dbm, dibenzoylmethane; dbubpy, 4,4′-di-tert-butyl-2,2′-bipyridine; DCA, 9,10-dicyanoanthracene; DCE, 1,2-
dichloroethane; DCM, dichloromethane; DCPIP, 2,6-dichlorophenolindophenol; DEA, N,N-diethylaniline; DEMX, diethyl mesox-
alate; d(GpG), dinucleotide; diamsar, H2NC(CH2N(CH2)2NCH2)3CNH2; diamsarH2, H3NC(CH2N(CH2)2NCH2)3CNH3

2+; dien,
diethylenetriamine; dma, N,N-dimethylacetoamide; DMA, N,N-dimethylaniline; DMAD, dimethyl acetylenedicarboxylate; DMMX,
dimethyl mesoxalate; dmbpy, 4,4′-dimethyl-2,2′-bipyridine; dmbzim, 5,6-dimethylbenzimidazole; DMF, N,N-dimethylformamide;
H2dmg, dimethylglyoxime; dmp, 2,9-dimethyl-1,10-phenanthroline; DMpT, N,N-dimethyl-p-toluidine; DMPU, dimethylpropylene
urea; DMSO, dimethyl sulfoxide; a-, e-DMSO, axially, equatorially bonded DMSO; dmtf, N,N-dimethylthioformamide; DOTA,
tetraazacyclododecane-N,N′,N′′,N′′′-pentaacetate; dpbpy, 4,4′-diphenyl-2,2′-bipyridine; H2dpg, diphenylglyoxime; dpp, 2,9-diphenyl-
1,10-phenanthroline; dpt, H2N(CH2)3NH(CH2)3NH2; DTBN, di-tert-butyl nitroxide; DTH, 2,5-dithiahexane; dto, 3,6-dithiaoctane;
dtpa, diethylenetriaminepentaacetate; edta, ethylenediaminetetraacetate ion; eddaH2, ethylenediamine-N,N′-diacetic acid; edtaH4,
ethylenediaminetetraacetic acid; eee, 1,8-diamino-3,6-dithiaoctane; egly, ethylene glycol; ein, ethane-1,2-diimine; en, 1,2-
diaminoethane; Et, ethyl; etbp, 4-ethyl-2,6,7-trioxa-1-phosphabicyclo[2.2.2]octane; Et4dien, 1,1,7,7-tetraethyldiethylenetriamine;
Et5dien, 1,1,4,7,7-pentaethyldiethylenetriamine; Et2DTC, diethyldithiocarbamate; etpy, 4-ethylpyridine; FB, fluorobenzene; fod,
tris-6,6,7,7,8,8,8-heptafluoro-2-dimethyl-3,5-octanedionate; glyc, glycerol; GlyGlyHis, glycylglycylhistidine; glyH, glycine; gmi,
N,N′-dimethylglyoxal diimine; H2aeida, N-(2-aminoethyl)-N-(carboxymethyl)glycine; H2dmg, 2,3-butanedione dioxime; HAh,
acethydroxamic acid; HAO, hydroxylamine oxidoreductase; Hb, human adult hemoglobin; R-Hb, â-Hb, isolated chains of human
hemoglobin; HCY, hexamethylcyclam; Hdca, dichloroacetic acid; Hdcp2-, 2,6-dicarboxy-4-hydroxypyridine; H4dfb+, desferrioxamine
B; hedta, N-(hydroxyethyl)ethylenediamine triacetate; hfac, hexafluoroacetylacetonate; H(i-dtma), N,N-bis(2-aminoethyl)glycine;
hipt, 4-isopropyltropolone; (His33)cyt, horse heart ferricytochrome c; (His39)cyt, Candida krusei ferricytochrome c; HMN,
2,2,4,4,6,8,8-heptamethylnonane; HMPA, hexamethylphosphoramide; Hr, hemerythrin; Htos, p-toluenesulfonic acid; H2res2-, 1-((2,4-
dihydroxy-1-phenyl)azo)-8-hydroxynaphthalene-3,6-disulfonate; HRP, horseradish peroxidase; hxsb, 1,8-bis((2-pyridylmethyl-
ene)amino)-3,6-diazaoctane; ibn, H2NC(CH3)2CH2NH2; H2salen, bis(salicylidene)ethylenediamine; IHP, inositol hexaphosphate;
im, imidazole; IMP, inosine 5′-monophosphate; In, indicator; Ino, inosine; IS, inner sphere (electron transfer); isn, isonicotinamide;
isoq, isoquinoline; L, meso-5,7,7,12,14,14-hexaamethyl-1,4,8,11-tetraazacyclotetradecane; LdRuIIRuIII, (µ-2,6-dithiaspiro[3,3]hep-
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limited number of laboratories. In this section the
extensive variety of metal centers, noncoordinating
ligands, and solvents leads naturally to a discussion
of individual systems proceeding mostly in terms of
an order arranged by increasing magnitude of the
atomic number of the metal center rather than by
mechanistic similarity.

In a study employing six different solvents coordi-
nating to the Be(II) ion (entries 1-6), the exchange
of five could be monitored by proton NMR, while
exchange of H2O was followed using 17O NMR spec-
troscopy.59 The kinetics were followed in the pres-
ence of a noncoordinating diluent CD3NO2, and a two-
term rate law described the exchange process. The
results could be analyzed to conclude that the series
is subject to a sterically controlled mechanistic
changeover from an A mechanism for the smallest
solvent water to a D mechanism for the most bulky
tetramethyl- and dimethylpropyleneurea, with the
other three solvents exhibiting small negative ∆Vq

values between these extremes.
Attention has been directed to solvent exchange on

titanium(III) and titanium(IV) species61-63 (entries
8-12). Water exchanges on hexaaqua titanium(III)
by an A mechanism, and the volume of activation is
close to that calculated on a theoretical basis for such
a mechanism,61 whereas DMF exchanges on Ti-
(DMF)6

3+ less associatively and therefore by an Ia
mechanism.63 This latter result allows the observa-
tion that there is a mechanistic shift for solvent
exchange on first row transition metal ions in oxida-
tion state three, since exchange becomes progres-
sively less associative as the radius becomes gener-

ally smaller as the atomic number of the metal
increases. Both axial and equatorial exchange of
DMSO from TiO(DMSO)5

2+ occur with an expanded
transition state;62 the faster axial exchange is pro-
posed to proceed by a D mechanism, while the loss
of an equatorial DMSO is in concert with an axial to
equatorial coordinated solvent migration. Exchange
of solvent (S) on cis-TiCl4‚2S complexes (entries 13-
15) proceeds by a D mechanism64 (a striking contrast
to similar reactions with zirconium complexes82,83

(vide infra) in which bond making is occurring as the
transition state is formed).

The exchange of DMSO on V(DMSO)6
3+ (entry 16)

proceeds by an Ia mechanism65 as for exchange of H2O
on the same metal ion,390 and as mentioned earlier
there is a pattern of progressively less associative
exchange reactions across the first row of transition
trivalent metal ions (where measurable); for example,
the exchange of trimethyl phosphate (TMP) on Sc-
(TMP)6

3+ (entry 7) has been described as occurring
by a limiting A mechanism, or by a mechanism near
to a limiting A. This is related to the larger radius
of the first transition metal.60 Indeed this trend is a
general observation for solvent exchange on divalent
metal ions too, unless special steric effects impose
differences (see also below). However, it should be
emphasized that the only solvated trivalent metal ion
for which a distinctly positive ∆Vq has been obtained
is Ga(III), a main group element. The exchange of
water on Ga(H2O)5(OH)2+ is more dissociatively
activated than is the hexaaqua Ga(III) ion (entries
46 and 47).81 In contrast to the exchange of the

Table 1. (Continued)

tane)decaamminediruthenium(II,III) hexafluorophosphate; LF, ligand field; Ln, a lanthanide ion; lut, 3,5-lutidine; Ma, 3,7,11-
tribenzyl-3,7,11,17-tetraazabicyclo[11.3.1]heptadeca-1,(17),13,15-triene; MA+, N-methylacridinium; Mb, myoglobin (subscripts S,
H, D refer to sperm whale, horse, and dog myoglobin respectively); MCH, methylcyclohexane; MCPH, monochelated protoheme;
Me, methyl; 3Mebsb, (C5H4N)CPhN(3-MeC6H4); Me2bsb, (C5H4N)CPhN(3,4-Me2C6H3); MeCy, methylcyclohexane; Medpt,
H2N(CH2)3NMe(CH2)3NH2; Medtra, N-methylethylenediaminetriacetate; MeIm, 1-methylimidazole; 3-MP, 3-methylpentane;
Me5dien, 1,1,4,7,7-pentamethyl-dien; Medpt, H2N(CH2)3NCH3(CH2)3NH2; 4-MeObsb, (C5H4N)CPhN(4-CH3OC6H4); MES, 2-mor-
pholinoethanesulfonic acid; met, L-methionine anion; 1-MeU, 1-methyluracil; Mhr, myohemerythrin; MLCT, metal-to-ligand charge
transfer; MNZ, metronidazole; MOPS, 3-morpholinopropanesulfonic acid; MPI, p-methylphenyl isocyanide; N4, 2,3,9,10-tetraphenyl-
1,4,8,11-tetraaza-1,3,8,10-cyclotetradecatetraene; NADH, nicotine amide adenine dinucleotide; n-acac, 3-nitro-2,4-pentanedione;
N-C, C6H4CH2NMe2-2; N-C-N, C6H3(CH2NMe2)2-2,6; N-eten, N-ethylethylenediamine; nox, 1,2-cyclohexanedione dioxime; Np,
neopentyl; nta, nitrilotriacetate; NZ, Me2N(CH2)2NCH(C6F4)(CF3)CâdCR(CF3); OS, outer sphere (electron transfer); pa, n-
propylamine; Pada, trans-pyridine-2-azo(p-dimethylaniline); PCO, CO bond to heme iron; P•CO, geminate state after bond
dissociation; PCy3, tricyclohexylphosphine; PCy2Ph, dicyclohexylphenylphosphine; PDTA, 1,3-propylenediamine-N,N,N′,N′-
tetraacetate; PFe, ferric porphyrin; Ph, phenyl; PHDME, protoheme dimethylester; phdta,4- o-phenylendiamine-N,N,N′,N′-
tetraacetate; phen, 1,10-phenanthroline; pip, piperidine; piv, pivalate ion; PMMA, poly(methyl methacrylate) polymer; Pn, linear
phosphate oligomer, polymerization degree n; Pnm, cyclic phosphate oligomer, polymerization degree n; pp3, tris(2-(diphenylphos-
phine)ethyl)phosphine; ppa, µ-1-(NH2NCH2)(C5H4N)2; PPh3, triphenylphosphine; Pr, propyl; Pri, isopropyl; ptsa, p-toluenesulfonic
acid; py, pyridine; pyBimH, 1-(CNNHC6H4)(C5H4N); pyimH, 1-(CNNHC2H2)(C5H4N); py-SO3, NC5H4SO3-3; pz, pyrazine; pzc,
pyrazinecarboxylate; Qui, quinoline; RB12, alkylcobalamin; R1-en, (1R,2R,4S)-exo-2-(aminomethyl)-2-amino-7-oxabicyclo[2.2.1]heptane;
S, solvent; Sacac, thioacetylacetone; SA1pNA, succinyl-L-alanine p-nitroanilide; SA2pNA, succinyl-L-alanyl L-alanine p-nitroanilide;
SA3pNA, succinyl-L-alanyl L-alanyl L-alanine p-nitroanilide; SarH, sarcosine; sep, N(CH2N(CH2)2NCH2)3N; tacpa, 10-methyl-
1,4,8,12-tetraazacyclopentadecan-10-amine; TANONE, 2,2,6,6-tetramethyl-4-oxo-1-piperidinyloxyl; TAPP, meso-tetrakis(N-tri-
methylammoniumphenyl)porphine; taud, 3,6,9-triazaundecanedioate; TCA, 2,6,9,10-tetracyanoanthracene; tc-acac, 3-thiocyanato-
2,4-pentanedione; tc-bzac, 2-thiocyanato-1-phenyl-1,3-butanedione; TCE, sym-tetrachloroethane; TCNE, tetracyanoethene; TEMPO,
2,2,6,6-tetramethylpiperidine 1-oxide; terpy, 2,2′:6′,2′′-terpyridine; 2,3,2-tet, 1,9-diamino-3,7-diazanone; 3,2,3-tet, 4,7-diaza-1,10-
decanediamine; tetren, H2N(CH2)2NH (CH2)2NH(CH2)2NH(CH2)NH2; tfac, 1,1,1-trifluoro-2,4-pentanedione; TFBA, trifluoroben-
zoylacetone; tfbzac, 4,4,4-trifluoro-1-phenyl-1,1-butanedione; TH, triflic acid; THF, tetrahydrofuran; TMB, N,N,N′,N′-
tetramethylbenzidine; tmc, 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane; TMCH, 3,3,5,5-tetramethylcyclohexanone; tmd,
1,3-propanediamine; tmen, 2,3-diamino-2,3-dimethylbutane; TMP, trimethyl phosphate; 2,2,4-TMP, 2,2,4-trimethylpentane; TMPA,
(MeO)3PO; TMPNO, 2,2,6,6-tetramethylpiperidinyloxyl radical; TMPP, meso-tetrakis(4-N-methylpyridyl)porphine; tmtu, tet-
ramethylthiourea; TMS, tetramethylsilane; TMU, tetramethylurea; tn, trimethylenediamine; tpchxn, tetrakis(2-pyridylmethyl)-
trans-1,2-cyclohexanediamine; tpmbn, µ-CH2(CH3)CH(CH3)[µ-1-N(CH2)2(C5H4N)2]2; TPP, 5,10,15,20-tetraphenylporphyrin; tppn,
µ-CH2CH(CH3)[µ-1-N(CH2)2(C5H4N)2]2; TPPS, meso-tetrakis(p-sulfonatophenyl)porphinato; 2,3-tri, NH2(CH2)3NH(CH2)3NH2; tren,
tris-(2-aminoethyl)amine; trien, 1,8-diamino-3,6-diazaoctane; triflic, trifluoromethanesulfonic acid; tris, tris(hydroxymethyl)ami-
nomethane; tta, 4,4,4-trifluoro-1-(2-thienyl)-1,3-butanedione; TU, thiourea.
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smaller H2O, CH3CN and CH3OH on hexasolvated
Mn(II) ions (∆Vq negative)390-393 the exchange of
acetic acid has a modestly positive ∆Vq value in two
different media (entries 22 and 23),70 and therefore
is in common with the exchange of DMF on Mn-
(DMF)6

2+ (entries 18-20).67-69 It is argued that the
relative bulkiness of the latter two ligands is respon-
sible for the less associative and even slightly dis-
sociative interchange processes on their part. This
steric feature is demonstrated markedly when the
thio analogue of DMF is the exchanging solvent since
the volume of activation is 8-10 cm3 mol-1 more
positive in value for exchange on Mn(II) and Ni(II)69

(entries 21, 33, and 34) than for exchange of DMF
on the same ions (entries 18-20).67-69 Attempts to
correlate ∆Vq with the partial molar volumes of the
leaving groups were somewhat thwarted by the
finding of an almost constant ∆Vq for several ex-
changing (on Ni(II)) nitriles (RCN) of considerable
variation in magnitude of the R moiety (entries 37-
42).77 This study highlighted the lack of match
between ∆Vq and ∆Sq. A parallel between these two
parameters could be expected on a superficial basis,
and is noted in some cases. All the nitriles exchange
with a ∆Vq that is distinctly positive, ca. 12 cm3 mol-1,
but the ∆Sq values vary between -30 and +4 J mol-1

K-1. The interactions of the departing, exchanging
nitriles with like molecules of the second coordination
sphere are cited as the cause of the negative entropies
of activation.

Volumes of activation are close to zero for exchange
of ethylenediamine on the tris en complex ions of Mn-
(II), Fe(II), and Co(II) but a value of +11.4 cm3 mol-1

was recorded for the corresponding nickel species
(entries 24, 25, 30, and 43).71,78 In the latter case the
increase in volume upon reaching the transition state
was proposed to be followed by the formation of an
intermediate in which two en molecules are each
bonded to the Ni(en)2

2+ species in a monodentate
mode. On the basis of an analysis of the rate
constants, thermal activation parameters, the vol-
umes of activation, the estimated ring opening and
closure rates, and the corresponding results for the
exchange of the similar ligand 1,3-diaminopropane,74

which yields three six-membered rings on Co(II)
(entry 31), it was concluded that effects termed the
kinetic chelate effect and the chelate strain effect
could be invoked to explain the overall findings.
Efforts to explore the effect of a nonexchanging
multidentate ligand on exchange of water (entries 26
and 27) on Fe(III) have been reported;72,73 a dissocia-
tive interchange mechanism is found for both H2O
and DMF exchange.

Study of the exchange of solvent on hexasolvated
Cu(II) is complicated by the consequences of Jahn-
Teller distortion. It prevails that the rate of inversion
is rapid compared with the rate of DMF exchange
and the latter (entry 44) is a dissociative interchange
process.79 Lability of coordinated water can be
drastically affected by the geometry of a copper(II)
complex ion, as witnessed by the lowering by 3 orders
of magnitude of the water exchange rate constant on
the trigonal-bipyramidal Cu(tren)H2O2+ ion from that
for the hexaaqua Cu(H2O)6

2+ ion. The water ex-

change on the tren complex ion (entry 45) proceeds
by an associative interchange mechanism.80

Ligand exchange on tetrachloro zirconium com-
plexes (entry 48) in a noncoordinating solvent is
characterized by a strongly associative mechanism
reflecting the accessibility to the incoming ligand
with increasing radius82,83 (cf. titanium complexes,64

entries 13-15).
The possible compensating effects of several con-

tributing volume changes in the exchange of acetyl
acetonate on a molybdenum-oxo complex (entry 49),
create difficulty in interpreting the zero volume of
activation obtained.84 Further this study points to
the complexities arising in exchange studies of bi-
dentate ligands. Clearly the analysis of any mea-
sured volume changes for kinetics of exchange of
higher dentate ligands would probably be equally or
more complicated.

Hexasolvated ruthenium(II) complexes of either
H2O or CH3CN exchange solvent by an almost pure
interchange mechanism (entries 51 and 54).86 The
same holds for water exchange on Ru(H2O)5(OH)2+

(entry 53), whereas there is significant associative
character in the exchange of water on Ru(H2O)6

3+

(entry 52), and moderate associative interchange of
the water exchange on Ru(NH3)5H2O3+ (entry 50).85

The structure of the nonexchanging component of the
complex ion has important consequences: this is
manifest in the exchange of CH3CN on ruthenium
complexes (entries 56 and 57) in which the benzene
complex exchanges coordinated CH3CN with solvent
by an interchange mechanism but the latter complex
(entry 57) undergoes exchange by a fully dissociative
mechanism.88 The aqueous analogue (entry 55)
exchanges water by a mechanism in which bond
breaking is only slightly more significant than bond
making.87

Water exchange on aqua rhodium(III) has been
determined as a function of acid concentration,89

allowing the kinetic and activation parameters for
the water exchange on both the hexaaqua- and the
monohydroxopentaaquarhodium(III) species (entries
59 and 60) to be determined. The results imply an
associative interchange mechanism for the former ion
and an interchange mechanism with a slight dis-
sociative character for the Rh(H2O)5(OH)2+ species
which is strongly labilized by the presence of the OH
group. The reaction volume (-0.2 ( 0.5 cm3 mol-1)
for deprotonation of the hexaaquarhodium(III) ion,
obtained potentiometrically, was also reported.

Water exchange on the Cp*Rh(H2O)3
2+ complex ion

(entry 61) is modestly dissociative in interchange
character,90 as is water exchange on the correspond-
ing iridium species (entry 93).90 The properties and
reactivities of palladium and platinum complexes are
frequently compared and contrasted. For a wide
variety of nonexchanging ligands on the central
palladium(II) ion (entries 63-66) the solvent ex-
change is associative.92-94 In cases where the sol-
vents used are common the exchange is often more
markedly associative in the case of Pt complexes than
for Pd complexes (entries 67-73 and 96-99),94,95

undoubtedly resulting from a radius increase down
the group.
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Complexes of gadolinium(III) are prominent in the
search for improved magnetic resonance imaging
materials. Investigating the water exchange kinetics
on such complexes is an integral component of
determining their potential efficacy through mea-
surement of properties such as the relaxivity.96 The
design of newer agents may in part be based on the
extent to which steric crowding by noncoordinating
ligands of the exchanging water molecule may en-
hance the degree of dissociative mechanistic charac-
ter. The complexes studied thus far (entries 74-79),
exchange water by an interchange, a dissociative
interchange or a dissociative mechanism.96-99 Water
exchange on fully hydrated lanthanide ions (entries
80, 82, 84, 85, and 87) is characterized uniformly by
an associative interchange mechanism.100,101 Upon
complexing the ions with propylenediamine tetraace-
tic acid, water exchange is dramatically decelerated
across the series (entries 81, 83, 86, 88, and 89)
accompanied by a change of mechanism from an
associative to a dissociative one.102

An examination of the kinetics of exchange of H2O
or CH3CN on a trans-Os complex (entries 91 and
92)103 led to the conclusion that solvent exchange
occurs by a dissociative or dissociative interchange
mechanism. In this report other complementary
results (references loc. cit. therein) were evaluated
and interpreted to show that ligand substitution on
such species occurs with rate-limiting loss of a
coordinated solvent molecule.

Some final examples in this section illustrate the
variety of solvent exchange studies reported over this
period: Ir(H2O)6

3+ exchanges water with solvent
extremely slowly, by an Ia mechanism,104 while the
exchange on the deprotonated analogue occurs via
an Id mechanism (entries 94 and 95). Whether
DMSO is coordinated through oxygen or sulfur the
exchange on Pt(DMSO)4

2+ is associatively activated105

(entries 100 and 101), whereas exchange of Me2S or
DMSO on the platinum complexes of entries 102-
104 is dissociatively activated,106 suggesting that the
presence of platinum to carbon bonding has a sig-
nificant effect in changing the activation mode. The
oxo uranium complexes (entries 105 and 106) ex-
change the equatorial ligands with two different
mechanisms, TMPA by a D mechanism and HMPA
by an A mechanism.107 The axial oxo ligands do not
exchange on the NMR spectroscopy time scale.

B. Ligand Substitution Reactions
This is a subheading forming an umbrella under

which many variants of ligand substitution reactions
are grouped. More than 400 entries are contained
in this section, reflecting an abundance of investiga-
tions from several laboratories. The substitution can
be of one ligand for another where neither is the
solvent (ligand for ligand substitution), it can be
substitution where one or more ligands attached to
a metal center is/are replaced by one or more solvent
molecules (for example aquation, solvolysis, base
hydrolysis; it is recognized that these reactions may
also be classified as metal complex dissociation
reactions), or it can be a reaction of a solvated metal
ion in which one or more coordinated solvent mol-

ecules is/are replaced by one or more other ligands
(complex formation or anation). Thus the products
and the reactants are different unlike the case for
solvent exchange reactions. Therefore, in a volume
sense these reactions have an additional component
of considerable interest, since the partial molar
volumes of reactants and products will differ except
by the (unlikely) coincidence that they would be
identical. Thus, as with all other reactions from this
point in the discussion, except for electron self-
exchange reactions, the volume profile, if available,
will consist of volumes of activation in both directions,
and the reaction volume. The latter may be obtained
directly or indirectly depending on the kinetic acces-
sibility and other properties of the system. In favor-
able examples, the volume profile can be developed
on an absolute scale rather than only on a relative
volume basis, when direct measurements of densities
of reactants and products can be made. This narra-
tive section will, when appropriate, focus on some
examples of particular subclasses of ligand substitu-
tion reactions but the table follows the order of the
atomic number of the central metal and the reaction
entries in the table are not further divided into
subclassifications. When a literature report contains
results that fit more than one subcategory, for
example a reversible complex formation/aquation
reaction then these results will be considered to-
gether in one point in the narrative. The subclas-
sifications are base hydrolysis, aquation and solvol-
ysis, complex formation reactions, and ligand for
ligand substitution.

a. Base Hydrolysis

Hydrolysis of chromium(III) pentaammine com-
plexes118 in which the unhydrolyzed ligands are of
higher dentate than one and the sixth, departing
ligand is Cl- and is characterized by large positive
∆Vq values (entries 141-145). The reaction volume
for the preequilibrium step that involves the forma-
tion of the conjugate base species could be estimated
to be 22 cm3 mol-1, giving rise to ∆Vq values for the
rate determining ligand substitution step ranging
from -5 to +13 cm3 mol-1, signifying a mechanistic
changeover from Ia to Id or D throughout the series
for substitution on the conjugate base species. The
outcome of the competition between the Cr-Cl bond
breakage and the addition of solvent is controlled by
the nature of the nonsubstituting ligands to the
extent that when the ligands cause steric hindrance
a more dissociative mechanism is promoted. The
results121 for base hydrolysis of some halopentaam-
mine and related complexes of Cr(III) (entries 160-
163) in some of which the nonhydrolyzing ligands are
aliphatic amines also indicate an associative inter-
change is occurring, underlining the difference, albeit
not major from similar reactions for cobalt(III)
complexes.120a

Several studies have been reported of base hy-
drolysis on iron(II) tris diimine complexes and a
related complex (entries 202, 273-276, 279-301, and
308-317)136,149,150,153 in aqueous medium and in mixed
solvents. The kinetics are indicative of an associative
nucleophilic attack, and the positive volumes of
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activation have been interpreted as a negative in-
trinsic component being overshadowed by a large
electrostriction decrease due to the desolvating hy-
droxide ion.394 The values of ∆Vq in water are within
a small range, supporting this essentially common
contribution, independent of the complex ion. The
influence of the complex ion, in terms of the hydro-
phobic/hydrophilic balance of the periphery having
contact with the solvent, on the values of ∆Vq

obtained, has been probed by determining ∆Vq in
mixed solvents. In addition, the transfer chemical
potentials (for transfer from water to mixed solvents
of the same composition), of both reactant species and
for the transition state have been determined.395-397

These potentials provide a measure of the change of
solvation of species with change in the solvating
medium, and therefore can be correlated with varia-
tions in ∆Vq with solvent composition. Changes in
the latter can be quite dramatic and vary consider-
ably with the nature of the cosolvent. For example,
the value of +16.7 cm3 mol-1 for hydrolysis of the Fe-
(II) complex containing three small gmi ligands150 is
reduced to about one-quarter of that value by the
presence respectively of 80%, 50%, 60%, and 50% (vol
%) methanol, ethanol, 2-propanol, and tert-butyl
alcohol. For the iron(II) complex of the hexadentate
hxsb ligand, similar but more marked trends are
observed with ∆Vq varying from +13 cm3 mol-1 to
small negative values in similar solvent mixtures.153

These trends can be understood in terms of the
solvation differences in species and by consideration
of the characteristics of the solvent mixtures which
possess typically aqueous properties but experience
water structure making and breaking at different
mole fraction points depending on the alkyl moiety
of the alcohol. However, the overall complexity of
such systems and the need to establish carefully the
rate law and products under all conditions precludes
a general application of the mixed-solvent approach,
although in appropriately chosen cases instructive
findings can be acquired.

The kinetics and mechanism of base hydrolysis of
Co(III) pentaammine complexes have fascinated for
decades, and have been compared with and con-
trasted to those of corresponding reactions of Cr(III)
complexes. The conjugate base mechanism gives rise
to complications, but not insurmountable ones, in
interpretation of measured ∆Vq values. The dis-
tinctly positive values (entries 352-368) can be
explained163 by charge neutralization and release of
a solvent molecule in the preequilibrium conjugate
base formation step and ligand dissociation in the
rate-limiting step. Although a wide selection of the
nonhydrolyzing ligands was employed the results
indicated a relative insensitivity to their nature.
Overall the results are compatible within the ac-
cepted SN1CB mechanism for these reactions. Vol-
ume profiles were developed. Other examples of base
hydrolysis in which the spectator ligand is a macro-
cycle117,156 (entries 321, 325, and 327) illustrate
mechanistic similarity between the reactions of the
Cr(III) (entry 140)117 and Co(III) complexes, whereas
the corresponding rhodium(III) complex117 (entry 477)
has a less positive value of ∆Vq and was accordingly

assigned to a limiting case of an interchange conju-
gate base mechanism.

b. Aquation and Solvolysis

Empirical volumes of activation have been obtained
for the cyclic and linear condensed phosphate oligo-
mers, with polymerization degrees of six and eight,
undergoing hydrolysis in acidic solution (entries 117-
120). Each reaction, regarded as a nucleophilic
attack by a water molecule is characterized by a
small decrease in volume upon reaching the transi-
tion state. This is explained by proposing that a
hydrating water molecule, loosely bound in the initial
state becomes more tightly bound to the phosphorus
atom in the transition state.

A parallel has been pointed out between the aqua-
tion reactions of the V(III) (entry 122)111 and Fe(III)
pentaaqua thiocyanate152 (entry 302) complex ions in
that both are characterized by ∆Vq values of -17 cm3

mol-1, suggesting a mechanistic similarity between
the two systems and difference from aquation reac-
tions of Cr(III) and Co(III) pentaammine complexes.

The aquation in mildly acidic medium of chro-
mium(III) pentaammine complexes (entries 149-159)
containing neutral leaving groups is characterized by
small negative ∆Vq values which do not readily relate
to the size of the leaving group.120 An Ia mechanism
distinguishes the intimate mechanism from that (Id)
for analogous cobalt(III) complexes.

Solvolysis of pentacyano iron(III) nitrite140 (entries
213-217) has been studied in several solvents, and
the rate constants for replacement of nitrite cor-
related with the electron donor ability of the solvent.
It was concluded on the basis of the values of ∆Vq

and other considerations that the solvents interact
with the cyanide ligands and increase the electron
density on the metal center and contribute to induc-
ing a dissociative mechanism.

Cobalt(III) pentaamine complexes (entries 382-
395) in which the sixth position is occupied by
carboxylic acids have also been the subject of an
aquation (in acidic solution) kinetics study.166 Values
of ∆Vq, not unexpectedly, vary according to whether
the departing species is the neutral acid or the
anionic form. In the latter case there is charge
separation and enhanced electrostriction, resulting
in more negative ∆Vq values than when the un-
ionized acid departs. For both cases an interchange
mechanism was proposed. The solvolysis of a dichlo-
robisethylethylenediamine Co(III) complex (entries
374-379) has been monitored in water and water/
tert-butyl alcohol mixtures.164 The solvolysis of the
second chloro ligand can be suppressed by employing
a medium of pH less than 3. The variation in ∆Vq

with solvent composition is small; however, the
nature of the variation and the fact that the rate-
determining step involves the extension of the cobalt-
chloro bond in the transition state (an Id mechanism)
prompted the authors to comment on the similarity
to the SN1 mechanism for the solvolysis of tert-butyl
chloride (extension of a C-Cl bond in the transition
state) in the same solvent mixtures. Aquation
studies160-162 on this and related dichloro complex
ions and Co(en)2(NH3)X2+ where X ) Br, Cl, or NO3
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yield reaction volumes and activation volumes that
led to the conclusion that the entering water and
leaving halide ion participate almost equally in the
transition state in the ligand interchange process
(entries 334-350). It was also noted that among the
latter group of complexes ∆Vq was essentially tem-
perature independent.

Solvolysis of a palladium(II) complex of penta-
methylated dien and one pyridine ligand193 by six
different solvents (entries 532-537) proceeds in each
case by an associative process with no immediately
obvious correlation between ∆Vq and any property of
the solvents. The aquation and the reverse process
of anation of rac-Pt(R1-en)Cl2 (entries 581-584) occur
in two steps each possessing transition states of
smaller volume than either reactant or product,205 as
illustrated in Figure 1, with the consequence of an
Ia mechanism for both steps in the forward direction.

c. Complex Formation Reactions
The reaction under entry 107 is believed to be the

first report108 of volume of activation and reaction
volume data for ligand binding and ligand dissocia-
tion from an aqua beryllium ion, and therefore is
described in some detail. The keto oxygen of the
bidentate ligand is thought to bind first and the
subsequent (fast) chelate ring closure reaction is
accompanied by release of a proton. The first step,
based on a negative ∆Vq value, proceeds by an
associative mechanism. Since the reaction volume
for proton dissociation from the ligand has been
determined to be -8.2 cm3 mol-1, this allows the
reaction volume for the reaction of the deprotonated
ligand with the Be(II) aqua ion to form the monopo-
sitively charged aqua Be(ipt)+ species to be calculated
as +13.5 cm3 mol-1. In the reverse direction the first
step is the preequilibrium protonation of the latter
species to form the dechelated species with only one
of the ligand oxygen atoms bonded to the beryllium
atom. It is argued that if this species has the same
volume as the original separated reactants (for the
forward reaction), then the activation volume for the
rate-determining step of the reverse reaction is also
negative and indicative of associative activation.

There are many interesting features109 in the
reactions of entries 108-110. The first two reactions

are accompanied by a change in coordination number
on boron, and therefore, the coordination geometry.
The trigonal to tetrahedral conversion on B (sp2 to
sp3 hybridization) results in an extension of the B-O
bond length, but this contribution is overshadowed
by the presence of the incoming ligand in an associa-
tive mode of activation. The reverse reactions are
also of associative mechanistic character. The third
ligand, a tridentate, is considered to bind with the
final chelate ring closure as the rate-determining
step.

In the process of development of a high-pressure
stopped-flow fluorometer42 the reaction of Mg2+ ions
with 8-hydroxyquinoline (entries 111-116) was ex-
amined as a suitable standard kinetics test for the
fluorescence mode and compared with the same
reaction in a stopped-flow spectrophotometer (absor-
bance mode). In an excess of metal ion only the 1:1
complex is formed and the second-order rate con-
stants at pH of 8.0 and 278 K are 3.81 × 103 mol-1

dm3 s-1 (absorbance) and 3.69 × 103 mol-1 dm3 s-1

(fluorometer) and experimental ∆Vq values of -3.1
( 0.4 and -3.6 ( 0.5 cm3 mol-1, respectively were
obtained. Thus this reaction system is very well
suited for use as a standard reaction.

Formation of the SCN- complex of V(III) in both
water and DMSO solutions (entries 121-125) occurs
by an Ia mechanism, which in the case of aqueous
solution is regarded as a stronger associative activa-
tion than for the corresponding V(II) system. The
reaction volumes are distinctly positive which can be
understood in terms of the release of electrostricted
solvent upon charge neutralization. The associative
interchange mechanism is consistent with the infor-
mation afforded from an earlier water exchange
mechanistic study.397 There is a mechanistic change-
over from Ia to Id as the first row of transition
elements, in oxidation state three, is traversed to the
representative Ga3+ ion.

Entry 194 and entries 260 and 318 may be grouped
together.132 Introduction of the Et2DTC- ligand to
DMF solvated Mn(II), Fe(II), and Co(II) ions follows
a dissociatively activated mechanism, by virtue of the
strongly positive activation volumes. Indeed the
values led to the suggestion that the DMF solvates
are sterically bulky so that an associative mode of
activation is not applicable even for the larger Mn
cation. This is in contrast to solvent exchange on
these cations for smaller solvent molecules where
there is a mechanistic changeover from Ia to Id across
the first row of transition metals as noted in section
2.A. However, the trend in values here indicates a
possible shift from Id for Mn to a D mechanism for
reaction of the other two cations. Formation and
dissociation of the Pada complex on the DMF Fe(II)
solvate (entries 261 and 262) also proceed by dis-
sociative mechanisms.132

Although the kinetics at elevated pressures of
formation of Fe(H2O)5NCS2+ and the corresponding
deprotonated species, Fe(H2O)4(OH)NCS+ have been
studied previously they were reinvestigated (entries
302 and 303) to resolve discrepancies in the litera-
ture.152 The latest values of ∆Vq are -5.7 and +9.0
cm3 mol-1 respectively for formation of the two

Figure 1. Volume profile for the two-step reversible
aquation of [Pt-(R1en)Cl2]. First step is at 311.3 K, and the
second step, at 279.0 K. (From ref 205.)
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species and reflect Ia and Id mechanisms. See also
the discussion in the aquation section regarding the
comparison of the aquation reactions of pentaaqua
V(III) and Fe(III) thiocyanate complexes. In the
reaction of Fe(III)aq with HN3/N3

- (entries 304-307)
two pathways predominate: Fe(H2O)5(OH)2+ reacting
with N3

- and with HN3. The respective values of ∆Vq

are +12.9 and +6.8 cm3 mol-1,152 both of which
denoted Id mechanisms to be operative.

The nucleophilicity of the ligand effects mechanistic
control for reactions of the ClO2

- (entry 197),134 N3
-

(entries 304-307),152 and NCS- (entries 302 and 303)
ions with aqua iron(III) ions. The overall reaction is
described as conjugate acid/conjugate base. The first
two ions react by an Id mechanism and the last by
an Ia mechanism. A reaction volume of +7.8 cm3

mol-1 has been determined for the reaction shown
in entry 195. As described133 this value together with
other data allowed the calculation of the activation
volume for entry 196. This in turn it was argued,
confirmed that the ligand reacts with aqua iron(III)
by an Ia mechanism. A reaction volume (+2.8 cm3

mol-1) was reported for protonation of Hipt.
The stepwise dissociation (by aquation) and forma-

tion of Ah complexes of Fe(III) are controlled by the
presence of OH- or Ah- in the coordination sphere
(entries 263-270).148 Analysis of the activation
volumes led to the conclusion that the catalyzed
hydrolysis of the tris Ah complex undergoes a mecha-
nistic changeover from Ia to I to Id for the successive
steps, a sequence that is reversed for reaction in the
reverse direction. The reaction of dfb in tetraproto-
nated form with the hexaaquairon(II) species is
accelerated by pressure, whereas when dfb in the
same form reacts with the deprotonated form of the
iron species the reaction is retarded by pressure
(entries 271 and 272) resulting in volumes of activa-
tion of opposite sign, suggesting that the two reac-
tions proceed by Ia and Id mechanisms, respec-
tively.149 Under the experimental conditions H4dfb
binds only as a bidentate ligand.

The complications of ion pairing and electrostric-
tion changes were discussed in a study162 of the
anation reactions of cis-Co(en)2(H2O)2

3+ by sulfate
ions or by selenate ions (entries 351-354). However,
following due consideration of these features it was
possible to assign dissociative mechanisms to these
reactions as well as for the reverse solvolysis reac-
tions and furthermore for the trans to cis isomeriza-
tion162 of trans-Co(en)2(H2O)OSeO2H2+ (entry 846, see
also section 2.F).

Reaction volumes for formation of complexes of
nickel(II) with either anionic or neutral ligands have
been determined (entries 413-420).171 In general the
values are more positive as the extent of charge
neutralization increases. However, in addition to
electrostriction changes a detailed explanation in-
volved the difference between oxygen and nitrogen
donors, contraction of donor atoms in the first coor-
dination sphere, expansion due to metal-water bond
elongation caused by the presence of bound amine-
(s) or carboxylate groups, and what is termed the
volume chelate effect which envisages a different

packing by multidentate ligands vis a vis monoden-
tate ligands.

Expectation was fulfilled when the activation vol-
umes for reaction of 2-chloro-1,10-phenanthroline
with the hexaaqua ions of Co(II) (entries 319 and
320),154 Ni(II) (entries 411 and 412),154 and Cu(II)
(entries 430 and 431)172 were determined, since their
anticipated positive values indicated an Id mecha-
nism as had previously been invoked for the corre-
sponding reaction of hexaaqua Zn(II) ions.172

Reaction volumes obtained for the formation of
mono, bis, and tris phen complexes of Cu(II) and for
the formation of both the phen and bpy mono, bis,
and tris complexes of Zn(II) (entries 432-440) show173

the general feature of successive replacement of
coordinated water giving rise to progressively smaller
positive volume changes. This was explained by
suggesting that the substitution of electrostricted
coordinated water by neutral ligands is accompanied
by a volume increase but that the solvent release
proceeds only as far as the second coordination
sphere. It should be noted that the volume changes
for comparable systems do not exhibit a particularly
systematic quantitative pattern.

The formation of the mono bpy complexes of Zn-
(II) and Cd(II) aqua ions (entries 443 and 555)166,174

provides excellent straightforward examples of both
size influence on mechanistic determination and of
complementariness of activation volume and reaction
volume measurements. An improved access to the
coordinated solvent by the ligand in the outer sphere
permits an Ia mechanism for formation of Cd(bpy)-
(H2O)4

2+, a process not possible one period higher in
formation of the analogous Zn(II) complex which is
formed from a smaller hexaaqua ion, resulting in an
Id mechanism. Figure 2 displays the volume profiles
for these two complexes. The approach used in
estimating the volume change in forming the outer-
sphere complex has been presented earlier. The
mechanism proposed for the zinc complex formation
is entirely consistent with recent calculations for
water exchange on Zn(H2O)6

2+ reported earlier in this
review.

A series of ligands has been chosen for displacing
the water in both Ru(edta)(H2O)- and in Ru(hedta)-
(H2O)- (entries 460-472):179,180 the outcome is a
markedly rapid substitution in the former case which
was suggested to be due to distortion of the metal-
ligand bonds and labilization of the coordinated water
molecule arising from H-bonding between the free
carboxylate and the coordinated water. Both sets of
reactions proceed by an associatively activated sub-
stitution process based on the interpretation of the
∆Vq values.

An interesting illustration of the finesse of high-
pressure kinetics vis a vis variable-temperature
kinetics is in the substitution of bound water in trans-
rhodoximes by various nucleophiles (entries 486-
489).183 Whether the organic moiety is varied or not
for a given nucleophile all reactions studied were
characterized by moderately negative entropies of
activation. However, the values of ∆Vq for the same
reactions are positive for the faster reactions when
the R group is CH3, but become negative for slower
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substitutions (R ) CH2CF3). Thus the methyl group
is responsible for a bigger trans labilization effect
than are either CH2Cl or CH2CF3. Thus the former
effect gives rise to an Id substitution mechanism,
whereas the weaker donating groups favor a more
associative interchange mechanism. In the case of
iodide ion as the nucleophile, the reverse reaction
could also be studied permitting the development of
a volume profile, (Figure 3) which displays the values
from the table which are indicative of an Id mecha-
nism. The larger value of ∆Vq for the reverse reaction
is probably a consequence of the large partial molar
volume of the departing I-, and the electrostriction
effect on the complex due to the charged ligand. The
additional potential mechanistic discrimination power
of the pressure variable in kinetic investigations has

been aptly exploited in trans-rhodoxime substitution
kinetics.

The formation of several thioether and related
complexes from Pd(II) and Pt(II) aqua ions proceeds
by an Ia mechanism. The ∆Vq values for these
reactions and the corresponding solvent exchange
reactions (vide supra) were said to be of comparable
magnitude, and it was reported that there was no
obvious correlation between ∆Vq and the size or steric
requirement of the ligands or the steric encumbrance
of the first coordination sphere of the complex (entries
498-501).186 The formation of palladium(II) com-
plexes of sulfur containing ligands in acidic solution
is characterized by essentially invariant ∆Vq values
(entries 502-504).187 This prompted the conclusion
that the term “duality behavior” previously intro-
duced is “nonexistent”, since variation of electronic
property for a common steric character of the ligand
changes the reactivity markedly but has no influence
on ∆Vq. The reactions are of associative nature.
Similar reactions of the tetraaqua Pd(II) ion with
other sulfur ligands (entries 498-501) yield ∆Vq

values186 which span a small range of negative
quantities, signifying a similar Ia mechanism, vide
infra.

Formation of Pd(II) carboxylate complexes (entries
524-526) from the tetraaqua ion of palladium(II) is
characterized by a rate-determining step in which
there is significant bond-making in the transition
state and the activated complex exhibits trigonal-
bipyramidal geometry.191 Stabilization within the
transition state is through the hydrogen bond formed
between the entering carboxylic acid and the leaving
aqua ligand. The corresponding dissociation reac-
tions (entries 527-529) have also been studied as a
function of pressure. The volume profiles for some
of these reactions are shown in Figure 4. Anation
reactions of alkyl-substituted dien complexes of pal-
ladium(II) (entries 518-523), in which coordinated
water is substituted by thiourea or methyl substi-
tuted thioureas proceed by an associative mechanism
which is unaffected by either steric hindrance on the
dien ligands or the entering nucleophile.93

Binding of ligands such as Ino and IMP to a Pd(II)
center in which three coordination sites are nonsub-
stituting (entries 505-508) occurs by an associative
mode of activation.188 When the nonsubstituting

Figure 2. Volume profiles for formation and dissociation
of M(H2O)4(bpy)2+ complexes (M ) Zn, Cd). (From refs 166
and 174.)

Figure 3. Volume profile for the nucleophilic substitution
of CH3Rh(H2O) by I-. (From ref 183.)

Figure 4. Volume profile for complex formation between
Pd(H2O)4

2+ and RCOOH (R ) CH3, CH3CH2, CH2OH).
(From ref 191.)
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ligands on Pd(II) ions are en and Et4en (entries 509-
515) each of the observed kinetic processes depends
on nucleoside concentration189 and it is evident that
the steric restriction afforded by the ethyl substitu-
ents affects the second step in the formation reaction.
The binding and dissociation (aquation) of the nu-
cleosides occur associatively.

Entries 498-501 and 577-580 can be considered
together as the two reaction series are for the
complexation of tetraaqua Pd(II) and Pt(II) ions
respectively by unidentate sulfur ligands.186 In all
cases the reactions are judged to proceed by an Ia

mechanism, but with the values of ∆Vq being more
negative for the Pt(II) series. Since it was argued
that the tetracoordinated aqua cations of the two
metals should be of similar molar volumes because
the bond distances are similar, the difference in ∆Vq

values is then attributable to the partial molar
volumes of the transition state. There is thought to
be less extensive orbital overlap in the five-coordinate
transition state in the case of Pd(II), which should
result in weaker and longer metal-ligand bonds and
therefore a less compact structure than in the case
of the transition state for the reaction of Pt(II). There
is a correlation between ∆Vq and ∆Sq for the Pt(II)
series but not for the Pd(II) series, again indicating
stronger bonding in the transition state for the
former series and weaker solvation in the transition
state for the Pd(II) series. No obvious correlation
could be discerned between the values of ∆Vq for
solvent exchange95,398,399 and complex formation and
with the size and steric requirements of the ligands
nor the steric encumbrance in the first coordination
sphere of the complex. A further example of Pd(II)
reactivity is illustrated190 by the complex formation
and dissociation of the CH3CN complex (entries 516
and 517). Although formation of both a mono and a
bis complex were studied, the latter existing finally
in a cis-to-trans ratio of about four following the
initial rapid formation of the trans isomer from the
mono complex and the slow isomerization to the cis
form, the volume data refer to the mono complex only.
The values of the activation volume are small and
negative in both directions, indicating associative
character. Comparative volume profiles could be
developed for the corresponding reactions of DMSO105

and H2O,391 demonstrating that since the reverse
reactions have statistically equivalent volumes of
activation (ca. -1.9 cm3 mol-1) the volume difference
between the reactants for the reverse reaction and
the transition state is independent of leaving group
when water is the entering ligand.

By employing 139La NMR spectroscopy the forma-
tion of a terdentate chelate complex of aqua La3+

(entry 556) could be studied.198 Chelate ring closure
was found to be rate determining. Although the
reaction volume of +12.1 cm3 mol-1 could readily be
understood in terms of a strong electrostriction
decrease due to charge neutralization upon complex
formation, the relatively smaller values of the vol-
umes of activation for the forward and reverse (entry
557) reactions were such that no definite mechanistic
assignments were reported.198

Variable-pressure UV spectroscopy was employed
to study the equilibrium between Ce(H2O)9

3+ and Ce-
(H2O)8

3+ (entry 558), yielding a value of +10.9 cm3

mol-1 for the reaction volume.199 By considering this
value together with the activation volume for water
exchange on other trivalent octaaqua lanthanides (Tb
and Tm) that had already been determined,100 it was
possible to assign an Ia mechanism to the water
exchange on these octaaqua ions. Variable-pressure
UV-vis spectroscopy has been used to measure the
volume change accompanying the departure of one
water molecule from two triaqua europium(III) mul-
tidentate complexes (entries 559 and 560).102 For the
edta complex the reaction volume is close to that
expected400 for release of a coordinated water to the
bulk solvent and to the value for a comparable
process in the preceding table entry. The situation
is more complicated in the second complex, as a much
smaller positive reaction volume is obtained. It was
suggested that this may arise because the binding
of the third water molecule in the inner coordination
sphere may cause a partial or complete unbinding of
a ligand carboxylate arm.

The reaction described by entry 587 is complex
kinetically.207 The initial combination step is ac-
companied by a negative value of ∆Vq which is
rationalized not in conventional terms but simply by
considering a volume decrease due to the hydrogen
sulfite ligand being incorporated into the inner
coordination sphere of the complex during the activa-
tion process. Following this formation process, a step
involving linkage isomerization occurs. The latter
has a small positive ∆Vq, indicating an intramolecu-
lar rearrangement via a loosely bound transition
state, in which the Pt-O bond is weakened before a
new Pt-S bond is formed.

Two systems were studied in which a Pt-C bond
was introduced into the coordination sphere (entries
588-591). In both cases this led to a significant
increase in the lability of the complexes, but the
volumes of activation clearly demonstrated that no
changeover in mechanism occurred, i.e., ligand sub-
stitution still follows an associative mechanism.

d. Ligand for Ligand Substitution

In searching for a correlation between leaving
group cone angle and volume of activation,137 for
leaving group replacement by CN- in pentacyano-
ferrate(II) complexes, departing ligands of widely
different cone angles were selected (entries 206-212).
The values of ∆Vq are consistent with a fully dis-
sociative mechanism However, when the activation
volumes obtained137 were considered in combination
with values for other leaving groups, no meaningful
correlation with a steric property of the leaving group
could be established. Entries 210-212 are similar
reactions to those of the previous four entries.
However, the emphasis in this investigation was a
comparison between values of ∆Vq obtained from
conventional high-pressure kinetics and those emerg-
ing from calculations based on the surface of activa-
tion method138 whereby rate constants, k for the same
reactions are obtained at several salt concentrations
in the range up to 6.0 M, and the logarithmic ratios
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ln(k/k0) (where k0 is the rate constant when no salt
is added) are subsequently plotted against incremen-
tal values of the solution surface tension. Param-
eters derived from such plots lead ultimately to ∆Vq

values, indicated in brackets after the values deter-
mined from high-pressure kinetic measurements.138,142

Agreement between the two methods is reasonably
good.

The values of ∆Vq for substitution of a range of
pyridine derivative ligands and other leaving group
variants from pentacyanoferrate(II) complex ions by
CN- in aqueous solution are all positive (entries 219-
241) and vary little, consistent with a D mecha-
nism.141 There are reasonable correlations between
the logarithm of the rate constants and the pKa
values and also the values of ∆Vq for uncharged
leaving groups from this and other studies. In some
cases the addition of a cosolvent (mostly monools)
causes changes in the rate constant and ∆Vq that can
be explained easily, while in other cases the inter-
pretation is not unambiguous.

The last group of entries chosen for discussion
contains substitution reactions of lanthanide com-
plexes. Particular interest in the kinetics of these
reactions and solvent exchange on these ions has
been generated by the application of complexes of this
general type as NMR imaging agents. The europium
complex undergoes the substitution reaction shown
(entries 561 and 562) by an interchange mechanism
with significantly associative character200 while the
pressure dependence of the kinetics of substitution
of the gadolinium complexes (entries 563-566) allows
the conclusion that there are large solvational changes
associated with the acid-catalyzed dechelation pro-
cess.201

Several examples of ligand substitution reactions
for which ∆Vq values are available have been the
subjects of “reanalyses”.401 The objective was to
provide improvement in consideration of correlations
of leaving group partial molar volumes with mea-
sured volumes of activation for reactions such as the
base hydrolysis of CoIII(NH3)5(Y) complexes in which
the rate-determining step (within the conjugate base
mechanism) is the dissociative departure of Y. Aqua-
tion of the same system, substitution of X in
Fe(CN)5X3- complexes (X ) amine, substituted py-
ridine, or substitued pyrazine ligands), substitution
of L in CrIII(TPP)(Cl)(L) by 1-methylimidazole in
toluene (L ) pyridine, quinoline, and PPh3) and the
base hydrolysis and aquation of Cr(III) pentaammine
or pentaamine chloro complexes were also considered.
No new data were presented, yet the reliability of
literature ∆Vq values was questioned. In this com-
munication, correlations of results were tested by
using equations modified from those proposed earlier
and by using a cone as a leaving group geometric
model. The outcome is an explanation of the obser-
vation that there is no correlation between the
volume of activation and the partial molar volume
of the leaving group for a dissociative substitution
process.

A cone model has previously been used in correlat-
ing experimental volume of activation data for addi-
tion reactions (entries 796-813) with the nucleophile

cone angle approach to an osmium carbonyl com-
plex244 (see also section 2.D).

C. Photoinduced Thermal Substitution Reactions
Flash photolysis techniques have been adopted

with great success to initiate a reaction sequence. In
these systems, we are interested in the effect of
pressure on subsequent thermal reactions. The
unstable species generated in solution may have
relevance, for instance, in catalytic and biological
systems. The pressure dependence of such reactions
can once again reveal important mechanistic infor-
mation. Irradiation of M(CO)6 (M ) Cr, Mo, W) in a
coordinating solvent (S) produces intermediates of the
type M(CO)5S, which can undergo rapid solvent
displacement by a nucleophile (L) to produce M(CO)5L
as shown below:

The data for a series of M, S, and L (entries 602-
620 and 664-666) demonstrate the roles played by
the size of the metal center (M), the bulkiness of the
ligand (L), and the coordination ability of the solvent
(S). The data exhibit a trend to more negative (less
positive) ∆Vq values for the larger metal centers.211,212

It is also possible to displace the coordinated
solvent molecule by ring closure of a potential biden-
tate ligand such as a P olefin. All members of a series
of such reactions for cis-(CO)4W(S)(PPh2(CH2)nCHd
CH2) (n ) 1 to 4, S ) chlorobenzene) (entries 671-
674) decrease their reaction rates with increasing
pressure. The ∆Vq data indicate that chelate ring
closure for n ) 1 and 2 mainly involves an inter-
change (Id) mechanism in which the olefin moiety is
preassociated with the metal center, followed by rate-
determining loss of S. In the case of n ) 3 and 4,
∆Vq reaches the limiting value observed for the
dissociation of chlorobenzene and presumably does
not involve any significant preassociation.219

When the attacking nucleophile is a bidentate
ligand, flash photolysis of M(CO)6 results in the
reaction sequence:

in which ring closure now involves CO displacement
in contrast to displacement of S discussed above. The
reported data clearly demonstrate that the nature of
the metal center and the bulkiness of the N-N ligand
control the intimate nature of the CO displacement
mechanism. The larger metal centers (Mo and W)
tend to exhibit significantly negative ∆Vq values,
suggesting ring closure in an associative way. The
smallest Cr center must lose CO prior to ring closure
since only in the absence of steric hindrance on the

M(CO)6 + S + hν f M(CO)5S + CO fast

M(CO)5S + L f M(CO)5L + S slow

M(CO)6 + hν f M(CO)5 + CO

M(CO)5 + S f M(CO)5S fast

M(CO)5S + N-N f M(CO)5N-N + S k1

M(CO)5N-N f M(CO)4(N-N) + CO k2
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entering ligand, as in the case of ethylenediamine,
can an associative ring closure occur.210

More recently, systematic studies of the effect of
bulky substituents on bipyridine and phenanthroline
(entries 621-638), as well as the influence of the
solvent on the ring-closure reactions of M(CO)5N-N
(M ) Mo and W) (entries 639-644 and 660-666)
were undertaken.216,218 The results for the series of
bipyridine ligands indicate a change in ∆Vq from
small negative to small positive on increasing the
steric hindrance on the Mo complex. This can be
ascribed to a gradual change in mechanism from
associative interchange to dissociative interchange on
increasing the steric hindrance on the ligand. A
similar trend is observed for the W complexes,
although the overall ∆Vq value remains negative
throughout the series of ligands. In this case the
values suggest that ring closure in the case of the W
complexes remains associative, although a gradual
change from limiting associative to associative in-
terchange may occur on increasing the steric hin-
drance. Throughout the series of complexes the ∆Vq

values are more negative for W than for Mo, which
indicates that the W metal center has a greater
ability to undergo bond formation with the ring-
opened chelate.

A series of studies was also undertaken for sub-
stituted phenanthroline complexes of the type Mo-
(CO)5N-N (entries 627-638). The ring-closure rate
constant k2 in general decreases with increasing
steric hindrance on the ligand, and the apparent
correlation in Figure 5 indicates that this trend is
accompanied by a pronounced change in ∆Vq from
small negative to significantly positive values. This
trend in ∆Vq in going from faster to slower reactions
clearly reveals the position of the transition state in
terms of being “early” or “late”. For faster reactions,
ring closure will occur prior to release of CO (i.e.,
negative ∆Vq, Ia), whereas the slower reactions will
involve more CO bond cleavage (i.e., positive ∆Vq, Id).
The “early” transition state will be closer to the
reactant structure in terms of semi-seven-coordina-
tion, and the “late” transition state will be closer to
the product state, i.e., chelated and total release of
CO.214,215

The effect of solvent on the rate and associated ∆Vq

value for the ring-closure reactions of M(CO)5phen

was studied for M ) Mo and W (entries 639-644,
660-666). The orders of magnitude slower ring-
closure reaction observed in THF is in agreement
with the fact that THF is a more strongly coordinat-
ing solvent. This is accompanied by a more negative
∆Vq value which is ascribed to competition between
direct ring closure and indirect ring closure, via the
coordination of THF followed by ring closure. Values
of ∆Vq for this reaction in weakly coordinating
solvents such as toluene, fluorobenzene, heptane, and
chlorobenzene are in many cases rather small, very
typical for an interchange (Ia or Id) mechanism. The
significantly more negative value observed for reac-
tion in THF must be related to its direct participation
in the ring-closure reaction, presumably via the
associative formation of a seven-coordinate interme-
diate followed by ring closure in a concerted manner.

More recently, similar photoinduced ring-closure
reactions were studied in supercritical fluids, e.g.,
CO2 and ethane, and the results are discussed in
section 2.K.

D. Addition Reactions
The addition of 3,4-dihydro-2H-pyran to a chro-

mium-based carbene or indeed to two tungsten-based
carbenes proceeds rapidly and the mechanism, inde-
pendent of metal center, is concerted, synchronous,
and a single step.223 It was further concluded that
there is no zwitterionic intermediate or strongly
dipolar transition state. The rates at ambient pres-
sure of other similar reactions, in which a range of
solvents of widely varying polarity were employed,
were mostly solvent independent, permitting the
conclusion that the ∆Vq values of reactions of entries
682, 782, and 783 arise from intrinsic volume changes
associated with bond formation. In another study224

in which chromium- and tungsten-containing com-
pounds (entries 683, 684, 788, and 789) were com-
pared in their reactivity, the ∆Vq values were all large
and negative as were the ∆Sq values, indicating
considerable bond formation in the transition state,
and the minor differences in the former parameters
were attributed to different geometries, Cr vis a vis
W, in the transition state. For the addition reactions
(entries 685-691), in CH3CN, the consequence of
varying the electron-withdrawing ability at the para
position of the aniline addition agent was exam-
ined.225 The amine basicity controls the rate of bond
formation in generating the polar transition state and
determines its position (early/late). Overall the reac-
tion is a two-step process leading to a zwitterionic
intermediate.

A small number of elimination reactions are in-
cluded here. Depending on the eliminated group the
value of ∆Vq can either be negative (OR), or positive
(NH2) (entries 692-696).226 These correspond re-
spectively to an early or a late transition state. Thus
the position of the transition state depends on the
nature of the reactants.

Of the three types of reaction system containing
an iron center in this section, one (entries 697 and
698) is termed an addition227 but could equally well
be termed a substitution. Two equivalents of imi-
dazole can combine in the axial positions of the

Figure 5. Logarithm of the second-order rate constant (k2)
for the chelation of phen and substituted derivatives when
bound to Mo(CO)5 in toluene versus ∆Vq at 298 K. (From
ref 214.)
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complex in DMSO, each being characterized by large
positive ∆Vq values supporting the assignment of a
dissociative character in their reactions. The same
system has also been studied in acetonitrile, and
contrasting features were indicated, one being the
complication of self-association of imidazole in CH3-
CN. Entries 699-712 cover the addition of 4-sub-
stituted pyridines to various dienyl iron compounds
in CH3CN.228,229 A common mechanism is not ap-
plicable; differences depending on the nature of the
pyridine substituent and the particular dienyl were
noted, and on the basis of the results it was concluded
that the amine basicity and steric hindrance in the
dienyl ring are crucial parameters in controlling the
location of the transition state. Addition of the first
CN- or imidazole to the five-coordinate ferric por-
phyrin in DMF (entries 713 and 714) is too fast to be
measurable by the stopped-flow method.230 The ∆Vq

values refer to the addition of the second ligand by
an associative mechanism.

A large range of coordinated ligands was employed
in measurement of the reaction volume of hydroxide
or methoxide addition to the CoIII(hfac)L series of
species (entries 715-740): a wide range of reaction
volumes was recorded.231 They could be interpreted
in terms of electrostriction changes, volume differ-
ences when L forms crevices in the coordinating
sphere and when the ligand is flexible, allowing
intrusion of the small solvent (H2O) molecules.

Entry 745 is a reaction involving a spin-state
change upon conversion from a five-coordinate para-
magnetic Co(III) species to a six-coordinate diamag-
netic Co(III) species, upon formation of the pyridine
complex.234 On a volume basis this represents a
novel reaction type. Although metal to ligand bond
lengths are expected to change as a consequence of
the change of spin state, the contribution to the
reaction volume from this source was not as signifi-
cant as expected.

The reaction volumes for addition of four different
solvent molecules to a four-coordinate macrocyclic
complex of nickel(II) have been reported235 (entries
746-749). The values reflect a small volume reduc-
tion upon complete transfer of a solvent molecule
from the bulk to become coordinated to the nickel
center, with somewhat varying degrees of incorpora-
tion into the macrocyclic system. The reaction is
accompanied by a change in the spin state of nickel
from low spin to high spin in the addition reaction
direction. By making use of the ∆Vq value for solvent
exchange (CH3CN, dissociative pathway) from an
earlier study,402 it was possible to construct a volume
profile in the case of the addition of CH3CN. Profiles
for G, H, and S are also displayed with the volume
profile in Figure 6, and show an interesting difference
between the volume and entropy changes. These can
be explained by arguing that the ground-state flux-
ionality between trigonal-bipyramidal and square-
planar geometries is lost in the transition state. The
mechanism for solvent exchange is dissociative,
which is supported by the correspondence between
the enthalpy of reaction and enthalpy of activation.

Oxidative addition of CH3I to rhodium(I) complexes
(entries 761-772) proceeds differently in a mecha-

nistic sense depending on the ligands bound to the
central metal.238 For example, the reaction rate of
the sacac-containing compound shows no significant
solvent dependence, whereas the reactivity of the
cupf-containing compound differs significantly in
highly polar solvents. The ∆Vq values are all nega-
tive as expected for this type of addition reaction, yet
the variation in these values and the different rate/
solvent dependencies led to the proposal of the
simultaneous formation of two bonds between rhod-
ium and the methyl and iodine moieties, giving rise
to a concerted three-centered transition state for the
former compound while the cupf compound reacts via
formation of a linear transition state and participa-
tion of an ion-pair intermediate.

The addition of alkynes to the palladiun compounds
(entries 775-779) is characterized by more negative
∆Vq values for the bulkier diphenylalkyne than for
the ethyl analogue.240 The alkynes can precoordinate
to the Pd(II) compound by a bridge opening route,
the insertion is nonconcerted to a significant extent
and the reaction proceeds with nucleophilic attack
of the C1 carbon at the coordinated alkyne.

Addition of pyrrolidine to unsaturated Fischer
carbene complexes with M ) Cr (entry 681), Mo
(entry 750), W (entries 790-795) is a two-step process
in which there is a polar transition state for the rate-

Figure 6. Volume, enthalpy, free energy, and entropy
profiles for the reaction of R,S,R,S-[Ni(tmc)(CH3CN)]2+ to
R,S,R,S-[Ni(tmc)]2+ + CH3CN at 25.0 °C. (From ref 235.)
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determining step and a zwitterionic intermediate.222

Negative ∆Vq values indicate substantial bond for-
mation, and since they exhibit only a small solvent
dependence the electrostriction component is minor.
Finally, in this section, the pressure dependence of
the rate constants for addition of several nucleophiles
to an osmium decacarbonyl complex (entries 796-
813) has been investigated.244 There is no depen-
dence on the pKa of the nucleophile, and the volume
reduction observed is controlled by steric rather than
electronic factors. ∆Vq shows a remarkably good
correlation with the cone angle of each nucleophile.
What may be termed a steric threshold is about 160°,
above which value ∆Vq becomes less negative denot-
ing less penetration by the nucleophile, and the
osmium phosphorus bond is longer in the transition
state.

E. Formation and Dissociation Reactions
Although the majority of entries in this section are

reactions in which there is a central transition
element, there are a few cases in which the reaction
involves either a representative element of small
atomic number having very interesting mechanistic
features, or a lanthanide element.

Entries 816 and 818 may be considered together.246

Reaction volumes are of the expected sign. The
dissociation constant of HF in water is increased by
increasing pressure and the negative reaction volume
arises from the contraction of water around the ionic
product species compared with that around the
undissociated molecules. Likewise the dissociation
of NaF has a negative reaction volume resulting from
the increase in electrostricted solvent.

Dissociation of the sodium cryptate, (Na+(C222))
(entry 817) an inclusive form of this type of complex
in en as solvent, has been studied by high-pressure
NMR spectroscopy, and is characterized by a ∆Vq

value of +8.9 cm3 mol-1.247 Projection of the sodium
ion into the solvent as well as expansion of the cavity
of C222 account for this result. It was noted that
the volumes of activation for dissociation of the C221
complex of Na+ in DMF and DMSO (entries 819 and
820) were smaller248 and the notion of the potential
importance of solvent donicity was addressed by
comparing the enthalpies of activation. The solvent
of highest donicity, en, has the lowest ∆H# reflecting
the more favorable interaction of this solvent with
Na+.

The dissociation of a sodium-cryptate complex
(entries 819-824) differs somewhat depending on the
solvent. Two parallel paths, one solvent assisted and
the other acid dependent (dichloroacetic acid), are
evident for the dissociation in DMF, whereas the
solvent path prevails in the more basic DMSO, and
the latter path is barely evident in the less basic CH3-
CN.248 A volume increase due to cage opening, not
wholly compensated by electrostriction, is argued to
be the explanation for the small positive ∆Vq values
for the solvent-assisted pathway, while the negative
values found for the acid-dependent path arise from
a consequence of charge localization and electrostric-
tion following hydrogen bond formation between a
lone-pair of the cryptand and DCA. An additional

noteworthy aspect of this study is that the reactions
were monitored by a high-pressure stopped-flow
instrument making use of changes in conductance in
the solution.

To permit the reaction of hydrogen peroxide with
the V(V) species VO2

+ in strongly acidic medium
(entries 826-828) to be studied it was necessary to
employ tantalum as the material for construction of
the high-pressure stopped-flow instrument.249 Reac-
tion with the first equivalent of H2O2 is complex:
three paths are evident, an acid-dependent path, and
acid-independent path, and reaction in which the rate
is proportional to the inverse of the hydrogen ion
concentration, all of which yield positive volumes of
activation. This obviously indicates an expanded
transition state in each case. The acid-independent
path is regarded as an associative attack by an H2O2
molecule into a face of the octahedral V(V) ion,
followed by rearrangement of that geometry to a
distorted pentagonal bipyramid. The second H2O2
molecule penetrates the surrounding sphere of the
V center, but this volume decrease is compensated
for by the volume increase due to elongation of the
V-OH2 bond, resulting in a zero volume of activation.

The conformational equilibrium involving C221
(entries 838-840) will be discussed later in section
2.F.250 The near zero volumes of activation for
copper(II) ion C221 complex formation (entries 831
and 833) in both DMSO and DMF may be explained
by compensatory effects of metal ion desolvation and
rearrangement of the cryptand for the encirclement
of the metal ion.250

The hydrogen bridge cleavage reaction by substi-
tuted pyridines in chloroform has been studied251 for
a Pd(II) complex and for a second complex, identical
except for the replacement of Pd(II) by Pt(II) (entries
834 and 837). Both are associatively driven as may
be interpreted from the large negative ∆Vq values.

F. Isomerization Reactions
In this section activity with respect to the first row

of transition metals has centered on but by no means
exclusively on isomerization reactions of chromium-
(III) and cobalt(III) complexes. Exciting new devel-
opments have also been recorded for isomerization
reactions involving metal cluster compounds of ru-
thenium, osmium, and iridium.

Although very strictly speaking entries 838-840
should be included in the organic part of this review,
the fact that these conformational equilibria are
pertinent to metal ion binding studies with the same
cryptands and are reported250 in the same publication
persuaded us to include them here. The large posi-
tive reaction volumes in each solvent, obtained from
ultrasonic absorption spectroscopy, indicate that the
conformer with both nitrogen lone pairs of electrons
directed to the inside of the molecular cavity has a
larger volume than that with one electron pair
directed toward the inside and the other directed
outside the cavity.

The trans form of TiCl4‚2TMPA is slightly favored
over the cis form (entry 841) in CHCl3 solution at -30
°C, judging by the small negative reaction volume for
cis to trans isomerization.253 The activation volume
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(+6.2 cm3 mol-1) determined at 67 °C in the same
solvent (entry 842) is considered to arise from an
intramolecular twist mechanism with an expanded
six-coordinate transition state,64 a mechanism which
resembles that advanced403 for the cis to trans
isomerization of SnCl4‚2Me2S.

The two chromium(III) complexes (entries 843 and
844) each isomerize in basic solution and release a
proton: the negative entropies of activation and
volumes of activation arise as a result of solvent
electrostriction around separated charge centers in
the transition state.121 Both the reaction volume and
activation volume have been determined for a large
number of trans to cis isomerizations of cobalt(III)
bisethylenediamine-aqua-X complexes (entries 847-
855).255 The former parameter can be correlated with
the order of X in the spectrochemical series, as the
reaction volume increases when a change in X causes
a stronger crystal field. An interchange mechanism
was preferred to a DP mechanism. The latter would
involve a tetragonal-pyramidal transition state. It
was also considered possible that the ∆Vq values
could contain a component of en chelate ring expan-
sion in the transition state. In the isomerization
process water approaches the complex from the
opposite side to the side from which the rate-
determining water molecule is dissociating, a situa-
tion different from water exchange on such complexes
in which the incoming water molecule approaches
from the side from which water departs. Since the
reaction volumes and volumes of activation have both
been obtained, the volumes of activation for the cis-
trans isomerization are also available255 (entries
856-864).

The cis-trans isomerization of ZrCl4‚2(MeO)3PO
(entry 867) in CHCl3

82,83 exemplifies the difference
in mechanism caused by change in the ionic radius
of the metal ion, since in this case the mechanism is
associative (∆Vq ) -1.6 cm3 mol-1), whereas the
analogous titanium compound undergoes isomeriza-
tion by a dissociative mechanism (∆Vq ) + 6.2 cm3

mol-1).64

The first report on results of high-pressure mea-
surements on metal cluster compound isomerizations
illustrated the difficulty in mechanistic diagnosis, as
the process is a multistep one.259 The modestly
positive value of ∆Vq for the trinuclear ruthenium
compound (entry 875) was interpreted as an ex-
change pathway involving migration of one hydride
from a doubly bridging coordination mode to a
terminal coordination site in the transition state,
whereas the near zero ∆Vq value for a related
trinuclear osmium complex (entry 887) was consid-
ered to be consistent with exchange of bridging and
terminal hydrides and a transition state in which
both hydrides are bridging.259 The solvents for the
two systems were different, but this is unlikely to
have any mechanistic consequences.

The trinuclear ruthenium carbonyl complexes
isomerize in decane (entries 868-870) by different
mechanisms depending on the composition of the
other ligands.256 For example the compound in entry
868 has a near zero ∆Vq and ∆Sq, consistent with an
intramolecular process in which there are no ap-

preciable changes in bond lengths upon forming the
transition state or there is compensation for any
changes. Other possible mechanisms are ruled out
because they would either generate distinctly positive
(ligand dissociation) or distinctly negative (CO as-
sociation or bimolecular hydride transfer) volumes
of activation. By contrast the compound in entry 869
is characterized by a large positive ∆Vq value which
was accounted for by anchimeric assistance from the
methylidene substituent. The isomerization of an-
other trinuclear ruthenium carbonyl compound (en-
try 870) in decane257 exhibited a ∆Vq value about 50%
of the magnitude of the reaction volume estimated
from solid-state molar volumes. The isomerization
involves opening of the Ru3 framework by cleavage
of one Ru-Ru bond, reductive elimination of a C-H
bond, breakage of the C-SEt bond, and then forma-
tion of a Ru-SEt-Ru bridge, and the connectivity
of the carbon atoms to the metal center is changed.
The rate-limiting step was judged to be intramolecu-
lar with significant metal-metal cleavage and C-S
bond cleavage in the transition state. The magnitude
of ∆Vq was considered to be higher than would be
accommodated by C-H elimination alone. Further-
more, CO dissociation is not thought to be involved.
The isomerization of various geometric variants of
the mononuclear ruthenium complexes (entries 871-
874) takes place by a dissociative pathway.258

The kinetics of rearrangement within several bi-
nuclear rhodium compounds (entries 876-883) have
been studied as a spontaneous reaction or acid or
base assisted.260 The starting compound contains a
metalated and an equatorial phosphine which rear-
ranges to produce the corresponding doubly meta-
lated compounds. Steric hindrance on the initial
products is thought to have an influence on reaction
product distribution. The cases where the volume
of activation has been determined all point toward
the importance of compression in the transition state.

In the polynuclear iridium carbonyl complex (en-
tries 888 and 889) isomerization there is no charge
change so that electrostriction changes are negli-
gible.262 The reaction volume for the bridged to
unbridged species (entry 888) is close to that calcu-
lated on the basis of the molecular parameters rather
than the crystal cell data.262 Intramolecular CO
exchange (entry 889) is reasoned to involve the
breaking of three M-CO bonds and formation of
three additional terminal CO moieties, and the
transition state is thought to be the result of the
formation in a concerted manner of three semibridg-
ing CO units.

G. Electron-Transfer Reactions
Significant progress has been made in the applica-

tion of high-pressure thermodynamic and kinetic
techniques to the study of inorganic and bioinorganic
electron-transfer reactions during the period covered
by this review. Especially in the case of self-exchange
reactions, which represent the simplest symmetrical
electron-transfer process, it has been possible to
account for the observed pressure effects in terms of
the Marcus-Hush theory. In the case of nonsym-
metrical electron-transfer reactions, the volume
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changes are primarily due to solvent reorganization
from changes in electrostriction associated with the
electron-transfer process. Several reviews, the sub-
ject of which is the effect of pressure on electron-
transfer reactions, have appeared in the litera-
ture.3,6-8,11,13,14,16,18,404,405 In our discussion of the data
we will distinguish between symmetrical and non-
symmetrical electron-transfer processes.

a. Symmetrical Electron-Transfer Reactions

Symmetrical self-exchange reactions are the sim-
plest kind of electron-transfer process, since there is
no net chemical reaction and no reaction volume, and
therefore in principle the mechanistic interpretation
of activation volume data, as in the case of solvent
exchange reactions is relatively straightforward.
Swaddle and collaborators have made cogent contri-
butions in this area. One of the first interesting
observations was that the activation volume for self-
exchange on Fe(H2O)6

3+/2+ is ca. 12 cm3 mol-1 more
negative than that for the self-exchange in Fe(H2O)5-
OH2+/Fe(H2O)6

2+ (entries 1006 and 1007).287 This
difference could be explained in terms of the opera-
tion of an outer-sphere mechanism in the former
process and an inner-sphere mechanism in the latter
case, since the formation of a hydroxo bridged species
will be accompanied by the release of a solvent
molecule, i.e., a markedly more positive activation
volume. The same group has also studied a series
of self-exchange reactions (see entries 1007 and
1043-1049) and found a good correlation between
experimental and theoretically calculated values (see
Figure 7). In most cases the self-exchange reaction
is significantly accelerated by pressure, with the
exception of the Fe(CN)6

3-/4- system which proceeds
in exactly the opposite direction (i.e., the reaction rate
is retarded by pressure). In general, solvent reorga-
nization accounts for the largest contribution toward
the observed activation volume. The latter can be
accounted for theoretically in terms of contributions
resulting from internal reorganization, solvent reor-

ganization, Coulombic or electrostatic work change,
and a Debye-Hückel activity coefficient term.299,406

As can be seen from Figure 7 large deviations were
observed for the Co(en)3

3+/2+ and Co(phen)3
3+/2+ sys-

tems where the theoretical volume of activation is
between 10 and 15 cm3 mol-1 more positive than the
experimental value.300,302 The deviations are most
probably related to the participation of a high-spin
to low-spin changeover associated with the electron-
transfer process, accounting for an additional volume
collapse of ca. 10 cm3 mol-1.299

Another interesting example involves the self-
exchange reaction between MnO4

- and MnO4
2- for

which ∆Vq has a value of -21 cm3 mol-1 (entries
927-929). This reaction is catalyzed by counterions
such as Na+ and K+ and the catalysis manifests itself
in very different ∆Vq values, viz. +3 and -1 cm3

mol-1, respectively. Self-exchange reactions in polar
organic solvents also exhibit distinctly negative
volumes of activation (entries 930-960) but ion
pairing with counterions is expected to influence the
values. Such ion pairs formed by cationic reactants
in nonaqueous solvents are generally less reactive in
electron-transfer reactions than the free ions accord-
ing to Wherland.272 The experimental ∆Vq values are
expected to be more negative than the calculated
ones, since pressure in general breaks up ion pairs
by favoring solvation of the separated ions.404

Recently Swaddle et al.45,407 determined volumes
of activation for heterogeneous self-exchange reac-
tions of a series of complexes on the surface of an
electrode. In general it was found that the numerical
values are about 50% of those for the corresponding
homogeneous reactions, which resulted in the so-
called “fifty percent rule”.45 This trend was shown
to be in agreement with theoretical predictions based
on an extension of the Marcus theory.45,407

b. Nonsymmetrical Electron-Tranfer Reactions
One objective of many mechanistic studies dealing

with inorganic electron-transfer reactions has been
to distinguish between outer-sphere and inner-sphere
mechanisms. High-pressure kinetic methods and
analysis of reaction volume profiles have been em-
ployed to provide a better understanding of the
intimate mechanisms involved in such processes. The
differentiation between outer-sphere and inner-
sphere mechanisms depends on the nature of the
precursor species, Ox//Red in the following scheme,
which can either be an ion pair or encounter complex,
or a bridged intermediate, respectively:

This means that the coordination sphere of the
reactants remains intact in the former case and is
modified by ligand substitution in the latter, which
will naturally affect the associated volume changes.

A difficulty encountered in many cases in kinetic
studies of outer-sphere electron-transfer processes
concerns the separate determination of the precursor

Figure 7. Electron self-exchange reactions: plot of ∆Vq

(calculated) versus ∆Vq (experimental). sep ) sepulchrate
) 1,3,6,10,13,16,19-octaazabicyclo[6,6,6]eicosane; [9]aneS3
) 1,4,7-trithiacyclononane; diamsar ) diaminosarcoph-
agine ) 1,8-diamino-1,3,10,13,16,19-hexaazabicyclo[6,6,6]-
eicosane; en ) ethylenediamine, phen ) 1,10-phenanthro-
line. (From refs 287 and 299.)

Ox + Red T Ox//Red K

Ox//Red f Ox-//Red+ kET

Ox-//Red+ T Ox- + Red+
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formation constant (K) and the electron-transfer rate
constant (kET) (in the scheme outlined above), from
an empirically determined composite parameter. In
the majority of cases, precursor formation is a diffu-
sion-controlled step, followed by rate-determining
electron transfer. In the presence of an excess of Red,
the rate expression is given by

In many cases K is small, such that this equation
simplifies to kobs ) kETK[Red], which means that the
observed second-order rate constant and the associ-
ated activation parameters are composite quantities,
viz. ∆Vq ) ∆Vq(kET) + ∆V(K). When K is large
enough such that 1 + K[Red] > 1, it is possible to
separate kET and K kinetically and also the associated
activation parameters, viz. ∆Vq(kET) and ∆V(K).18

A series of reactions was studied where it was
possible to resolve K and kET, and thereby ∆V(K) and
∆Vq(kET). In this case oppositely charged reaction
partners were selected as indicated in the following
general scheme:

The data408 indicated that ion-pair formation is
accompanied by close to zero ∆V values. This is
rather surprising, since it is generally accepted that
ion-pair formation should involve considerable charge
neutralization accompanied by strong desolvation
due to a decrease in electrostriction. Values of ∆V
therefore indicate that the reaction partners most
probably exist as solvent-separated ion pairs, i.e.,
with no significant charge neutralization accompa-
nied by desolvation. It is evident that the electron-
transfer steps exhibit a strong pressure-induced
deceleration, with most systems having a ∆Vq value
of between +25 and +34 cm3 mol-1. These values
indicate that electron transfer is accompanied by
extensive desolvation, most probably related to charge
neutralization associated with the electron-transfer
process.279 A simplified model based on partial molar
volume data, in which electron transfer occurs from
the precursor ion pair [Co(NH3)5X(3-n)+‚Fe(CN)6

4-] to
the successor ion pair [Co(NH3)5X(2-n)+‚Fe(CN)6

3-],
predicts an overall volume increase of ca. 65 cm3

mol-1. This means that according to the ∆Vq values
reported the transition state for the electron-transfer
process lies approximately halfway between the
reactant and product states on a volume basis for the
precursor and successor ion pairs. The largest vol-
umecontributionarisesfromtheoxidationofFe(CN)6

4-

to Fe(CN)6
3-, which is accompanied by a large

decrease in electrostriction and an increase in partial
molar volume of ca. 40 cm3 mol-1 (see entry 1000).
Theoretical calculations also confirmed that the
transition state for these reactions lies approximately

halfway along the reaction coordinate on a volume
basis.279 This first information on the nature of the
volume profile for an outer-sphere electron-transfer
reaction proved to be in good agreement with results
reported subsequently for systems with a low driving
force in which it was possible to construct a complete
volume profile by studying the effect of pressure on
both the forward and reverse reactions, as well as
on the overall equilibrium constant (see section 2.L).

Data have also been reported for a series of related
complexes containing phosphor-oxo ligands (see
entries 1019-1024, 1027-1031). The results can be
interpreted in terms of major solvational changes
associated with the oxidation of Fe(CN)6

4-. Other
interesting systems that have been investigated
include reduction of aquated Fe(III) by Co(II) com-
plexes (entries 966 and 967), oxidation of Fe(II)
complexes by peroxodisulfate (entries 985-990),
reduction of Co(III) complexes by Fe(II) complexes
in nonaqueous solution (entries 1056-1072), oxida-
tion of Ni(II) complexes by HO2

• (entries 1081-1087),
and the reduction of IrCl6

2- by a series of catechols
(entries 1132-1144).

Data are also available for the reduction of aquated
Fe(III), Fe(CN)6

3-, and Ru(CN)6
3- by ascorbic acid

and ascorbate ions (entries 969-976, 1120, and
1121). It is an interesting finding that the hexacyano
complexes all exhibit a strongly negative volume of
activation that mainly results from the increase in
electrostriction due to the reduction to M(CN)6

4- (M
) Fe, Ru). In the case of the aquated Fe(III) species,
the activation volumes are significantly positive;
these have been ascribed to an outer-sphere electron-
transfer reaction in the case of Fe(H2O)6

3+, but to an
inner-sphere reaction in the case of the more labile
Fe(H2O)5OH2+ complex.279

Other data include the oxidation of Fe(II) and Co-
(II) chelated complexes by dioxygen (entries 962-965,
1017, and 1018). Oxidation reactions of chelated Fe-
(II) complexes are all significantly accelerated by
pressure and accompanied by negative volumes of
activation. These can be ascribed to the binding of
dioxygen that is accompanied by the oxidation of Fe-
(II) to Fe(III) and the reduction of dioxygen to
superoxide and peroxide ions, processes that are all
expected to lead to a decrease in partial molar
volume. In a recent reinvestigation of the FeII(edta)
oxidation reaction it was possible to resolve the
different reaction steps that form part of the oxida-
tion process and to assign the negative volumes of
activation in a more detailed way.409 The formation
of a diiron(III) peroxo complex from an alkoxo-bridged
diiron(II) complex and dioxygen is also accompanied
by a significantly negative volume of activation (entry
961).273

In another study292 it was possible to construct a
volume profile for the reversible binding of dioxygen
to a Co(II) macrocycle, viz. hexamethylcyclam, to
produce (L)Co-O2

2+, which is a Co(III)-superoxo
species (entries 1017 and 1018). The kinetics of the
overall reaction could be studied by flash photolysis,
since the dioxygen complex can be photodissociated
and the subsequent reequilibration could be followed
in the microsecond time range. A combination of the

kobs ) kETK[Red]/(1 + K[Red])

Co(NH3)5X
(3-n)+ + Fe(CN)6

4- T

[Co(NH3)5X
(3-n)+‚Fe(CN)6

4-] K

[Co(NH3)5X
(3-n)+‚Fe(CN)6

4-] f

Co2+ + 5NH3 + Xn- + Fe(CN)6
3- kET

Xn- ) H2O, Me2SO, py, Cl-, N3
-
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activation volumes for the binding and release of
dioxygen results in a reaction volume that is in very
good agreement with the value determined directly
from equilibrium measurements as a function of
pressure. The volume profile for the reaction is
shown in Figure 8. The small volume of activation
associated with the forward reaction was interpreted
as evidence for a rate-determining interchange of the
ligands, water versus dioxygen, which is followed by
an intramolecular electron-transfer reaction to form
CoIII-O2

-. It is the latter process that accounts for
the large volume collapse en route to the reaction
products. The oxidation of Cu(I) complexes by di-
oxygen is also characterized by distinctly negative
volumes of activation, the reason for which is parallel
to that noted for the cobalt complex system above
(entries 1089 and 1090).

Oxidation of Cr(II), Co(II), and Ni(II) complexes by
alkyl radicals have also been studied as a function
of pressure using a high-pressure pulse-radiolysis
technique.39 These reactions are all characterized by
negative reaction volumes due to the oxidation of the
metal center, and the associated volumes of activa-
tion (entries 894-903, 1014-1016, and 1088) can be
used to obtain information on the nature of the
transition state. The volume profile for the reaction
of CoII(nta)(H2O)2

- with methyl radicals (CH3) shown
in Figure 9 indicates a significantly higher partial
molar volume for the transition state than for either
the reactant or product states. This was interpreted

in terms of an Id substitution controlled mechanism,
which is followed by a large volume reduction associ-
ated with metal-carbon bond formation accompanied
by oxidation of Co(II) to Co(III).

Similar results were obtained for the reaction of
Cr(H2O)6

2+ with 10 different aliphatic radicals. Al-
though the overall reaction volume is significantly
negative due to the oxidation of Cr(II) to Cr(III), the
observed volumes of activation (entries 894-903) are
all small and positive. This was interpreted as
evidence for the occurrence of an Id substitution
mechanism that is controlled by water exchange on
aquated Cr(II). Once again the large volume reduc-
tion after formation of the transition state (see
volume profile in Figure 10) was ascribed to Cr-R
bond formation and the conversion of CrII-R to CrIII-
R-. These and other recent studies on the interaction
of metal complexes with free radicals suggest that
for nondiffusion controlled processes, the radicals can
be treated as normal nucleophiles in ligand substitu-
tion processes which are often controlled by solvent
exchange on the metal complex, i.e., typical for an
inner-sphere electron-transfer process.

For the mechanistic interpretation of activation
volume data for electron-transfer reactions, it is
important to know the overall reaction volume as-
sociated with the redox process. Efforts have, in
recent years, focused on the electrochemical deter-
mination of reaction volume data from the pressure
dependence of the redox potentials. In this area the
work has mainly been performed by Swaddle et al.
and Tregloan et al. who developed the appropriate
high-pressure techniques to conduct such measure-
ments.44-47 The reported reaction volumes have to
be corrected for the effect of pressure with a reference
electrode. Tregloan et al.42 conducted a well-designed
set of experiments on a series of FeIII/II couples in
which the ligands were varied in order to change the
overall charge of the complex (see entries 1000-
1005). From a correlation of the cell reaction volume
with the difference in the square of the charge on the
oxidized and reduced forms of the complexes, it was
possible by interpolation to estimate the reaction
volume associated with the Ag/Ag+ reference elec-
trode (see Figure 11) to be -11.9 ( 0.5 cm3 mol-1 at
25 °C and 1.0 M ionic strength. Further measure-
ments on a series of Cr, Co, and Ru complexes (see
entries 914, 1038-1044, and 1097-1101) enabled a

Figure 8. Volume profile for the reaction of O2 with the
Co(II)L complex (L ) hexamethylcyclam) at 298 K. (From
ref 292.)

Figure 9. Volume profile for the reaction of methyl
radicals with the nitrilotriacetate complex of Co(II) at 298
K. (From refs 290 and 291.)

Figure 10. Volume profile for the reaction of an aliphatic
radical with aqua Cr(II) species at 298 K. (From ref 265.)
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systematic differentiation to be made between in-
trinsic and solvational volume contributions associ-
ated with the redox process.268 The results include
examples where intrinsic volume changes are indeed
very small, whereas in other cases intrinsic volume
changes can be as large as the solvational volume
changes.268

H. Electrodeposition/Electrochemical Reactions
A number of studies have been performed in which

the effect of pressure on electrodeposition and elec-
trochemical reactions was investigated (entries 1145-
1167). In many cases these processes are character-
ized by significantly positive volumes of activation,
which were accounted for in terms of the release of
solvent molecules during the deposition process.

I. Heterolysis, Homolysis, and Homolytic Fission
In a wide-ranging series of experiments (entries

1168-1201) heterolysis reactions of chromium(III)
complexes have been examined.322-324 The variations
include different catalytic anions, different nonpar-
ticipating ligands, measurements over a pH range,
and different R groups, where the R group connected
to chromium is subject to cleavage from it. In the
case of a catalytic anion (entries 1173-1181) the
catalysis was enhanced with increasing basicity of
the anion, and ∆Vq values are all positive, indicating
dissociatively activated heterolysis. Other data323

indicate the volumes of activation decrease somewhat
upon increasing the anion concentration. The dis-
sociative mechanism in this series of reactions in-
volves breakage of a σ chromium-carbon bond ac-
companied by bond formation to the entering solvent
molecule. The coordinated anion exerts a trans
labilization effect, and this effect has been quite
thoroughly studied when the anion is acetate. Phos-
phate ion also gives rise to a catalytic effect manifest
through its coordination and trans labilizing effect
and a dissociatively activated mechanism is induced.
In earlier spontaneous heterolysis reactions the value
of ∆Vq was closer to zero, signifying a mutual cancel-
lation of bond formation and bond breakage contribu-
tions.410

Pressure effects have been used as mechanistic
probes for homolytic cleavage of cobalt carbon bonds
in cobalamins.325 Solvents of different viscosities
were used. Substantial positive volumes of activation
for the Ado-B12 and CH3-B12 compounds (entries
1202 and 1205, respectively) were obtained; an exact
adjudication of the magnitude of the values for the
homolysis reactions was not presented, although it
was suggested that the values were relatively large
for the cage model for this type of reaction. The
neopentyl derivative (entry 1204) has a much lower
∆Vq value which might arise as a consequence of the
higher solvent viscosity at the lower temperature of
measurement resulting in a higher cage efficiency.
In water the reaction of entry 1203 yields a value of
-2.0 cm3 mol-1. Here there is the complication that
there is a dual reaction pathway, since homolysis and
heterolysis occur. Thermolysis of the isopropylco-
balamin in ethylene glycol/water mixtures proceeds
by â-elimination (entries 1206 and 1207), a reaction
which is insensitive to pressure at physiological
temperature, but whose rate is retarded by pressure
at 100 °C (entry 1208).325

In a series of papers326-328 the kinetics of homolysis
of alkylcobalamins and model complexes (entries
1209 and 1249) in water when possible, in organic
solvents or in water/2-propanol mixtures, have been
studied as a function of pressure. The reactions
proceed upon homolysis to form a caged pair of
radicals, which subsequently are true free radicals,
i.e., solvent separated, and then are subject to a
radical trap to form the final trapped products. In
the reactions of entries 1209-1227 two important
features emerge: the R group in the substrate has
very little influence, and the temperature variation
of ∆Vq is considerable.326 This latter observation may
be explained by reasoning that at higher tempera-
tures (large ∆Vq value) there is negligible cage
efficiency, whereas at lower temperatures when the
value of ∆Vq is much reduced then the cage efficiency
is much higher. This implies that the solvent system
viscosity variation with temperature is responsible
for this difference. Therefore the pressure and tem-
perature dependence of the rates of reaction of these
and of similar systems may be used as a mechanistic
probe to identify which radicals have the opportunity
to escape the cage. The model reactions327 (entries
1228-1232) gave results which led to the proposal
that there is a similarity between cobalt-carbon and
carbon-carbon bond cleavages in 2-propanol mix-
tures. The measured values of ∆Vq are composite
quantities and this has been addressed328 (entries
1233-1249). The solvent contribution is termed the
transport contribution in these systems. Upon cor-
recting the measured ∆Vq values to reflect only the
homolytic fission intrinsic contribution, the values
ranged from -2.0 to +12.3 cm3 mol-1, values which
were noted to be measurably smaller than those for
similar reactions in aqueous solution.410,411

J. Photochemical and Photophysical Processes
The effect of pressure on photochemical processes

of inorganic systems has been reviewed else-
where.3,6,7,24-28 The applications have mainly focused

Figure 11. Plot of V0
cell versus zOX

2 - zRED
2 for FeII/FeIII

species. (From ref 268.)
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on ligand substitution reactions, which can be studied
under continuous irradiation, or induced by flash
photolysis. Both techniques have been applied in
numerous systems and the results obtained will be
treated separately.

During continuous irradiation the photochemical
conversion, i.e., quantum yield, is measured as a
function of pressure. The apparent volume of activa-
tion obtained must be corrected for the effect of
pressure on all other deactivation processes such as
radiative and nonradiative deactivation. Such in-
formation can only be obtained from photophysical
measurements performed on the system as a function
of pressure.25,28 These complications can lead to a
too simplistic interpretation of pressure effects on
photochemical reactions as discussed in detail for Cr-
(III) systems in the literature.412 These authors412

concluded in their detailed treatment of earlier
published data that the observed pressure effects
indeed support an associative mechanism (A or Ia)
for ligand labilization regardless of the reactive state
responsible, which is in contrast to the earlier conclu-
sions in several theoretical treatments that ligand
labilization has a dissociative character in these
complexes.

The effect of pressure on the photosubstitution
reactions of a series of Ru(II) diimine complexes was
studied (entries 1279-1289) in different solvents.
The apparent activation volumes are all significantly
positive and increase with increasing temperature.
The latter trend could be ascribed to a changeover
from MLCT to an LF state that is favored by higher
temperatures, with the result that the apparent
volume of activation mainly represents the photo-
physical component. The pressure data clearly rule
out the possibility of an associative attack by the
entering ligand and support an Id mechanism for the
substitution from the LF state. In this system there
is thus no evidence for an associative substitution
mechanism originating from the MLCT state (see
further Discussion).

A series of photosubstitution reactions of the type
(entries 1264-1273, 1278, and 1292)

was studied as a function of pressure for various L
and solvents. For all reactions investigated the
photosubstitution quantum yield decreased with
increasing pressure and resulted in significantly
positive volumes of activation. Under the assump-
tion that nonradiative deactivation is relatively
independent of pressure, the apparent positive vol-
umes of activation fit well into the picture of a
dissociative mechanism, i.e., release of CO. This
dissociation leads to a trigonal-bipyramidal M(CO)5
fragment that can either recombine with CO, be
trapped by a solvent molecule or bind to L. The
difference in the pressure dependence for the recom-
bination with CO or combination with L can be used
to account for the observed activation volumes.

Another series of complexes of the type W(CO)4L,
involving either a ligand field (L ) pyridine) or a

metal to ligand charge-transfer state (L ) 4-acetyl-
and 4-cyanopyridine) as the lowest excited state, has
been studied (entries 1293-1295). In these cases the
effects of pressure on both the photosubstitution
quantum yield and the excited-state emission lifetime
were measured. The model suggests that most of the
observed photochemistry in the MLCT state occurs
via back population to the LF state. The larger
pressure effects observed for the 4-acetyl- and 4-cy-
anopyridine complexes are consistent with the vol-
ume difference expected between the LF and MLCT
excited states. The overall positive volumes of acti-
vation support a dissociative substitution mechanism
as a result of LF excitation.

Numerous data are now available for photosubsti-
tution reactions of the type (entries 1250-1259, 1262,
1263, 1276, 1277, 1296, and 1297)

There has been some controversy in the literature
concerning the nature of the photosubstitution mech-
anism originating from the lower lying MLCT state.
On one hand it was assumed that the observed
photosubstitution proceeds dissociatively from the LF
excited state, i.e., MLCT excitation is followed by
thermal back population of the LF state.413 On the
other hand it was argued that the MLCT states
themselves are photoactive and could in principle
undergo an associative substitution reaction.414 To
resolve this apparent discrepancy, the effect of pres-
sure on the above reaction as a function of irradiation
wavelength, i.e., LF and MLCT excitation, was
studied.

The first results for L ) PEt3 clearly suggested an
associative substitution mechanism for the Mo and
W complexes when irradiated directly into the MLCT
bands. This is evidenced by negative ∆Vq values for
546-nm irradiation, in contrast to the positive ∆Vq

values for ligand substitution when LF bands are
excited with 366-nm light. In the case of the smaller
Cr complex, MLCT excitation still gave a small
positive value of ∆Vq indicative of a dissociative
mechanism. The associative character of the MLCT
states could be accounted for in terms of partial
transfer of electron density from the metal to the
phen ligand, by which the metal became more elec-
trophilic and could undergo an associative nucleo-
philic attack by the entering ligand.

More recently, in a series of studies329,415,416 there
has been a systematic investigation of the influence
of the metal center, entering nucleophile, and ir-
radiation wavelength as a function of pressure for
various M (M ) Cr, Mo, W) and PR3 (R ) Me, Bun,
Ph). The competition between dissociative LF and
associative MLCT ligand substitution could be tuned
by selecting the appropriate metal and entering
ligand, ligand concentration, and pressure. The
typical results displayed in Figure 12 show how an
increase in irradiation wavelength from LF to MLCT
excitation results in a changeover in the effect of
pressure on Φ, viz., a decrease in Φ with increasing
pressure for irradiation at 313 and 366 nm, in

M(CO)6 + L f M(CO)5L + CO

M ) Cr, Mo, W; L ) σ donor ligand

M(CO)4(phen) + L f fac-M(CO)3(phen)L + CO

M ) Cr, Mo, W; L ) PMe3, PEt3
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contrast to an increase in Φ with increasing pressure
for irradiation at 436-546 nm. The results showed
that the size of the metal center and the entering
nucleophile determine the irradiation wavelength at
which a mechanistic changeover occurs. The bulkier
the entering nucleophile, the more difficult it is to
observe an associative mechanism resulting from
MLCT excitation.

One sytem was studied that involves MLCT pho-
tochemistry of a metal-metal-bonded complex (en-
tries 1298 and 1299). Irradiation into the MLCT
band of (CO)5ReMn(CO)3(R-diimine) in CH2Cl2 pro-
duces Re(CO)5Cl and Mn(CO)3(R-diimine)Cl, whereas
the substitution product (CO)5ReMn(CO)2(PPh3)(R-
diimine) is formed in the presence of a strong nu-
cleophile (PPh3). It was suggested that both photo-
chemical reaction paths involve the initial photo-
dissociation of CO from the parent complex. The
apparent volumes of activation are very similar and
are large positive values, and thus underline the
concept of a common reaction step that involved the
primary release of CO and support the dissociative
nature of the photochemical process.

In the above presentation the importance of a
possible influence of pressure on photophysical pro-
cesses for the interpretation of the apparent volume
of activation became obvious. This is of particular
interest with respect to the partial molar volume of
the excited state from which the photochemical
process occurs. For this reason data for the effect of
pressure on the excited-state lifetime and the associ-
ated activation volumes for radiative and nonradia-
tive deactivation are included in the table (entries
1341-1395). For the quenching of the triplet excited
state 3[Cu(dpp)2

+]* the pressure effects are very
small, which indicates the absence of solvation/
desolvation effects or that the MLCT state is signifi-
cantly distorted from the ground state. Quenching
by Cr(III) complexes shows a larger positive volume
of activation in the case of the Cr(hfac)3 species,
which can be related to the increase in solvent
viscosity, since this quenching process approaches the
diffusion limit. In contrast, the significantly negative
volume of activation for the quenching by Cr(tfac)3

is dominated by an electron-transfer mechanism.
Quenching of Ru(bpy)3

2+ in the excited state by
different quenchers (entries 1373-1382) results in
positive activation volumes, of which some are rela-
tively high values. These can be interpreted in terms
of an electron-transfer mechanism that involves
precursor formation between the excited state and
the quencher.

The application of pressure to CH2Cl2 solutions of
either Cu(dmp)2

+ or Cu(dpp)2
+ led to systematic

decreases in the emission lifetimes. The dominant
deactivation pathways are nonradiative, and the
observed pressure effects can be accounted for in
terms of a unimolecular weak coupling mechanism.
Other examples for which relatively small pressure
effects were observed are Pt2(µ-η2-H2P2O5)4

4- and Ir2-
(µ-η2-pyrazolate)2(COD)2 (entries 1389-1395) and a
detailed interpretation of the reasons for these ob-
servations is given in the literature.

The effect of pressure on the distribution of elec-
tronic states has been investigated for the equilibria
and dynamics of relaxation between the high spin/
low spin configurations of a series of FeIILn complexes
(entries 1300-1322). Reaction volumes as large as
16 cm3 mol-1 have been reported for the low spin to
high spin transition, depending on the nature of L.
It has been argued from X-ray structural data that
the intrinsic volume difference should be as large as
25-30 cm3 mol-1,338 such that the transition must
be accompanied by an increase in electrostriction, i.e.,
a more tightly solvated high spin state. A combina-
tion of these data with the overall reaction volume
data enables activation volumes to be calculated for
the spin change in both directions. Many of these
reactions exhibit absolute activation volumes close
to 5 cm3 mol-1, which means that the spin crossover
for these species follows a common mechanism via a
transition state located midway between the high and
low spin states.

K. Reactions in Supercritical Fluids
Investigation of the potential of supercritical fluids

as media for chemical separation and as reaction
media for chemical transformations, including those
having environmental relevance has become a subject
of increasing activity in recent years.8,417-420 Both
catalytic and oxidation processes have been investi-
gated.421-424 To understand the underlying reaction
mechanisms of chemical transformations in super-
critical fluids, kinetic studies are essential and have
been performed in a limited number of cases. Al-
though activation volumes of chemical reactions in
the liquid state have been determined for several
decades, relatively little is known about activation
volumes in supercritical fluids. There is obviously a
difference, in part due to the sensitivity to pressure
of the density of a supercritical medium compared
with normal condensed liquid media. While activa-
tion volumes in liquids are characterized typically by
values between -50 and +50 cm3 mol-1, they can be
thousands of cm3 mol-1 in supercritical fluids, as has
been demonstrated for the thermal decomposition of
R-chlorobenzyl methyl ether425 and for other reactions
that have been reviewed recently.418,419 Activation

Figure 12. Plot of the natural logarithm of the quantum
yield versus pressure at different excitation wavelengths
for the reaction M(CO)4(phen) + PR3 f (hν) fac-M(CO)3-
(PR3)(phen) + CO (M ) Mo, R ) Bun). (From ref 416.)
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volumes have been measured for a few simple cases
in which for instance ligand substitution reactions
are induced by flash photolysis.216,426 Ring-closure
reactions of the type

exhibit volumes of activation as large as +7 L mol-1

under conditions near the critical point in supercriti-
cal ethane and CO2. The results were interpreted216

as evidence for a large repulsive contribution to the
activation volume associated with the dissociation of
CO during the ring-closure reaction. Other examples
referred to in the literature216 include the tautomer-
ization of 2-hydroxypyridine to 2-pyridone and the
hydrolysis of methoxynaphthalene in supercritical
fluids. These reactions are accompanied by large
negative volumes of activation which are associated
with an increase in electrostriction.

It follows from these few examples that reaction
and activation volume data in supercritical fluid
solvents can be orders of magnitude different from
those in the liquid state. This is not unexpected if
we consider the large difference in partial molar
volumes of species in the liquid state relative to the
gaseous state. It is reasonable to anticipate consid-
erable progress in this field in the future.

L. Bioinorganic and Biological Reactions
High-pressure kinetic and thermodynamic experi-

ments have been performed on a number of bioinor-
ganic and bioorganic systems that are of biological
and biochemical interest and significance. This
overall topic has been reviewed in recent years in
contributions to a number of monographs.3,4,6-8,11 The
available information focuses on structural effects,
hydrolysis processes, substitution reactions, ligation
of small molecules by macromolecules, enzyme ca-
talysis, and electron-transfer processes. A selection
of these processes will be described and in some cases
where a volume profile is available these will be
interpreted in some detail.

Conformational changes and folding of proteins can
be induced by pressure.5,6-8,23 It was recently re-
ported427 that the unfolding of staphylococcal nu-
clease is accompanied by a volume change of -77 cm3

mol-1. The associated activation volume for folding
(+92 cm3 mol-1) is much larger than for unfolding
(+20 cm3 mol-1). The pressure-induced unfolding
arises from a combination of increased solvation and
decreased excluded volume in the unfolded state. In
a similar way the helix-coil equilibrium in DNA was
found to be very pressure sensitive as a result of
solvent interactions in the stabilization and forma-
tion of DNA helices. The activation volume for helix
formation was found to be -11.8 cm3 mol-1, as
compared to a value of +39.9 cm3 mol-1 for helix
unfolding.428 The authors propose that the activation
volume for the forward reaction may arise from the
volume change due to charging of the cytosine
residues and the formation of base-stacking interac-
tions. The large positive activation volume of strand

separation may be a consequence of poor solvent
packing of the DNA duplex major groove during
dissociation. From the effect of pressure on phos-
pholipid translocation in lipid bilayers,429 for which
a volume of activation of +17 cm3 mol-1 was mea-
sured, information on the mechanism by which
phospholipids spontaneously flip-flop in membranes
could be obtained. The formation of nucleic acid
homoduplexes was also found to be accompanied by
significant volume changes (between -17 and +7 cm3

mol-1); the individual values depend on the degree
of hydration of the different conformations that can
be produced.430 Other examples include monomer-
dimer, tetramer-dimer, octamer-dimer, and oc-
tamer-tetramer equilibria all of which are very
pressure sensitive (entries 1511-1522).

Several hydrolysis reactions of biological interest
were investigated at elevated pressures. The hy-
drolyses of ATP and ADP exhibit a peculiar pressure
dependence as shown in Figure 13.431 The increase
in rate with increasing pressure in the lower pressure
range is ascribed to rate-determining attack by
solvent (water). At higher pressure there is a change
in rate-limiting step, which is then suggested to be
a prior protonation step that is accompanied by
partial charge neutralization resulting in a positive
volume of activation. Hydrolysis reactions of nucle-
otide bound phosphate are in general accelerated by
pressure, and ∆Vq values of between -10 and -15
cm3 mol-1 have been reported.432

There are a number of important biological pro-
cesses in which ligand substitution reactions on
transition metal centers play an important role. One
of these concerns the antitumor activity of platinum
complexes, for which it is generally accepted that
substitution reactions involving the metal complexes
and DNA moieties play a key role in such pro-
cesses.433 Such substitution reactions in general
follow an associative mechanism and are therefore
usually characterized by markedly negative volumes
of activation, i.e., the reactions are accelerated by
pressure. A detailed account of the pressure depen-
dence of such reactions is given in section 2.B.

A further example concerns the substitution reac-
tions of cobalamins (vitamin B12), reactions which
have attracted considerable attention from kineticists
(entries 1396-1411). In these systems the usually
kinetically inert Co(III) ion is labilized considerably

M(CO)5L-L f M(CO)4(L-L) + CO

M ) Mo, W;
L-L ) 1,10-phenanthroline, 2,2′-bipyridine

Figure 13. Logarithm of the normalized rate constants
for the hydrolysis of ATP and ADP at 353 K versus
pressure. (From ref 431.)
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by the corrin ring, and there has been some disagree-
ment in the literature concerning the mechanism of
these substitution reactions. The volume of activa-
tion results available for complex-formation and
reverse aquation reactions of the type

are all in support of a dissociative (Id) substitution
mechanism. For the reaction of B12-H2O+ with
pyridine,354 the observed rate constants kobs reached
a limiting value at high pyridine concentrations,
which was interpreted as evidence for a limiting D
mechanism. However, later work351,352 showed that
the curvature of the plot of kobs versus concentration
must be due to a precursor formation step preceding
the dissociative interchange (Id) step. The nonlinear
concentration dependence enabled a kinetic separa-
tion of the precursor formation constant and the rate-
determining interchange rate constant to be made,
such that a detailed volume diagram for the overall
process could be drawn (see Figure 14). The volume
profile clearly illustrates the dissociative character
of the transition state.

The mechanism of the binding of small molecules
such as O2 and CO to ferrous heme and hemoproteins
has been the focus of many investigations in recent
years. Model heme complexes were usually employed
in an effort to clarify our understanding of the
reactions of the corresponding proteins. Two model
heme systems and various neutral ligands were used
to study the bimolecular addition to the five-coordi-
nate ferrous model heme complexes (entries 1446-
1450) using two different photolysis techniques. The
reported ∆Vq data correlate well with the addition
rate constants: for the slower reactions, bond forma-
tion is rate determining and results in negative ∆Vq

values; for the faster reactions, the processes become
diffusion controlled and are slowed by increasing
pressure due to the large increase in solvent (toluene)
viscosity. In a subsequent study,364 the reaction of
CO with MCPH was studied as a function of pressure
in a very viscous medium. The data reported in
Figure 15 clearly show a changeover in rate-deter-
mining step from bond formation to control by dif-
fusion upon increasing the pressure, i.e., from a ∆Vq

value of -9.6 to a value of +7.1 cm3 mol-1. This is
an example of a changeover from activation control
to diffusion control where the mechanistic diagnosis

has emerged from kinetic measurements at high
pressures.

Similar techniques were applied to study the effect
of pressure on the bimolecular association rate
constant for the reaction of sperm whale myoglobin
with a series of neutral ligands in water (entries
1416-1426). It follows from the data that only the
reaction with CO is characterized by a negative ∆Vq

value, which is in line with a bond formation process.
The positive ∆Vq values found for the other ligands
were ascribed to the entry of the ligand into the
protein pocket, which will be accompanied by pro-
nounced desolvation and presumably conformational
changes on the protein chain. The effect of pressure
on the escape of the ligand from the protein-
separated pair, resulted in distinctly positive ∆Vq

values (entries 1426-1436). These values are con-
sistent with the notion of a “gate” that operates in
both directions of the process.

The large difference in ∆Vq values observed for the
binding of O2 and of CO to deoxymyoglobin stimu-
lated the need to develop a complete volume profile
for both systems. The profiles are shown in Figure
16;360 that for the binding of O2 is characterized by a
substantial increase in volume in proceeding from the
reactant state to the transition state, followed by a
significant volume reduction when the product state
is reached. The observed volume increase was as-
cribed to rate-determining movement of O2 through

Figure 14. Volume profile for the reaction B12-H2O+ +
pyridine. (From refs 351 and 352.)

B12-H2O
+ + Ln- f B12-L(1-n)+ + H2O

Figure 15. Plot of RT(ln(k/ko)) versus pressure for the
reaction of CO with the intermediate formed by nanosecond
laser flash photolysis of MCPH-CO. (From ref 364.)

Figure 16. Volume profile for the reactions of CO and O2
with myoglobin at 298 K. (From ref 360.)
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the protein to the heme pocket, which may involve
hydrogen bonding to the distal histidine as well as
desolvation. This step is followed by rapid bond
formation with the Fe(II) center, during which the
change in spin state from high to low, the movement
of the Fe(II) center into the porphyrin plane, and the
associated conformational changes account for the
drastic volume collapse. The overall reaction volume
of -18 cm3 mol-1 demonstrates the large volume
reduction caused by the binding of O2. The volume
profile for the binding of CO shows a considerable
volume decrease on going from the reactant to the
transition state, which has been attributed to rate-
determining bond formation. The reverse bond cleav-
age reaction is accompanied by a volume decrease,
which may be related to the different bonding mode
of CO compared with O2. This difference in bonding
mode must also account for the much smaller abso-
lute reaction volume observed in this case. It should
be mentioned that such measurements and their
interpretation were criticized by Frauenfelder et al.434

on the basis of low-temperature high-pressure inves-
tigations at <160 K in 75% glycerol solutions. They
considered the influence of conformational substates
in the interpretation of the pressure data, to account
for the different volume changes found for O2 and CO.

A volume profile was also obtained (Figure 17) for
the binding of dioxygen to hemerythrin (entries 1412
and 1413). The ∆Vq values for the “on” and “off”
reactions as well as the overall reaction volume are
about twice as large as for the corresponding myo-
globin case. In the hemerythrin system two Fe(II)
centers are oxidized to Fe(III) during which dioxygen
is reduced and bound as hydroperoxide to one Fe-
(III) center. The ∆Vq

on value can partly be accounted
for in terms of desolvation of oxygen during its
entrance into the protein. The value is, however,
such that it suggests some form of dynamic “breath-
ing” motion of the protein that momentarily causes
an opening up of a cleft and permits oxygen to enter
the protein. The marked volume decrease that occurs
following the formation of the transition state can be
ascribed to the oxidation of the iron centers and the
reduction of O2 to O2

2-. The fact that the overall
volume reduction is almost double that observed for
the oxygenation of myoglobin may indicate similar
structural features in oxyhemerythrin and oxymyo-
globin. This would suggest that a description of the
bonding mode as FeIII-O2

- or FeIII-O2H (H from

histidine E7) instead of FeII-O2, may be more ap-
propriate for oxymyoglobin. Eyring and co-workers357

studied the uptake of dioxygen by deoxymyohem-
erythrin and found positive ∆Vq values for both the
uptake and release processes (entries 1414 and 1415).
They also concluded that the positive value for the
uptake reaction must be due to a different rate-
determining step that occurs prior to Fe-O bond
formation.

The effect of pressure on the binding kinetics of O2
and CO to myoglobin was studied in more detail on
a milli-, micro-, and nanosecond time scale for sperm
whale, horse, and dog myoglobin. The results were
analyzed quantitatively in terms of the following
three-step mechanism:

where A represents the bound species, B the short-
lived geminate pair, C the longer lived geminate pair,
and S the entirely separated species. The volume
profiles for all three myoglobins may be drawn
(Figure 18); from these it was concluded that the O2
diffusion step within the protein matrix is quite
different among the three Mb species.361 It was
further suggested that the activation volumes are
very sensitive to the amino acid residues adjacent to
and flanking the ligand path channel. In the case of
CO binding (entries 1425-1441), the overall ∆Vq was
negative, which is consistent with the rate-determin-
ing bond formation step.

Figure 17. Volume profile for the reaction of hemerythrin
with O2. (From ref 356.)

Figure 18. Activation volume diagrams for the binding
of O2 to myoglobins. (From ref 361.)

A(MbL) T B(Mb‚L) T C(Mb‚‚‚L) T S(Mb + L)
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The binding of CO to horseradish peroxidase
(entries 1458-1469) was studied as a function of
pressure, temperature, and solvent. The observed
∆Vq is the sum of several components: binding of CO,
subsequent conformational changes occurring in the
protein, and the reorganization of the solvation shell.
The authors365 conclude that these events are inter-
connected and difficult to analyze independently. The
large variation in ∆Vq under different experimental
conditions suggests that solvent reorganization is the
predominant factor which drives the response of the
system. The binding of CO to various reduced
hemoproteins, including several cytochrome P450
variants, chloroperoxidase and lactoperoxidase, was
studied under pressure (entries 1470-1485). The
activation volumes depend on the nature of the
proximal axial heme ligand; the values are relatively
small (+1 to +16 cm3 mol-1) for cysteine (S-) ligand
hemoproteins, and markedly negative (-3 to -36 cm3

mol-1) for histidine (N) ligand proteins. These results
suggest that the CO binding transition state of the
S ligand class has a molecular conformation similar
to that of the ground state. In the case of the
histidine class, the transition state appears to involve
protein conformational changes and/or solvational
changes. The effect of substrate analogues on the
kinetics of recombination of CO to ferrous cytochrome
P450CAM has been studied as a function of pressure
(entries 1479-1485). A small positive (+4 cm3 mol-1)
∆Vq value was found for the binding of CO to the
substrate free protein. However, the binding of
d-camphor and some camphor analogues into the
heme pocket resulted in considerably reduced ∆Vq

values to negative quantities (-14 to -32 cm3 mol-1).
This trend suggests that iron-ligand bond formation
is the rate-limiting process for the substrate-bound
protein.

A number of systems of biological interest have
been studied in which the kinetics of molecular
association and a subsequent binding step were
monitored as a function of pressure. For instance the
binding of NADH to liver alcohol dehydrogenase is
characterized by significantly positive volumes of
activation (entries 1486-1488), i.e., the binding rate
is decelerated with increasing pressure. No explana-
tion for this observation was offered. Other examples

studied include: binding equilibria in the lac repres-
sor system,435 ribosomal subunit association of Es-
cherichia coli,436 and substrate affinity of an immo-
bilized glucoamylase.437 Dissociation of the cytochrome
b5-porphyrin cytochrome c complex is accompanied
by a large volume reduction (entry 1492). This has
been ascribed to the removal of solvent from the
interface of the two molecules on closest approach,
which will result in the rehydration of the bare
surface charges upon separation. The effect of pres-
sure has also been monitored during the thermal
inactivation of taka-amylase A, and activation and
reaction volume data were reported.438 Ligand bind-
ing and kinetic behavior of butyrylcholinesterase
from human plasma were also studied under high
pressure.439 Volume changes were determined and
the kinetic data showed that binding of substrate to
the enzyme led to a pressure-sensitive enzyme con-
formational state, which did not participate in the
catalytic cycle.

The effect of pressure on the CO stretch mode of
substrate-free cytochrome P450 was studied; this
provided information on the conformational substates
of the protein.440 In another study441 the effect of
norbornane-type substrate binding on the pressure
dependence of the spin-state equilibrium of cyto-
chrome P450 was examined. Reaction volumes as-
sociated with the high spin to low spin transition
varied between -70 and -22 cm3 mol-1 depending
on the substrate employed (camphor, camphorquino-
ne, camphane, norcamphor, and norbornane).

The effect of pressure on some enzyme-catalyzed
reactions has been investigated. Activation volumes
of subtilisin Carlsberg in organic solvents, particu-
larly with the enzyme hydrated, have a larger
magnitude than in aqueous solution.442 It follows
that the primary effect of pressure is to enhance the
stripping of water from an enzyme in polar solvents
and leads to decreased enzyme activity.442 Volume
profiles have been generated for some catalytic
systems.369,443 In the case of the catalytic activity of
carbonic anhydrase, a systematic study of the effect
of pressure on all the accessible reaction steps
enabled the establishment of a complete volume
profile369 as shown in Figure 19. The volume changes
associated with the “CO2 uptake/decarboxylation”

Figure 19. Volume profile for the carbonic anhydrase catalyzed hydration of CO2 and dehydration of HCO3
- at 298 K.

See ref 369 for details.
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step and the ligand substitution process (HCO3
- for

H2O), exhibit different trends with respect to the
location of the transition state. In the first part of
the catalytic cycle the transition state is located
approximately halfway between the reactant and
product states, which is in good agreement with the
structure of the suggested transition state. The
subsequent ligand substitution process is character-
ized by a transition state that has a significantly
higher partial molar volume than either the reactant
or product states, which is indicative of a dissociative
substitution mechanism. Overall this is a complex
system and a complete explanation is best obtained
by consulting the original literature.

Several investigators have applied high-pressure
techniques in the study of electron-transfer reactions
in biological systems. In one of the earliest studies,442

the reaction rates of the multiheme hydroxylamine
oxidoreductase were studied as a function of pres-
sure. By way of comparison, the binding of CO to
the dithionite-reduced enzyme was characterized by
negative ∆Vq values (between -14 and -36 cm3

mol-1), whereas the reduction of the c hemes of the
enzyme by NH2OH was characterized by positive or
negative ∆Vq values, depending on the selected
temperature and composition of the solvent. In other
work444 the effect of pressure on the electron-transfer
kinetics in and around the chloroplast cytochrome bf
complex was studied. For the reduction of P700+

(reaction center of Photosystem I) by reduced plas-
tocyanin, ∆Vq was found to be +9.6 cm3 mol-1,
compared with a value of -14 cm3 mol-1 for the
reduction of oxidized plastocyanin by ascorbate. The
kinetics of oxidation of decyl plastoquinol by the bf
complex gave rise to a ∆Vq value of +18 cm3 mol-1.
The complexity of the systems made an accurate
interpretation of the observed pressure effects very
difficult, and therefore stimulated further work on
less complicated and perhaps more “ideal” systems.

A challenging question concerns the feasibility of
the application of high-pressure kinetic and thermo-
dynamic techniques in the study of “long distance”
electron-transfer reactions. Do such processes ex-
hibit a characteristic pressure dependence, and to
what extent can a volume profile analysis reveal
information on the intimate mechanism of the elec-
tron-transfer process?

The systems investigated were intermolecular and
intramolecular electron-transfer reactions between
ruthenium complexes and cytochrome c (see entries
1495-1508). A series of intermolecular reactions
between chelated cobalt complexes and cytochrome
c was also studied (see entries 1493 and 1494). A
variety of high-pressure experimental techniques,
including stopped-flow, flash photolysis, pulse radi-
olysis, and voltammetry, were employed in these
investigations. As the following presentation will
show, a remarkably good agreement was found
between the volume data obtained with the aid of
these different techniques, which clearly demon-
strates the complementariness of these methods for
the study of electron-transfer processes.

Application of pulse-radiolysis techniques revealed
that the following intramolecular and intermolecular

electron-transfer reactions all exhibit a significant
acceleration with increasing pressure. The reported
volumes of activation are -17.7 ( 0.9, -18.3 ( 0.7,
and -15.6 ( 0.6 cm3 mol-1, respectively for the three
reactions, and denote a marked volume reduction as
reaction proceeds from the reactant to the transition
state.376

At this stage it was uncertain which mechanistic or
other features the negative volumes of activation
actually represented since overall reaction volumes
were not available. However, data in the literature268

suggested that the oxidation of Ru(NH3)6
2+ to Ru-

(NH3)6
3+ is accompanied by a volume increase of ca.

30 cm3 mol-1, which would mean that the activation
volumes quoted above could principally be a conse-
quence of volume changes associated with the oxida-
tion of the ruthenium redox partner.

With the purpose of determining the overall reac-
tion volumes and thereby locating the position of the
transition state along the reaction coordinate, a series
of intermolecular electron-transfer reactions of cyt c
with pentaammine ruthenium complexes was stud-
ied. The sixth ligand on the ruthenium complex was
selected in such a way that the overall reaction
driving force was sufficiently low so that the reaction
kinetics could be studied in both directions.374,375 The
substituents chosen were isonicotinamide (isn), 4-eth-
ylpyridine (etpy), pyridine (py), and 3,5-lutidine (lut)
(see entries 1498-1505). The overall reaction can be
formulated as

For all the systems investigated the forward reaction
was significantly decelerated by pressure, whereas
the reverse reaction was equivalently accelerated by
presssure. The absolute values of the volumes of
activation for the forward and reverse processes are
indeed very similar, demonstrating that a similar
rearrangement occurs in order to reach the transition
state. In addition, the overall reaction volume for
these systems could be determined spectrophoto-
metrically by recording the spectrum of an equilib-
rium mixture of components as a function of pres-
sure, and electrochemically by recording cyclic and
differential pulse voltammograms as a function of
pressure (entries 1537-1541).381 A comparison of the
reaction volume data demonstrates the good agree-
ment between the values obtained from the difference
in the volumes of activation for the forward and
reverse reactions, and those obtained thermodynami-
cally. The values show that |∆Vq| ≈ 0.5|∆V|, i.e., the
transition state lies approximately halfway between

(NH3)5RuII-(His33)cyt cIII f

(NH3)5RuIII-(His33)cyt cII

(NH3)5RuII-(His39)cyt cIII f

(NH3)5RuIII-(His39)cyt cII

RuII(NH3)6
2+ + cyt cIII f RuIII(NH3)6

3+ + cyt cII

RuIII(NH3)5L
3+ + cyt cII T

RuII(NH3)5L
2+ + cyt cIII kf, kb
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the reactant and product states on a volume basis,
and obviously for electron transfer in either direction.
The typical volume profile in Figure 20 illustrates
these findings.

Similar results were recently obtained for the redox
reactions of a series of cobalt amine complexes with
cytochrome c.372,445 In general a good agreement
exists between the kinetically and thermodynami-
cally determined parameters, and the typical volume
profile in Figure 21 once again demonstrates the
location of the transition state with respect to the
reactant and product states.

At this point it may be important to ask the
question, to what may these volume changes be
attributed? It was always argued that the major
volume change arises from changes on the redox
partner and not on cytochrome c itself. This was
suggested by the fact that the change in partial molar
volume associated with the oxidation of the Ru(II)
and Co(II) complexes investigated, as obtained from
electrochemical and density measurements, almost
fully accounted for the observed overall reaction
volume. Thus the reduction of cytochrome c can only
make a minor contribution toward the overall volume
change.

These arguments were apparently not compatible
with electrochemical results obtained by Cruanes et
al.382 who reported that the reduction of cytochrome
c is accompanied by a volume reduction of 24 cm3

mol-1 (entries 1542-1552). This value is so large

that it represents virtually all of the total of the
reaction volume obtained for the reactions investi-
gated and discussed above. A reinvestigation of the
electrochemistry of cytochrome c as a function of
pressure, using cyclic and differential pulse voltam-
metric techniques,381 yielded a reaction volume of
-14.0 ( 0.5 cm3 mol-1 for the reaction.

A correction for the contribution from the reference
electrode could be made on the bases of the data
published by Tregloan et al.47 and of a series of
measurements of the potential of the Ag/AgCl (KCl
saturated) electrode relative to the Ag/Ag+ electrode
as a function of pressure. The contribution of the
reference electrode turned out to be -9.0 ( 0.6 cm3

mol-1, from which it then followed that the reduction
of cytochrome cIII is accompanied by a volume de-
crease of 5.0 ( 0.8 cm3 mol-1. This contribution is
much smaller than reported by Cruanes et al.382 and
is also consistent with the contributions from other
arguments referred to above. Thus it can be con-
cluded that the observed activation and reaction
volumes mainly arise from volume changes on the
ruthenium and cobalt complexes, which in turn will
largely be associated with changes in electrostriction
in the case of the ammine complexes. The oxidation
of the Ru(II) ammine complexes will be accompanied
by a large increase in electrostriction and almost no
change in the metal-ligand bond length, whereas in
the case of the cobalt complexes a significant contri-
bution from intrinsic volume changes associated with
the oxidation of Co(II) will partially account for the
observed effects.376

One system has been investigated in which the
effect of pressure on the electron-transfer rate con-
stant yielded information relevant to the actual
electron-transfer route. The effect of pressure on
distant electronic coupling in Ru(bpy)2(im)-modified
His33 and His72 cytochrome c derivatives, for which
the electron transfer from Fe(II) to Ru(III) is activa-
tionless, was investigated (entries 1495-1497).373 In
the case of the His33-modified system the electron-
transfer rate constant exhibited no dependence on
pressure within experimental error limits. However,
the rate constant for the His72-modified protein
increased with increasing pressure, corresponding to
a ∆Vq value of -6 ( 2 cm3 mol-1. Since this value is
exactly opposite that expected for the reduction of Ru-
(III), the result was interpreted as an increase in
electronic coupling at elevated pressure. The ap-
plication of moderate pressures will cause a slight
compression of the protein that in turn shrinks the
through-space gaps, key units in the electron-tun-
neling pathway between the heme and His72. A
decrease of 0.46 A in the tunneling path length at a
pressure of 150 MPa can account for the observed
increase in rate constant. This in turn means that
there is an average decrease in the space gap of 0.1
A. The absence of an effect for the His33-modified
species is understandable since electronic coupling
through covalent and hydrogen bonds will be less
pressure sensitive than coupling via van der Waals
gaps.373

Figure 20. Volume profile for the reaction of an isonico-
tinamide pentaammine ruthenium complex with cyto-
chrome c at 298 K. (From ref 374.)

Figure 21. Volume profile for the reversible interaction
of CoII/III(amines) with cyt cIII/II at 25.0 °C at neutral pH.
(From refs 372 and 445.)

cyt cIII + Ag(s) + Cl- f cyt cII + AgCl(s)
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Very recently446 Morishima and co-workers inves-
tigated the effect of pressure on electron-transfer
rates in zinc/ruthenium modified myoglobins. The
rate constant for electron transfer from photoexcited
3ZnP* to the Ru(NH3)5

3+ moiety of the protein de-
creased from 5 × 107 to 55 s-1 upon increasing the
donor-acceptor distance from 9.5 to 19.3 Å when the
ruthenium complex is attached to His70 and His83,
respectively. This decrease in rate constant was
accompanied by an increase in the associated volume
of activation from +4 to +17 cm3 mol-1. The authors
account for this difference in terms of the effect of
pressure on the electronic coupling term HAB. How-
ever, in the context of the results reported above and
the volume changes associated with the reduction of
Ru(III) ammine complexes, the gradual increase in
∆Vq with increasing donor-acceptor distance and
with decreasing rate constant could be a clear dem-
onstration of “early” (for the fast) and “late” (for the
slow reactions) transition states. Volume changes
mainly associated with changes in electrostriction on
the ruthenium ammine center will control the solvent
reorganization and so account for the “early” (reactant-
like) and “late” (product-like) transition states. These
results and the conclusions based upon them il-
lustrate the insight that can be obtained regarding
the mechanism of long-distance electron-transfer
reactions from the application of high-pressure tech-
niques.

M. Theoretical Calculations and Modeling
Computation of partial molar volumes and radii

based on overlapping van der Waals spheres has been
reported for a wide range of inorganic molecular
ions.447a The results were compared with experimen-
tally determined partial molar volumes and thermo-
chemical radii. The correlations are remarkably good
and may be used to estimate with some confidence
the partial molar volume of ions which have not been
experimentally determined. The authors venture
that the accuracy of the calculated partial molar
volumes may be sufficient to calculate molar volumes
of transition states.

Various analytical equations have been developed
to analyze the dependence of observed rate constants
on pressure.447b These are especially employed when
plots of ln k versus pressure deviate from linearity,
i.e., when the volume of activation is a function of
pressure.

The solvent exchange processes on metal ions and
complexes described in section 2.A present ideal
reactions to simulate and predict activation volumes
theoretically since solvent exchange is a symmetrical
reaction and does not involve overall solvational
changes. The activation volumes for solvent ex-
change on the divalent cations of the first row of
transition metals determined experimentally exhibit
clear evidence for a mechanistic changeover along the
series, i.e., from more associative for the earlier,
larger cations to a more dissociative one for the later,
smaller cations. It has been claimed on the basis of
theoretical calculations384-387 that the interpretation
of such activation volume data could be considered
faulty, and arguments were presented against a

mechanistic changeover along the series. Additional
theoretical calculations were needed in order to
investigate the validity of the mechanistic proposals
that were based on calculations, in an endeavor to
resolve the disparate conclusions.

The original studies384-387,448 involved ab initio self-
consistent field (SCF) calculations of the binding
energies, ligand-field effects, water exchange reac-
tions, and exchange mechanisms of hexahydrated
divalent first row transition metal cations. In sub-
sequent work,388,449 Rotzinger succeeded in computing
the structures of the transition states and intermedi-
ates formed during the water exchange reactions of
the first row transition metals with ab initio methods
at the Hartree-Fock or CAS-SCF (complete active
space-SCF) level. It was now possible to generate
A, Ia, Id, and D reaction pathways, and to optimize
the structures of the transition and intermediate
states. Furthermore, the calculated bond length
changes that occurred during the activation process
were entirely consistent with the activation volume
data, and indicated that an associative interchange
mechanism can operate for some metal ions, in
contrast to the previous prediction.387 Density func-
tional theory has also been applied successfully to
describe the solvent exchange mechanism for aquated
Pd(II), Pt(II), and Zn(II) cations.389,450 Molecular
dynamics simulation studies have been performed on
the structure of the first hydration shell of some
trivalent lanthanide ions, on the change in coordina-
tion number decreasing from 9 to 8 along the series,
and on the mechanism of water exchange between
hydrated lanthanide ions and bulk water.451 The
latter study demonstrated an excellent agreement
with the observed high-pressure kinetic effects, i.e.,
experimental activation volumes. Finally, molecular
dynamics simulations and density functional theory
were applied to model water exchange reactions in
the second coordination (first solvation) sphere on
hexaaquachromium(III).452

3. Volume Data for Organic Reactions

A. General Remarks
Our approach has basically been the same as that

offered in our previous reviews.1,2 Thus, since high-
pressure kineticists have in many cases measured
reaction volumes for the processes of interest as well,
these results have been recorded in the Remarks
column of Table 2. The results of Holroyd’s experi-
ments (in which dynamics led him to deduce reaction
volumes) are included in this section. In other cases
in which the reaction volume was of primary or even
exclusive concern, the data are reported separately
(in Table 4). The entry under T (°C) in Tables 2-4
reads “ambient” in many instances; this word was
employed whenever the original authors used it (or
an equivalent such as room temperature), or if no
mention was made of the temperature at all.

In our previous review,1 we called special attention
to the fact that many authors had claimed to have
made corrections in the volume profiles for compress-
ibility effects. We do so again, as the phrases used
in the literature do not always inspire confidence that
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these corrections were made properly, and readers
who wish to consult the original papers should be
alert to that complication. Table 2 contains a few
results obtained in solid media such as films and host
crystals; this was done despite the title of this article,
in instances where related reactions were studied in
solutions under pressure. The reader will surely be
aware of the fact that a solid subject to a uniaxial
stress cannot be considered to be under hydrostatic
pressure, and volume changes calculated on that
basis, while of interest, must be regarded with some
reservation. As before, the text does not offer com-
ment on every single entry in the table; rather, we
sought to call attention only to especially useful and
interesting chemistry.

The rate at which new and additional data on high-
pressure effects in organic reactions are accumulating
continues unabated, at about 100 per year; however,

the nature of the processes investigated is clearly
changing. Where our previous reviews dealt almost
exclusively with well-known and traditional reactions
such as displacements, additions, eliminations, and
pericyclic chemistry, the interests of the community
has in the past decade shifted to new areas, including
fast processes in which the use of transition state
theory may become questionable, electron transport
in organic media, reactions in supercritical fluids, and
so on. In some of these areas, the interpretation of
the data is by no means straightforward, or widely
agreed to, and it may therefore be anticipated that
high-pressure organic chemistry will continue as a
lively territory for research.

B. Comments on Table 2
Sueishi453,454 has used the CIDEP phenomenon to

open up to high-pressure scrutiny chemical reactions

Table 2. (Continued)

a1 Chemically induced dynamic electron polarization. b1 Observed by laser flash photolysis of the quinone solution. c1 Observed
by laser flash photolysis of the benzoic acid solution in the presence of hydrogen chloride. The CIDEP signal followed a double
exponential decay. The faster decay was assigned to the protonation of the anion radical, and the slower decay was assigned to
the spin-lattice relaxation of the neutral radical. d1 Observed by laser flash photolysis of the benzophenone solution. e1 Measured
indirectly by monitoring the concentration of diphenylisobenzofuran. f1 1,4-Diazabicyclo[2.2.2]octane. g1 Calculated by one of the
authors (T.A.). h1 The log k - P plot shows a maximum. i1 Extrapolated value for [1-BrC10H7] ) 0: ∆V0

q ) -8.6. j1 The rate constants
were calculated from the fluorescene lifetime in J. Phys. Chem. (1993, 97, 177) and the fluorescence quantum yield reported
previously (Tanaka, F. Rev. Phys. Chem. Jpn. 1974, 44, 65). k1 For the pressure ranges and the results for other temperatures,
see the original paper. l1 For the results in hexane, see: Holroyd, R. A.; Schwarz, H. A.; Stradowska, E.; Ninomiya, S.; Itoh, K.;
Nishikawa, M. J. Phys. Chem. 1994, 98, 7142. m1 Ortho-positronium. n1 Pressure-averaged (P e 10 MPa) activation volume. o1 From
13C spin-lattice relaxation rates. p1 Estimated from the figure. q1 From depolarized light scattering. r1 From 2H spin-lattice
relaxation rates. s1 Poly(methyl methacrylate). t1 Polystyrene. u1 Poly(bisphenol A carbonate). v1 Cyclopentadienyldiethylenerhodium(I).
w1 Cyclopentadienylethylenetetrafluoroethylenerhodium(I). x1 Sodium dodecyl sulfate. y1 For the related works, see also: Hara,
K. Physica B 1986, 139 & 140, 705; Hara, K.; Kometani, N.; Kajimoto, O. J. Phys. Chem. 1996, 100, 1488. z1 Hexadecyltrimethyl-
ammonium bromide. a2 Aerosol-OT (Tokyo Kasei): sodium di(2-ethylhexyl) sulfosuccinate, NaO3SCH(COOC8H17)CH2COOC8H17.
b2 For the overall reaction. δ∆Vq ) Vq

cis - Vq
trans ) -5.3. c2 Pressure-averaged (P e 300 MPa) activation volume. d2 The endo/exo

ratio () 35/65) did not change with pressure. e2 Cis/trans ) 70/30 (0.1 MPa), 75/25 (300 MPa). f2 In the presence of bis(3-tert-
butyl-4-hydroxy-5-methylphenyl) sulfide as a radical chain inhibitor. g2 In the presence of diphenylamine as a radical chain
inhibitor. h2 Acetonitrile 89 mol %. i2 ∆V values: -35.6 (30 °C), -39.9 (50 °C), -44.8 (60 °C). j2 ∆V values: -28.8 (30 °C), -33.0
(50 °C), -35.6 (65 °C). k2 Aryl cyanate 3.94 mol %, benzyl azide 15.8 mol %. l2 Aryl cyanate 7.24 mol %, benzyl azide 7.24 mol %.
m2 Aryl cyanate 9.40 mol %, benzyl azide 3.92 mol %. n2 Aryl cyanate 2.78 mol %, benzyl azide 2.78 mol %. o2 Anthracene (40 mg)
in 0.2 mL of decalin. For the reaction of decalin with coal, ∆Vq ) -70. p2 Pressure effects on the reverse reaction were also
measured. q2 The radicals were created by γ-irradiation. r2 From the pressure dependence of the quantum yield for the free radical
ion formation in the irradiation of the donor and the acceptor solution. s2 δ∆Vq ) ∆Vq (back electron transfer) - ∆Vq (ion pair
separation). t2 δ∆Vq ) Vq (R) - Vq (â) ) +5.
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with half-lives in the sub-microsecond domain (en-
tries 1-6). For example, the photoreduction of 2,4,6-
trinitrobenzoic acid in aqueous 2-propanol containing
chloride ion involves the radical anion the decay of
which can be followed by means of emission in the
electron spin frequency regime. The nine-line spec-
trum (due to H-3, H-5, and the p-nitro group) decays
in two stages which were identified by means of their
pressure dependence. The first step is a rapid
protonation to give a neutral free radical the ESR
spectrum of which is virtually identical with that of
the precursor; support for this interpretation is
provided by the activation volume of +26 cm3 mol-1.
The second phase was not identified precisely, but
the ∆Vq value of +11 cm3 mol-1 suggests that diffu-
sion is an important part of the process, as the
solvent viscosity has a pressure dependence which
corresponds approximately to that volume change.

The same group has looked into the bimolecular
spin exchange of stable free radicals such as tempone
(2,2,6,6-tetramethyl-4-piperidone N-oxide; entries
7-34). The technique used was to study the effect
of pressure on the change in line broadening that
occurs when the concentration is varied.455-458 The
process is inhibited by the application of pressure,
and it was initially postulated458 that diffusion control
was the reason. Especially convincing was the fact
that ∆Vq is negative in water, for indeed, the viscosity
of water decreases when the pressure is raised within
the range used. However, ∆Vq is generally somewhat
smaller than what would be anticipated on the basis
of the Smoluchowski equation.457 The deviations are
largest in protic solvents, prompting the assumption
that encounter complexes first form in such media.
These complexes were estimated to involve a negative
contribution to ∆Vq, of about 3.5 cm3 mol-1. Still later
experiments with a wider variety of solvents as well
as of radicals showed that the process is much more
complex than previously believed, as some of the
largest deviations from simple diffusion control occur
in aprotic media such as acetone and hexane. Ex-
change probability and a steric factor were consid-
ered; further insights are likely to emerge from future
investigations. The large difference between the
activation volumes in pentane and hexane (entries
20 and 21) is especially remarkable.

Somewhat similar mechanisms have been consid-
ered for the quenching of singlet oxygen (entries 36-
110). The process is accelerated by the application
of pressure;459 the negative activation volumes are
explained460 by the formation of encounter complexes
with the solvent. The contractions are larger in those
solvents which have low ionization potentials; pre-
sumably the complexes have considerably dipolar
character. When the quenching is mediated by
nitrogen-containing solutes, this polar nature of the
intermediate is well-demonstrated by the strong
solvent dependence: ∆Vq is the more strongly nega-
tive the less polar the solvent.462,463 In n-hexane, for
example, ∆Vq reaches values as low as -40 cm3 mol-1.

The rates of quenching of both singlet and triplet
states of anthracenes by oxygen in methylcyclohex-
ane (entries 111-118) are in most instances reduced
at high pressure.464 Increased solvent viscosity is

responsible; but since the activation volumes are only
about half of what would be expected on that basis,
encounter complexes are also thought to play a role.
The negative value for the 9,10-dicyano derivative is
not understood at present. The pressure-promoted
quenching of the 1S state of perylene by 1-bromo- and
1-iodonaphthalenes in toluene is readily attributed
to465 and in accord with exciplex formation (stacking).

A very nice contribution to our knowledge of high-
pressure phenomena has been made by Holroyd and
co-workers (entries 131-157). It has long been
known that charged species in solution bring about
electrostriction, a phenomenon well-explained by the
Drude-Nernst equation. The relation predicts that
the contraction should become exceptionally large in
hydrocarbon media, because of their nonpolar nature.
This prediction has never been verified for the simple
reason that the necessary solutions could not be
prepared. However, the predicted exceedingly large
pressure effects have now been observed by the
Holroyd group in pulse radiolysis experiments aimed
at the process of electron attachment to various
molecules in hydrocarbon liquids.468-470

Their studies fall into two categories: the study of
transport phenomena of electrons and that of their
reactivity. Both provide information on partial molar
volumes. In the experiments, liquid samples are
exposed to a pulse of X-rays from a van de Graaff
accelerator, which generates excess electrons and
ions; hence, the current observed immediately after
the pulses measures the electron concentration in the
liquid. This makes it possible to determine excess
electron mobilities if the liquid is free from electron-
capturing impurities, and the rates of electron at-
tachment to solutes deliberately added.

Studies of this sort shed light on the nature of
electron traps in nonpolar liquids In some, such as
tetramethylsilane,596 the electron mobility is very
high, indicating that the electron remains untrapped,
or quasi-free. However, in many other liquids such
as n-alkanes,597 some alkenes,598 and xylenes,599 the
mobility is low and strongly affected by the pressure.
In the n-alkanes and in 1-pentene,600 the mobility
gradually decreases as the pressure is raised to 300
MPa; but in o- and m-xylene as well as in cyclohex-
ene, the mobility increases with pressure.

To explain these effects, a two-state model was
assumed for the low-mobility liquids in which quasi-
free and trapped electrons are in equilibrium. The
observed mobility then depends on the position of
that equilibrium, and the pressure dependence thus
gives the sign and magnitude of the volume change
associated with the trapping of electrons. For n-
hexane, n-pentane, and 1-pentene, ∆V0 at 25 °C
equals -22, -28, and -27 cm3 mol-1, respectively,
while in cyclohexene and o- and m-xylene, ∆V0 equals
4, 21, and 22 cm3 mol-1, respectively. Holroyd
assumes the partial molar volume of the quasi-free
electron to be zero, and that the observed volume
changes reflect the partial molar volume of the
trapped electron. Two terms contribute to this
partial volume: electrostriction by the trapped elec-
tron, and the size of the cavity holding it; both are
large and of opposite sign, which explains the appar-

Activation and Reaction Volumes in Solution Chemical Reviews, 1998, Vol. 98, No. 6 2253



ently capricious differences between these liquids.
The cavity radii are thought to range from 3.2 to 3.6
Å (and thus, their volumes from 83 to 108 cm3 mol-1),
and thence the electrostriction terms can be esti-
mated as approximately -100 ( 25 cm3 mol-1.

Electron capture by solutes also occurs with large
volume changes. In general, both attachment and
detachment rates can be measured. Solutes that
have been studied include carbon dioxide,468,469 py-
rimidine,601 butadienes,470,602 benzene,603 and tolu-
ene.604,605 Attachment to these solutes is unfavorable
in the gas phase (their electron affinities are nega-
tive), but in solution the polarization of molecules
surrounding the ions stabilizes them, rendering the
free energies for capture negative.

The equilibrium constants for these reactions in-
crease with pressure, and reaction volumes range
from -90 to -200 cm3 mol-1 for these solutes
in liquids such as tetramethylsilane and hex-
ane.468-470,601-604 These large values must be ascribed
to electrostriction; a contribution from the formation
of a “glass shell” has also been suggested.605 As
expected, these electron attachment reactions also
show large decreases in entropy (-25 to -40 eu). It
is found that the relation

applies to these reactions, where R is the coefficient
of thermal expansion and â is the compressibility.
Thus, the change in organization of the liquid by an
ion in a nonpolar solvent is directly related to the
density change.

A related case471 is the capture of positronium by
nitrobenzene (entries 158 and 159). In hexane, this
species is thought to occupy a large “bubble” which
collapses or is greatly reduced in size during the
capture process; in benzene, which more nearly
resembles nitrobenzene, there is no discernible pres-
sure effect. Further investigations with other sub-
strates and media are clearly desirable.

High-pressure NMR continues to provide new
insights into physical and chemical phenomena.
Experiments by Gillies et al.472 furnish a very nice
example: these authors measured the effect of pres-
sure on 13C relaxation times and were able to relate
their findings to rotational and translational motions
through their volume requirements (entries 160-
201). The precision of the results was low, nearly
20 cm3 mol-1 in one instance, and averaging perhaps
5 cm3 mol-1 for most others; nevertheless, comparing
the data derived for several dicyclohexylalkanes and
their temperature dependence reveals some enticing
insights. The molecular shapes clearly influence
these motions; thus, the more crowded species re-
quire the largest spaces to exercise them. The
needed expansions generally diminish as the tem-
perature is raised and the neat liquids become more
tenuous. Surprisingly, the volume changes required
for methyl group rotations are negative: these groups
rotate more easily at high pressures than under
ambient conditions. The drastic temperature varia-
tions in these cases can at present also not really be
understood. In tetra-n-octyltin, the volume require-
ments for carbon relaxation increase with distance

from the central tin atomsa finding which makes
intuitive sense.473

Similar results (entries 202-211) were obtained in
part by a German group474 by means of Raleigh
scattering experiments; as might be expected, they
find smaller (though still positive) activation volumes
for the smaller molecules of diphenylmethane and
diphenyl ether. These volume changes again dimin-
ish as the temperature is raised. An interesting and
intuitively reasonable finding is that the more polar
ether requires a larger space for overall motion than
the isoelectronic hydrocarbon does. The still smaller
molecules of acetonitrile, chloroform and benzene
demand smaller volume expansions still, as Naka-
hara475 found by studying the deuteron relaxation
times under pressure. D2O in solution in these
solvents requires even less space, and that for neat
D2O is negative. As the authors noted, however,
quantitative interpretation is difficult, in part be-
cause of the complications introduced by hydrogen
bonding.476

The importance of the medium viscosity in molec-
ular motion is underscored by data obtained by
Brower and Hayden in polymeric films.477 As might
be expected, the positive activation volumes for the
reorientation of rodlike molecules are extremely
large, the more so the larger the solute. The nature
of the polymer also has a substantial influence, with
polystyrene exhibiting the largest pressure effect for
all solutes.

Merbach’s group478,479 has been able to uncover the
complete volume profile of the two-step inclusion of
two azo dyes in R-cyclodextrin in water (entries 230-
233). Both steps are accelerated, and both transition
states are at volume minima. An intriguing sequence
of events was proposed to account for the data, based
on contributions from desolvation and resolvation of
the sulfonate group, the original presence of two
water molecules in the cavity, and hydrogen bonds
between the host and parts of the dye. Jonas has
studied several degenerate conformational processes
(entries 234-242) which at low pressure have small,
negative activation volumes.480-482 As expected for
internal rotations, the increase in crowding in the
approach to the transition states leads to a reduced
volume, although the Authors chose to interpret their
data rather differently, in terms of Kramers theory.
The same is true for the NMR coalescence of the two
methyl groups in N,N-dimethyltrichloroacetamide;483

the activation volume for this process is positive as
was observed by Lüdemann for a host of amides.1 A
negative activation volume was found by Yamada
and Sera484 for the phenyl group rotation inside the
cavity of a [12]paracyclophane, and they interpreted
this classically as the result of more efficient space
utilization in the transition state (entries 245-246).

Hara has in a series of impressive papers485-493

drawn attention to the proposition that Kramers
theory is more useful than transition-state theory to
analyze pressure effects on fast reactions with acti-
vation energies of 5 kcal mol-1 or less, and even above
that value, it can make a substantial contribution
(entries 247-274). A fundamental reason for this is
that Kramers theory is based on a treatment of

∆S/∆V ) R/â
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chemical reactions as viscous flow processes, in which
medium viscosity is an important parameter. The
fast process of excimer formation in 1,3-dipyrenyl-
propane is a good example, with the pressure coef-
ficient of the rate constant clearly related to the
solvent viscosity, and not at all to the solvent polarity.
Thus, in the long-chain solvent 2,6,10,14-tetrameth-
ylpentadecane,485 the viscosity part of the activation
volume is as large as 28 cm3 mol-1 while the intrinsic
part is only -2.5 cm3 mol-1. Hara was able to use
this probe as a device to gauge medium viscosity
inside micelles.488 However, his assumption493 that
transition-state theory cannot be applied to the
ground-state isomerization of the oxadicarbocyanine
shown in entries 271-274 seems unreasonable, if one
considers the relatively large activation energy (14
kcal mol-1) and the relatively nonviscous solvents
used. The small positive activation volumes observed
are reasonably explained as resulting from relief of
the steric congestion existing in the initial state. The
matter is discussed further at the end of this paper.

Asano has made an extensive study of the Z f E
isomerization of 1,2-diphenyl substituted imines, azo
compounds, and olefins (entries 275-371); the results
have played a decisive role in the elucidation of the
mechanisms involved.494,498,499,502 Initially, a hetero-
lytic cleavage of the carbon-nitrogen π bond followed
by a rotation of the remaining single bond had been
proposed for some N-alkylidineanilines on the basis
of substituent effects.606 However, it is now generally
agreed that the reaction is brought about by the
inversion of the nitrogen atom.607 When the alkyli-
dine group is an electron-withdrawing one such as
hexafluoroisopropylidine, the reaction is accelerated
by both electron-donating and -withdrawing substit-
uents on the aniline moiety. The accelerations by the
former groups were expected for the inversion mech-
anism because the electron attracting substituent
should promote the conjugation of the lone pair on
the nitrogen atom with the phenyl ring; however, the
acceleration by the latter type of substituent was
surprising, and invoked to suggest the intervention
of the rotation mechanism. If the reaction proceeds
via a highly polar rotational transition state, large
negative activation volumes should be observed as
in the push-pull substituted azobenzenes.608 The
activation volumes listed in entries 334-336 clearly
rule out the rotation mechanism. The small solvent
effects494,499 also support this conclusion. The situ-
ation is the same in (phenylimino)pyrazolones.494 On
the basis of these experimental results, an inversion
transition state was proposed in which the aniline
moiety is in conjugation with the C-N π bond;494,499

it was supported by ab initio calculations.498

Large positive activation volumes in the isomer-
ization of a stilbazolium betaine in aqueous solu-
tion502 demonstrates that this reaction proceeds by
rotation through the quinoid structure. The activa-
tion volume increases with temperature and with the
addition of methanol, as expected for a desolvation
process.

The small positive activation volumes for the
isomerization of azoalkanes leave some room for
uncertainty. They do not appear to rule out a radical

mechanism, but Neuman501 has concluded that the
reaction proceeds via nitrogen inversion. His conclu-
sion is based on a comparison of these values with
that of 1,2-bis(1-norbornyl)diazine609 (+6.1 cm3 mol-1

at 85 °C). The reaction volume was 11.5 cm3 mol-1

at 25 °C, and the volume increase in the activation
step could be attributed to the increase in the
freedom of motion of the bicyclic groups. However,
the temperatures (9-46 °C) were rather lower in
Neuman’s reactions and the stabilities of the alkyl
radicals are much higher than that of the 1-norbornyl
radical. In view of these differences, it is difficult to
exclude the possibility of the isomerization through
the diazenyl radical.

The photoreduction of benzophenone in alcohols
has been studied by Okamoto,503 who found negative
activation volumes for the hydrogen abstraction by
the triplet as might be expected for atom transfers.
In 2-octanol, a maximum was seen in the ln k vs P
plots, indicating that diffusion is beginning to be rate
limiting; this did not happen with solutions in the
lower alcohol homologues which are presumably less
viscous. Also, in 5-methyl-3-heptanol, such a maxi-
mum was seen at 15 °C but not at 40 °C; this, too,
hints at the onset of the influence of viscosity.
Tamura504 similarly studied the photoreduction of
benzoquinone and observed generally small pressure
effects, but in the presence of cetyltrimethylammo-
nium bromide micelles, a considerable (apparent)
acceleration was noticed. The authors also found
that benzoquinone steeply raises the critical micelle
concentration, and attributed the pressure effect to
that. Chan’s data on the photoreduction of fluorene
by acridine505,506 seem at variance with the other
observations on such reactions, but as noted earlier,
it is questionable whether rate data gathered in solid
crystalline media can be confidently interpreted in
terms of hydrostatic pressure effects (entries 398-
402).

In collaboration with Moss, the Turro group has
used laser flash photolysis technology to obtain the
absolute rates of capture of various carbenes by
olefins.507 The carbenes were formed from the cor-
responding diazirines. The results in entries 403-
410, with the activation volumes ranging from -10
to -18 cm3 mol-1, are consistent with early transition
states involving the formation of two bonds, although
intermediate complex formation is not ruled out.

The synthetic importance of the Diels-Alder reac-
tion and its remarkable acceleration by pressure have
led to much continued attention to this chemistry in
several laboratories (entries 411-492). Thus, Jenner
has reported508 several new cases in which R,â-
unsaturated esters and their analogues serve as the
dienophiles; they show activation volumes even more
negative than the reaction volumes. Secondary
orbital interactions continue as one attractive inter-
pretation of this phenomenon. Isaacs et al.509 have
found that the use of Lewis acids to catalyze the
cycloaddition of isoprene to N-phenylmaleimide leads
to more negative activation volumes; bonding be-
tween the acids and the dienophile is a reasonable
explanation for this observation. The same explana-
tion may also apply to the solvent effect reported by
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these authors.
Zhulin reports two Diels-Alder reactions with

activation volumes rather less negative than ex-
pected; he advances the unconventional view that
this is “due to a change in the dynamic properties of
the solvent, and not to the change of volume in the
formation of the activated complex”.510,511 However,
methylene chloride is not especially known for un-
usual solvent behavior at any pressure, and perhaps
other cycloadditions should be studied in this me-
dium before definite conclusions are reached.

The groups of Buback and Tietze have published
their results with many Diels-Alder pairs.512-518 The
data are generally in the range now expected for the
[4+2] cycloaddition of R,â-unsaturated ketones to
vinyl ethers, but two points are worth noting. First,
where both cis and trans stereoisomers are produced,
the former uniformly have the more compact transi-
tion states. This is consistent with our knowledge
of the smaller volume requirements of crowded
molecules. The other fact that stands out is that in
internal Diels-Alder reactions, with both diene and
dienophile part of the same molecule, the activation
volumes are reduced to substantially less negative
values. This is reasonable if one considers that such
substrates need not go through the process of creat-
ing an encounter complex.

The homofuran shown in entries 466 and 467 have
remarkably small negative activation volumes which
clearly indicate a different mechanism, and Klärner
has proposed519 that the reaction involves a prior
opening of the bicyclic structure to give the moder-
ately dipolar form shown:

A very important paper by Klärner526 in 1994
decisively broke new ground in the long-debated
question whether concerted pericyclic reactions are
more strongly accelerated by pressure than stepwise
analogues. He was able to mimick the activation and
reaction volumes for both types of process by means
of a Monte Carlo computer simulation based on a
hard-sphere model, and the excellent agreement
between observed and calculated volume changes
strongly reinforces the notion that they are indicative
of the basic mechanisms (entries 486-488). This
development is especially important because of the
doubts about the existence of truly concerted reac-
tions that have been expressed on many occasions
by Firestone. His misgivings have led him to ques-
tion the high-pressure argument, and to summarize
his analysis610 with the statement: “...the activation
and reaction volumes are not useful criteria of the
Diels-Alder mechanism.” The diradical reactions
depicted in entries 489-492 and their modest nega-
tive activation volumes are also clear demonstrations
of the power of the argument.

The cheletropic reactions of 2,3-dimethylbuta-1,3-
diene (entries 493-494) are clearly concerted.528,529

The formation of the dibromophenylphosphine ion-
pair adduct has the very large activation volume of

-60 cm3 mol-1; in that instance, the charge formation
leads to additional contraction.529 Just the opposite
feature may be the reason that the dipolar cycload-
ditions of benzyl azide (entries 495-502) are only
moderately accelerated by pressure530,531 although
these reactions are concerted by all other criteria; it
seems likely that the disappearance of formal charges
during reaction is responsible. From that point of
view, the reaction volumes would be informative in
these cases.

The photocycloaddition of singlet oxygen to furan
and to 1,3-diphenylisobenzofuran (entries 503-508)
is accelerated by pressure,532 which is unsurprising
in view of the two newly forming bonds. The solvent
effect was interpreted as indicative of a contribution
by the solvent viscosity. In the photo reaction of
singlet oxygen with tetramethylethylene (entries
509-514), both the large pressure-induced accelera-
tion of the rate and the solvent effect clearly hint at
a highly polar intermediate; a Foote perepoxide with
µ ) 3.4 D was proposed:533

Turro’s group has been able to measure467 the [2+2]
photocycloaddition by singlet adamantanone to fu-
maronitrile. The reaction is only barely affected by
pressure, and complicated by the pressure-enhanced
intersystem crossing; however, this had the benefit
of allowing the measurement of an activation volume
for the sensitized olefin isomerization. With some of
the steps dependent on the viscosity, and others
correlating only with the dielectric constant of the
medium, the interpretation is too complex for analy-
sis here, and the original paper should be consulted
(entry 515).

The cycloaddition of methyl propynoate to cyclo-
pentene with aluminum chloride catalysis (entry
516)534 reveals a volume decrease in the transition
state, which seems rather moderate for the proposed
zwitterionic intermediate. A diradical species could
be considered. From the point of view of that
possibility, it would be interesting to study the
stereochemistry of some open-chain olefins.

The several ene reactions studied at high pressure
(entries 518-524) are clearly of a concerted na-
ture536,537 except in the case of the azo compounds;
in that case, the much reduced contraction in the
transition state suggests that a diradical mechanism
is operating. Sigmatropic shifts (entries 525-535)
are subject to moderate pressure acceleration result-
ing from the assumption of a cyclic conformation; the
bond-making and -breaking parts should largely
cancel.520 A very nice confirmation comes from a
study of the 1,2-divinylcyclobutanes.535 The cis iso-
mer gives 1,5-cyclooctadiene at 70 °C with an activa-
tion volume of -14 cm3 mol-1; by contrast, the trans
isomer requires 160 °C before it finally reacts to give
a mixture of the cyclooctadiene, 4-vinylcyclohexene
and butadiene, the activation volume being about +5
cm3 mol-1 for all three processes. Sugiyama and
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Takeshita538 found that 1,9- and 1,5-sigmatropic
shifts are accelerated by pressure in comparable
ways; they also demonstrated that increased hin-
drance (as in entry 535) increases the contraction.
The hydrogen group transfer process539 shown in
entry 536 clearly requires the close approach of the
Decalin and anthracene molecules: ∆Vq ) -55 cm3

mol-1, in an interesting contrast with the results
shown in entries 537-543.540

Nishimura et al.541-543 have studied the conversion
of several zwitterions and the spiroforms depicted in
entries 544-560. Both the activation and reaction
volumes are positive, as might be expected when
neutralization of charge is part of the process.
Interestingly, the effect of neutralization is larger
than the contraction due to the new bond, but the
difference becomes smaller in more polar solvents,
as is expected on the basis of the Drude-Nernst
formalism: the more polar (and hence self-con-
stricted) solvents are least subject to electrostriction
by ionic charges. The decomposition of nitroso dimers
(entries 562 and 563) is retarded by pressure, as
should be expected from bond cleavage reactions; the
disappearance of the formal charges may also have
played a role.545,546

Neuman501 has contributed further insights into
the decomposition of azo compounds (entries 564-
569): it is now clear that while one bond breaks
initially, diffusion to separate radicals is a critical
part of the reaction. This causes the positive activa-
tion volumes to be larger than in the case of most
single bond scission processes; they contrast with
peroxide decomposition549 (entries 570-576; no re-
turn, early transition states).

Naud and Brower550 have conducted a courageous
investigation of the decomposition of various explo-
sives under pressure (entries 577-595). The activa-
tion volumes are positive in most cases, and the
authors postulate N-N bond cleavage as the rate-
controlling step; however, RDX and 6-nitro-1,2-dini-
troso-1,2,3,4-tetrahydroquinoxaline have negative
activation volumes. Both of these compounds can
aromatize by means of E1 elimination (of HNO2 and
HNO, respectively), and it may be presumed that
they do so. The same mechanism applies to cyclo-
hexyl nitrate. Elimination also drives the thermal
decomposition of 2-nitropropane and 2-methyl-2-
nitropropane.555 The decay of R radicals derived from
crystalline dicarboxylic acids is inhibited556 very
strongly by pressure, but again, the pressure in such
circumstances is at best approximately hydrostatic
(entries 596-601).

Solvolysis experiments by Itsuki558,559 and others
show mostly normal values understandable in terms
of Drude-Nernst theory, as explained in our earlier
reviews (entries 603-675). Thus, in ethanol, sub-
stantially more negative activation volumes are found
than in water, as expected from the less polar nature
of the alcohol; the tert-butyl chloride is more strongly
accelerated than the bromide because of the smaller
size of the chloride anion. The chloride depicted in
entry 614 has an activation volume much more
negative than that in entry 613; this was attrib-
uted561 to extended participation (bond formation)

and the preformation of the necessary bicyclic (more
crowded) conformation. Kyong’s experiments562 in
generating the 1-adamantyl cation show clearly that
at higher temperatures, ∆Vq becomes more negative
due to the more expanded state of the solvent. The
effect of solvent composition is more difficult to
account for, as aqueous organic solvents may adopt
different structures depending on the water content.
The radical ion pair separation processes shown in
entries 676-690 were studied by Turro.565 Pressure
was found to inhibit them. This is of course opposite
to what is normally expected and found for this type
of process. The authors favored the increase in
solvent viscosity as the explanation. If the charges
are more localized in the ion pair than in the separate
ions, that could also account for the pressure effect.

The Menschutkin reaction, long known for its
pressure sensitivity, continues to draw the attention
of the high-pressure kineticists (entries 691-754).
Yoh’s group has reported the reactions of variously
substituted pyridines in acetonitrile, over a range of
temperatures. These authors found that F steadily
decreases as the pressure is raised, and attributed
this fact to the increase in density of the solvent, and
hence, to decreased electrostriction (the opposite is
true for the phenacyl sulfonates).566-569 A comparison
with the known pressure effects on the corresponding
benzyl sulfonates led the authors to conclude that the
former have “more SN2 character” in the transition
state.

Entries 739-741 show that the same increase in
-∆Vq which results from steric hindrance also ob-
tains from the buttressing of that effect.572 Entries
742-747 describe the pressure effects for the reaction
of various pyridines with phenacyl halides;573 the
most noticeable effects are those of the use of chloride
as the leaving group versus that of bromide, and the
effect of a hindering o-methyl group. Brower’s find-
ing of a very modest pressure acceleration when the
substrate already carries a positive charge which
becomes delocalized in the transition state is also of
interest.575

Jenner576 has made a thorough study of the Michael
reaction at high pressures (entries 755-763). This
reaction resembles the Menschutkin chemistry in
that the formation of a new bond and a pair of
charges are both expected to contribute to contrac-
tion, and the results fully bear this out: values of
-∆Vq as large as 50 cm3 mol-1 or more are commonly
encountered. The conversion of esters into amides577

and the imidazole-catalyzed hydrolysis of phenyl
acetate esters578 are standard cases of the contraction
always seen in the formation of a tetrahedral inter-
mediate (entries 764-778). The former reaction has
acquired synthetic usefulness as it is often sluggish
under ambient conditions; the latter was found to
have a pressure response strongly dependent on the
presence and concentration of sodium bis(2-ethyl-
hexyl)sulfosuccinate micelles. Aggregation of these
micelles was postulated to account for this observa-
tion.

The reaction of aldehydes with allyltri-n-butylstan-
nanes (entries 781-785) has large negative activa-
tion volumes consistent with concerted cyclic tran-
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sition states as proposed by Isaacs239 and Yama-
moto.580 The metathesis reaction of iodine and tet-
ramethylstannane (entries 786-797) is strongly en-
hanced by pressure, and both the solvent and tem-
perature effects suggest that charge development
characterizes the transition state.581-583 The isomer-
ization shown in entries 798-805 is consistent with
the cleavage of two hydrogen bonds, although an
accounting of that sort is hazardous in view of the
extensive double-bond relocation that must accom-
pany the reaction.584

The reaction of palladium acetate with imines to
give the complex structures shown in entries 806-
835 all have negative activation volumes as might
be expected from the multiple-bond formations taking
place. The reactions of imines derived from anilines
are accelerated substantially more by pressure than
those of N-propyl- and N-benzylimines, which is
surely related to the more severe crowding in the
transition states.585 Entries 836-842 show reactions
of carbohydrate and their derivatives; most were
catalyzed by solids, and although the results show
intriguing variations, they can presently not be
confidently interpreted.

The acid-catalyzed, base-catalyzed, and uncata-
lyzed proton exchange processes of the NH proton in
N-methylacetamide (entries 843-845) furnish an
interesting example of the effects of charge and
charge delocalization on the volume profile.591 Simple
proton exchange between oxygen and nitrogen (acid
catalysis) is essentially unaffected by pressure; base
catalysis is retarded because the charge, concentrated
in hydroxide, becomes delocalized in the amide anion,
and in the “uncatalyzed” reaction (catalyzed by
water), charge and bond formation accelerate the
process. These results are important in that depar-
tures from these values observed in peptides and
proteins may furnish information about the physical
state of these macromolecules in aqueous solution.

The adenosine phosphate hydrolyses431 (entries
846-847, already commented on in the section on
biological reactions) are further examples of evidence
that metaphosphate is not an intermediate in these
reactions.1 The activation volume of the triazine
decomposition in chloroform592 as depicted in entry
848 is surely the result of a proton transfer to N-1 to
give an ion pair, followed bysor perhaps concerted
withsmethyl transfer to oxygen. The importance of
the charges becomes clear from the much-reduced
value of ∆Vq in acetonitrile (entry 849); the further
decomposition of the resulting intermediate to give
nitrogen follows in rapid subsequent steps.

The reactions of entries 850 and 851 resemble the
Kornblum oxidation of primary halides to aldehydes
by dimethyl sulfoxide.593 In that process, sulfur
alkylation occurs in the first step, and that is likely
to be the case here, as may be deduced from the
substantial negative activation volume and its de-
pendence on the solvent. The very large positive
value seen in the fragmentation taking place in entry
852 is surely a reflection of the multiple-bond cleav-
ages,594 although the precise sequence of events in
this reaction cannot be deduced from this experiment
alone. The ionization of the resorcinol monoanion to

the dianion (entry 853) is expected to be strongly
promoted by pressure in view of the concomitant
concentration of charge, and this is indeed ob-
served.595

C. Comments on Table 3

The difference in activation volume between mul-
tiple products in the same reaction is simply the
difference in partial molar volume of the two transi-
tion states. This difference will often simply reflect
or resemble the difference in partial molar volume
of the products themselves. Thus, the smaller vol-
ume will often be that which leads to the more
crowded products. For example, in the third entry,
the partial molar volume of the less crowded trans
adduct is probably larger by several cm3 mol-1 than
the cis epimer, and this volume difference is fore-
shadowed by V2

q - V1
q which has a value of +5.5 cm3

mol-1 (it will be understood that differences in initial
state must be taken into account when the reactions
are not competing but simultaneous, as in entries 13
and 14).

Occasionally, significant information can be derived
from such results. In the case of the 1,4-dicyanon-
aphthalene-sensitized photo-Diels-Alder reaction of
1,3-cyclohexadiene (entry 7), the identity of the
smaller of the endo and exo transition states depends
on the solvent: a clear indication that the mecha-
nisms in the two solvents are different. The au-
thors612 postulate the occurrence of different types
of ion pairs in the two solvents. In the case of the
two products from 1,3,8-nonatriene (entry 10), the
Diels-Alder transition state is smaller than the
activated complex of the 1,5-sigmatropic shift; this
is surely related at least in part to the larger
parachor of the two extra double bonds in the triene
product.

D. Comments on Table 4

It has become a fairly routine practice among high-
pressure kineticists to measure not only volumes of
activation but the reaction volumes as well, so that
the complete volume profile of the reaction can be
drawn; in fact, the individual partial molar volumes
of the components are known in many cases. In
Table 4, the pressure range and number of measure-
ments are not always recorded as several methods
are in use to determine the reaction volume, and not
all of them employ pressure. A number of reaction
volumes measured as a secondary goal were reported
in Table 2; they require no further comment here.
This section is devoted to instances in which the
reaction volume was the primary objective, or where
new methods were used to determine it.

Conway has used the buoyancy-balance method
to determine the partial volumes of several organic
bases and their conjugate acids in water;620 the
resulting ionization volumes are shown in entries
1-16. The electrostriction effect and its increase
upon a second protonation are evident. Somsen621

has reported the partial volumes of nine polybasic
acids in water; some of the results differ substantially
from data shown in earlier literature.

2258 Chemical Reviews, 1998, Vol. 98, No. 6 Drljaca et al.



Table 3. Activation Volume Differences of Organic Reactions

Activation and Reaction Volumes in Solution Chemical Reviews, 1998, Vol. 98, No. 6 2259



Table 3. (Continued)

2260 Chemical Reviews, 1998, Vol. 98, No. 6 Drljaca et al.



Table 3. Activation Volume Differences of Organic Reactions

Activation and Reaction Volumes in Solution Chemical Reviews, 1998, Vol. 98, No. 6 2261



The application of photothermal and photoacoustic
methods48,51 has made possible the study of volume
profiles difficult to obtain with other techniques. For
instance, the E f Z photoisomerizations of 3,3′-
diethyloxadicarbocyanine iodide (entry 26) and the
monocarbo analogue (entry 27) have reaction volumes
of -29 and ∼0 cm3 mol-1, respectively; if it is
assumed that these changes are due to solvation
changes, the structures of the products shown can
be deduced from the dipole moments calculated for
them53 (see also entries 271-274 of Table 2).

Entries 28-33 resulted from measurements of
reaction volumes by means of photoacoustic calorim-
etry. Two of these values (entries 28 and 32) seem
improbably high; the authors ascribed them to the
fact that the starting materials have substantially
larger dipole moments than the products, and hence
would interact more strongly with the solvents.622

Subsequent measurements for diphenylcycloprope-
none have averaged at about +24 cm3 mol-1; the
reasons for the discrepancy have been discussed by
Schmidt.624 An Italian group626 has measured the
reaction volume of the photorearrangement of o-
nitrobenzaldehyde to nitrosobenzoate in water as a
function of pH; the sign change was attributed to the
neutralization of the proton released in the process.
Zimmt627 found the reaction volume for the genera-
tion of excited singlet tetraphenylethylene to be large
and negative, and attributed that result to the
strongly dipolar character of this state, with a dipole
moment of about 6 D. The relaxation of the zwitte-
rion resulting from the photoexcitation shown in
entry 38 in alkanes is characterized by an expansion
of 14 cm3 mol-1.628 Similar effects were seen by
Braslavsky and co-workers56,58 (entries 37 and 39-
41).

The conformational equilibrium for 1,1,2-trichlo-
roethane has been studied by Yamada and Sera,629

who found the more crowded gauche conformer to be
favored by high pressure. Tamura630 has been able
to deduce the ionization volumes of a number of
highly deactivated anilines, in a study of the Ham-
mett acidity function at high pressure. The trend in
the data shows that the effect of the deactivating

groups is to diminish charge delocalization. The 1,7-
prototropic shift depicted in entries 50-62 was at-
tributed by Nishimura et al.631 to the greater ability
of the naphthoquinone form to engage the solvent in
H bonding, a finding which is in accord also with the
more negative values found in the water content of
the solvent was raised. The intramolecular hydrogen
bonds shown632 to form as in entries 63-69 are about
the same as those characterizing external H bonds
such as those observed by Schulman633 (entry 70) for
neat methanol at eight temperatures from 5 to 119
°C: 3 cm3 mol-1 of H bonds. The equilibrium
between the lactone and zwitterionic froms of rhod-
amine B in primary alcohol solvents shifts toward
the latter under high pressure,634 the more so the less
polar the alcohol; these effects are commonly ex-
pected and observed. The negative reaction volumes
are rather small, presumably because of the delocal-
ized nature of the charges (which is responsible for
the ring opening in the first place). The difference
in ∆V between the apparently similar reactions
shown in entries 75 and 76 is due to the fact that
the latter is intramolecularsthe association of two
molecules accounts for the major part of the contrac-
tion as noted by the authors.635

The dimerization of nitrosobenzenes causes much
larger contractions, since the dimers have local
charges associated with the oxygen and nitrogen
atoms.636 The small volume diminutions usually
noted for charge-transfer complexation were shown
by Kim637 to be somewhat temperature-dependent:
the complexes may possibly be somewhat looser at
the higher temperatures. The association process of
pyridinium iodides amounts to a net neutralization,
so that the reaction volumes are positive in that
case.638 The negative reaction volumes for the pro-
cess shown in entries 102-111 seem very large for
simple H bondsand/or charge-transfer complex for-
mation; they appear to be more characteristic of ion-
pair formation, as the authors639 suggested for the
reactions of the quinone with proton sponge (entries
112-115). In fact, amine interactions with hydro-
galvinoxyl have reaction volumes so large that free

Table 3. (Continued)

a Calculated by one of the authors (T.A.). b In the presence of AlCl3. For other reactions, see the original. c In the presence of
ZrCl4. For other reactions, see the original. d Both the enantiomer excess and the chemical yield increase with increasing pressure.
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ions seem likely to be formed; ion association would
be highly hindered.640

Letcher and Kay641 have reported an extensive set
of volume data on the complexation of alkali halide
salts with crown ethers and cryptands in various
solvents. In most instances, simple trends can be
discerned and understood. Thus, most of the reaction
volumes are positive, which is the result of the
desolvation of the cations which is necessary before
binding can take place. For this reason, the expan-
sion is generally least for the heavier alkali metals.
In dimethyl sulfoxide, complexation does not offer
much advantage over solvation, and it probably does
not occur. It also appears that the cesium cation is
too large to form a complex with 15-crown-5, but the
negative value in acetonitrile suggests that it may
bind two crown molecules; on the other hand, it is
not obvious why the values for sodium and potassium
iodides with dicyclohexyl-18-crown-6 in dimethyl
sulfoxide should be negative while that for cesium
iodide is positive. Yamada and Sera642 made a high-
pressure NMR study of the interaction of tert-butyl-
ammonium perchlorate with 1,3-xylyl-18-crown-5 in
methanol; they interpret the negative value of the
reaction volume as indicative of a cation strongly
hydrogen-bonded to three oxygen atoms at one face
of the crown. High-pressure ESR was used by
Sueishi et al.643 to evaluate the inclusion of di-tert-
butyl nitroxide in â-cyclodextrin; they find that water
can be packed in the cavity more efficiently than the
solute.

There are a few cases in which the reaction volume
was measured in supercritical media. Nakahara644

found that in carbon dioxide, a normal value of -33
cm3 mol-1 applies to the dimerization of 2-methyl-2-
nitrosopropane at high pressure, but this changes to
about +1000 cm3 mol-1 near the critical density.
Smith645 studied the association of methanol and

found negative values for the volume change per H
bond far larger than normal if the medium is super-
critical carbon dioxide or ethane. Similarly, large
contractions were reported for the isomerization of
2-hydroxypyridine in supercritical propane and 1,1-
difluoroethane, in an excellent paper by Johnston.646

This phenomenon is further discussed below.
This section may close with a few related observa-

tions in micellar phenomena, not all of which resulted
in volume measurements but which are certainly of
interest. The association of ions of like charge
increases electrostriction and that of ions of opposite
charge diminishes it; hence it is not obvious what the
volume consequence of micellization will be. Positive
values of 5-10 cm3 mol-1 are in fact found for
alkanesulfonate, alkanoate, and ammonium salts.647

In a number of instances,648-650 the critical micelle
concentration reached a maximum at a pressure of
100 to 130 MPa. Papers by Sugihara651 and Ya-
manaka652 should also be consulted. Additional
observations of interest to high-pressure afficionada’s
have been reported on conformational equilibria in
proteins,653 on electrochemistry,654 and on polymer-
ization at constant volume.655

E. Other Pressure Effects
In this section we discuss several projects that have

produced information on molar volumes, volume
changes, and volume differences but which for one
reason or another were not readily incorporated in
Tables 2-4.

The commercialization of extraction by means of
supercritical carbon dioxide has sparked a great deal
of interest in chemistry in such media. Knowledge
of the volume behavior of stable solutes under such
conditions will obviously be important in understand-
ing the variation of rates in such media. Eckert655

Table 4. (Continued)
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has developed a new and precise protocol to measure
partial molar volumes of solutes in the critical region;
data were provided for naphthalene, carbon tetra-
bromide, and camphor in carbon dioxide and ethyl-
ene. His results show extreme variability in the
partial volume of solutes; values of many liters per
mole are observed near the critical point of the
solvent. Thus, one may expect that under these
conditions, activation and reaction volumes will be
large and difficult to interpret: the lion’s share of
these volume differences will be due to solution
compressibilities, and not to changes in bonding.
Measurements of the complete volume profiles will
be helpful in understanding the results. While
several authors have reported activation volumes in
supercritical solvents, it should be noted that they
cannot be directly compared with the ∆Vq values
discussed earlier because they cannot be extrapolated
to zero pressure.

Several Diels-Alder reactions have been studied
in supercritical media. Paulitis656 studied the cy-
cloaddition of maleic anhydride and isoprene in
carbon dioxide, and found that the activation volume
resembles that in the liquid phase at pressures of ca.
10 MPa, but drops steeply to far more negative values
near the critical pressure of 72.8 atm. Ikushima et
al.657 reported work on the same reaction, with
methyl acrylate as the dienophile; these workers also
found a deep minimum in ∆Vq, of 750 cm3 mol-1 at
7.5 MPa. As important, the product distribution was
also strongly affected; the ratio of 4- to 5-car-
bomethoxy-1-methylcyclohexene, which is about 200
at atmospheric pressure, is reduced to 0.6 at the
critical pressure and then returns to about 7 at 20
MPa. Similar findings were reported by Tester;658

in contrast, Isaacs659 found no unusual behavior for
the reaction of quinine with cyclopentadiene.

In other reactions, Johnston660 reported the uni-
molecular decomposition of R-chlorobenzyl methyl
ether in 1,1-difluoroethane; this is an example of a
more polar reaction. In this case also, a deep
minimum is seen at the critical pressure. Extreme
variations are also seen in the data on cyclohexane
oxidation gathered by Mukhopadhyay;661 very large
positive activation volumes were encountered by
Klein662 in the pyrolysis of benzyl phenyl ether and
dibenzyl ether, as well as extreme negative values
for the hydrolysis of dibenzyl ether, phenethyl phenyl
ether, and guaiacol. The effect of using supercritical
fluoroform as a medium on the enantioselectivity of
protease enzymes has been reported by Russell.663

The acid-catalyzed elimination of water from 1-pro-
panol at 375 °C also shows large variations in ∆Vq

near water’s critical point,664 falling from 1200 cm3

mol-1 to 70 at much higher pressures. A very recent
study of electron attachment to NO in supercritical
ethane indicates that activation volumes for this
reaction approach -30 dm3 mol-1 near critical condi-
tions.665

What the available data seem to say is that the
extreme behavior occurs near the critical point, and
returns to more normal at temperatures well above
the critical. Thus, Brower has reported the thermal
decomposition of simple nitro compounds at temper-

atures and pressures well beyond the critical values,
and conventional interpretations suffice. The reac-
tion of nitromethane666 was found to have an activa-
tion volume of -85 cm3 mol-1 throughout the pres-
sure range of 25-125 MPa, in accord with a simple
polar mechanism. Nitrobenzene667 reacts in benzene
by hydrogen abstraction, as was deduced from the
main product (fully deuterated biphenyl if hexadeu-
teriobenzene was used) and from the activation
volume of -46 cm3 mol-1. Several other aromatic
nitro compounds react analogously; when the nitro
group is ortho to a methyl group, intramolecular
abstraction also occurs.

Supercritical conditions have also been employed
in the realm of fast reactions. Johnston has re-
ported668 modest changes in the product ratios in the
photodimerization of isophorone (three dimers form)
at high pressures of carbon dioxide and fluoroform.
Randolph669 has studied the spin exchange of the di-
tert-butyl nitroxide radical in ethane; at 35 °C and 4
MPa, the activation volume reaches a maximum of
7500 cm3 mol-1. Eckert670 has measured the activa-
tion volume of formation of the exciplex of naphtha-
lene with triethylamine in carbon dioxide; he finds
that -∆Vq has a maximum of 14 000 cm3 mol-1 at 8
MPa. A much reduced maximum (2500 cm3 mol-1)
is observed at 50 °C. A similar extremum was
observed by Brennecke and Chateauneuf671 in the
photoreduction of triplet benzophenone by 2-propanol
in carbon dioxide near its critical point; the same
behavior is seen with ethane and fluoroform media.672

When pulse radiolysis is used to generate benzhydryl
cation, its capture by tetramethylethylene or triethyl-
amine in fluoroform and ethane is again subject to
large rate effects near the critical points.673

True has reported the activation volumes for
several inversion processes by means of a method
resembling a protocol developed by one of the present
authors:674 measurement of the rate constant of a
nonpolar unimolecular process both in the gas phase
and in solution can be used to calculate ∆Vq without
the need for high-pressure experiments. It is as-
sumed that the reactant molecules in the solution are
subject to a pressure equal to the internal pressure
Pi of the solvent; this quantity can be calculated from
the compressibility and the coefficient of thermal
expansion. True675 measured the rate of inversion
of 1,3,5-trimethylhexahydro-1,3,5-triazine in the gas
phase from 1H NMR line-shape changes as a function
of the pressure of added sulfur hexafluoride, and
calculated an activation volume of +1 cm3 mol-1 by
comparing it with the rate in deuteriochloroform; this
solvent was assumed to have an internal pressure of
500 MPa. The positive value was attributed to the
need for nitrogen inversion to accompany the con-
formation change of the ring. Similar experiments
with cyclohexane,676 tetrahydropyran,677 cyclohexyl
fluoride,678 N,N-dimethylpiperazine,679 and N-meth-
ylmorpholine680 were also reported (-4, -5, -8, +4,
and -9 cm3 mol-1, respectively). If these results can
be confirmed by direct high-pressure measurements,
this would greatly strengthen confidence in the
methodology. A somewhat related experiment has
been reported by Kiselev and Konovalov.681 These
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authors measured the rate of the Diels-Alder cy-
cloaddition in a number of solvents including lithium
perchlorate solutions in diethyl ether, calculated a
∆Vq value on the basis of the alleged internal pres-
sures of these media, and compared it with the value
derived from high-pressure measurements in aceto-
nitrile. The results were -22 and -18 cm3 mol-1,
respectively. Although the agreement seems impres-
sive, some reservation is in order in this case. Both
values are suspiciously low; it is furthermore doubtful
that the method can be applied to reactions involving
electrolytes at any stage or in any role. Dailey’s
contention682 that the role of the lithium salt is not
to augment the internal pressure of the medium683

but to serve as a Lewis acid catalyst (not mentioned
by the authors) has not been refuted.

F. Viscosity Dependence of Reaction Rates

The results of most of the reactions portrayed in
Tables 2-4 can be discussed adequately in terms of
TST, which assumes that equilibrium prevails be-
tween the initial state and the activated complex.
However, especially the advent of means to study
low-barrier reactions and reactions in slowly relaxing
media has emphasized the need for alternative
theories in which this assumption is avoided. This
section is devoted to that need.

a. Description of Medium Effects in Terms of Stochastic
Dynamics

Recent developments in the theory of chemical
reactions are strongly focused on elementary pro-
cesses proceeding in condensed phases; they include
studies of solvation effects on chemical kinetics as
an essential ingredient. The emphasis is on possible
deviations of observed kinetics from predictions based
on traditional TST. It is now conventional to discuss
dynamic solvent effects in terms of friction created
by the solute environment. The simplest dynamical
equations containing friction forces are (GRF )
Gaussian random force)

Dynamical variables (coordinates) x and y are associ-
ated with a reactive chemical system (reaction coor-
dinate x) and collective medium motion (medium
mode y); the dots represent time derivatives (x̆ ) dx/
dt, etc.). The acceleration term with ÿ is disregarded
in second eq 3. Potentials governing dynamic be-
havior are U(x), U(y) (one-dimensional), and U(x,y)
(two-dimensional). In the context of condensed phase
kinetics, they are referred to as free energy profiles
or surfaces. Stochastic elements are brought in eqs
1-3 by GRFs together with dissipative terms pro-
portional to velocities x̆ or y̆. Equations 1 and 2 differ
by their dissipative terms; in eq 1 this term contains
an integral of x̆(t). At any given instant t, the
dynamics of the system x is governed by its evolution
over the preceding time interval (0,t). Equation 1 is,
therefore, often referred to as a stochastic equation
with memory, and the corresponding integral kernel
ê(t - τ) as the memory kernel. Equation 2 is a special
case of eq 1 with kernel ê(t - τ) ) γδ(t - τ) where δ(t
- τ) means Dirac delta function. It does not involve
memory effects. The number γ is called the friction
constant.

For chemically reactive systems the free energy
surfaces represent a pair of spatially resolved regions
(reactants and products) separated by an energy
barrier. They are usually treated as double-well
functions. Equation 2 with a double-well potential
is called Kramers equation. Equation 3 is more
general than eq 4 and can be reduced to it when time
scales associated with chemical (τx) and medium (τy)
variables obey the inequality:

i.e., it applies when the chemical variable is “fast”
and the medium variable is “slow”. In this extreme
case, slow medium motion determines the total
kinetics; eq 4 is formulated for the probability
distribution function F(y,t) and describes its time
evolution. The diffusion term describes spatial dif-
fusion with the diffusion constant D. The sink term
is a sink representing the escape of “particles” y due
to a chemical reaction; ν(y) is an y-dependent rate
constant usually taken in Arrhenius form

with a y-dependent activation energy V(y). This
reaction is associated with an activated process
proceeding along fast chemical coordinate x. The
diffusion coefficient D in eq 4 and the friction
constant γ in eq 3 are connected by the Einstein
relation:

Agmon-Hopfield equation

∂F
∂t

) diffusion term - sink term

diffusion term ) D∂
2F

∂y2
+ D

kBT
∂

∂y(F∂U(y)
∂y ) (4)

sink term ) ν(y)F

τy/τx . 1 (5)

ν(y) ) ν0 exp(- V(y)
kBT) (6)

one-dimensional generalized Langevin equation

mẍ + ∫0
t
ê(t - τ)x̆(t) dτ + ∂U

∂x
) GRF (1)

Langevin or Kramers equation

mẍ + γx̆ +
∂U(x)

∂x
) GRF (2)

the simplest two-dimensional stochastic
dynamical equation without memory effects

mẍ +
∂U(x,y)

∂x
) 0

γy̆ +
∂U(x,y)

∂y
) GRF (3)
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The usually approximate but important methodolo-
gies developed to extract kinetic information from eqs
1-4 are generally presented either in the form of
explicit expressions or as calculational algorithms for
rate constants. A brief overview and additional
information on eqs 1-4 are given in the Appendix.

b. Relation to Measurements of Pressure
A peculiarity of stochastic dynamics is the presence

of dissipative terms (the second terms of eqs 1 and 2
and second eq 3) and random forces. The energy of
a dynamical system is not conserved due to these
terms which implies an energy exchange with the
environment. In eq 4, a counterpart of these non-
Newtonian forces is diffusion motion governed by the
diffusion term. The corresponding dissipative coef-
ficients such as ê, γ, and D are closely related to the
shear viscosity η of the medium; for instance, when
x represents the motion of spherical particles of
radius a, the friction coefficient of eq 2 is given by
the Stokes formula

Further examples are discussed in section 3.F.f.i.
Studies of the dependence of reaction rate on

viscosity provide important information on dynamical
medium effects in chemical reactions.

A straightforward way to do a viscosity-dependent
kinetic experiment is to perform it in a series of
solvents of varying viscosity; many experiments of
this sort have been reported. The approach has two
significant disadvantages: the viscosity range varia-
tion is usually limited to 1 order of magnitude, and
static solvent effects may change such important
kinetic parameter as the activation energy. Reaction
free energy surfaces are normally solvent-dependent
which gives rise to static effects and hinders the
separation of dynamic effects from experimental data.

The alternative approach to tune viscosity changes
by means of pressure variations with the same
solvent has proved to be extremely successful. By
this means, viscosity variations of several orders of
magnitude have become available. Of course, the
problem of pressure dependence of free energy sur-
face is inherent in this approach; its treatment is
discussed below.

c. E/Z and Z/E Isomerizations in Solution
We shall exemplify the experimental studies of the

viscosity dependence of reaction rates with Z/E
rearrangements of olefins, imines, and azo com-
pounds:

where A and B are usually aromatic rings such as in
stilbene; such isomerizations can, in principle, pro-
ceed both in ground (S0) and singlet-excited (S1)

states. They may involve elementary steps specified
by the scheme of energy levels shown in Figure 22.

The twist angle Ô associated with the internal
rotation is the essential variable describing the
evolution along the reaction coordinate for CdC and
NdN bridges. Ground-state reactions with CdN
bridges are a special case for which an inversion
mechanism at the nitrogen center496-498 causes the
electronic structure of the TS to be quite different.

The photoinduced reaction, schematically shown in
Figure 22, proceeds as follows. A stable E molecule
on the S0 free energy surface is photoexcited to the
S1 surface from which, surmounting a small potential
barrier in configuration I, it drops to the intermediate
state II, the twisted configuration at the minimum
of S1. It makes a transition to the top of the S0
surface; about half of its population relaxes along the
S0 surface to the Z form and half relaxes to the
original E form. In the overall process, surmounting
the potential barrier on the S1 surface, is rate
limiting; the corresponding rate constant is k1. Then,
measuring the rise of population in the Z form, this
rate constant can be determined. The Z form is
metastable on S0 surface; hence it is gradually
transformed back to the E form after surmounting
the potential barrier with rate constant k2. By
varying experimental conditions, the excited- and
ground-state reaction kinetics can be measured.

Another important reaction is the twisted intramo-
lecular charge transfer (TICT) which also proceeds
in both excited and ground states. Only the photo-
reaction has been systematically examined in many
solvents. A typical example is the process684

The planar reactant molecule in its S1 state un-
dergoes an isomerization into a twisted configuration
corresponding to point II in Figure 22. This change
is accompanied by a strong change in intramolecular
polarization. The evolution which follows is that

D )
kBT

γ
(7)

γ ) 6πaη (8)

Figure 22. Two-level kinetic scheme representing the
photocycle of E/Z (S1) and Z/E (S0) isomerizations, eq 9.
Rotation angle Φ is a measure of a reaction coordinate.
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described for reaction 9. The viscosity dependence
of k1 has been measured by several research
groups,490,491,684-689 some of them using high-pressure
experiments.490,491,688,689

d. Organization of the Tables
Summaries of experimental data concerned with

reactions 9 and 10 are listed in Tables 5-7. Pres-
sure-dependent experiments and those with the
solvent variation are treated separately. We empha-
size ranges within which pressure, viscosity, and rate
constants were varied. Reliable theoretical conclu-
sions are possible only when these ranges are wide
enough. Rate constants k in Table 5 correspond
either to k1 or to k′1 in Figure 22. For ground-state
reactions (Table 6) k corresponds to k2. The viscosity
and rate constant ranges in several cases were
estimated from the figures given in the original
works. Observed activation energies Ea embody a
rough measure of the height of reaction barrier for
the corresponding elementary process.

In Table 7, we list values of viscosity coefficients â
(see eq 12 below) experimentally estimated for both
E/Z photoreaction and TICT (10). They have mainly
been obtained by experiments performed at ambient

pressure with various solvents. A great variety of
solvents was studied. The TICT experiments with
varying pressure are also included (see footnote c).
Usually accurate separation of static effects (see
section 3.F.e) was not made for entries in Table 7.

e. Static Effects in Isomerization Reactions

Static medium effects are interpreted as changes
of the reaction free energy surface by the solute
environment. Essential among them are changes of
heights of free energy barriers, i.e., of classical
activation energies. When a solute charge distribu-
tion changes in the course of a reaction they become
obvious. This effect is known for excited-state isomer-
izations. Even in hydrocarbon reactants, such as (E)-
stilbene, the S1 twisted configuration II (the mini-
mum on S1 curve, Figure 22) is strongly polarized in
a narrow range of twisting angle Ô near 90°; this
effect has been called “sudden polarization”.711-715

Although its early estimates seem to be exaggerated,
quantum-chemical studies of model systems714-724

and experiment725 support significant charge separa-
tion in excited configuration II. No such estimates
are available for TS configurations of photoreactions

Table 5. Experimental Data for E f Z Reaction 9 in the Excited S1 State

reaction, no. solventa T, K

pressure
range

(P, MPa)

viscosity
range

(η, mPa s)

rate constant
range

(k, 109 s-1)
Ea,

kJ mol-1 â ref(s)

n-CkH2k+2 (l)
k ) 2-4 295-303 1-600 (38-152) × 10-3 31-5 7.5 690-692

C2H6 (sc) 306-433 3-430 (10-130) × 10-3 86-13 ∼0.5 692
C3H8 (sc) 384 22-400 (70-430) × 10-3 54-29 692
CO2 (sc) 297, 335 7-500 (35-420) × 10-3 65-11 7-8 692
SF6 (sc) 298-330 6-140 (75-180) × 10-3 61-13 692
Xe (sc) 298 10-160 (100-150) × 10-3 48-30 692
CHF3 (sc) 330 110-310 68-56 692
n-CkH2k+1OH

k ) 1, 2 298 0.1-595 0.57-42.7 23-2.3 depends on
viscosity

693, 694

k ) 3, 4 298-445 15-60 0.3-0.5 693, 694
C2H6 (g, sc) 306-4212 3-290 (13-85) × 10-3 50-3.5 695
C3H8 (g, sc) 393 13-450 (52-420) × 10-3 20-7 695
n-C4H10 (g, sc) 407 0.34 10 × 10-3 40 695
CO2 (g, sc) 332-384 5-380 (19-38) × 10-3 50-19 695
SF6 (g, sc) 364-388 3.3 30 695
n-CkH2k+2

(l), k ) 2-4
298 0.24-620 (39-1300) × 10-3 60-5 10-11 1 695, 696

n-CkH2k+2,
k ) 5-12

298 0.1-547 0.23-11.4 1.54-0.18 696

n-CkH2k+1OH,
k ) 1-5

298 0.1-675 0.57-159 26.5-0.5 0.99-1.03 693

n-CkH2k+2,
k ) 5, 6, 8, 9

295, 390 0.1-385 0.23-7.9 (3-0.3) × 103 negligible 1 697, 698

MeOH 295 0.1-320 0.57-1.38 (0.8-2) × 103 697
MeCN 295 0.1-315 0.37-0.93 (1.2-2.8) × 103 697
PMMA 295 0.1 697

(polymethyl
methacrylate)

C2H6, CO2 (sc) 323 6-12 0.02-0.045 489
n-CkH2k+2,

k ) 5, 6, 8, 10
303 0.1-500 0.2-7.2 0.2-0.11 0.4 489b

n-CkH2k+2,
k ) 5-12

303 0.1-490 0.2-8.8 2-0.3 699

15.5 0.23 700

a Notation: gas phase (g), liquid phase (l), supercritical fluid (sc).
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(point I in Figure 22) but some polarization at this
TS point for (E)-stilbene and 1,4-diphenylbutadiene
(DPB) is confirmed implicitly by a significiant lower-
ing of activation barriers in polar alcohols as com-
pared to hydrocarbon solvents (see Table 5).693,694,726-728

Solvent effects on the potential barrier have been also
assumed for (E)-stilbene in hydrocarbon sol-
vents,690-692,729-732 where polar effect is not expected.
The barrier height varied linearly with the solvent
density. The origin of this effect may be due to
changes of cavitation733-735 and dispersion energies.

For ground-state isomerizations with much larger
barriers, polarization effects are usually less signifi-
cant unless polar substituents are present and a
reaction proceeds in a polar solvent; lowering of the
energy barrier is especially important when the
electronic push-pull mechanism is promoted by a
pair of substituents, one of which is an electron donor
and the other is an electron acceptor. This mecha-
nism is efficient for compounds with NdN double
bond bridges; compounds such as 4-(dimethylamino)-
4′-nitroazobenzene (DNAB) and 4-(dimethylamino)-
2′-methoxy-4′-nitroazobenzene (DMNAB) (see Table
6) provide a typical example.495b,496,736,737 However,
the polar effect seems to be absent in the case of Cd
N bridges where the reactive motion changes from
an internal rotation to inversion at the nitrogen
center.

Variations in rate due to static solvent effects can
be comparable in magnitude with or even larger than
purely dynamical effects. A basic difficulty in the
interpretation of viscosity dependencies in a series

of solvents is a necessity of an accurate appraisal of
these changes.

Static effects can also be present in the case of a
compressed single solvent. Thus, in ground-state
reactions, large negative activation volumes are
typical for push-pull substituted azobenzenes.495b,496

Provided that polar effects are neglibible, however,
static effects of pressure are expected to be small. In
this case a simple mechanical model of activation
volumes attributes effects of pressure to changes in
the size of the cavity corresponding to the excluded
volume of a solute. In an isomerization reaction, a
solute mainly changes the shape of its cavity, rather
than the size. This is in contrast to the drastic cavity
changes in bond-forming reactions such as the Diels-
Alder reaction.738,739 The small observed activation
volumes (<1-2 cm3 mol-1) observed for many isomer-
izations confirm this point of view.

Finally, a comment must be made about a connec-
tion of observed Arrhenius activation energies Ea and
heights of the corresponding free energy barriers. A
direct identification is invalid because of many
reasons. Among them, in viscosity-dependent ex-
periments, there is a viscosity contribution to Ea. This
correction (of order of several kilojoules per mole) can
change the estimated barrier height. The effect is
important especially for low barrier photoisomeriza-
tions.691,694,726,732,740 It is often eliminated by the use
of isoviscosity activation energies; the barrier height
appears to be constant in the isoviscosity Arrhenius
plots throughout the homologous series. Unfortu-
nately, this separation is not always reliable.692,731,732

Table 6. Experimental Data for Z f E Reaction 9 in the Ground S0 State

compounda

(X and substituents
in the second ring

are indicated) solventb T, °C

pressure
range

(P, MPa)

viscosity
range

(log η, Pa s)

rate constant
rangec (k, s-1) at

lowest
temperature

Ea,
kJ mol-1

(at 0.1 MPa) â ref(s)

1. X ) N, 4-NO2 EtOH 5 0.1-800 -2.9-(-1.3) 8.5-144 49.7 495b
DNAB AcOMe 5-40 0.1-600 no data 0.1-1.5 48.6 unpublished

GTA 5-40 0.1-800 1-7 0.32 (1.35) 0.10 49.5 0.59-0.74 496
MPD -5 to 35 0.1-600 1-7 1.7 (4.35) 1.1 50.3 0.28-0.42 497

2. X ) N, 2-MeO, 4-NO2 GTA 5-35 0.1-600 1-6 0.09 (0.50) 0.04 50.8 0.51-0.56 496
DMNAB MPD -5 to 35 0.1-600 1-7 0.69 (1.86) 0.45 50.2 0.28-0.31

3. X ) CH, 4-NO2 GTA 5-25 0.1-540 1-4 219-45.9 53.5 0.66 496
DBNA MPD -10 to 10 0.1-480 1-6 64.8-17.0 53.5 0.53 497

DCMP -5 to 20 0.1-420 1-8 2.6-0.6 54.6 0.52 495
4. X ) CH, 4-Br GTA 5-25 0.1-600 1-6 0.37-0.097 71.3 0.73 496

DBBA MPD -5 to 10 0.1-600 1-7 0.055-0.018 72.9 0.67 497
DCMP 0-20 0.1-510 1-9 0.43-0.03 67.2 0.66 495

5. X ) CH, 4-COOEt GTA 5-25 0.1-570 1-5 10.5-2.12 62.6 0.68 496
DBEA MPD -5 to 15 0.1-540 1-5 3.45-1.4 62.3 0.61 497

DCMP 0-20 0.1-420 2-7 7.44-3.32 58.6 0.56 495
6. X ) CH, 4-NMe2 GTA 20-35 0.1-600 1-5 0.069-0.024 75.4 0.22-0.35 496

DBDA
GTA -10 to 10 0.1-400 -1 to 6 941 (1270) 4.7 27.2 0.60-0.54 497

a Compounds of the general structure: b Glycerol triacetate, GTA; 2-methyl-2,4-pentanediol, MPD; 2,4-dicyclo-

hexyl-2-methylpentane, DCMP. c The figure in brackets (if it is present) corresponds to the maximum of the kinetic curve (see
Figure 24).
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f. Dynamic Medium Effects in Isomerization Reactions

i. Interpretation of Friction Coefficients in
Terms of Viscosity. Discussions of dynamical
solvent effects in reaction rates are, as a rule, based
on the Langevin or Kramers equation, eq 2. For
isomerization reaction, when the reactive motion can
hardly be viewed as a translation of a spherical
particle, several workers have suggested the use of
rotational diffusion periods of the solute particle as
a measure of the solute-solvent friction of the
Kramers model. This quantity is available from
spectroscopic measurements; and its theoretical es-
timate from modifications of the Stokes formula (8)
have been discussed.701,741-744

In the two-dimensional eq 3, the interpretation of
γ must be different. This is the friction corresponding
to a purely medium coordinate y. In the context of
reaction dynamics, y is a collective medium mode;745

that is to say, a strongly correlated motion of a large
ensemble of solvent particles. Generally, two types
of collective modes are involved in an isomerization
process. One consists of an adjustment of solvent
dipolar particles to the solute charge distribution
varying in the course of a reaction (the polarization
coordinate); the second represents their displace-
ments accompanying a change of the cavity shape
(the shape coordinate). The first type of motion is
mainly governed by electric forces while the second
is associated with changes of a cavitation free
energy.733-735 Correspondingly, we encounter two
types of friction: dielectric and hydrodynamic ones.
Elementary motions of medium particles, which form
a collective mode after their superposition, are fre-
quently treated as molecular rotations in both these
cases. The corresponding relaxation constant for this
model is the Debye period τD.746 It works for nonpolar
solvents. For a purpose of description of the polar-
ization-type collective mode in charge-transfer pro-
cesses (with dielectric friction), the longitudinal
period τL is more appropriate;746,747 it is defined as τL
) τD(ε∞/ε0), where ε0 and ε∞ are static and optic
dielectric permittivities. The simplest expression for
γ is748,749

More sophisticated treatments have been dis-
cussed.750-754 Periods τD and τL show a clear correla-
tion with viscosity changes induced by pressure.755-757

Dynamic variables x and y in eqs 1-4, as applied
to elementary chemical processes, are microscopic
quantities and one needs to consider whether mac-
roscopic relations such as eqs 8 or 11 are appropriate
to describe their relaxation. In a theoretical treat-
ment at a truly microscopic level, relaxation con-
stants should be extracted by calculating time cor-
relation functions for respective variables754,758-762

which has recently become available through molec-
ular dynamics and other computational techniques
developed in the theory of liquids. Fortunately,
microscopic relaxation parameters correlate reason-
ably well with macroscopic viscosities, as measure-
ments of rotational relaxation constants (microscopic
characteristics) for (E)-stilbene in hydrocarbon sol-
vents demonstrate within a wide pressure range.743

It is thus seen that, independently of the microscopic
mechanism of friction effects, their clear correlation
with macroscopic shear viscosity is observed. This
reveals a rationale behind using the macroscopic
viscosity as a measure of strength of the dissipative
terms in stochastic eqs 1-3. The same is true for
the diffusion coefficient D in eq 4 because it is related
to γ in eq 3 by the Einstein relation (7).

When the generalized Langevin eq 1 is used, an
explicit expression for the kernel ê(τ) is needed. Its
parametrization has been discussed in the liter-
ature.701,702,705,763-769

ii. Viscosity Dependence of Photoisomeriza-
tion Reaction Rates. As noted above, significant
preliminary work is necessary in order to correct
observed viscosity dependencies of reaction rates for

Table 7. Viscosity Coefficients â for Several
Isomerization and TICT Reactions in the Excited S1
State

compound â ref(s)

ESa 0.7 701
ESa 0.32 702
DPBa 0.59 (hydrocarbons) 703
DPBa 0.92 (alcohols) 704
DPBa 0.51 (nitriles) 705
DODCIb 0.26 (ground state) 706
DODCIb 0.43 (excited state) 706

0.44 (nitriles) 705

0.2 699, 700, 707
0 700, 707

0.23 699, 700
0.4 699 (P)

1 708, 709

0.7 (EtOH) 688, 689
0.44 (n-PrOH) 710 (P)
0.3-0.35

(n-CkH2k+1OH,
710 (P)

k ) 4, 5, 8)

0.7 (n-PrOH) 492 (P)
0.1-0.2

(n-PentOH)
492 (P)

0.2 (n-PrOH
and higher
alcohols)

490, 491 (P)

a Abbreviations are borrowed from Table 5. b 3,3′-Diethyl-
oxadicarbocyanine iodide. c “(P)” indicates pressure-tuned ex-
periments in a single solvent.

γ )
4πε0ε∞

ε0 - ε∞
τL (11)
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static effects. For Z/E photoisomerizations this has
been done very well by Troe and Schroeder et
al.690-697,740,770 The so-revealed dynamical effects are
conventionally discussed in terms of one-dimensional
stochastic dynamics and the corresponding Kram-
ers-Grote-Hynes (KGH) kinetic treat-
ment.692,726,731,732,771 High and low viscosity ranges
should be considered separately in terms of this
approach, as discussed in the Appendix.

In the high viscosity limit, rate constants change
according to the inverse power law:

Kramers theory predicts that â ) 1 in this strong
friction kinetic regime. Such sort of dependence has
been observed for DPB693,695 (Table 5).

Probably, â is also close to unity in (Z)-stil-
bene,697,729,772 tetraphenylethylene, and (E)-1-[1-in-
danyliden]indan (“stiff stilbene”).692 A fractional â
value is more usual, however (see Tables 5 and 7).
Many authors have interpreted this result in terms
of the Grote-Hynes (GH) 767,768 generalization of the
Kramers approach, when the generalized Langevin
equation, eq 1, with memory effects is con-
sidered instead of its Kramers limiting
case.489,489b,699,701,702,726,727,764-766 However, alternative
explanations have been also suggested.690-692,730-732,770

The GH theory actually provides an approximate
expression for the rate constant generated by eq 1
(see the Appendix). No explicit derivation of expres-
sion 12 from the GH theory has been achieved. The
GH treatment generally predicts a decay of the rate
constant weaker than 1/γ in accord with many
experimental trends and also with empirical formula
(12). This formula is flexible enough to reproduce
the desired result within a limited viscosity range.
Many authors did not try to explicitly extract â values
from their data. This caution is understandable due
to ambiguity in separating static effects (section
3.F.e) from the experimental viscosity dependence.
Some of the data included in Table 7 are open to
criticism from this point.

The GH rate expression for large and intermediate
friction ranges combined with the special Kramers
approach for treatment of the low friction range
constitute the KGH theory. The Kramers theory
predicts an increase of the rate with increase of
viscosity in the low viscosity range; this corresponds
to the so-called “energy diffusion mechanism”. Much
effort has been expended in searches of this kinetic
regime. It was detected695,730,740,773 at much lower
viscosities (and in lower pressure range) than those
expected on the basis of the KGH theory. This effect
has only been observed in supercritical state of
hydrocarbon solvents, i.e., at very low solvent densi-
ties. This density shift can be explained as a dimen-
sionality effect. According to the energy diffusion
mechanism, slow thermal activation of reactant
molecules becomes rate limiting. In the one-dimen-
sional KGH treatment, the activation is due to the
random force (GRF) which is directly connected to
the friction coefficient γ via fluctuation-dissipation
theorem.758 This is the origin of a linear viscosity
dependence of rate constant in the low friction range.

In KGH theory, γ is associated with the one-
dimensional x motion. On the other hand, in poly-
atomic chemical systems other intramolecular modes
can promote x activation due to an intermode energy
exchange. As a result, the kinetic regime in which
activation stage becomes rate limiting is shifted to
smaller γ values. The total dependence of the rate
over the whole viscosity range studied was described
in terms of a combined treatment,690,692,731 where the
energy diffusion limit is described in terms of a
standard Lindenmann approach of the theory of gas-
phase unimolecular reactions.774 The medium and
large viscosity behavior is interpreted in terms of the
Kramers model. The combined rate expression is

where k0 is the collision rate constant and [M] is the
concentration of solvent particles; k0[M] represents
the activation rate (the low-pressure limiting rate
coefficient). The high-pressure gas-phase limit is
denoted as k∞ and calculated by means of the
technique of RRKM theory.774

The second factor in eq 13 represents a prefactor
of the Kramers rate expression (see the Appendix,
eqs A1 and A2) normalized to 1 when γ f 0. Here
ωq represents the frequency of the free energy profile
at the top of the barrier. In this way the inverse
viscosity law (12) with â ) 1 is obtained in the high
friction limit.

iii. Viscosity Dependence of Ground-State
Isomerization Reaction Rates. A distinctive fea-
ture of Z/E isomerization in the ground state is the
high activation barrier (Ea g 50 kJ/mol). Reaction
rates are lower than those observed in photoisomer-
izations by many orders of magnitude. This makes
their dynamical interpretation more definite because
the relative significance of static effects decreases.

The most important observations have been made
by studying pressure effects in high viscosity sol-
vents,495,495b,496,497 see Table 6. Their heuristic inter-
pretation suggests a two-step reaction mecha-
nism496,763,775 according to which an isomerization
process involves a rearrangement of a solvation shell
as a necessary ingredient. This process is considered
as a separate kinetic step with rate constant kf. The
rate constant for the solute transformation in an
idealized nonviscous medium (viscosity effects ne-
glected) is denoted as kiso. Then the total observed
rate expression is

It is supposed that at low pressure kf . kiso and
extrapolation gives

It is also assumed that the pressure dependence
of kiso obeys the conventional approach accepted in
high-pressure kinetics. Because this treatment, in-
troducing activation volume as a measure of pressure

k )
k0[M]k∞

k0[M] + k∞
[x( γ

2mωq)2
+ 1 - γ

2mωq] (13)

1
k

) 1
kiso

+ 1
kf

(14)

kiso ) lim
Pf0

k (15)

k ∼ η-â (0 < â < 1) (12)
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dependence, is essentially based on the standard
TST, one assumes that

where the η dependence is introduced via the experi-
mentally measured monotonic function η(P). It is
important to note that kTST accounts for static pres-
sure effects and therefore formulas 14-16 provide an
efficient procedure for the extraction of purely dy-
namical viscosity effects from observed rate con-
stants.

For instance, in Figure 23 for DBNA in DCMP, kiso
is pressure-independent (nearly zero activation vol-
ume) but for DNAB in GTA in Figure 24 a significiant
negative activation volume is observed due to elec-
trostriction in its polar TS.496,763 It is reasonable to
assume that the medium reorganization rate con-
stant kf can be described in terms of KGH theory so
that eq 12 holds. The corresponding values of â are
listed in Table 6.

Kinetic curves such as those shown in Figures 23
and 24 have been observed for other reactions.776,777

They are well-described in terms of a two-dimen-
sional stochastic eq 3 in which x is a chemical
coordinate (the isomerization coordinate for the
present case) and y is a collective medium mode. A
simplified version of eq 3, the Agmon-Hopfield (AH)
eq 4, was applied to analyze the pressure dependence
of Diels-Alder reactions and nonequilibrium solva-
tion effects, leading to curves shown in Figures 23
and 24 were predicted.778,779 Generally, a phe-
nomenological two-step eq 14 can be mapped on
the theoretical rate expression of the AH model
giving:780

where 〈k〉 is an averaged rate constant (an inverse
survival period) reducing to the usual monomolecular
rate constant when the kinetics are true exponential.
Averaging is necessary when kinetics are polyexpo-
nential, a typical situation for the AH model in the
high friction region (see the Appendix). By using
these definitions, the equation defining kf can be
derived from the AH model.781,782 An empirical
interpretation of kf as a rate of solvent reorganization
seems to be successful.495-497,763 Expressions for kf
beyond its KGH estimate are available.780,782 They
provide an interpretation of the inverse-power law
(12).783 When γ f ∞, kf behaves asymptotically as
1/γ784,785 but in the intermediate range a weaker
dependence is expected in accord with eq 12.

iv. Interrelation of the Two Theoretical Ap-
proaches and Their Validity. Our interpretation
of kinetics of photoisomerization and thermal isomer-
ization reactions followed the original literature and
used two theoretical models: the KGH theory for
photoreactions and a two-step mechanism closely
related to the AH theory for thermal reactions. As
shown in the Appendix, these two kinetics are
incompatible to a significant extent. The non-TST
kinetic regimes they describe are essentially differ-
ent. The KGH model is one-dimensional and its non-
TST region corresponds to a low-friction limit for a
single reaction coordinate x. The AH model is two-
dimensional and its non-TST region corresponds to
a high-friction limit for the medium coordinate y. The
two theories partially overlap in the regions of high
friction of the KGH and of low friction of the AH
approaches; these regions include the TST kinetic
regime as well.

Several authors have mentioned that an explicit
multidimensional dynamical study is desirable for a
true understanding of the recent kinetic experimental
material in the field of condensed phase reac-

Figure 23. Pressure dependence of the rate constant k )
kobs for the ground state Z/E isomerization of DBNA in
DCMP.

Figure 24. Pressure dependence of the rate constant k )
kobs for the ground state Z/E isomerization of DNAB in
GTA.

kiso(P) ) kTST(P) ) kTST(η) (16)

1
〈k〉

) 1
kTST

+ 1
kf

kTST ) lim
ηf0

〈k〉 (17)
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tions.692,726,731,732 Invoking the AH model brings a
semiquantitative background to this idea.

Some experimental data support its AH interpre-
tation of the non-TST kinetics for ground-state
isomerizations.497,763,775 Furthermore, a polyexpo-
nential kinetic behavior, missing in the KGH ap-
proach, is an ingredient of the AH kinetics. Nonex-
ponential kinetic evolution curves are frequently
observed in ultrafast spectroscopic experiments test-
ing solvation dynamics in electron-transfer sys-
tems751,752,786-794 including Z/E isomerization and
TICT reactions in polar solvents.688,689,698,709 Inter-
pretation of this effect in terms of the AH equa-
tion795,796 is now conventional.792-794 Nonetheless, it
should be remembered that both KGH and AH
approaches involve serious approximations. A con-
sistent unifying description of two-dimensional reac-
tion dynamics is possible only in terms of a more
sophisticated stochastic theory785,797 including both
these models as opposite limiting cases.

G. Appendix: Rate Expressions of Stochastic
Theories

a. Kramers−Grote−Hynes (KGH) Theory

The Kramers equation, eq 2, describes a rate of
escape of particles from one-dimensional potential
well as shown in Figure 25. The potential profile is
characterized by the barrier height Uq, and two force
constants: λ0 at the bottom of the well and (-λq) > 0
at the barrier top. The corresponding frequencies are
defined as ω0

2 ) λ0/m and (ωq)2 ) -λq/m. The rate
expressions are approximately estimated for different
ranges of the friction constant.767 In the intermediate
and large γ range the result is

where the motion in the vicinity of the barrier top
(see Figure 25) is considered as a rate-limiting
process; Ω is the decay frequency. The asymptotic
case of large γ reduces to the 1/γ (and 1/η) dependency
of the rate:

If eqs A1 and A2 are formally extended to the
region of low friction then the result

is obtained, which is equivalent to the application of
the TST without allowance for the influence of the
medium.

In fact, eqs A1 and A2 are invalid in the low friction
limit where the rate-limiting process changes its
physical nature. Here a thermal activation of mol-

ecules in the reactant well limits the escape rate. The
corresponding rate constant is proportional to γ. This
is the so-called energy diffusion kinetic regime. The
two asymptotic kinetic regimes are connected by a
smooth curve with a maximum, where kmax < kTST,
as shown in Figure 26.

For the generalized Langevin equation, eq 1, the
same Arrhenius expression (A1) operates in the
regime when surmounting the barrier is a limiting
kinetic step. Only the decay frequency Ω is
changed: this is a root of a transcendent equation
originally derived by Grote and Hynes.768 In the low-
friction limit the energy diffusion kinetic regime
works and friction dependence of the rate is quali-
tatively the same as in the Kramers case767,769,798,799

(for eq 1 the integral ∫0
∞ê(τ) d(τ) is a measure of the

friction strength). The rate expression (A1) valid in
the intermediate and strong friction range is an
essence of the one-dimensional KGH theory. It can
also be extended to multidimensional systems by an
appropriate change of the equation determining the
decay frequency Ω and by substituting the factor (λ0/
λq)1/2 by a more complicated combination of all force
constants characterizing the reactant well and the
barrier top.767,800-804

k ) Ω
2π(λ0

λq)1/2

exp(- Uq

kBT) (A1)

Ω ) x(γ/2m)2 + (ωq)2 - γ
2m

(A2)

k )
ω0ωq

2π (mγ ) exp(- Uq

kBT) (A3)

k )
ω0

2π
exp(- Uq

kBT) ) kTST (A4)

Figure 25. The free energy profile used in the one-
dimensional KGH theory; Uq is the height of the barrier,
λ0 and -λq are force constants at the reactant minimum
and at the top of the barrier, ω0 and ωq are the correspond-
ing frequencies.

Figure 26. Dependence of the rate constant k on the
friction coefficient γ in the Kramers theory (curve 1) and
in the one-dimensional TST (straight line 2 and formula
(A4)). The region of the high and low friction are described
by simple asymptotic formulas, dashed curve represents
calculations by eqs A1 and A2.
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It should be noted that the two kinetic regimes
present in the KGH approximation do not at all
exhaust the diversity of kinetic behavior inherent to
the generalized Langevin eq 1.

b. Kinetic Regimes Corresponding to the AH Equation

A two-dimensional stochastic dynamics as pre-
sented by eq 3 exposes several kinetic regimes. A
somewhat simplified picture is obtained in terms of
its reduced version, namely the AH eq 4. This
reduction is legitimate in the limit (5) when the
relaxation of medium coordinate y is slower than the
escape rate along reaction coordinate x.784 Kinetic
behavior generated by the AH equation was dis-
cussed in original papers of Agmon and Hopfield,805,806

later by Sumi, Marcus, and Nadler795,796 and, most
recently, by Berezhkovsky and Zitserman.784,807

The total picture can be reconstructed in terms of
several key quantities:

The quantity ke is a rate constant corresponding to
the two-dimensional KGH treatment of eq 3 simpli-
fied to a quasi-one-dimensional form according to the
basic approximation (5), reducing eq 3 to the AH
equation. It has an Arrhenius temperature depen-
dence but it is slightly distinguished from a standard
one-dimensional TST expression (A4) and can be
considered as a two-dimensional kTST. In second eq
A5, Uy

q is a contribution to the potential barrier due
to the medium coordinate. It is extracted from a two-
dimensional free energy surface U(x,y) of eq 3. The
cross section of this free energy surface along coor-
dinate y (the potential U(y) of eq 4) can be considered
as a parabola with force constant λ; the quantity (yq

- y0) is a shift of the TS position relative to the
reactant minimum along the medium mode. Finally,
the medium frequency ω is the inverse relaxation
period for the y motion establishing its time scale; it
is closely related to the diffusion coefficient D.

Now we can construct a pair of dimensionless
parameters mainly determining the AH kinetics,
namely, ke/ω and ε ) Uy

q/kBT. The first one defines a
ratio of time scales for a relaxation of y and a reaction
along x, thus specifying the same ratio as given in
eq 5. The second is a measure of a medium reorga-
nization energy at the TS.

A numerical investigation of the rate as a function
of these parameters808 resulted in the scheme shown
in Figure 27. In the region I, the quasi-two-
dimensional KGH kinetics with rate constant k ≈ ke
are a good approximation. As discussed above, ke can
be considered as a two-dimensional TST rate con-
stant and, therefore, region I can be identified with
the TST region of the two-step mechanism discussed

in section 3.F.f.iii. Note that always k/ke < 1; region
III represents exponential kinetics with the rate
constant k , ke. The regime is promoted by a slow
diffusion-like mode y. The rate here shows a non-
Arrhenius temperature dependence.784,805 This re-
gion can be associated with the “non-TST” region of
the two-step mechanism discussed in the section
3.F.f.iii.496,763,775 Finally, region II shows a polyex-
ponential kinetic evolution which cannot be described
in terms of a rate constant. That regime has been
disregarded in the two-step model.
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