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2 LINCOLN AND MERBACH 

I. Introduction 

A. GENERAL ASPECTS 

The most common ligand substitution on a solvated metal ion is the 
exchange of a water molecule in the first coordination sphere of a metal 
ion with a water molecule from the second coordination sphere. Water 
exchange on metal ions may also be viewed as being particularly funda- 
mental, as it is through the intervention of another type of ligand in 
this process that the stoichiometry of the first coordination sphere is 
changed and a vast range of metal complexes is formed. Accordingly, 
it is appropriate to review the water exchange process and the 18 orders 
of magnitude variation in the water exchange rate constant, kHZO, and 
lability exhibited by metal ions towards this process. This is most 
effectively commenced through an inspection of Fig. 1, which in its 
evolving forms has been one of the most intellectually focusing compila- 
tions of information about ligand substitution since it was published 
by Eigen in 1963 ( I ) .  At one end of the lability scale it is seen that the 
mean lifetime of a water molecule in the first coordination sphere of 
[Rh(H20)6]3f, T~~~ ( =  1/kH2& is 14.4 years, whereas at the other ex- 
treme, that of a water molecule bound to Cs+ is -2 x lo-'' s, during 
which time light travels -6 cm. Clearly the microscopic interpretation 
of the macroscopic kinetic and related observations of water exchange 
and its substitution in the first coordination sphere by other ligands, the 
ligand substitution mechanism, must account for this great variation in 
lability reflected in the range of kHZo characterizing the metal ions in 
Fig. 1. 

The metal ions may be conveniently considered in three categories, 
the first of which is the main group metal ions which, for a given ionic 
charge, exhibit an increase in kH with an increase in ionic radius, rM 
(2). Thus, the lability of the alkali metal ions increases by an order of 
magnitude as rM increases from Li + to  Cs + , and in general terms these 
ions are particularly labile coincident with their low ionic charge-to- 
rM ratio. In contrast, the lability of the alkaline earth metal ions spans 
approximately seven orders of magnitude, coincident with their higher 
charge and larger variation in rM. At this point it is appropriate to  note 
that the more labile of the metal ions in these two sets are particularly 
difficult t o  characterize in terms of their numbers of coordinated water 
molecules. Thus, the coordination number of Lit is variously quoted 
as 4 and 6, and that of Cs+ as 9, while intermediate values are quoted 
for Na + , K + , and Rb ' . For Be2+ and Mg2', coordination numbers of 
4 and 6, respectively, are well established, but a range from 6 to 10 is 
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FIG. 1. Mean lifetimes of a single water molecule in the first coordination sphere of 
a given metal ion, 7 ~ ~ 0 ,  and the corresponding water exchange rate constants, k ~ ~ o .  The 
tall bars indicate directly determined values, and the short bars indicate values deduced 
from ligand substitution studies. References to the plotted values appear in the text. 

quoted for Ca2' and similar or greater values are anticipated for 51.2 
and Ba2+ (3-5). As rM increases with coordination number, so the 
metal ion-water dipole interaction weakens and lability increases. The 
labilities exhibited by the six-coordinate sets-Zn2+, Cd2 f ,  and Hg2 + 

(1) and A13 ' , Ga3', and In3+ (6-8)-vary over two and six orders of 
magnitude, respectively, and it is not surprising that the smallest 
of these ions, Al3', is the least labile in the light of the preceding 
discussion. 

The second category is the transition metal ions, all of which in Fig. 
1 are six-coordinate with the exception of Pt2+ and Pd2+, which are 
square-planar four-coordinate (6-9). Their labilities are strongly in- 
fluenced by the electronic occupancy of their d orbitals. This is illus- 
trated by the divalent first-row transition metal ions, which should 
exhibit similar labilities to  Zn2+ on the basis of their rM; instead, 
however, their labilities encompass seven orders of magnitude. On a 
similar basis, the trivalent first-row transition metal ions might be 
expected to be of similar lability to Ga3+, but instead they exhibit a 
lability variation of 11 orders of magnitude, with CP+ being at the 
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lower end of this lability scale. Second-row Ru3+ and Rh3+ are slightly 
more labile and three orders of magnitude less labile than Cr3', respec- 
tively. 

The third category is the heavy eight-coordinate trivalent lanthan- 
ides, whose lability decreases with the progressive filling of the 4f 
orbitals and the resulting lanthanide contraction, and which are very 
labile as a consequence of their large rM (7,10, 11). 

B. THE FORMATION OF METAL COMPLEXES 

It is generally considered that some orientation of water in the second 
coordination sphere of the archetypal aqua ion, [M(H,O),]"+, occurs 
(4, 12), but exchange of this water with bulk water appears to occur 
a t  close to  diffusion-controlled rates. Hence, it is only in the case of 
the most labile metal ions that the rate of entry of a substituting ligand, 
L"-, into the first coordination sphere is within an order of magnitude 
or so of its rate of entry into the second coordination sphere. Usually, 
the entry of Lx- into the first coordination sphere is preceded by the 
formation of an outer-sphere complex (131, in which Lx- resides in the 
second coordination sphere of [M(H20),lm '. An impressive armory of 
kinetic techniques has facilitated the study of ligand substitution pro- 
cesses in solution, ranging from those occurring at  close to diffusion- 
controlled rates to those taking place over extended times (14-16). 
However, it is seldom the case that more than one stage of the move- 
ment of a monodentate ligand from the bulk water environment into 
the first coordination sphere is observed, except in ultrasonic studies 
where as many as three steps have been detected. I t  is such studies 
which have provided the basis for most current discussion of the mecha- 
nisms of metal complexation. Thus, the formation of metal complexes 
has been conveniently formalized in a mechanism proposed by Eigen 
and Tamm (171, and illustrated by Eq. (l), where Mm+ is the metal 
ion, Lx- is the substituting ligand, and only those water molecules 
interposed between Mm+ and L"- are shown. Initially, in a diffusion- 
controlled step, M"+ and L"- form a species (1) in which they are 
separated by two layers of water molecules. This is followed by a fast 
step in which Lx- enters the second solvation sphere or second coordina- 
tion sphere of M"+ to form an outer-sphere complex (2), and the inner- 
sphere complex (3) is formed in the final and slowest step characterized 
by k23, which is frequently denoted ki because it indicates the step 
in which Lx- interchanges between the second and first coordination 
spheres. By analogy, k,, is often denoted k-;. The formation of (1) is 
seldom detected ( I N ,  and as a consequence, the simpler mechanism 
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shown in Eq. (2) is often discussed instead and is sometimes referred 
to as the Eigen-Wilkins mechanism (19). 

+ k- i  k$o[ L" - 1  
1 + Ko[L"-l kobs = 

The successive equilibria are characterized by K,, and K23, respec- 
tively, and when K,, (often denoted KO) cannot be directly determined, 
it may be estimated from the Fuoss equation (31, where R is the distance 
of closest approach of Mz+ and Lx- (considered as spherical species) in 
M OH, . L(rn-x)+, E is the solvent dielectric constant, and zM and zL 
are the charges of M"+ and L"-, respectively (20). Frequently, it is 
only possible to  characterize kinetically the second equilibrium of Eq. 
(21, and the overall equilibrium is then expressed as in Eq. (4) (which 
is a general expression irrespective of mechanism). Here, the pseudo 
first-order rate constant for the approach to equilibrium, kobs, is 
given by Eq. (5 ) ,  in which the first and second terms equate to kf 
and kb, respectively, when [L"-] is in great excess over [M"']. 
When Ko[Lx-l 4 1, kobs = kiKo[Lx-l + ki, and when Ko[L"-] + 1, 
hobs = ki + k - i .  Analogous expressions apply when [M"+] is in excess. 
When the entering ligand, L, is uncharged, the stability of the outer- 
sphere complex M * OH, . Lz+ may be so low that its concentration 
does not differ significantly from that arising from diffusive collisions 
between M . OH2"+ and L. Under these conditions, entry of L into the 
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first coordination sphere may only occur if M OHzm+ has generated 
a reactive intermediate, or if the collision produces a reactive intermedi- 
ate involving L. These two cases are akin to the D and A mechanisms, 
respectively, discussed in Section I,C, and although they are seldom 
unequivocally identified in water, there is strong evidence for their 
occurrence when other solvents exchange on metal ions in the presence 
of inert diluents, as is discussed in Section II,B and following sections. 

It is the mechanisms through which Lx- and L interchange between 
the second and first coordination spheres which remain the subject of 
considerable debate (4,6-9,15,21-26), and which constitute the cen- 
tral facet of the discussion which follows. 

c. THE CLASSIFICATION OF MECHANISMS 

In this discussion, the simple transition-state theory is considered 
most convenient to describe ligand substitution processes, but it is 
acknowledged that in due course more sophisticated models may be 
adopted to describe the energetics of such rate processes (27-31). On 
this basis, a ligand substitution mechanism is a philosophical concept 
which seeks to  explain the energetic and stereochemical changes which 
occur along the reaction coordinate as reactants progress through the 
transition state to the product. Kinetic measurements provide informa- 
tion about the stoichiometry of the transition state, but cannot directly 
provide details of its stereochemistry. However, the detection of prod- 
ucts where retention of stereochemical configuration is retained, as in 
square-planar platinum(I1) systems (32, 331, and the observation of 
changes in mechanism with variation in size and electronic configura- 
tion give structural clues which are considered in later sections (7-9). 
The mechanistic framework on which subsequent discussion is based 
is now considered. 

The two extreme possibilities which arise for the entry of Lx- into 
the first coordination sphere of [M(H2O)Jm+ are discussed employing 
the convenient nomenclature of Langford and Gray (34) in a somewhat 
different manner from its original usage. The first occurs when 
[M(H20),Im+ loses H20 to form a reactive intermediate of decreased 
coordination number, [M(H20), - J" + , which has normal vibrational 
modes and survives several molecular collisions prior to reacting with 
Lx- to  form [M(H20),_,Ll("-x)+ as shown in Eq. (6). Thus, the rate- 
determining step is the dissociation of an H20, the substitution rate 
is independent of Lx-, and the mechanism is said to be dissociatively 
(d) activated and the mechanism is classified as D. By the principle 
of microscopic reversibility, the loss of Lx- from [M(H,O), - lL](m-x)+ 
to produce [M(HzO)n]m+ will also proceed through a dissociative (D ) 
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mechanism, and the rate will depend on the nature of Lx-. Formally, 
in the presence of excess [Lx-], the expression for the pseudo first-order 
rate constant, hobs, for the approach to equilibrium is given by Eq. (71, 
which predicts a dependence of hobs on [Lx-] and is deceptively similar to 
that predicted by Eq. (5). However, the tendency for oppositely charged 
reactants in particular to form outer-sphere complexes, as discussed 
earlier, usually precludes the observation of such a rate law for most 
systems so far studied. Nevertheless, this does not preclude the opera- 
tion of a D mechanism through reaction of [M(H20)n-l]m+ and Lx- 
within an outer-sphere complex. 

At the other extreme is the associatively (a) activated associative 
(A) mechanism, in which the rate-determining step for substitution by 
Lx- proceeds through a reactive intermediate of increased coordination 
number, [M(H,O),Ll'm-x'+, which has normal vibrational modes and 
survives several molecular collisions before losing H20 to form 
[M(H20),- lL](m-X)+ , as shown in Eq. (8). Equation (9) indicates the 
linear variation with excess [I,"-] anticipated for koba, which is similar 
in form to that of Eq. ( 5 )  when Ko[Lx-l @ 1 and kobs == k$o[Lx-l + ki. 
Thus, although the rate of substitution should be very dependent on 
the nature of Lx-, distinguishing the operation of an A mechanism 
according to Eq. (8) from ligand substitution proceeding through an  
outer-sphere complex on the basis of rate laws is usually not feasible. 
This does not, however, preclude the operation of an A mechanism 
within an outer-sphere complex. 

In between these two extremes, there exists a continuum of mecha- 
nisms in which the leaving and entering ligands make varying contri- 
butions to the transition state energetics, and which are generally 
classified as interchange mechanisms. These mechanisms vary from 
the d-activated dissociative interchange (Id) mechanism, in which bond 
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breaking is of major importance, through the interchange (I ) mecha- 
nism, where bond breaking and making are of similar importance, to  
the a-activated mechanism (Ia), in which bond making is of major 
importance. 

The question now arises as to  how these mechanisms are to be distin- 
guished. In principle a clear operational distinction should be possible 
between d- and a-activated mechanisms from a comparison of the rate 
of water exchange on [M(H20),]" + and the rate at  which Lx- substitutes 
for H 2 0  in the first coordination sphere. For a d-activated mechanism, 
L"- cannot substitute faster than the rate of water exchange, and when 
statistical factors (35-38) are taken into account, may substitute more 
slowly. Also, A.l@ should be similar to  that for the water exchange 
process. However, within the continuum of mechanisms, an Id mecha- 
nism may incorporate some contribution from the entering Lx- so that 
a small selectivity for L"- arises. For an a-activated mechanism, the 
rate of substitution by L"- may range from being much less than to 
much greater than the rate of water exchange. However, these general- 
izations are subject to  the provisos that the L"- selectivity range in 
an a-activated mechanism may be substantially decreased for hard 
base L"- species interacting with a hard acid M"'+ (22, 39, 40), and 
that selectivity ranges are expected to decrease as the lability of 
M"+ increases, to the point at which no selectivity will be exhibited 
when water exchange approaches diffusion-controlled rates, where 
kHZo = 3.6 x lo1' s-l and the frequency at which encounters be- 
tween L"- and [M(H20),]"+ results in substitution becomes very 
high (4). 

Clearly it is desirable to  have additional criteria whereby ligand 
substitution mechanisms may be assigned, and because of the funda- 
mental importance which an understanding of water exchange on 
[M(H,O),]"+ holds in such an assignment, it is also desirable to have 
a criterion through which the mechanism of this process, in particular, 
may be assigned with confidence. The variations of the enthalpy and 
entropy of activation within a series of similar ligand substitution 
systems do give a guide to mechanistic change. Thus, d-activated sub- 
stitutions tend to have greater & magnitudes than do a-activated 
substitutions, and ASS tend to be positive and negative for d- and a- 
activated substitutions, respectively. However, it is often difficult t o  
find a series of similar ligand substitutions from which mechanistic 
deductions may be made from & and ASS. The magnitudes of the 
contributions to these two parameters arising from interactions oc- 
curring beyond the first coordination sphere can be uncertain, and 
determination of ASS is particularly prone to error. Obviously, a further 
criterion to aid mechanistic deduction is very desirable. One such major 
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criterion has proved to be the volume of activation, AVS, which is now 
discussed in some detail. 

D. THE VOLUME OF ACTIVATION 

The volume of activation, AVZ, is a potent tool for the identification 
of the mechanism of water and other solvent exchange reactions in 
particular and ligand substitution reactions in general, and to some 
extent has modified the criteria for assigning such mechanisms, as will 
become apparent later (4, 6-9, 12, 41-45). In general terms, AV$ is 
defined as the difference between the partial molar volume of the re- 
actants and the transition state and is related to the pressure depen- 
dence of the ligand substitution rate constant through Eq. (10). Thus, 
the substitution reaction is res ectively either slowed or accelerated 

A convenient expression for the relationship between the substitution 
rate constant at  a given applied pressure, k and that at ambient 

coefficient of activation, which is a measure of the pressure dependence 
of AVS. Usually, the A@ term is small by comparison with the A@ term 
for solvent exchange and for uncharged ligand substitution processes 
where little change in the tightness of binding of solvent in the second 
coordination sphere and beyond occurs on forming the transition state. 
As a consequence, the deviation from linearity of the pressure depen- 
dence of ln(kplko) may not be detected within the limits of experimental 
error. The A@ term may become significant for ligand substitution 
processes which produce changes in charge distribution in the transi- 
tion state, especially in nonaqueous solvents, and thereby changes in 
electrostriction. 

(10) 

(11) 

The interpretation of AVS for ligand substitution on metal ions is 
based on a simplified version of the transition state theory, which 
does not take the dynamics of solvent interactions beyond the first 
coordination sphere into account. This simplification usually applies 
to slower than diffusion-controlled ligand substitution processes and 
is adopted throughout this review. Thus, A@ is usually considered to 
be composed of two dominant components: an intrinsic contribution, 
AVSint, arising from changes in the internuclear distances of the re- 
actants during the formation of the transition state, and an electrostric- 
tion contribution, AVtelec, which largely arises from changes in the 

by increasing pressure when AV I; is positive and negative, respectively. 

pressure, ko, is given in Eq. (ll), where AP P’ is the compressibility 

(6 In k/6P)T = -A@/RT 

In kp = In ko - AVSPIRT + A@P2/2RT 
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electrostriction of solvent in the second coordination sphere and beyond 
as distribution of charge changes when the reactants form the transi- 
tion state. When charged reactants are involved, AVSelec may dominate 
AV3 so that AVSint, which contains most of the mechanistic information, 
cannot be readily determined. Fortunately, solvent exchange on metal 
ions involves negligible differences in electrostriction between the re- 
actants and the transition state such that AVSelec = 0 cm3 mo1-l and 
AVS = AV$nt. Thus, the variations in the slopes of ln(kp/ko) for water 
exchange on [M(H20)6]2+ in Fig. 2 and the derived AVS = - 4.1, - 5.4, 
+3.8, +6.1, and +7.2 cm3 mol-' when M = V, Mn, Fe, Co, and Ni, 
respectively, imply substantial mechanistic differences (6 ,  46, 4 7). 

The model used to interpret variations in the magnitude of In (kp/ 
k,,) with P assumes AVS to be a direct measure of the degree of bond 
making and bond breaking occurring in the transition state and the 
concurrent lengthening or shortening of non-exchanging ligand to 
metal center distances. A continuous variation of transition state con- 
figurations may be envisaged, as shown for a solvent exchange or identi- 
cal ligand exchange process in Fig. 3. At one extreme the D mechanism 
is characterized by a greatly expanded transition state in which the 
increase in volume resulting from the dissociation of the leaving ligand 
is only slightly compensated for by the contraction of the first coordina- 
tion sphere volume, and AVS is large and positive. At the other extreme, 
the A mechanism is characterized by a greatly contracted transition 
state in which the decrease in volume resulting from the entry of the 
entering ligand into the first coordination sphere is only partially offset 
by the expansion of the volume of the first coordination sphere, and 

0 50 100 150 200 250 
P i  MPa 

FIG. 2. The effect of applied pressure, P, on the ratio of the rate constants for water 
exchange on [M(Hz0)612+ observed at applied and ambient pressures, kp /ko  (6). 
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first coordination 0 sphere 

reaction coordinate 
* 

FIG. 3. Representations of the transition states for the spectrum of solvent or symmetri- 
cal ligand exchange processes (7). 

AVS is large and negative. In between these two mechanisms is the I 
mechanism, in which the equal amounts of bond breaking and bond 
making balance one another in their contributions to A* which, as a 
consequence, is zero. On either side of the I mechanism are the Id and 
I, mechanisms, in which the bond making contribution to the transition 
state is greater than the bond breaking contribution and vice versa, 
and which are characterized by positive and negative AH values, re- 
spectively. Thus, both the sign and magnitude of A@ changes as the 
contributions of d and a activation to the transition state change. 

The application of pressure to  a d-activated exchange process pro- 
duces a decrease in ln(kp/ko) because the approach to the transition 
state requires an increase in volume, as indicated qualitatively by the 
one or two descending superscript arrows on kp in Fig. 3. The opposite 
is the case for an a-activated exchange process where the approach to 
the transition state requires a decrease in volume, indicated qualita- 
tively by the one or two ascending superscript arrows on kp in Fig. 3. 
On this basis, it is clear that when M = V and Mn, water exchange 
on [M(H20),12+ is a-activated, but when M = Fe, Co, and Ni, it is d- 
activated. The origins of these differences are considered in more detail 
in Section II1,B. 
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As no method is available for the detection of the intermediate species 
of decreased or increased coordination numbers anticipated for D and 
A mechanisms, respectively, for water exchange on [M(H20)6]2t, the 
experimental distinction between these limiting mechanisms and the 
interchange mechanisms is not readily made. Accordingly, it is neces- 
sary to consider the magnitudes of AVS in more detail. Simple geometric 
models have been used to predict AVS values for D and A mechanisms 
(12, 48) and more recently Swaddle (4, 41, 42) has proposed a model 
based on the semiempirical Eq. (12) in which the absolute partial molar 
volume, Vab: (cm3 mol-’1, of a hydrated metal ion is related to its 
effective ionic radius rM (pm) appropriate to its coordination number, 
n, and its charge, z. The first right-hand term of Eq. (12) gives the 
volume of [M(H,O),I’+ as that of a sphere of radius (rM + Ar), where 
Ar = 238.7 pm is the contribution made by first coordination sphere 
water molecules to the effective radius of [M(H,O),Y+. The second and 
third right-hand terms, respectively, represent the loss of the contribu- 
tion of n water molecules to  the volume of the free water, and the 
electrostrictive effect of [M(H,O),]L+ on water beyond the first coordina- 
tion sphere treated as a continuous dielectric. The calculated Tab: are 
in good agreement with the observed Vab: for a wide range of hydrated 
metal ions. (Inevitably there are exceptions to this agreement; in this 
case low-spin t2: [Rh(H20)613t appears more compacted than is antici- 
pated from the crystallographic ionic radius.) Taking into account the 
change of rM with n, Vab: may be calculated for [M(H20),]L+ and 
[M(H,O),,,]”+, and the differences between the first and either of the 
second values are AVS for the D and A mechanisms. (For the first row 
transition [M(H20)6]z+ rM either increases or decreases by -6 pm when 
n changes from 6 to either 7 or 5, respectively.) The IAVSl calculated 
in this way shows little dependence on rM so that it has about the same 
value, 13.5 2 1 cm3 mol- for all of the first-row divalent and trivalent 
transition metal ions (7, 48). This important observation means that 
their A f l  may be directly compared when making mechanistic deduc- 
tions. 

- 
Vab: = 2.523 X 1 0 - 6 ( r ~  + Ar)3 - 18.07n - 417.5~/(rM + Ar) 

(12) 
On the basis of the preceding discussion, the systematic trend in 

AVS observed for water exchange on [M(H20)6]2t may be rationalized 
through a More-O’Ferral type of diagram (4, 7) as shown in Fig. 4. 
The bond-making and bond-breaking contributions to AVS are plotted 
on the two axes, which are scaled to A f l  for a D mechanism being 
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Bond making contribution to A V s /  crn3 mol-' - 
[M(H,O),lZ' + H,O [M(H,O),IZ+ 

0 - - 
E 
5 * +2 . 
i+ 
L 
4 +4 
P 

5 +6 
0 

c 
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I c 
C 

8 
Is) +8 

2? 
cl +10 
7 
m 

C 
Y 
m 
._ 

0 

1 +12 

-2 -4 -6 -8 -10 -12 

[M(H,O),]'+ + 2H,O [M(H,O),I~+ + H,O 

FIG. 4. Bond-making and bond-breaking contributions to the volumes of activation 
for water exchange on [M(H20)61Z+, AVS (7). 

+ 13.5 cm3 mol-' and that for an A mechanism being - 13.5 cm3 mol-', 
the limiting values calculated from Eq. (12). Thus, for [V(Hz0),l2+ (47), 
the sum of the coordinates of each point along the trajectory represents 
the change in volume reached at that point, and A f l  = -4.1 cm3 
mol-' is reached at the intersection with the dashed diagonal; similar 
considerations apply to  the other [M(H20)6]2+ (46) and [M(HzO)613' 
(49-53). It is clear that neither [V(Hz0),l2+ nor [Mn(Hzo),lZ+ ap- 
proaches an A exchange mechanism, as judged from a comparison of 
their observed AVS with the calculated value of -13.5 cm3 mol-'. 
Consequently, both metal ions are assigned I, mechanisms as bond 
making dominates bond breaking in the transition state. Similarly, 
[Fe(Hz0)6]2+, [ C O ( H ~ ~ ) , ] ~ + ,  and [Ni(H20)6I2+ are assigned 1, mecha- 
nisms, although it should be noted that the degree of dominance of 
bond breaking varies as anticipated from the mechanistic continuum 
discussed in Section 1,C. The [M(HZ0),l3+ ions also exhibit mechanistic 
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variations, and it is seen that the AVS = -12.5 cm3 mol-' for 
[Ti(H20I6l3+ closely approaches -13.5 cm3 mol-' calculated for a A 
mechanism. Clearly, AV$ is a very important aid to  the determination 
of mechanism, and its further application in this role and the factors 
causing mechanistic variation are discussed in following sections. 

II. Solvent Exchange and Ligand Substitution on Main Group Metal Ions 

A. GENERAL CHARACTERISTICS 

There are only five main group metal ions amenable to detailed 
mechanistic study of solvent exchange and simple ligand substitution 
processes: Be2 + , Mg2 + , A13 + , Ga3 + , and In3 + . Nevertheless, they provide 
an opportunity to study the influence of size, charge, and stereochemis- 
try on mechanism without the complicating effects of the variation of 
the electronic occupancy of the d-orbitals, which exerts a major influ- 
ence on the labilities and mechanisms of the transition metal ions as 
discussed in Section II1,A. As was noted earlier, all of the alkali ions 
and Ca2+, Sr2+, and Ba2+ are very labile as a consequence of their 
relatively low charge-to-r, ratios, and their kHZo are within an order 
of magnitude or so of diffusion control. Thus, the kinetic characteriza- 
tion of the substitution of simple ligands into the first coordination 
spheres of these metal ions presents a major experimental challenge, 
and few data are available (1 ). Nevertheless, encapsulating ligands 
such as coronands, cryptands, and pendant-arm macrocyclic ligands 
have brought their alkali metal ion complexes in particular into more 
accessible time scales, and substantial mechanistic information has 
resulted (54-58). However, these fascinating systems are outside the 
scope of this review. 

B. BERYLLIUM(II) AND MAGNESIUM(II) 

Beryllium(I1) is the smallest metal ion, r = 27 pm (2), and as a 
consequence forms predominantly tetrahedral complexes. Solution 'H 
NMR (nuclear magnetic resonance) (59-61 and x-ray diffraction stud- 
ies (62) show [Be(Hz0),J2+ to be the solvated species in water. In the 
solid state, x-ray diffraction studies show [Be(H20),12 + to be tetrahedral 
(63), as do neutron diffraction (64), infrared, and Raman scattering 
spectroscopic studies (65). Beryllium(I1) is the only tetrahedral metal 
ion for which a significant quantity of both solvent-exchange and 
ligand-substitution data are available, and accordingly it occupies a 
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unique niche in mechanistic studies and is now discussed in some 
detail. 

A pressure-jump relaxation study of sulfate substitution on 
[Be(H20)4]2+, as shown in Eq. (131, is the origin of an early model of 
ligand substitution on [Be(H20)4]2+ (16,661. This model is based on the 
premise that Be2+ is readily accommodated in the tetrahedral interstice 
formed by the oxygen donor atoms of the four bound waters, and that 
the entering sulfate positions itself on the trigonal face opposite to  that 
of the leaving water such that these two ligands are on a common axis 
with Be2+ (Fig. 5 ) .  A concerted process then occurs whereby the three 
nonleaving waters move apart to  accommodate Be2+ in the trigonal 
space between them to form a transition state, which is followed by 

The definition of solvent exchange rates has sometimes led to misunderstandings in 
the literature. In this review k,/s-l (or kz[solventl), sometimes also referred to as k,,/ 
s-l,  is the rate constant for the exchange of a particular coordinated solvent molecule in 
the first coordination sphere (for example, solvent molecule number 2, if the solvent 
molecules are numbered from 1 to n, where n is the coordination number for the solvated 
metal ion, [MS,]"'). Thus, the equation for solvent exchange may be written: 

kex 

[MS,I"+ + n*S [M*S,l"+ + nS (S = solvent) 

As defined here, k,, is also the rate constant for the exchange of all n solvent molecules 
because each particular solvent molecule (for example, solvent molecule number 2, if 
the solvent molecules are numbered from 1 to n) exchanges at the same rate. The mean 
lifetime of a particular solvent molecule in the first coordination sphere, T,, = l/k,,, is 
the same for each of the n coordinated solvent molecules. Thus, the probability of exchange 
of each particular solvent molecule is the same as the probability of exchange for all n 
solvent molecules, but is n times smaller than the probability of exchange of one unspeci- 
fied solvent molecule. 

Alternatively, the solvent exchange equation may be written: 

k 

[MS,]"+ + *S F [MS,-1*SIm+ + S (S = solvent) 

where the rate constant, k, for the exchange of an unspecified solvent molecule (any of 
the n solvent molecules: 1, 2, . . . or n) is n times greater than k,, such that k = nk,,. 
It follows that the rate constant, k, for the exchange of an unspecified solvent molecule 
(any of the n solvent molecules: 1, 2, . . . or n) in the first coordination sphere is n 
times greater than the rate constant for a particular solvent molecule such that k = nk,,. 
While k is the relevant rate constant in making comparisons with complex formation 
rate constants, for historical reasons, k,, is systematically reported in the literature, as 
well as AHex$, ASex$, and AVex$. The enthalpies and volumes of activation are identical 
for k,, and k, but the ASex* and AS,,* values differ by R ln(n). The understanding of the 
difference between k,, and k is essential when comparing these values with complex 
formation rate constants. 
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[Be(H20)4]2+S042. transition state H 2 0 1 W H ~ 0 ) 3 S 0 4 1  

FIG. 5. A model for Sod2- substitution on [Be(H20)J2+ proceeding from the outer- 
sphere complex on the left through the transition state at center to the inner-sphere 
complex at the right of the figure (16, 66). 

the formation of the product ground state in which Bezt occupies the 
tetrahedral interstice formed by the three nonleaving waters and the 
entering sulfate. Calculations based on hard sphere electrostatic calcu- 
lations indicate that sulfate substitution is unlikely to occur through 
a D mechanism, and that both the leaving water and the entering 
sulfate make substantial contributions to  the energetics of the transi- 
tion state. 

k12 = 4 x 1O1O dm3 mo1-ls-l 
[Be(H20),I2+ + SO:- - 

kZl = 4 x 
(13) 

(AH23$ = 48 kJ mol-', AS23S = -40 J K-' mol-', K12 = 100 dm3 
mol-l, K23 = 0.65 dm3mol-', AHlZo = 6 kJ mol-', ASlZo = 60 J 

K-' mol-', AV,; = 10 cm3 mol-', A H 2 3 O  = 4 kJ  mol-', 
AS22 = 10 J K-' mol-', AV22 = 3 cm3 mol-'.) 

Water exchange on [Be(H20)4]2t is characterized by A f l  = 

-13.6 cm3 mol-', which is the most negative value observed for a 
water exchange process and compares with the molar volume of 
pure H20, AV; = 18.0 cm3 mol-' and a calculated limiting AV$ = 
- 12.9 cm3 mol-' for an A mechanism (59). This is strong evidence for 
the operation of an A mechanism for water exchange on [Be(H20),I2+ 
and is in general agreement with the mechanism proposed for sulfate 
substitution (16, 66). The limiting AVS value was estimated from the 
difference between the absolute partial molar volumes, Vab;, for 
[Be(H20),]2+ and [Be(H20)5]2 + calculated through Eq. (121, using 
r, = 27 pm and 36 pm as the ionic radii of four- and five-coordinate 
Be2+, respectively, and A r  = 238.7 pm (59). 
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In nonaqueous solvents, the bulk of the solvent molecule becomes 
an important parameter determining the solvent exchange mechanism 
(59,67-71). Overall, the data in Table I indicate that solvent exchange 
on [Be(solvent),12 + occurs according to a general rate law as expressed 
in Eq. (141, where k, and k2 typify d- and a-activated exchange paths, 
respectively. Thus, for DMSO, TMP, DMMP, and MMPP, the k2 term 
dominates and either an A or an I, mechanism operates, as is also 
indicated by the negative AVS values. Both the k, and k2 terms apply 
for DMF, NMA, DMA, and DEA, consistent with the parallel operation 
of d- and a-activated mechanisms, and for the most sterically hindering 
solvents, DMADMP, TMU, and DMPU, a D mechanism dominates and 
only the k, term applies. This conclusion is supported by the correspond- 
ing positive AV4 values. For LBe(H20),]2+, it is only possible to study 
the exchange process in neat solvent, and so no rate dependence on 
water concentration was determined. However, the negative AVS is 
consistent with the operation of an A mechanism for [Be(H20),I2 + . 

rate = 4(k, + k2[solventl)[Be(solvent),2+ I (14) 

The sterically controlled exchange mechanism crossover from a- to 
d-activation as the steric hindrance at the Be2+ center increases with 
increasing size of the solvent is also observed in six-coordinate systems, 
as is discussed in Sections 11, C and 111, B. The A and D mechanisms 
call for incipient five- and three-coordinate transition states, and the 
simple model in Fig. 5 provides for this when the leaving and entering 
solvent to Be2 + distances, respectively, allow significant and insignifi- 
cant bonding interactions. However, the steric characteristics of the 
nonleaving solvent molecules also affect the energetics of the transition 
state, and consequently some solvent exchange processes may progress 
along a reaction coordinate similar to that in Fig. 5, but others may 
not. Ab initio molecular orbital calculations show that although local 
energy minima exists for [Be(H20)J2+, [Be(H20)J2+, and [Be(H20),12 + , 
in each case only four water molecules occupy the first coordination 
sphere, and any other water molecules reside in the second coordination 
sphere (72). Such calculations do not appear to  have been extended to 
the water exchange process itself. 

The only reported study in which A f l  data are available for ligand 
substitution on [Be(H20),2 + is that involving substitution by bidentate 
oxygen-donor 4-isopropyltropolone (Hipt) to  form [Be(H,O),(ipt)l+ (73). 
The observed reaction volume is +5.3 cm3 mol-' (Fig. 6), and the 
reaction volume for Hipt deprotonation is - 8.2 cm3 mol-', from which 
it is estimated that the reaction volume for the substitution of 
[Be(H2O),l2+ by ipt- to form [Be(H,O),(ipt)]+ is + 13.5 cm3 mol-'. This 
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0.1 

0.23 

PARAMETERS FOR SOLVENT EXCHANGE ON [Be(s~lvent)~]*+ AND [Mg(~olvent)~]*+ IN &NITROMETHANE DILUENT 

kz (298.2 K)"I A I 8 - I  AS$ A@l r 
m 

Solvent k1(298.2 K)"/s-' dm3 r n o l - ' ~ - ~  kJ rno1-l J K-' mol-' cm-' mo1-l Mechanism Ref. 

[Be(solvent), 12+ 
H20b 730 13.2' 59.2 +8.4 -13.6 A 59 
DMSO 213 35.0 -83.0 -2.5 A, Ia 59 

TMP 4.2 43.5 -87.1 -4.1 A, Ia 59 
140 51.1 -32.3 A, Ia 67 

1.5 56.0 -54.0 A, Ia 68 
DMMP 0.81 60.2 -44.4 A, Ia 68 
MMPP 0.22 68.7 - 26.1 A, Ia 69 
DMF 16 52.0 -47.5 -3.1 A, 1, 59 

74.9 -7.3 D 59 
8.5 58.1 -32.0 A, Ia 70 

83.6 + 16.3 D 70 
NMA 0.32 76.8 +3.1 A, I, 70 

71.5 - 17.3 D 70 



A, I, 
D 
A, I, 
D 
D 

+ 10.5 D 
D 

+ 10.3 D 

r 
W 

a Rate constant for the exchange of a particular coordinated solvent molecule. 
Neat solvent. 
kg mol-' s-l, 730 s-'/55.5 mol kg-'. 
&Dichloromethane diluent. 

DMA 

DEA 

DMADMP 
TMU 

DMPU 

HzOb 

MeOHb 
EtOHb 
DMF 

TMP" 

H2Ob 

DMP 

0.38 

0.044 
0.0073 
1.0 
1.4 
0.1 

6.6 x lo5 
5.3 x 105 
4.7 x 103 
2.8 x lo6 
4.3 x 105 
6.2 x lo6 
7.4 x 105 

0.34 

0.59 

66.7 
56.9 
68.5 
76.4 
89.1 
79.6 
77.1 
92.6 

49.4 
42.7 
69.9 
74.1 
54.8 
77.8 
51.3 

[Mg(solvent)612+ 

-30.1 
-62.1 
- 19.6 
-14.6 
+12.6 
+22.3 
+ 16.4 
+47.5 

+32.3 
+8 

+ 59 
+ 126 
+46.8 

+ 146 
+39.5 

70 
70 
71 
71 
68 
59 
67 
59 

76 
37 
80 
81 
77 
78 
79 
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Droducts 

7 +5.3 cm3 mol-' 

!i 
0 

+ 2H20 . 

+ H20 
-7.1 cm3 mol -' 

transition 
state 

+ H+ 

- reaction coordinate - 
FIG. 6. A volume profile for the substitution of Hipt on [Be(H20),]" to form 

[Be(H,0)2iptl+ (73). 

substitution reaction volume arises mainly from the change in electro- 
striction caused by the changes in charge. Thus, the decrease in charge 
of the Be2+ species from 2 + to 1 + and the cancellation of charge of 
ipt- on complexation contribute + 8.7 and + 2.8 cm3 mol-', respec- 
tively. These, when subtracted from + 13.5 cm3 mol-l, leave + 4.8 cm3 
mol-', which is thought to arise from changes in bond lengths and the 
change in volume of ipt- when it becomes chelated (74). 

When [Be(HzO)z+ 1 is in excess, the observed pseudo first-order rate 
constant for the approach to equilibrium, hobs, is given by Eq. (15). The 
rate-determining complexation step is the formation of the first Hipt 
bond to Be2+ to form [Be(H20)&Hipt)12+, for which kf (298.2 K) = 

58.1 dm3 mol-'s-', A?I& = 38.1 kJ mol-', AS'& = -83.5 J K-'  mo1-l 
and A V f s  = -7.1 cm3 mol-', as shown in Fig. 6. Because Hipt is un- 
charged there is unlikely to  be any change in electrostriction on forming 
the transition state, and the negative AV& therefore indicates that an  
a-activated mechanism is operating. The subsequent chelation step to 
form [Be(H20)2(ipt)l+, during which Hipt loses a proton, is rapid. The 
decomplexation reaction is characterized by k, (298.2 K) = 49.8 dm3 
mol-' s-l, A?Ib$ = 35.7 kJ mol-', ASb$ = 92.7 J K-'  mol-', and 
AVbs = -12.4 cm3 mol-'. As there is no formal charge on Hipt, its 
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complexation by [Be(H20),12 + to form [Be(H,0),(Hipt)l2 + is likely to 
result in a reaction volume of zero (as indicated by the dashed line in 
Fig. 61, from which it is seen that AVS for the displacement of Hipt from 
[Be(H20I3(Hipt)l2+ must be negative, consistent with the operation of 
an a-activated mechanism. 

The formation rate constant for Hipt at  298.2 K, k, = 58.1 dm3 mol-' 
s-l, compares with kf = 73 dm3 mol-' s-l for HF substitution (75) and 
kf = k12k23/k21 = 1.85 x lo4 dm3 mo1-ls-l for SO:- substitution (16, 
66). This illustrates the accelerating effect of the 2 -  sulfate charge, 
which probably arises from the strong electrostatic interaction lending 
a high stability to the outer-sphere complex. By comparison, the water 
exchange rate constant for [Be(H20),I2+ is 13.2 kg mol-' s-l (59). 

The increase in ionic radius from 27 pm for beryllium(I1) to  72 pm 
(2) for magnesium(I1) is accompanied by an increase in coordination 
number from 4 to  6, a substantial increase in lability, and a greater 
tendency towards a d-activation mode. Positive AVf values (Table I) 
for solvent exchange on [Mg(H20)6]2 + and [Mg(DMF)6]2 + , and the 
rate independence of free DMF concentration exhibited for 
[Mg(DMF),I2+ in d3-nitromethane diluent, indicate the operation of d- 
activated mechanisms (76,77). Similar rate independences of free DMF 
concentration for exchange on [Mg(DMF),I2+ and of free TMP concen- 
tration for exchange on [Mg(TMP)6]2' in d,dichloromethane and ace- 
tone diluents are also consistent with a D mechanistic assignment (78, 
79). For the exchange of methanol and ethanol (37, 80, 811, solvent 
exchange rate laws and AVS are not available, and so mechanistic 
assignment is less certain. Nevertheless, exchange of all five solvents 
is characterized by substantial positive ASf values which are consistent 
with d-activated exchange processes. 

Ligand substitution data for the substitution of water on 
[Mg(H20)6]2t are scarce, but the early ultrasonic studies of substitution 
by sulfate and chromate are illuminating (1 7). The three-stage 
Eigen-Tamm mechanism was found to operate, and the third stage in 
which the entering ligand moves from the second to the first coordina- 
tion sphere was characterized by k23 = 1 x lo5 s-l for and 
Cr0:- at  298.2 K, which is quite close to kHZo = 6.6 x lo5 s-l (76). 
In the same study k23 = 2 x lo7 s-l was reported for the substitution 
of Cr042- on [Ca(H20),l2+, consistent with a further labilization of 
water in the first coordination sphere with increase in ionic radius. 
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C. ALUMINUM(III 1, GALLIUM( III), INDIUM(III), AND SCANDIUM( 111) 

The A13', Ga3', and In3 + ions may be conveniently discussed simulta- 
neously with the Sc3+ ion, as the first and last of these ions have do 
electronic configurations and the other two possess d'O configurations. 
Together, they provide a basis for assessing the influence of metal ion 
size on ligand substitution on six-coordinate trivalent metal ions. Water 
exchange on [A1(H20),I3' and [Ga(H2o),I3' are characterized by posi- 
tive AVS which are substantially less than anticipated for a D mecha- 
nism, and it is probable that an Id mechanism operates (Table 11) (6, 
53,82-91). However, as the steric crowding about the A13' and Ga3 + 

centers increases with increasing solvent size, it appears that a D 
mechanism becomes operative for TMP exchange. This deduction is 
based on the comparison of AVZ for TMP exchange on these centers 
with the reaction volume change, AVO = 23.8 cm3 mol-', for the loss 
of TMP from [Nd(TMP)7]3' to  form [Nd(TMP),I3+ (92). Thus, it appears 
that the transition states for TMP exchange on [A1(TMP),l3+ and 
[Ga(TMP),I3 ' closely approach five-coordination. It may be similarly 
reasoned, from their substantial negative AVS magnitudes, that 
[Sc(TMP),I3+ and [1n(TMP),l3+ closely approach an A mechanism for 
TMP exchange. The positive AVS magnitudes observed for DMF ex- 
change on [A1(DMF),I3+ and [Ga(DMF>,I3' are, respectively, greater 
than and similar to AVO = 9.1 cm3 mo1-l (931, for the loss of DMF 
from [Nd(DMF),I3+ to form [Nd(DMF),I3+. It may be argued that these 
exchange processes also approach the D mechanism. The exchange of 
TMP and DMF on A13+ and Ga3+ in inert CD3N02 diluent is indepen- 
dent of exchanging solvent concentration, also consistent with the oper- 
ation of D mechanisms. I t  is on the basis of the AVZ sign and magnitude 
and the solvent exchange rate law observed in d,-nitromethane diluent 
that the mechanistic assignments in Table I1 are made. 

Two general trends emerge from the data in Table 11. The first is 
that as the size of the [M(~olvent),]~' metal center increases the lability 
of the solvent increases through a d-activated mechanism, which 
changes to an a-activated mechanism as the center size increases to 
the point at which bond making with the entering solvent becomes a 
dominant factor in the transition state energetics. In parallel with this, 
hKs tends to decrease markedly and AS$ to change from positive to 
negative as the mechanism changes from d- to a-activation. The second 
trend is that as solvent size increases, so the tendency towards d- 
activation increases. This is well illustrated by [SC(TMU)~]~+, which 
exchanges TMU through a D mechanism, in contrast to the other 
[Sc(~olvent),]~+ ions, which exchange solvent through I, or A mecha- 



TABLE I1 

PARAMETEM FOR SOLVENT EXCHANGE ON DIAMAGNETIC [M(~olvent )~]~+ IN &NITROMETHANE DILUENT 

kz(298 K)'/ Lwt l  AS# AVtI 
[M(~olvent)~]~+ r,,,"lpm k1(298 K)'ls-' dm3 mol-'s-' kJ mol-' J K-' mol-' cm3 mol-' AV*lV,O Mechanism Ref. 

54 1.29 
0.30 
0.05 
0.78 
0.38 
5.1 

62 400 
1.87 
1.72 
6.4 
5.0 

75 

0.21 

80 40000 

84.7 
82.6 
88.3 
85.1 
98.3 
79.5 

4800 32.2 

67.1 
72.5 
85.1 
76.5 
87.9 

1200 37.4 
38.4 21.2 
45.3 26.0 
13.2 29.7 

91.2 

19.2 
7.6 32.8 
7.2 35.6 

+41.6 
+22.3 
+28.4 
+38.2 
+76.1 
+33.0 
-42.7 

+30.1 
+3.5 

+45.1 
+27.0 
+63.2 

-60.5 
- 143.5 
- 126 
- 124 
+47.8 

- 96 
- 118 
- 109 

+5.7 
+15.6 
+ 13.7 
+22.5 

+5.0 
+ 13.1 
+7.9 

+20.7 

- 20.1 
-18.7 

-21.4 

+0.32 
+0.22 
+0.18 
+0.20 

+0.29 
+0.18 
+0.10 
+0.18 

-0.21 
-0.16 

-0.19 

82 
83,84 
83,84 
6 
85 
85 
85 

53 
83,84 
83,84 
6 
86 

87 
6 
88 
89 
90 

91 
6 
86 

Ref. (2). ' Rate constant for the exchange of a particular coordinated solvent molecule. 
' In neat solvent. 
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nisms. An extreme example of the influence of solvent size is the de- 
creased coordination number of [A1(HMPA)J3 + , which exchanges 
HMPA through an A mechanism, in contrast to  the [Al(S0lVent)6l3+ 
ions for which d-activated mechanisms operate. 

It is now appropriate to  consider the ratios AVSIAV,“ in Table 11, 
where AV,” is the partial molar volume of the free exchanging solvent. 
When a magnitude of 113.51 cm3 mo1-l assumed for either a D or an A 
water exchange mechanism, a AVSIAV,” magnitude of 0.75 cm3 mol- ’ 
is anticipated. These magnitudes for [A1(Hz0)613 + and [Ga(H20),I3 + 

are substantially less than this, consistent with the operation of I, 
mechanisms. In contrast, the AVsIAV; magnitudes for [A1(TMP),I3 ’ 
and its Ga3+, Sc3+, and In3+ analogues are much smaller, and yet the 
evidence for the close approach of the first and last pairs of these species 
to D and A TMP exchange mechanisms, respectively, is compelling, 
as discussed above. This indicates that the exchange of small solvent 
molecules such as water may exhibit large AVslAV,O magnitudes for 
D and A mechanisms, whereas the exchange of larger solvents such 
as TMP and DMF are likely to exhibit smaller AVsIAV,” magnitudes. 
(AV,” = 18.0,40.5,52.2,77.4,85.9, and 118 cm3 mol-’ for H20, MeOH, 
MeCN, DMF, DMSO, and TMP, respectively.) 

Ligand substitution studies on [A1(HZ0),l3 + are complicated by the 
formation of [A1(HzO),(OH)]2 + even at low pH, and also by the so-called 
“proton ambiguity” which arises when the substitution of the conjugate 
base form of a ligand on the first species and the substitution of the 
conjugate acid form of a ligand on the second species become experimen- 
tally indistinguishable. Additionally, it appears that in some 
[A1(H20),I3 + ligand substitution studies, significant amounts of 
[A1(HzO),(OH)]2 + may not have been accounted for in the kinetic analy- 
sis. However, a study of the substitution of [A1(H,0),I3+ by five hydrox- 
amic acids {RIC(0)N(OH)Rz where R1 and Rz are H, alkyl or aryl 
groups}, at acid concentrations where these ligands only exist as the 
conjugate acid, yield ki in the range 2.0 to 3.1 s-l at 298.2 K through 
the relationship kf = kiSKo, where the statistical factor S = 0.75 and 
a calculated KO = 0.1 dm3 mol-’ (35). The close similarity between 
these ki and kHZo = 1.29 s-l suggests that an I, ligand substitution 
mechanism is operative, but it should be noted that the estimation of 
S and KO is critical in the derivation of k,, as is also the case in a range 
of other [A1(H20)s]3+ ligand substitution studies in which ki vary- 
ing over an order of magnitude on either side of kH,, have been re- 
ported (82). The hydroxamic acids substitute lo4 times faster on 
[A1(Hz0)5(OH)12 + than on [A1(HzO),]3+, consistent with the directly 
determined labilization of coordinated water by hydroxo ligands on 
other trivalent metal ions as discussed in Sections II1,F and G. 
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A proton ambiguity frequently complicates the interpretation of 
[Ga(H20&I3+ ligand substitution studies, which when analyzed in a 
similar manner to the [A1(H20)6]3+ studies yield hi values ranging over 
an order of magnitude on either side of kHaO for [Ga(H20),I3+ (53,941. 
The variations of ki for [A1(H20)6]3+ and [Ga(H20)6]3f may be generated 
more by the kinetic analyses through which ki is derived than the 
ligand substitution process itself. However, the range of ki is quite small 
by comparison with [Cr(H20),J3 + and [Fe(H2o),I3 + ligand substitution 
processes, where an a-activation mode operates (51, 95). In contrast, 
the derivation of A@ for a neutral substituting ligand is less subjective, 
and the report that A@ = +4.0 cm3 mol-' for the substitution of 
tropolone on [Ga(H20)6]3f is strong evidence for a d-activated substitu- 
tion mechanism in this case (96). 

111. Solvent Exchange and Ligand Substitution on Transition Metal Ions 

A. GENERAL CHARACTERISTICS 

The labilities and solvent exchange and ligand substitution mecha- 
nisms of the transition metal ions are profoundly affected by the 
electronic occupancy of their &orbitals. Thus, the sequence of reac- 
tivity of the first-row metal ions (Cu2+ > Mn2+ > Fe2+ > Co2+ > 
Ni2 + > V2 + ) is largely independent of mechanism and semiquantita- 
tively coincides with predictions based on ligand field activation ener- 
gies (LFAE) (97) and molecular orbital calculations (98). The variations 
of AGS and A f l  (46,47,50-53,95,99-101), and the LFAE for water 
exchange on [M(H20)6]2'/3+ through D and A mechanisms are shown 
in Fig. 7. Most of the AGS values are directly determined, but in the 
case of [Cr(H20)6]2f a value similar to that of [CU(H@)6l2+ is assumed 
as an upper limit from a comparison of directly determined values for 
their methanol analogues (102, 103). In the case of [Zn(H@)6l2+, an 
upper limit for AGS is estimated from ligand substitution studies (100). 
The LFAE values are calculated for the high-spin divalent and low- 
spin trivalent species as the differences in ligand field energies between 
octahedral ground states and square pyramidal and pentagonal bipyra- 
midal transition states for the D and A mechanisms, respectively 
(104-1061, using a one-electron formula (107). The variations of LFAE 
in each case reflect the variation of A G 3  such that a small LFAE 
coincides with a high lability and a large LFAE coincides with a lesser 
lability. Thus, no distinction between the operation of either D or A 
mechanisms seems possible on the basis of the LFAE contribution to 
the energetics of water exchange. Although the magnitudes of LFAE 
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are dependent on the ligand field exerted by the solvent, and therefore 
vary with the nature of the solvent, the relative labilities predicted for 
[M(sol~ent),]~+ / 3  + are similar for all solvents. 

Generally the magnitudes of solvent exchange rate constants in- 
crease in the sequence NH3 > HzO > DMF > MeCN > MeOH, which 
is largely independent of the nature of the metal ion (108, 109). This 
sequence cannot be readily identified with specific characteristics such 
as dielectric constant, donor number, electric dipole moment, or stereo- 
chemistry, and it appears to  reflect the overall solvent characteristic. 
There may be a correlation between the & for solvent exchange on 
[M(s~lvent )~]~+ and the heat of dissociation of solvent from this species 
(110). 

While the influence of d-orbital electronic occupancy is most strik- 
ingly illustrated through the variation of reactivity of the first-row 
transition metal ions with LFAE, it will be seen later that this occu- 
pancy also has a significant correlation with activation mode. Given the 
relatively small number of second- and third-row metal ions kinetically 
characterized, the pattern of d-orbital occupancy effects is less appar- 
ent. However, their mechanistic differences from the first-row metal 
ions can be interpreted in terms of the d-orbitals becoming more diffuse 
(48), the metal center becoming more polarizable, and larger ligand 
field stabilization energies (104). Some examples of these effects are 
considered next. 

B. SOLVENT EXCHANGE ON DIVALENT OCTAHEDRAL FIRST-ROW 
TRANSITION METAL IONS 

Solvent exchange on the first-row transition metal [M(so l~en t )~ l~  + 

species has been subjected to extensive study, as is exemplified by Table 
111, which contains data for four solvent systems which have been 
particularly intensively studied (46, 47, 97, 99, 103, 110-117). The 
solvent exchange mechanism progressively changes from I, to Id as the 
number of d-electrons increases and rM decreases for HzO, MeOH, and 
MeCN solvents, as judged from the changes in sign of A f l .  It is also 
seen that lability decreases with increase in Al& substantially, as 

FIG. 7. The variation of AGt for water exchange on high-spin [M(H20)6]2t and low- 
spin [M(H20)6]2+'3+ at 298.2 K with d", where the closed squares represent directly 
determined values, and the open squares represent estimated values. The LFAE calcu- 
lated for D and A mechanisms are indicated by open and closed circles, respectively. 
The AVt are indicated by circles enclosing the rM of the metal ions in picometers. 



TABLE 111 

PARAMETEN FOR SOLVENT EXCHANGE ON DIVALENT TRANSITION-METAL IONS 

d-electronic AH% A S S 1  A f l I  
[ M ( s o l ~ e n t ) ~ ] ~ +  rMn/pm configuration k, (298 K)bls-' kJ mol-' J K-' mol-' cm3 mol-' Mechanism Ref. 

~ 

79 
83 
78 
74 
69 
73 
80 
83 
78 
74 
69 
73 
83 
78 
74 
69 
83 
78 
74 
69 

8.7 x 10' 

4.39 x 106 
3.18 x lo6 
2.1 x 107 

3.15 x 104 
4.4 x 109 
1.2 x 108 
3.7 xi05 
5.0 x 104 
1.8 x 104 
1.0 x 103 
3.1 x 107 
1.4 x 107 

3.4 x 105 
2.8 x 103 
2.2 x 106 
9.7 x 105 
3.9 x 105 
3.8 x 103 

6.6 x lo5 

61.8 
32.9 
41.4 
46.9 
56.9 
11.5 
31.6 
25.9 
50.2 
57.7 
66.1 
17.2 
29.6 
41.4 
49.5 
64.3 
34.6 
43.0 
56.9 
62.8 

-0.4 
+5.7 

+21.2 
+37.2 
+32.0 
-21.8 
+ 16.6 
-50.2 
+12.6 
+30.1 
+33.5 
-44.0 
-8.9 
+5.3 

+27.1 
+37 
-7.4 

+13.8 
+52.7 
+33.5 

-4.1 
-5.4 
+3.8 
+6.1 
+7.2 

-5.0 
+0.4 
+8.9 

+11.4 
+8.3 
-7.0 
+3.0 
+8.1' 
+8.5 
+2.4 
+8.5 
+6.7 
+9.1 

1, 
I 
4 
4 
Idd 

4 
4 
4 
4 
4 

t 

Id 

47 
46 
46 
46 
46 
99 
102 
97,111 
97,111 
112,113 
112,113 
103 
114 
114 
113,115,116 
113,115 
109 
109 
113,117 
112,117 

Ref. (2). 
Rate constant for the exchange of a particular coordinated solvent molecule. 
Tetragonal distortion. 
Labilized through a tetragonal distortion. 
Average of +9.9, +6.7, and 7.7 cm3 mol-'. 
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predicted from the variation of LFAE, and consistent with the d- 
electronic rearrangement accompanying the activation process making 
a substantial contribution to A& for [V(s~ lven t )~ l~+  and [Ni(sol- 
vent),I2+ and no contribution for [Mn(SOlV€!nt),l2+. The variation in 
mechanism may be explained through a combination of an increase in 
steric crowding with decrease in rM favoring d-activation, and an in- 
crease in tzg electronic occupancy increasing the electronic repulsion 
between an entering solvent molecule approaching a trigonal face of 
[M(~olvent),]~ + in an a-activated mechanism (46, 97). Thus, [V(sol- 
vent),I2 + and [Mn(~olvent),]~ + exchange solvent through a-activated 
mechanisms, while d-activated mechanisms operate for their Fe2 + , 
Co2+, and Niz+ analogues. However, as the size of the solvent molecule 
increases, the tendency towards d-activation increases, as is illustrated 
by [M(DMF),lZ+ for which AVS is positive in all cases including that 
for [Mn(DMF),l2+ (109,118,119). This change towards a d-activation 
mode for [Mn(SOlVent),]2f has also been observed when the solvent is 
acetic acid (120) and dimethylthioformamide (119). In contrast to the 
change of activation mode exhibited by [Mn(SOlVent),lZ+, its Ni2+ ana- 
logue invariably undergoes exchange through a d-activated mecha- 
nism, as indicated by A m  = +5.9, +11.4, +13.7, +13.1, +12.4, 
+ 14.4, and + 13.1 cm3 mol-’ when the solvent is ammonia (121), 1,2- 
diaminopropane (122), propionitrile, butyronitrile, isobutyronitrile, va- 
leronitrile, and benzonitrile, respectively (123). This is further demon- 
strated by the independence of free DMF concentration of the exchange 
rate of [Ni(DMF),12+ in nitromethane dilute (1241, and evidence for 
lower coordination number species found in solvent exchange studies 
of [Ni(DEF),12+ and [Ni(DMA),12+ (125). 

The high lability of &’ [cU(H20),]2+ is coincident with the operation 
of a dynamic Jahn-Teller effect which causes its tetragonal distortion 
to randomly reorientate, or invert, about the x, y, and z axes very 
rapidly (Fig. 8) so that the lifetime of a given distortion, T ~ ,  is much 
less than the lifetime of a given coordinated HzO molecule, 71.1~0 (99, 

H20 

FIG. 8. An illustration of the inversion of the tetragonal distortion in [CU(H~O)~]~+ 
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126,127). Thus, an axial H20 site in [ C U ( H ~ ~ ) ~ ] ~ ~  converts to an equato- 
rial site with each inversion, and an equatorial site converts to an 
axial site every second inversion on average, such that each H20 in 
[CU(H~O),]~+ experiences all orientations of the tetragonal distortion 
many times before it undergoes exchange with free H20, rendering the 
six-coordinated H20 kinetically indistinguishable. It is reasonable to 
assume that the longer axial bonds in [CU(H~O)~]~+  should facilitate 
solvent exchange through a d-activation mode. Solution x-ray diffrac- 
tion (128-132) and neutron diffraction studies (133) show a tetragonal 
distortion of [CU(H~O), ]~~ with four equatorial H20 at a mean Cu-0 
distance of between 196 and 200 pm with the two axial H20 at a 
greater, but less well defined, Cu-0 distance. An 170 NMR study (99) 
is consistent with a rapid inversion of the tetragonal distortion oc- 
curring in [CU(H20),I2+ characterized by T~ = 5.1 X s at 298.2 
K. The same study yields T H  = 2.3 x lo-'' s at 298.2 K and the 
kinetic parameters in Table 111 for H20 exchange on [CU(H20)6I2' 
(99). Thus, each H20 in [CU(H@)6]2t experiences 45 inversions of the 
tetragonal distortion orientation for each exchange with free H20. Simi- 
lar studies of [CU(M~OH),]~' (103, 127) yield T~ = 1.2 X lo-'' s and 
T M ~ O H  = 3.2 x lo-' s at 298.2 K and the kinetic parameters in Table 
I11 for MeOH exchange. The positive AVS for [Cu(MeoH),I2' is consis- 
tent with the operation of a d-activated methanol exchange process, 
although the negative ASS is unexpected for this mode of activation, 
but this may reflect an aspect of the tetragonal distortion (103). The 
high lability of [Cr(MeOH),I2+ is also anticipated from its t2:ep' elec- 
tronic configuration. However, it appears that the rate of inversion of 
the tetragonal distortion is slow by comparison to the rate of methanol 
exchange, which consequently occurs predominantly at the two kinet- 
ically distinct axial sites (102). 

C. LIGAND SUBSTITUTION ON DIVALENT OCTAHEDRAL FIRST-ROW 
TRANSITION METAL IONS 

Ligand substitution on the [M(H20,l2+ first-row transition metal ions 
generally shows little rate dependence on the nature of the substituting 
ligand, Lx-, for a particular M2+, beyond that anticipated for the influ- 
ence of the ligand charge x- on the magnitude of KO for Eq. (3) which 
characterizes the outer-sphere complex in an interchange mechanism, 
as is discussed in Section I, B. This, together with the observation that 
the trends in ligand substitution rate closely follow those in water 
exchange rates as M2+ varies, led to the early conclusion that ligand 
substitution proceeded through an Id mechanism for all [M(H20),I2+ 
(1,19,134). As it was anticipated that ligand substitution rates should 
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reflect the selectivity of M2+ for L*- in a-activated mechanisms, this 
assignment of an Id mechanism was reasonable, especially in view of 
the emphasis placed on the absence and presence of ligand selectivity 
in the original definitions of d- and a-activated mechanisms by Lang- 
ford and Gray (34). On this basis, little selectivity would be anticipated 
in ligand substitution on [M(H20)6]2+ other than when M2+ is either 
V2+ or Mn2+, as it is only for these species that an a-activated mecha- 
nism operates for water exchange, as indicated by their negative A f l  
values (Table 111). 

There are few ligand substitution data available for [V(H20)612+, 
and while there are more data available for [Mn(H20),I2+, no clear 
selectivity pattern emerges (46,135). It may be that because the border- 
line hard acid nature of Mn2+ restricts its formation of stable complexes 
to ligands with hard base donor atoms, the range of polarizability, and 
therefore nucleophilicity, is too small in the substituting li ands so far 

substitution on [M(H20)6]2+ shows a strong correlation with Afl for 
water exchange, consistent with a-activated mechanisms operating 
for both water exchange and ligand substitution on [V(H20)612+ and 
[Mn(H20)6]2 + , and d-activated mechanisms operating for the other 
[M(H20),l2+, as seen from Table IV (46, 47, 136-146). In contrast 

studied for a selectivity pattern to emerge. However, A v'l for ligand 

TABLE IV 

ACTIVATION VOLUMES, hvit, FOR WATER EXCHANGE AND LIGAND sUBSTITUTION" 
ON [M(H20)6l2+ 

H2O -4.1 -5.4 +3.8 +6.1 +7.2 
NH3 +4.8 +6.0 
I m i d a z o 1 e +11.0 
Isoquinoline + 7.4 
Padab +7.9' +7.1' 
BPY -1.2 +5.9' +5.3c +7.1 
TPY -3.4 +3.6 +4.1 +5.6 
SCN- -5.3 
Glycinate ( -  1) +5 +7 +9 +4 
Murexide ( - 1 ) +8.7 

46.47 
136 
137 
138 
136,139,140 

135,142 
144 
145 
146 

141 -1 43 

AV,t = AVf* - AV,O = 0 cm3 mol-' for neutral ligands, AV; = +3.2 cm3 mol-' for 
uninegative ligands, where AV,t, AV&, and AV: correspond to the activation volumes 
associated with k, and kf in Eqs.  (4) and (5), and the volume change associated with KO 
in E q .  (3). 

Pyridine-P-azo-( p-dimethylanaline). 
Average value. 
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- 580.0 
AV? = +7.5 

A V t  = +9.5 - [Fe(DMF)4pada]2' + PDMF 

- [Fe(DMF)d2+ + pada 
V0=418.9 Vo=156.0 

Vo = 41 7.9 Vo = 2 x 77.5 

- 570.0 

to the AD = +7.1 and +3.6 cm3 mol-' for substitution of bpy on 
[Zn(H20)6]2+ and the reverse reaction, respectively, consistent with d- 
activated mechanisms operating, AD = - 5.5 and - 6.9 cm3 mol- for 
substitution of bpy on [Cd(H20)6]2t and the reverse reaction, respec- 
tively, are consistent with a-activated mechanisms operating (143). 
This is another demonstration of the effect of r, on mechanism, whereby 
Zn2+ (rM = 74 pm) is too small to increase its coordination number in 
the transition state, while the larger Cd2+ (rM = 95 pm) is able to do 
so and substitutes through an a-activated mechanism. 

The change to d-activation mode for DMF exchange on [Mn(DMF),I2 
is also reflected in AVi$ = +7.2 cm3 mol-' for the first step in the 
substitution of bidentate diethyldithiocarbamate on this species, and 
for the corresponding Fe2+, Co2+, and Ni2+ species AVi$ = + 9.7, + 9.5, 
and + 7.4 cm3 mol-', respectively (147, 148). A complete reaction vol- 
ume profile for the d-activated substitution of bidentate pada on 
[Fe(DMF),I2' is shown in Fig. 9. 

D. THE INFLUENCE OF NONLEAVING LIGANDS ON LABILITY 

Although this review is primarily concerned with the solvent ex- 
change and single ligand substitution on fully solvated metal ions, it  
is nevertheless appropriate to note that substitution of coordinated 
solvent in [M(~olvent),]~ + by other ligands can substantially alter the 
lability of the remaining solvent. This is illustrated for a range of 

Reaction coordinate 

FIG. 9. Reaction volume profile for the substitution of [Fe(DMF)s12+ by trans-pyridine- 
P-azo( p-dimethylaniline), pada (147). 
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nickel(I1) complexes in Table V (46,149-159). Substitution by ammo- 
nia and polyamines labilizes the remaining waters roughly in propor- 
tion to the number of coordinating nitrogen atoms. This suggests that 
greater electron donation through the cT-bonding system to the metal 
center is the source of the labilization (159). However, it  appears that 
although bpy and tpy may also donate electron density to the metal 
center through a-bonding, electron withdrawal through the .rr-bonding 
systems of these ligands results in only modest changes in lability. The 
origin of the labilization found for the last four complexes in Table V 
probably arises from a variety of sources, but it appears that a decrease 
in strength of the water dipole-Ni2+ interaction resulting from the 
decrease in overall positive charge of the complex ions may be a con- 
tributing factor. It has also been observed that five-coordinate 
[Cu(tren)(H20)I2 + is characterized by kHpO = 2.5 x lo5 s-l at 298.2 K 
(151), which is some four orders of magnitude less than that for 
[ C U ( H ~ O ) ~ ] ~ + ,  presumably because a combination of the constraining 
effect of tren and the change to  five-coordination removes the dynamic 
Jahn-Teller effect as a labilizing force. A similar interpretation 
has been placed on the decreased lability of [Cu(tren)(MeCN)I2+, for 
which k,,(298.2 K) = 1.7 x lo6 s-l for MeCN exchange (160). The 
effect of stereochemically constraining ligands such as 2,2,’,8”-tri(N,N- 
dimethy1amino)triethylamine (Me6tren) can have substantial effects 

TABLE V 

THE VARIATION OF THE LABILITY OF COORDINATED WATER IN NICKEL(II) COMPLEXES 
AT 298.2 K 

Complex 10-4kHZOni~-1 Ref. Complex 10-4kH20nis-1 Ref. 

3.15 46 [Ni(cyclen)(H20)2I2+ 2100 152 
25 149 [Ni(Me,~yclam)(H~O)~J~+~ 1600 153 
61 149 [Ni(Me4cyclam)(H20)12+c 160 153 

250 149 [Ni(bpy)(H20)4I2+ 4.9 154 
44 150 [Ni(bpy)~(H~0)21~~ 6.6 154 

540 150 [Ni(tpy)(H20),12+ 5.2 155 
120 159 [Ni(H20)6C11+ 14 156 
290 159 [Ni(H20)2(NCS)412- 110 157 

82 151 [Ni(H2O)(EDTA)I2- 70 158 
900 [Ni(HzO)(HEDTA)I-‘ 20 158 

Rate constant for the exchange of a particular coordinated water molecule. 
RRSS form of macrocycle. 
Five-coordinate RSRS form of macrocycle. 
The two inequivalent HzO exchange at different rates. 
‘ Monoprotonated EDTA4-. 
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on stereochemistry, lability, and mechanism. This is exemplified by 
five-coordinate [Mn(Me,tren)DMFl2 + and its Co2+ and Cu2 + analogues, 
for which DMF exchange is characterized by k,, (198.2 K) = 2.7 x lo6, 
51.4, and 555 s-l, and AVS = - 6, - 2.7, and + 6.5 cm3 mol-', respec- 
tively, with I, mechanisms operating for the first two complexes and 
an Id mechanism operating for the last (161). It has been similarly 
shown that Me6tren and other nonleaving ligands can substantially 
modify the solvent exchange process on a variety of metal ions (109, 
162-1641, The effects of nonleaving ligands on the labilities of metal 
ions are also considered in Sections II1,E and IV,B. 

E. SOLVENT EXCHANGE AND LIGAND SUBSTITUTION ON 
HEXAAQUARUTHENIUM(II) AND RELATED COMPLEXES 

Studies of low-spin t296 [Ru(H2o),l2+ and [Ru(MeCN),I2 + provide the 
most comprehensive solvent exchange and ligand substitution data for 
a divalent second-row transition metal ion (165,166). A comparison of 
the solvent exchange data for the first two species (Table VI) (165,167, 
168) with that for the analogous high-spin t2g4e92 iron( 11) species (Table 
111) show [Ru(H2O),l2+ and [Ru(MeCN),I2+ to be many orders of magni- 
tude less labile, largely as a consequence of their much larger AI& 
values. These effects arise from their larger ligand fields and low-spin 
states generating larger LFAE values and also a smaller rM = 73 pm 
(169) which compares with rM = 78 pm for high-spin Fe2+ (2). The 
lability of [Ru(MeCN),I2+ is eight orders of magnitude less than that 
of [Ru(H2O),l2+. This is largely a consequence of the larger & of the 

TABLE VI 

PARAMETERS FOR SOLVENT EXCHANGE ON RUTHENIUM( 11)" COMPLEXES 

AHh AS*I AV*l 
Complex k,,(298 2K)*ls-' kJ mol-' J K-' mol-' cm3 mol-' 

[Ru(HzO)6Izt 1.8 x 87.8 +16.1 -0.4 
[RU(q6-Cs&)(H@)312 tC 11.5 75.9 + 29.9 + 1.5 
[RU(M~CN)~I~+ 8.9 x 10-11 140.3 t 33.3 +0.4 
[ R U ( ~ ~ - C ~ H ~ ) ( M ~ C N ) ~ ] ~ * ~  4.07 x 102.5 + 15.0 +2.4 
[Ru(q5-C5H5)(MeCN),1 t C  5.6 86.5 t 59.6 +11.1 

Adapted from Refs. (165-168). 
Electronic configuration = tzt. Six-coordinate ionic radius = 73 pm (169). 

* Rate constant for the exchange of a particular coordinated solvent molecule. 
All three HzO and MeCN are equivalent. 
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first species, which probably arises from the very strong back-bonding 
from the electron-rich t2g6 Ru2+ into the acetonitrile .rr* orbital (170, 
171). Such back-bonding does not exist in [Ru(H2O6l2+. In contrast, 
[Fe(H20),I2+ is less than an order of magnitude more labile than 
[FeMeCN),I2+, and the change in the lability difference between the 
two systems reflects the relatively minor importance of T back-bonding 
in [Fe(MeCN),I2+. 

Both H20 and MeCN are greatly labilized by nonleaving .rr-bonding 
ligands, as is seen from Table VI. The increase in lability by 6.3 x 1O'O- 
fold along the sequence [Ru(MeCN),12+ < [ R U ( ~ ~ - C ~ H ~ ) ( M ~ C N ) ~ I ~ +  < 
[Ru(q5-C5H5)(MeCN),] + is a consequence of a corresponding decrease 
in & and the last complex having the largest ASS. It  is also accom- 
panied by an increase in the Ru-N distances in the sequence 203, 
206, and 209 pm (167), and an increasingly strong d-activation 
mode as indicated by A@ increasing in the sequence +0.4, +2.4, 
and +11.1 cm3 mol-l. Thus, the kinetic trans effect correlates 
with the structural trans influence. For [Ru(H@)~]~+ and [Ru(qG- 
C&6)(H20)3]2+, the 640-fold greater lability of the latter complex arises 
from its smaller AH$ and more positive ASS. This is accompanied by 
a more positive A@, consistent with a strengthened d-activation mode. 
The labilization of H20 in [Ru(~~-C ,H, ) (H ,~)~]~+  is also attributed to 
the trans labilizing effect of the .rr-acid q6-CsHs, but there is no corre- 
sponding structural effect reflected in the Ru-0 distances, which are 
212 pm in both complexes. Thus, the overall range of lability is 12 
orders of magnitude within a series of t2g6 ruthenium(I1) complexes in 
which H20, MeCN, C6H6, and C5H{ are coordinated. 

The deduction of the reaction mechanism from solvent exchange and 
ligand substitution on low-spin t2; [ R U ( H ~ ~ ) , ] ~ +  provides a cautionary 
tale. For the mono substitution of ligands of different charge and donor 
atom on [Ru(H20),I2+, ki (Table VII) (165,172-175) shows only a small 
variation consistent with the operation of an I d  mechanism (1741, 
whereas water exchange was initially assigned an I mechanism on 
the basis of A@ = -0.4 cm3 mo1-l (165). The donor atoms in the 
substituting ligands include C1, Br, I, N, 0, and S; maleic acid, fumaric 
acid, and 2,5-dihydrofuran are q2-coordinated to Ru2 + through their 
wbonds (175); and the ligand charge varies through + 1, 0, and - 1. 
Thus, the approximately sixfold variation in ki observed for this wide 
range of ligand type is smaller than anticipated for substitution on the 
borderline soft acid Ru2+ center and is strong evidence that water 
dissociation from [Ru(H~O),]~+ makes the major contribution to the 
transition state energetics and the operation of an I d  mechanism. For 
water exchange, AVS is expected to be significantly positive for an I d  
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TABLE VII 

PARAMETEM FOR THE MONOCOMPLEX FORMATION REACTIONS OF [ R U ( H ~ O ) ~ ] ~ '  WITH DIFFERENT 
LIGANDS. L, IN AQUEOUS SOLUTION 

kf (298.2 K)/ AH$/ AS$/ K / /  
L kg mo1-l s-I kJ mol-' J K-' mol-' kg mol-' k,b (298.2 K W '  Ref. 

c1- 0.0085 84.4 -2 1 0.009 172 
Br- 0.0102 82.8 -5 1 0.010 172 
I -  0.0098 81.5 - 10 1 0.010 172 
02CC02H- 0.026' 101.1 + 65 2 0.013 173 

87.8 + 16.1 O.OIBd 165 
174 MeCN' 0.00207 81.1 - 24 0.16 0.013 

Me2SO' 0.00131 87.3 -7 0.16 0.008 174 
1,4-Thioxane' 0.0022 82.4 -2 0.16 0.014 174 
4H-thiophene 0.0024 0.16 0.015 174 
Maleic acid' 0.00218C 84 - 15 0.16 0.014 175 
Fumaric acidP 0.00172c 128 + 133 0.16 0.011 175 
2,5-Dihydrofuran 0.00106' 126 + 120 0.16 0.007 175 
NMP'f 0.00073 77.7 - 44 0.02 0.040 174 

HzO 

KO calculated using Eq. (3). 

dm3 mol-' s-'. 
Rate constant for the exchange of a particular coordinated water molecule. 
In DzO. 

* Calculated from kc = k$o. 

f N-methylpyrazinium cation. 

mechanism, and it therefore appears that the model used to interpret 
AH for the main group metal ions and the high-spin divalent first- 
row transition metal ions may not apply for low-spin t21 [ R U ( H ~ O ) ~ ] ~ + .  
It is possible that the [ R U ( H ~ ~ ) , ] ~ ~  transition state contracts to a sub- 
stantially greater extent than is the case for the larger high-spin t 2 i e ;  
[Fe(H,o)6]2+, for which AVS = +3.8 cm3 mol-'. Swaddle has reported 
that his Eq. (12) underestimates AVab,O for low-spin t2g6 [Rh(H20)613+ 
(4, 42), and it may be that a related ligand field effect is reflected in 
the small A f l  = - 0.4 cm3 mol-I observed for water exchange on low- 
spin tz: [ R U ( H ~ O ) ~ ] ~ + .  

In a study of the aquation reactions of low-spin t22 [Co(NH3),LInt, 
it  was estimated that the difference in molar volumes 
{V,([CO(NH~)~]~+) - V,([Co(NH3)J3+)} = 17-20 cm3 mol-' (176). As- 
suming similar differences in V,, AH for water exchange on 
[ R u ( H ~ ~ ) ~ ] ~ +  - V,([RU(H~O)~]~+)} = 17-20 cm3 mol-' and Vc(H20) = 
18 cm3 mol-', AVS = 0 cm3 mol-' for a D mechanism. For an Id mecha- 
nism, the volume difference between [Ru(H,0)J2 + and the transition 
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state is likely to be less as the degree of bond breaking is less, and 
the Vc(H20) contribution will be correspondingly decreased, such that 
A f l  = 0 cm3 mol-' is also possible (174). Thus, the observed 
AVS = -0.4 cm3 mol-' may be attributable to a negative contribution 
from the contraction of the [Ru(H2O6l2+ transition state and a positive 
one from the partial loss of a water molecule. 

The I, mechanism proposed for ligand substitution on [ R U ( H ~ O ) ~ ] ~  + , 
which is in accord with the predictions of a-activation being disfa- 
vored for ligand substitution on metal ions with high electronic tag 
orbital occupancies (Section III,B), is also thought to  operate for 
[Ru(NH3),H20I2+, which is an order of magnitude more reactive (166). 
This probably explains why [Ru(NH3),N2I2 + (1 77) was observed long 
before [Ru(H2O),N2I2+ (1 78); the latter species forms much more slowly, 
unless a high N2 pressure is used to increase aqueous solubility. 

F. SOLVENT EXCHANGE ON OCTAHEDRAL TRIVALENT TRANSITION 
METAL IONS 

Solvent exchange on the [M(solvent),I3+ ions shows a similar varia- 
tion in lability and mechanism with d-electronic configuration to that 
of their divalent analogues. It is seen from Table VIII (49-53,87,165, 
179-185) that [Cr(~olvent),]~+ is the least labile of the first transition 
species as a consequence of its large LFAE, which is reflected in its 
large A I 8  values. In contrast, the smaller LFAE of t2: [V(H20)613+ 
renders it more labile than t2g3 [V(H20),l2+ (see Table 111) despite the 
smaller formal charge of the latter species. [In d3-nitromethane diluent, 
DMSO exchange on [V(DMSo),l3+ is linearly dependent on the con- 
centration of free DMSO, and a second-order rate constant = 37.4 X 

kg mol-' s-' at 240.3 K is consistent with the operation of an A 
or I, mechanism (180). A change from a-activation to d-activation 
occurs for [M(H20)6]3+ as the series is traversed from left to right. The 
A f i  for [Ti(H2O),l3+ approaches the limiting value of - 13.5 cm3 mol-' 
for an A mechanism (see Section I)D), and this mechanism may well 
operate for water exchange in this case. However, A f l  becomes less 
negative as both the t2g electronic occupancy and the consequent elec- 
tronic repulsion towards an entering ligand increase, until for 
[Ga(H20)6I3+ Afl = +5.0 cm3 mol-', which indicates the operation 
of an I, mechanism. Similar trends are discerned in the less com- 



TABLE VIII 

PARAMETERS FOR SOLVENT EXCHANGE ON TRIVALENT OCTAHEDRAL TRANSITION METAL SPECIES AND RELATED SPECIES 

d-electronic A&/ Ass/ A f l l  
Species r$lpm configuration k,(298 K)*ls-' kJ mol-I J K-' mol-I cm3 mol-' pKa Mechanism Ref. 

75 
67 

64 

61 

64 

62 

68 

6gC 

1.21 x 103 
1.8 x 105 
6.6 x lo4 

t2g2 5.0 x lo2 
1.31 x 10' 

t2g3 2.4 x 
1.8 x 10-4 

3.3 x 10-7 

1.2 x 105 

3.1 x lo-@ 
t2g3e,2 1.6 x lo2 

9.3 
6.1 x 10' 

tz:e,4 4.0 X lo2 
1.1 x 105 

1.87 
1.72 
6.4 

tZp" 3.5 x 10-6 
5.9 x 10-4 

t2g6 2.2 x 10-9 
4.2 x 10-5 

37.4 
43.4 
23.6 
49.4 
38.5 

108.6 
111.0 
96.7 
97.1 
64.0 
42.4 
62.5 
42.3 
67.1 
58.9 
72.5 
85.1 
76.5 
89.8 
95.8 

131 
103 

-60.5 
+1.2 

-73.6 
-27.8 
-94.5 
+11.6 
+55.6 
-64.5 
-43.5 
+ 12.1 
+5.3 
- 16.7 
-69.0 
+30.1 

+3.5 
+45.1 
+27 
-48.3 
+14.9 
+ 29 

- 

- 

-20.1 
-12.1 
-5.7 
-8.9 

-10.1 
-9.6 
+2.7 

-11.3 
-6.3 
-5.4 
+7.0 
-3.1 
-0.9 
+5.0 
+6.2 

+13.1 
+7.9 

+20.7 
-8.3 
+0.9 
-4.2 
+ 1.5 

87 
49 
179 
52 
180 
51 
51 
181 
182 
50,95 
50,95 
183 
183 
53 
53 
83 
83 
6 
165 
165 
184 
184 

a Ref. (2). 
* Rate constant for the exchange of a particular coordinated solvent molecule. 
Ref. (185). 
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plete data for the other solvents where the lability of [M(sol~ent )~]~+ 
increases with change in solvent in the sequence TMP > 
H20 > DMF > DMSO. 

The second-row transition low-spin t2,5[Ru(HZO) J3 + and t2,6[Rh(H20) J3 + 

also exhibit the considerable influence of LFAE magnitudes on lability. 
The lower LFAE of [RU(H~O)~]~+  contributes to it being three orders 
of magnitude more labile than [Rh(H20)613+, for which a high AH$ 
demonstrates the retarding influence of the large LFAE arising from 
a t Z i  configuration. In both cases, the negative A f l  values suggest the 
operation of a-activated exchange mechanisms. Although no directly 
determined water exchange data are available, it appears that third- 
row t 2 i  [Ir(H2O),I3+ may be even less labile than [Rh(HZ0)6]3+ (186). 
The lability of tZg6 [ R u ( H ~ O ) ~ ] ~ +  is four orders of magnitude greater 
than that of t2; [RU(H2o)6I3+ in water, and it appears that the lower 
charge of the former species, and differences in mechanisms, are largely 
accountable for this difference. It was the knowledge of this difference 
in lability which lead to the unequivocal identification of an outer- 
sphere mechanism operating in the electron exchange between 
[ R U ( H ~ O ) ~ I ~ +  and [Ru(H,0),l3+ (187,188). 

An interesting aspect of the data in Table VIII is the influence of 
the deprotonation of a coordinated water to produce the conjugate base 
species, [M(H20)50H12+, on the lability and mechanism of water ex- 
change. In all five cases, the lability of coordinated water is greatly 
increased in the conjugate base, which is characterized by a more posi- 
tive AVS, consistent with donation of electron density from the hydroxo 
ligand to the metal center, weakening its bonds to  water and inducing 
a greater tendency towards a d-activation mode. Thus, the I, exchange 
mechanism for [Fe(H20),I3 + changes to Id for [Fe(H20)50H12 + . Similar 
trends are observed in the analogous chromium(III), ruthenium(III), 
and rhodium(II1) systems, although the less negative AVS values ob- 
served for their conjugate bases suggest that d-activation is less im- 
portant, and an I mechanism is assigned. 

G. LIGAND SUBSTITUTION ON OCTAHEDRAL TRIVALENT TRANSITION 
METAL IONS 

The interpretation of ligand substitution data for [M(H2o>,l3 + transi- 
tion metal ions involves all of the considerations discussed in Sections 
II1,C and D. In addition, it has to accommodate the added complication 
of the occurrence of the conjugate base species, [M(H2O),0Hl2+, at 
quite low pH values, which can present substantial experimental and 
intellectual challenges in determining the relative contributions made 
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to the rate process in which both [M(H20),I3+ and [M(H20)50H]2+ 
undergo substitution, particularly if the substituting ligand exists in 
conjugate acid and base forms also. Nevertheless, some illuminating 
studies have been made, as exemplified by that of ligand substitution 
on [Ti(H20),l3+, for which the rate constants, kf, are presented in Table 
IX (189-192). Generally, kf increases with increasing ligand basicity, 
as anticipated for an a-activated mechanism, and covers greater than 
three orders of magnitude (188). This in agreement with the deduction 
that water exchange occurs through an A or I, mechanism. Similar 
arguments has been presented in support of an a-activated mechanism 
operating for ligand substitution on [V(H20),I3+ (52, 193). 

The rate constants for ligand substitution, kf, on [M(H20),I3+ and 
[M(H20)50H12+, where M is either Fe or Cr, are presented in Table X 
(51,194-198). It is seen that the relative labilities of the four species 
towards ligand substitution qualitatively reflect their relative labilities 
towards water exchange (Table VIII) in accord with the generalization 
that lability towards simple ligand substitution processes is largely 
determined by the nature of the metal center. Thus, the labilization 
of water exchange observed in [M(H20),0H12 + species, by comparison 
with that of [M(H20),l3 + , is reflected in their greater labilities towards 
ligand substitution. Superimposed on this is the effect of differences 
in mechanism, which is well illustrated by the Cr3+ data. A comparison 
of the kf values for the monoanions shows 938- and 15-fold variations 
for [Fe(H2o),I3+ and [Fe(H2O),OHI2+, consistent with the operation of 
I, and Id mechanisms, respectively, as was also deduced from their AVS 
values for water exchange (Section 111,E). Similarly, k, for [Cr(H20),I3 + 

and [Cr(H2O),0Hl2 + exhibit 2050- and 21-fold variations, consistent 

TABLE IX 

RATE CONSTANTS FOR THE SUBSTITUTION OF A LIGAND, L. ON [Ti(Hz0)6]3+ IN 

AQUEOUS SOLUTION 

CICHzCOOH 
CH3COOH 
NCS- 
ClZCHCOz- 
ClCH2C02- 
Methylmalonate(1-) 

Malonate(1-) 
HC204- 

CH3C02- 

7 
10 
80 

1100 
2100 
3200 
3900 
4200 

18,000 

288.2 
288.2 

288.2 
288.2 
288.2 
283.2 
288.2 
288.2 

281-289 

189 
189 
190 
189 
189 
191 
192 
191 
I89 
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with the operation of I, and I mechanisms, respectively, also in accord 
with the deductions made from their A@ values for water exchange. 

The factors affecting the magnitude of the variation of kf, or more 
generally the degree of selectivity exhibited by a metal center for enter- 
ing ligands seem destined to remain the subject of debate until a sub- 
stantially more extensive range of entering ligands and metal centers 
have been studied (4 ,  6-9, 15, 21-26). In the meantime, the ratio 
kfNCS-/kfCI-  = R for ligand substitution by NCS- and C1- provides an 
estimate of the selectivity exercised by a metal center, and thereby 
qualitative comparisons of the amount of a-activated character present 
in ligand substitution processes (198). The good correlation between 
the sign of AV3 and R in assigning the dominance of either d- or a- 
activation modes for five of the aquaions in Table XI (199), as discussed 
earlier, adds confidence to the assignment of a-activated mechanisms 
to [cO(H,o),]3+ and [Mo(H,O) 13+ and a d-activated mechanism to 

This is reinforced by the determination of AVf* = - 11.4 cm3 mol-' 
for substitution of [Mo(H20),l3+ by NCS-, from which AVi$ = - 17 cm3 
mol-' is calculated for the interchange step in an I, mechanism after 
changes in electrostriction are allowed for (200). Similarly, the AVf$ 
values observed for the substitution of NCS- on [v(H@)6]3+, 

[CO(H,O),OH]~ + , for which AV B for water exchange is not available. 

TABLE X 

RATE CONSTANTS (298.2 K) FOR LICAND SUBSTITUTION ON [M(H20)6I3+ 
AND [M(H20)50H12+ 

L kf/dm3 mol-'s-'  kf/dm3 mol-' 8-l Ref. 

sot- 
NCS- 
c1- 
Br- 
Cl,CC02- 
C12CHC02- 
ClCH2C02- 

sot- 
NCS- 
NOS- 
c1- 
Br- 
SCN- 
I- 

[Fe(H20)J'+ 

9.0 x 10' 
4.8 
1.6 

6.3 x 10' 

2.3 x 103 

1.18 X lo2 
1.5 x 103 

1.1 x 10-5 

7.1 x 10-7 

8.7 x 10-9 
9.8 x 10-9 

[Cr(HzO)613+ 

1.7 x 

3.0 x lo-* 

8.3 x 10-lo 

[Fe(H20)50H12' 
1.1 x 105 
5.0 x 103 
5.5 x 103 
2.8 x 103 
7.8 x 103 
1.9 x 104 
4.1 x 104 

6.1 x 10-4 
9.7 x 10-5 
1.5 x 10-4 
4.2 x 10-5 
2.7 x 10-5 
2.1 x 10-5 

[Cr(H20)50H12+ 

4.6 X 

194 
195 
196 
197 
198 
198 
198 

51 
51 
51 
51 
51 
51 
51 
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TABLE XI 

R VALUES FOR THE SUBSTITUTION OF WATER IN 
SEVERAL AQUAIONS 

Aquaion R Aquaion R 

Adapted from Ref. (199). 
' Calculated from data in Table X. 

[Fe(H2o),I3' (201, 202), and their DMF analogues are consistent with 
the operation of I, mechanisms (180,203). In the accessible pH range, 
[Ti(H20)6]3+, [V(H20)6I3+, and [Mo(H,O)~]~+ do not exhibit ligand sub- 
stitution rate terms dependent on [H+ I-l, indicative of substitution 
occurring on [M(H2O),0Hl2 + , which probably indicates how favorable 
the I, reaction path is for these hexaaqua ions. 

A rare opportunity to compare aquaions of the same electronic con- 
figuration &:) in different periods is afforded by [Cr(H20)6I3+ and 
[Mo(H,O),]~'. It is the latter which is the more labile towards substitu- 
tion by several orders ofmagnitude. [For [ M O ( H ~ O ) ~ I ~ + ,  kRl- and (kmcs - 
are 0.0046 and 0.27 dm3 mo1-ls-l at 298.2 K, respectively (200). This 
largely arises from the lower A& values characterizing the 
[Mo(H,O),]~+ substitutions, which are a little unexpected in view of 
the larger LFAE anticipated for a second-row transition metal ion. 
It has been suggested that the greater lability of [ M o ( H ~ O ) ~ ] ~ +  is a 
consequence of a greater degree of a-activation in its substitution mech- 
anism (199). The lability of [cO(H20)6]3+ towards ligand substitution 
(kR1- and kmcs- are 5 2  and 86.5 dm3 mol-l s-l at 298.2 K, respectively) 
(204-206) is high compared with that of [Cr(H2o)6l3+, and its large R 
value, suggesting an a-activated mechanism, is unexpected for its t2; 
electronic configuration (207), which should produce a large LFAE and 
a resistance towards a-activation. However, it appears that the t2g4eg2 
state may be accessible at excitation energies comparable to  those 
encountered during ligand substitution (4).  If ligand substitution occurs 
through this high-spin state, the lack of a significant LFAE and the 
decreased t2% electronic occupancy should enhance both lability and 
the probability of an a-activated ligand sutstitution occurring. For 
[CO(H~O)~OH]~+,  the decrease in R to 2 mirrors the chromium(II1) and 
iron(II1) systems and, as in their cases, suggests a change towards a 
d-activated mechanism. 



SUBSTITUTION REACTIONS OF SOLVATED METAL IONS 43 

A classic example of the operation of an I, mechanism arises in 
the substitution of L"- on [Cr(DMF)J3+, for which the 105ki (344.5 
K) = 0.65,7.53,17.3, and 424 s-l for L"- = Br-, C1-, NCS-, and N3-, 
respectively, which compare with 105k,, (344.5 K) = 7.37 s-l (208). 
The increase of ki in the same order in which nucleophilicity increases 
and the 59-fold greater magnitude of ki for N3- by comparison with 
that of k,,, together with the direct determination of KO values, are 
convincing evidence for the operation of an I, mechanism. The lesser 
magnitude of k,, than of ki is observed in this case because DMF is not 
as effective a competitor for the Cr3+ center as is water. 

H. SOLVENT EXCHANGE AND LIGAND SUBSTITUTION ON TRIVALENT 
TRANSITION METAL AQUAPENTAAMMINE COMPLEXES 

Ligand substitution, or anation, on the trivalent transition metal 
aquapentammine complexes and its reverse or aquation reaction, as 
shown in Eq. (17), has been the most studied of all ligand substitutions, 
but nevertheless remains the subject of robust debate (4,9,21-26). In 
principle, the aquapentaammines form ideal prototypes to test mecha- 
nistic ideas, as only the coordinated water undergoes substitution under 
mild conditions, and the pentaammine moiety is largely inert towards 
substitution. Thus, substitution at  a single site may be conveniently 
studied, as is exemplified by the water exchange data for some aqua- 
pentammine complexes [and some of their aquapentakis(methy1- 
amine) analogues] in Table XI1 (209-213). The LFAE for either a 

TABLE XI1 

PARAMETERS FOR WATER EXCHANGE ON [M(NH3)6Hz0]3+ AND [M(CH3NH3)5Hz013+ 

M3 + - 

C? + 

Co3 + 

Ru3 + 

Rh3 + 

1 ~ 3 +  

C? + 

Co3+ 
Rh3 + 

61 
54 
68 
66 
68 

61 
54 
66 

d-electronic l~8,~(298.2 K)1 AZ-ZSI 
configuration S-1 kJ mol-I 

[M(NH3)5Hz013 + (209-212) 
tzg; 5.2 x 10-5 97 
t2gs 5.7 x 10-6 111 
t2g 2.30 x 10-4 91.5 
tzg; 8.4 x 103 
t2, 6.1 X 118 

[M(CH3NH3)5Hz013f (213) 
tzg; 4.1 x 98.5 

t Z E  1.06 x 10-5 112.7 
tagg 7.0 x 10-4 99.0 

A f l l  
cm3 mol-' 

0 
+ 28 

-7.7 
+ 3  

+ 11 

- 17.5 
+ 26.7 
+37.8 

- 5.8 
+ 1.2 
- 4.0 
- 4.1 
- 3.2 

- 3.8 
+ 5.1 
+ 1.2 

Ref. (2). 
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d- or an a-activated water exchange mechanism is smallest for t2,3 
[Ru(NH,),H20I3+, and this may explain its greater lability compared 
with that of t293 [Cr(NH3),H2013 + and those of the three t2,6 complexes 
whose larger LFAE values render them less labile. These LFAE varia- 
tions are qualitatively reflected in the AI& values. Generally, the 
greater water dipole-metal center interaction arising from the 3 + 
charge of [M(NH3I5H20l3 + is likely to further decrease the rate of water 
exchange by comparison with those of the divalent metal ions discussed 
in preceding sections. 

k f  
[M(NH3),H2Ol3+ + Lx- e [M(NH3)5Ll(3-X)+ + H20 (17) 

kb  

The positive A f l  value observed for [CO(NH,)~H~OI~+ implies the 
operation of an Id mechanism, while the negative values for the other 
three complexes suggest the operation of I, mechanisms. An I, mecha- 
nism is more likely to  operate for [Cr(NH3)5H20]3+ on the basis of its 
larger rM and t2: configuration than is the case for t2: [Co(NH3),H20I3+, 
which has a smaller rM and for which an  Id mechanism operates. This 
difference in sign of A f l ,  and the implied mechanistic difference, has 
been observed for the substitution of L = OSMe,, OCHNH2, OC(NH2)2, 
OC(NHMe),, and OCMeNMe,, and several other uncharged oxygen 
donor ligands by water in [Cr(NH,),Ll3+ and [CO(NH~)~L]~+  (214,215). 
Thus, there seems little doubt that there is a significant mechanistic 
difference for ligand substitution on the two metal centers. The opera- 
tion of I, mechanisms for [Ru(NH3),H2Ol3 +, [Ru(NH3),H2013 +, and 
[Ir(NH,),H2013 + , despite their high tZg, electronic occupancies, is ex- 
plicable in terms of a combination of their d-orbitals being more diffuse 
and their greater rM allowing more interaction with the entering water 
than is possible for [Co(NH3),H20I3 + . 

When steric crowding of the metal center is increased on going from 
[M(NH3)5H2013+ to [M(CH3NHJ5H20I3 + , the rate of water exchange 
(298.2 K) is decreased, increased, and almost unchanged when M = Cr, 
Co, and Rh, respectively (Table XII) (213). These rate changes are 
consistent with a- and d-activated mechanisms operating when 
M = Cr and Co, respectively, but the change is too small for mechanis- 
tic interpretation when M = Rh. The A@ for water exchange becomes 
more positive as steric crowding increases for all three M, and indicates 
a change to either a more dissociative or a less associative mode of 
activation. Such mechanistic changes with variation of the occupancy 
of the first coordination sphere are not unusual, as observed for both 
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main group and transition metal ions, for which an increase in crowding 
caused by increased ligand size favors a change towards the dominance 
of d-activation (Sections 11,B and C, and 111,B). 

The aquation of [M(NH3),L](3-x)+, characterized by k b  in Eq. (171, 
has featured strongly in mechanistic debate (4,9,21-26). A linear free 
energy relationship (LFER) with a slope of unity exists between log kb 
and log(k,/k,) for a [Co(NH3),LI2+ series, where Lx- is a uninegative 
ligand (216). Thus, although the nature of Lx- determines the varia- 
tion of k b ,  it is implied that it has little effect on kf, and therefore 
little participation in the transition state for substitution of H20 in 
[Co(NH3),H20l3+ during the formation of [Co(NH3),LI2+. Conse- 
quently, the transition state for reaction (17) in either direction is 
thought to resemble five-coordinate [Co(NH3),I3 + , and a d-activated 
mechanism operates. However, Eq. (17) does not include the diffusion- 
controlled formation of the outer-sphere complex, as shown in Eq. (18). 
Hence, as kf = hiKO, the observed LFER implies the unexceptional re- 
quirement that KO should be similar for simple monoanions (217). A 
parallel LFER exists for dianions. Such LFERs may be expressed in 
terms of free energy, as in Eq. (191, which also implies the existence 
of a volume relationship as in Eq. (20), where a is the slope in both 
cases (22). Substitution on [Co(NH3),H20I3 + by several anions yield 
a = 1 for Eq. (20) (218). On these grounds, the assignment of an I, 
mechanism ligand substitution on [Co(NH3),H20I3+ seems well justi- 
fied, and consistent with R = 0.5 (4).  [A LFER between log k b  and 
log(kblk,) with a slope of 0.56 exists for the aquation of [Cr(H20),LI2+ 
(219). This implies that Lx- does play a significant role in the transition 
state for substitution on [Cr(H20)6]3 + to form [Cr(H20),L12 + through 
an I, mechanism, consistent with a similar deduction made in Section 
II1,G.l 

The mechanism of substitution of anionic ligands on 
[Cr(NH3),H,0I3 + has received both Id and I, assignments from various 
authors (23). This dichotomy of viewpoint comes about substantially 
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because of the negative AVS for water exchange on [CI - (NH~)~H~O]~  + , 
and a = 0.69 from a LFER (218) for the aquation of [Cr(NH3),L]2f are 
consistent with I, mechanisms, but the small selectivity of 
[CI-(NH~)~H~OI~'  towards L"- in substitution reactions, reflected in 
R = 6 (4), has been taken as evidence for the operation of an Id mecha- 
nism (220,221). The question is how to resolve these apparently con- 
flicting mechanistic assignments. 

The replacement of five waters in [Cr(H20)6I3+ by NH3 in 
[Cr(NH3),H2013+ causes a 20-fold increase in the lability of the single 
remaining water (which is quite small by comparison with such replace- 
ment in [Ni(H20),J2 t, as seen from Table V) and appears to decrease 
the importance of the a-activation mode in the approach to the transi- 
tion state (see Section 111,G). Assuming that the free radii (222) of 
H20 (138 pm) and NH3 (169 pm) reflect their relative electrostricted 
coordinated radii, it is anticipated that the first coordination sphere of 
[Cr(H20)6I3+ will be less crowded than that of [Cr(NH3)5H2013+ and 
that the extent of a-activation character in the substitution of water 
in the latter species will decrease. 

Mechanistic interpretation now hinges on the degree to which a- 
activation needs to be dominant in an interchange mechanism before 
significant selectivity for Lx- is apparent. It seems likely that a combi- 
nation of the decreased importance of a-activation and the hardness 
of Cr3+ decreases selectivity amongst the Lx- studied to a low level, 
and that in consequence L"- competes poorly with small hard base 
HzO which is present as the solvent in large excess concentration over 
competing L"-. [It is possible that the hard bases F- ,  NO3-, and Sod2- 
might compete effectively, but its Brdnsted basicity complicates F- 
ligand substitution studies (2231, and substitution by the other two 
ligands causes loss of NH3 (224,2251.3 If these suppositions are correct, 
the absence of selectivity is not diagnostic of mechanism for 
[Cr(NH3),H20I3+, and the negative AV$ for water exchange remains 
as the more reliable indicator of mechanism. The few ligand substitu- 
tion data for [Rh(NH3),H20I3 + and [Ir(NH3I5H20l3 + yield LFERs with 
a = 0.72 and 0.85, respectively (226), and in ligand substitution on 
both species, L"- appears to compete more effectively with water. This 
has been interpreted in terms of the operation of an a-activated mecha- 
nism (227-2301, in agreement with the deductions made from the nega- 
tive A f l  values for water exchange. A linear relationship exists be- 
tween a from the LFERs at 298.2 K for the aquation of [Cr(H20)5L]2+, 
[Cr(NH3),LI2+, [Rh(NH3I5Ll2+, [Ir(NH3),LI2+, and [CO(NH~)~LI" and 
AVS for water exchange on the corresponding [M(NH3l5H2Ol3 + . This 
suggests that the importance of a-activation diminishes as the series 
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is traversed from left to  right such that d-activation dominates the 
[CO(NH~)~L]~ + and [CO(NH~)~H~OI~  + systems (226). 

I. SOLVENT EXCHANGE AND LIGAND SUBSTITUTION ON FIRST-ROW 
TRANSITION OXOMETAL IONS 

The uncommon monomeric first-row transition oxometal ions are 
of substantial interest for solvent exchange and ligand substitution 
studies, as they provide an opportunity to examine the effect of the 
0x0 ligand charge on the lability of the metal center towards ligand 
substitution, and also the effect of the variation of lability of the axial 
and equatorial ligand substitution sites. At present, oxotitanium(1V) 
(231-233) and oxovanadium(1V) (234-247) are the only species of this 
type for which solvent exchange and ligand substitution studies have 
been reported. Oxovanadium( IV) has been characterized by electronic 
absorption spectroscopy (248), electron double resonance (ENDOR) 
spectroscopy (249), and x-ray studies (250,251) and is the most readily 
available of the monomeric first-row transition oxometal ions. The 
V(IV) center lies 10-30 pm above the plane delineated by the four 
equatorial coordination sites, and the ligand in the axial site is farther 
from the metal center than are the equatorial ligands. By comparison, 
oxotitanium(1V) complexes with a monomeric Ti02+ core are quite rare 
and are exemplified by [TiO(porphyrin)l (252), [TiO(phthalocyanine)l 
(253,2541, [TiOC1412- (255), and [TiOF513- (256). 

Solvent exchange has been studied on several [VO(~olvent),]~ + spe- 
cies, as indicated in Table XI11 (231,234-241 1. Exchange of equatorial 
water on [VO(H20)5]2+ occurs slowly by comparison with axial water, 
as anticipated on the basis of the greater axial water-vanadium cen- 
ter distance. The 0x0 ligand exchange is characterized by k,, = 2.4 x 

s- at 298.2 K (246,2471, which is much slower than the exchange 
of the 0x0 ligand of [TiO(H20)J2+ (kex = 1.6 x lo4 s-l at  298.2 K). The 
difference is attributed to the 0x0 ligand of the latter species being 
relatively readily protonated and thereby labilized (231, 232). In 
[V0(DMF),l2+, the axial DMF is seen to be much more labile than an 
equatorial DMF, but in the other solvents only exchange at  the equato- 
rial sites is observed. It is appropriate to note that the d' [VO(sol- 
vent)J2+ species are paramagnetic, and as a consequence their solvent 
exchange rates are derived from observations of the relaxation and 
chemical shift variations of the bulk solvent NMR following Swift and 
Connick (257). It should also be noted that it is not always possible to 
observe contributions to these variations arising from each inequiva- 
lent exchanging site using this method (151, 162). 
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T A B L E  XI11 

PARAMETERS FOR AXIAL AND EQUATORIAL SOLVENT EXCHANGE ON [TiO(solvent)5]21 
AND [VO(sol~ent)~]~+ 

k,,(298.2 K)"/ &I AS$/ AVt/ 
Solvent S - '  kJ mol-' J K-' mol-' cm3 mol-' Ref. 

D M S O  161 (eq) 
6100 (ax) 

H2O 500 (eq) 
=lo9 (ax) 

M e O H  565 (eq) 
MeCN 2850 (eq) 
DMSO 1760 (eq) 
DMF 575 (eq) 

200 (eq) 
46,000 (ax) 

DMA 4700 (eq) 

[TiO(sol~ent)~]~ + * 
57.5 - 9.9 
59.8 + 28.3 

[VO(~olvent)~]~+ 
57.3 - 2.4 

39.6 - 59.4 
29.5 - 83.7 
60.1 + 18.5 
30.3 - 87.7 
54.8 - 17.2 
64 + 58.0 
42.3 -33.1 

+ 4.8 231 
+ 1.6 231 

+ 1.9 234,235 
234 
236 
237 

240 
241 
241 
241 

-5 .3  238,239 

" Rate constant for the exchange of a particular coordinated solvent molecule. 
Studied in d3-nitromethane diluent. 

The rate of axial DMSO exchange is much greater than that of 
equatorial DMSO in diamagnetic do [TiO(DMS0),12+ (for which both 
exchange processes are separately discerned by 'H NMR spectroscopy). 
Also, the rates of both processes are independent of the concentration 
of free DMSO in d3-nitromethane diluent, consistent with the o eration 

(231). Although no crystal structures have been reported for [TiO(sol- 
vent),I2+ ions, it is probable that the structure of [TiO(DMS0),I2+ is 
similar to that of [VO(~olvent),]~+, and that the greater lability of the 
axial DMSO is due to the longer and consequently weaker axial bond. 
Thus, the smaller size of the positive AVl for the exchange of axial 
DMSO may reflect the lesser extension required of the axial bond to 
reach the transition state by comparison with the shorter equatorial 
bonds. It is clear that in both [TiO(solvent)512f and [VO(solvent),I2 + , 
the 0x0 ligand exerts a strong labilizing effect on the axial site. 

Rate constants for ligand substitution (hi) at the equatorial sites in 
[VO(H20),I2+ and [TiO(H20),I2+ (242) and for solvent exchange on 
[VO(~olvent),]~ + and [TiO(solvent),12+ are mostly in the range lo2- 
lo3 s-l (Table XIII). However, ligand substitution of the equatorial 
H20 in [VO(N-(2-pyridylmethyl)iminodiacetato)(H20)l (241 ) and 
[VO(nitrilotriacetato)(H20)]- (2421, in which the axial site is taken up 

of d-activated exchange mechanisms, as are the positive AV P values 
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by a tertiary amino group of the chelating ligands, proceeds more 
slowly. It has been suggested that this indicates that ki for direct substi- 
tution at  an equatorial site is ~ 0 . 1  s-l, and that the larger values 
observed for k,, and ki characterizing [VO(H20)512+ arise through a 
rapid migration between axial and equatorial sites characterized by 
kmigration = lo3 s-l, as shown in approximate terms in Fig. 10. Such 
a mechanism may also operate for equatorial DMSO exchange on 
[TiO(DMS0)5]2+, whereby a concerted migration of the axial DMSO to 
an equatorial site and loss of the equatorial DMSO occurs (231). A 
similar mechanism involving axial equatorial migration appears to 
operate for ligand substitution at the equatorial sites of [MO,(H~O),~I~ + 

and [Rh2(H20)1014+ (258,259). 

J. SOLVENT EXCHANGE AND LIGAND SUBSTITUTION ON DIVALENT 
SQUARE-PLANAR TRANSITION METAL IONS 

Square-planar stereochemistry is largely confined to the d8 transi- 
tion metal ions, rhodium(I), iridium(I1, nickel(II), paladium(II1, plat- 
inum(II), and gold(II1). Some of the most investigated ligand substitu- 
tions are those on Pd2+ and Pt2+ centers, which have generated an 
impressive degree of mehanistic understanding (32,33). The vast ma- 
jority of such systems so far studied undergo ligand substitution 
through a-activated mechanisms, probably as a consequence of the 
coordinatively unsaturated four-coordinate 16 outer-shell electron com- 
plex achieving a noble gas configuration in five-coordinate transition 
states or reactive intermediates. It is well established that the lability 

0x0 exchange (1 O'5 s-') 

0 

chelation (10-l s-') 

equatorial site 

I 
axial to equatorial 
migration (1 d 5.') 

axial substitution (logs-') 

FIG. 10. Approximate magnitudes offirst-order rate constants for exchange or substitu- 
tion of [VO(H20)512' at 298.2 K. 
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of a leaving ligand is strongly affected by the nature of the nonleaving 
ligand in the trans position. This kinetic “trans effect” is generally 
considered to arise from a combination of ground state and transition 
state influences. The ground state trans influence arises from the weak- 
ening of the bond to the leaving ligand by a strong rr-donor ligand in 
the trans position, with an order of effectiveness H- > PR, > SCN- > 
I-  > CH3- > CO > CN- > Br- > C1- > NH3 > OH-. The transition 
state is expected to approximate to  a trigonal bipyramid, and the trans 
effect arises through its stabilization by a strong rr-acceptor ligand in 
the equatorial plane with an order of effectiveness C2H4, 
CO > CN- > NOz- > SCN- > I- > Br- > C1- > NH, > OH-. The 
combination of these two sequences may be used to rationalize the 
order of effectiveness of nonleaving ligands in the kinetic trans effect, 
which is CzH4, CO, CN- > PR,, H- > CH3- > C & - ,  NOz-, 
SCN- > I -  > Br-, C1- > pyridine, NH,, OH-, HzO (32-34,104,260). 

The order of increasing reactivity of the entering ligand toward Pd2 + 

and Pt2+ is similar to that of the trans effect, with the soft base ligands 
being more reactive. In contrast, the order of increasing lability of 
leaving ligands is almost the reverse of the trans effect. This is not 
surprising when it is recalled that the trans effect is substantially a 
measure of the strength of bonding of the trans directing ligand. Li- 
gands cis to  the leaving ligand have relatively small effects on reaction 
rates. Usually ligand substitution occurs with stereoretention. This 
is in accord with an I, or A mechanism occurring through a tri- 
gonal bipyramidal transition state or reactive intermediate in which 
the trans directing ligand and the entering and leaving ligands 
share the equatorial plane. As five-coordinate complexes of Pt2+ and 
other d8 metal ions have been found to approximate to both trigonal- 
bipyramidal (261 -263) and square-pyramidal geometry (264, 265), 
and the energy differences between the two geometries appear to  be 
small (266), it has been suggested that stereoretentive a-activated li- 
gand substitution on square-planar complexes proceeds through a 
series of five-coordinate transition states and reactive intermediates, 
as shown schematically in Fig. 11. This brief synopsis of some aspects 
of square planar ligand substitution chemistry provides the framework 
for the mechanistic discussion which follows, and which is primarily 
concerned with ligand substitution on solvated Pd2+ and Pt2+. 

Direct kinetic studies of water exchange on [Pd(Hz0)412+ and 
[Pt(HzO)4]2+, the parameters for which appear in Table XIV (267-2741, 
were first reported well after the chemistry outlined in the preceding 
paragraph had become established. Solvent and ligand exchange on 
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A .x  
)M<; Y 

T 

-reaction coordinate - 
FIG. 11. A proposed reaction coordinate for the substitution of Y on square-planar 

[MABTX] to produce square-planar [MABTY], where T is the trans directing ligand and 
Y and X are the entering and leaving ligands, respectively (32,33). 

the Pd2 + and Pt2 + complexes in Table XIV exhibit a variation in lability 
encompassing almost 16 orders of magnitude and are characterized 
by either negative or near-zero A@ values. With the exception of 
[Pd(H20),I2+ and [Pt(H20),I2+, the exchange processes have been stud- 
ied in inert diluents and are found to have a first-order rate dependence 
on free solvent or ligand concentration, according to Eq. (21). The effect 
of ligand size on lability is demonstrated by the less sterically hindered 
[Pd(Me2S),I2 + undergoing ligand exchange 430 times more rapidly than 
does [Pd(Et2S),I2+, even though the soft ligands Me2S and Et2S are of 
similar basicity. It is clear that in these cases, a combination of the 
steric characteristics of the complex and the entering ligand dominate 
the relative labilities. Another example of such dominance is provided 
by [Pd(DMA),I2 +, which is less labile than [Pd(DMF),I2+, despite DMA 
(Gutmann donor number = DN = 27.8) (275) being a stronger nucleo- 
phile than DMF (DN = 27.0). It appears that the extra methyl group 
of DMA creates sufficient steric hindrance to reverse the order of reac- 
tivity expected on the basis of relative nucleophilicity. Such steric 
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TABLE XIV 

PARAMETERS FOR SOLVENT AND LIGAND EXCHANGE ON Pd2 AND Pt2+ COMPLEXES 

k,,(298.2 KY/ AH$/ AS$/ AVZI 
Complex kg mol s-l  kJ mol-' J K-' mol-' cm3 mo1-l Ref. 

0.016 
5.0 

10.2d 

34.8 
48.8 

560' 

124 
153 

2140 
9780 

1.06 x lo6 
9.5 x 10-lM 
7.1 x 
3.9 x 10-4e 

1.54 
2 

3200 
25 
28.8 

6.2 x 105 

67.3 
50.4 
49.5 
49.5 
43.2 
45.4 
17 
41.9 
31.9 
22.9 
16.4 

89.7 
89.7 
42.1 
47 
32.8 
24 
32.9 
13.8 

125 

- 54.1 
- 62.8 
~ 60 
- 26 
- 76.2 
- 60.1 
- 147 
- 62.3 
- 7 4 . 3  
- 91.6 
- 74.5 

+ 4  
- 43 

-9  
- 100.2 
- 74 
- 62.0 
- 137 
- 106 
- 87.9 

267 
-11.6 268 

-2.2 269 
- 2.2 
-2.8 268 
-0.1 268 

2 70 
-0.2 268 
-9.4 268 
-9.8 271 
-3.1 268 

2 72 
-4.6 273 
- 4.6 

-22.0 271 
-5 2 74 

2 70 
-2.5 274 

-12.6 271 
-3.7 268 

Second-order rate constant for the exchange of a particular solvent molecule. 

Diluent = d3-nitromethane. 

First-order rate constant for the exchange of a particular water molecule. 

b In aqueous solution. 

d u n i t s  are dm3 mo1-ls-l .  

f In ethanol. 
8 Misprint in Ref. (268) corrected in Ref. (271). 

' Sulfur bonded. 
J Oxygen bonded. 

Diluent = d3-acetonitrile. 

retardation of exchange is consistent with the operation of an a- 
activated mechanism. 

Rate = 4ke,[Pt(ligand),2+ I[ligandl,,, (21) 

Ligands such as HzO, MeCN, DMF, and DMA with hard donor atoms 
have exchange rates on Pd2+ within a factor of 15 of each other. The 
much softer Me,S and MeNC ligands undergo ligand exchange more 
rapidly, consistent with ligand nucleophilicity and the trans effect de- 
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termining relative reactivity in the absence of significant steric hin- 
drance. The very high reactivity of the MeNC complexes may be a 
consequence of the formation of a five-coordinated intermediate stabi- 
lized by IT back-bonding from the metal center to  MeNC. [A five-coordi- 
nate intermediate has been isolated in the substitution of MeNC by I -  
in [Pt(PPh3I2(MeNC),l2 + (276).1 An interesting example of ambidentate 
DMSO acting as a hard and a soft donor in its respective 0- and 
S-bonding forms is provided by ~is[Pt(Me~SO)(Me~S0)~1~ + (274). Thus, 
the soft donor Me2S0 exerts a strong trans effect on the hard donor 
Me2S0, which is a good leaving ligand, and vice versa, with the conse- 
quence that Me2S0 exchanges much more rapidly than Me2S0. 

The relative labilities of Pd2+ and Pt2+ vary considerably with the 
nature of the ligand. With a hard ligand such as H20, [Pd(H20I4l2+ 
undergoes exchange lo6 times more rapidly than [Pt(Hz0)412+, while 
with soft ligands such as CN-, MeNC, and olefins (277), the ex- 
change rates are similar. However, [Pd(l,4-dithianeI2l2 + and 
[Pd(Me2S),12+ are much more labile than their Pt2+ analogues, despite 
the soft S donor atoms. This demonstrates the difficulty of distinguish- 
ing between the factors determining lability such as the trans and cis 
effects, and the influences of the entering and leaving ligands in the 
complexes in Table XIV, as a change from one complex to another alters 
all of these factors simultaneously. However, the greater sensitivity of 
Pt2+ to the nature of the exchanging ligand is consistent with it being 
a softer metal center than is Pd2+. 

The mechanistic interpretation of the A@ data in Table XIV is 
complicated by the square-planar geometry of the exchanging com- 
plexes. The less crowded complexes may have loosely bound solvent 
molecules occupying the axial sites. Their loss, in concert with the 
formation of a new bond when a five-coordinate transition state forms, 
may result in compensatory volume change contributions which render 
the overall volume change quite small. It is therefore difficult to distin- 
guish between I, or A mechanisms, but the tendency towards A@ 
being negative together with the observed second-order exchange rate 
law of Eq. (21) is consistent with a predominance of a-activation. 

Single ligand substitution on [Pd(H20)4]2+, as shown in Eq. (22), 
and a similar substitution on [Pt(H20),l2+, maintains cis, trans, and 
leaving-ligand effects constant and thereby allows a clearer assessment 
of the effect of the entering ligand. Thus, for [Pd(H20),I2+ at 298.2 K, 
when L"- = DMSO, kf = 2.45 dm3 mol-', kb = 0.24 s-l, and AVft, 
AVbS, and AVO = -9.2, - 1.7, and - 7.5 cm3 mol-', respectively. When 
L"- = MeCN, kf = 309 dm3 mol-', k b  = 16 s-', and AVf$, AVb$, and 
AVO = - 4.0, - 1.5, and - 2.5 cm3 mol-', respectively (278,279). (N.B. 
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When Lx- = H20, kf = 4ke,/55 = 41 dm3 mol-' s-l, which is the k,, 
per coordination site recalculated to second-order units, and k b  = k,, = 
560 s-l.) The large variation of kf with the nature of Lx- for the Pd2+ 
and Pt2+ centers is indicative of the dominance of the a-activation 
mode in reactions of the type shown in Eq. (22), as is the lesser variation 
of 12, (Table XV) (269,273,278,280-285). There is a trend for kfPdlkm 
to vary from -lo6 for hard nucleophiles such as H 2 0  and C1- to 
-5 x lo4 for the soft thioethers. This is consistent with Pt2+ showing 
a wide range of selectivity for Lx- and being a softer center than Pd2 + , 
as was also deduced from the data in Table XIV. 

The volume profiles for the ligand substitutions on [Pd(H20),I2+, 
shown in Fig. 12, exhibit an overall contraction in the transition state 
(AVft) as DMSO substitutes for H20, a smaller one as MeCN substi- 
tutes, and a yet smaller one as water substitutes. The three negative 
AVbt values are identical within experimental error and also indicate 
a contraction to the transition state. It is particularly interesting that 
the difference in volume between the transition state and the reactants 
is independent of the leaving ligand when the entering ligand is water. 
Release of either DMSO or MeCN into bulk solution would produce a 

TABLE XV 

RATE CONSTANTS FOR THE SINGLE SUBSTITUTION OF L"- IN [Pd(H20)4I2+ AND 

[Pt(H20)J2+ AT 298 K 

H2O 
c1- 
Br- 
SCN - 
I -  
DMSO 
MezS 
Et2S 

41" 
1.8 x 104 
9.2 x 104 
4.4 x 105 

1.51 x 105 
8.3 x 104 

1.14 x lo6 
2.45 

2.8 x 10-k 
2.66 x 
2.11 x 10-1 

1.33 
1.7 

3.6 
1.92 

8.4 x 10-5 

1.5 x lo6 
6.8 x lo5 
4.4 x 105 
3.3 x 105 
1.4 x 105 
2.9 x 104 
4.2 x 104 
4.3 x 104 

269,273 
281,282 
281,282 
282,283 
284 
278,285 
280 
280 

a Where kf  is the rate constant for the exchange of an unspecified one of the four 
coordinated water molecules recalculated to second-order units [k,, is the first-order rate 
constant (9- l )  for the exchange of a particular coordinated solvent molecule]. 
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large expansion. This suggests that these two ligands remain tightly 
bound to the Pd2+ center in the transition state, and it follows that an 
A mechanism probably operates despite the small AVb$ values. When 
steric crowding of the Pd2+ center is increased, the lability of coordi- 
nated water is decreased and the mechanism of exchange remains 
a-activated. This is shown by [Pd(dien)HZ0l2+, [Pd(Me5dien)H2012 + , 
and [Pd(Et5dien)Hz012+, for which kHZo (298.1 K) = 5100, 187, and 
2.9 s-l and AVS = -2.8, - 7.2, and - 7.7 cm3 mol-l, respectively (286). 
Substitution of HzO in the pentamethyl and pentaethyl complexes by 
thiourea, dimethylthiourea, and tetramethylthiourea is characterized 
by decreasing substitution rates with increasing size of the enter- 
ing ligand. For pentamethyl complexes, A f l  = -9.3, -9.1, and 
- 13.4 cm3 mol-', respectively; for pentaethyl complexes, it is -8.3, 
- 10.2 and - 12.7 cm3 mol-', respectively. This is consistent with the 
operation of a-activated mechanisms. Similar studies of the substitu- 
tion of anionic ligands are also consistent with a-activation (287). 

In contrast to the a-activated mechanisms discussed so far, strong 
cr-donor ligands such as phenyl and methyl encourage the operation 
of d-activated mechanisms proceeding through a three-coordinate, 14 
outer-shell electron configuration intermediate (288). Thus, the rate of 
exchange of DMSO on C ~ S - [ P ~ P ~ ~ ( D M S O ) ~ ] ~  + is almost independent of 

. 
b 

-9.2 

\ 

H20, 2+ * 
' [Pd(H20)$+ + L [ L,Pd(H20)s] [Pd(H20)3Ll2' + H20 

FIG. 12. Volume changes in the formation of [Pd(Hz0)3L]2+ from [Pd(Hz0)J2+ and vice 
versa (279). 
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free DMSO concentration in CDC1, diluent, consistent with the opera- 
tion of a D exchange mechanism. In the same diluent, the substitution 
of the first DMSO of cZS-[P~P~~(DMSO)~]~ '  by bpy is rate-determining, 
and the substitution rate law indicates competition between bpy and 
DMSO for an intermediate of decreased coordination number. Other 
ligand substitution studies on this and similar complexes indicate the 
generation of intermediates of reduced coordination numbers through 
D mechanisms (289-293). Variable pressure studies of the exchange 
of L, shown in Eq. (23) (where k,: refers to  the exchange of a par- 
ticular coordinated ligand), also yield positive A f i  in accord with 
the operation of a d-activated mechanism (293). When R = Ph and 
L = Me2S, k,, (342.1 K) = 0.47 s- '  and AVf = +4.7 cm3 mol-' in 
benzene. When R = Ph and L = DMSO, k,, (330.8 K) = 0.91 s-l  
and A f i  = +5.5 cm3 mol-' in chloroform. When R = Me and L = 
DMSO, k,, (337.1 K) = 0.50 s-l and AVf = + 4.9 cm3 mol-' in benzene. 
Extended Huckel theory and molecular electrostatic potential calcula- 
tions indicate that the d-activation in these and similar complexes is 
a consequence of the destabilization of the ground state, concurrent 
with an increase of electron density at the Pt2+ center, which sub- 
stantially hinders the approach of nucleophilic ligands to the four- 
coordinate complex (294). 

he; 

cZS-[P~R~L~]~ + + 2*L z ~is-[PtR2*L21" + 2L (23) 

IV. Solvent Exchange and Ligand Substitution on the Trivalent Lanthanides 
and Dioxouraniurn(V1) 

A. AQUEOUS SOLUTION 

The 15 trivalent lanthanide, or f-block, ions La3+, Ce3+, Pr3 ' , Nd3 ' , 
Pm3+, Sm3+, Eu3+, Gd3+, Tb3+, Dy3+, Ho3+, Er3+, Tm3+, Yb3+, and 
Lu3', which may be collectively denoted Ln3', represent the most 
extended series of chemically similar metal ions. The progressive filling 
of the 4forbitals from La3 + to Lu3+ is accompanied by a smooth decrease 
in rM with increase in atomic number as a consequence of the increas- 
ingly strong nuclear attraction for the electrons in the diffuse forbitals 
(the lanthanide contraction). Thus, the nine-coordinate rM decrease 
from 121.6 to 103.2 pm from La3+ to Lu3', and the eight-coordinate 
ionic radii decrease from 116.0 to 97.7 pm from La3+ to Lu3+ (2). Ligand 
field effects are small by comparison with those observed for the first- 
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row transition metal ions as a consequence of the shielding of the 4f 
orbitals by the filled 5s and 5p orbitals. Hence, the stereochemistry of 
Ln3+ complexes is little affected by directional effects emanating from 
the metal center and, together with the coordination number, is sub- 
stantially influenced by the nature of the ligand. 

The coordination numbers of the Ln3+ ions in water have been the 
subject of substantial debate (4,10, II), but it is now well established 
from neutron scattering (295, 296), x-ray scattering (297-299), ex- 
tended x-ray absorption fine structure (EXAFS) (300), density (301) 
and spectrophotometric (302) techniques that the lighter La3+ -Nd3 + 

ions are predominantly nine-coordinate, Pm3 + -Eu3+exist in equilibria 
between eight- and nine-coordinate states, and the heavier Gd3+ -Lu3+ 
ions are predominantly eight-coordinate. [This makes an interesting 
contrast with the solid state, where x-ray diffraction studies have shown 
tricapped trigonal prismatic [ L ~ I ( H ~ O ) ~ I ~ +  to be the hydrated ion when 
Ln3+ = La3+, Pr3+, Sm3+, Gd3+, Ho3+, Er3+, Yb3+, and Lu3+ in the 
presence of CF3S03-, EtOS0,- and Br03- counterions (302-308) but 
octahedral [Ln(H20)J3+ to be the hydrated ion when Ln3+ = La3+, 
Tb3 + , and Er3 + in the presence of C104- counterions (309). This change 
in coordination number is also reflected in the absolute partial molar 
volumes, Vab:, of several Ln3 + ions determined in aqueous LnC1, solu- 
tion (301). These are plotted in Fig. 13 together with Vab: calculated 
from Eq. (12), and the agreement between the experimental and calcu- 
lated values is good (4 ,41 ,42) .  This coordination number change has 
substantial implications for the interpretation of ligand substitution 
data, which are now discussed. 

The rate constants, ki, for the substitution of SO:- on Ln3+ in aque- 
ous solution determined by ultrasonic methods are plotted in Fig. 13 
(310). It is striking that ki reaches a maximum for Sm3+, Eu3+, and 
Gd3 + , for which an equilibrium between [Ln(H20),13 + and [Ln(H,0)9]3 + 

is well established. For these species, interconversion between the 
eight- and nine-coordinate states requires relatively little energy, and 
Sm3 + , Eu3 + , and Gd3 + should accordingly have the fastest water ex- 
change rates and ligand substitution rates. The mechanistic inference 
to be drawn from a combination of these observations is that water 
exchange on [Ln(H20),I3 + will be a-activated, and that on [Ln(Hz0),l3+ 
will be d-activated. Water exchange rate constants are only available 
for the heavier lanthanides, [Ln(H20),13+, but they exhibit a similar 
correlation with the rM of Ln3+as does ki for SO:- substitution which 
has a similar magnitude to that of kHZO, as seen from Fig. 13 and Table 
XVI. The latter observation may be fortuitous, but it is surprising for 
an a-activated process where some effect of the different natures of the 
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FIG. 13. Absolute partial molar volumes, Vab2, of [Ln(H20),]y in aqueous LnC13 solu- 
tions (301) (closed circles), compared with the calculated V,," values (4 ,  42) for 
[Ln(Hz0)8]3+ and [Ln(Hz0)913* indicated by the upper and lower solid curves, respectively. 
Interchange rate constants, k, (298 K) (3101, for the substitution of SO?- on [Ln(Hz0),,l3+ 
are shown as open squares, and water exchange rate constants, k~~~ (298 K) (311,312), 
for [Ln(Hz0)8]3+ are shown as open circles. 

entering ligand might be anticipated. However, the lability of 
[Ln(H2o)8I3+ towards ligand substitution is very high, and it may be 
that under these circumstances the selectivity of [Ln(H20),l3 + is not 
great, particularly as the interaction between hard acid Ln3+ and hard 
base SO2- is mainly electrostatic. 

Water exchange on [Ln(H20)8]3t for the heavier lanthanides 
Gd3 + -Yb3 + is characterized by a systematic decrease in kHaO and an 
increase in hKt- as the ionic radius decreases from Tb3+ to Yb3+, and 
both ASS and AVS are negative (311-313). The A@ are significantly 
less than either the value of -12.9 cm3 mol-' calculated for water 
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TABLE XVI 

PARAMETERS FOR WATER EXCHANGE ON [Ln(H20)8]3+ (311,312) 

rMo/ 10-7kH20(298 KIbl &I ASS1 AVfl 
Ln3 + Pm S - 1  kJ mo1-l J K-'  mol-' cm3 mol-' 

Gd3' 105.3 83.0 14.9 - 24.1 - 3.3 
Tb3+ 104.0 55.8 12.1 - 36.9 - 5.1 
Dy3 ' 102.7 43.4 16.6 - 24.0 - 6.0 
Ho3+ 101.5 21.4 16.4 - 30.5 - 6.6 
EP+ 100.4 13.3 18.4 - 21.8 - 6.9 
Tm3' 99.4 9.1 22.1 - 16.4 - 6.0 
Y b 3  + 98.5 4.7 23.3 -21.0 

Adapted from Refs. (311,312). 

* Rate constant for the exchange of a particular coordinated water molecule. 
Eight-coordinate ionic radii from Ref. (2). 

exchange on [Ln(H2O),I3+ through an A mechanism (4,41,312), or the 
reaction volume of - 11 cm3 mol-' determined for the nine- to eight- 
coordination change (314) in the equilibrium shown in Eq. (24), 

[Ce(H20),I3+ + H20 e [Ce(H20),l3+ (24) 

which should be similar to  A f l  for water exchange on [Ln(H20),13+ 
proceeding through a nine-coordinate transition state in an A mecha- 
nism. On this basis an I, mechanism is assigned to water exchange on 
the [Ln(Hz0),l3+ listed in Table XVI, an assignment which is also in 
accord with the negative AS$. The systematic decrease in kHZo as the 
ionic radius decreases from Gd3 + to Yb3 + is consistent with increasing 
steric crowding hindering the entry of the incoming water dominating 
the variation of kHZO. The corresponding increase in surface charge 
density might be expected to provide an increased electrostatic at- 
traction between the entering water and Ln3+ and thereby accelerate 
the water exchange rate, but this is evidently not of major significance 
here. It should be noted that [Gd(HzO)813+ is adjacent to the region in 
which the coordination number change occurs (Fig. 13), and it may 
be that the presence of a small proportion of [Gd(H20),I3+ makes a 
contribution to the derived kinetic parameters. 

Possible stereochemistries for eight-coordinate [Ln(Hz0),l3+ are the 
dodecahedron, the square antiprism, and the cube, although the last 
seems less likely (295). The proposed nine-coordinate [Ln(H20),I3 + tri- 
capped trigonal prism transition state is similar to the [LII(H,O)~]~ + 

structures observed in the solid state. Thus, the possible water exchange 
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paths for [Ln(H20)8]3+ may be envisaged as in Fig. 14. Monte Carlo 
simulations predict an a-activated water exchange process for 
[Ln(H20),l3+ and a d-activated process for [Ln(H20),13+, and also pre- 
dict a change from nine- to eight-coordination with the lanthanide 
contraction (315). 

B. THE INFLUENCE OF POLYAMINOCARBOXYLATE LIGANDS ON 
WATER EXCHANGE 

Polyaminocarboxylate complexes of Gd3 + are used as contrast agents 
in medical magnetic resonance imaging. The contrast produced by these 
agents depends on their ability to induce NMR relaxation in the protons 
of surrounding water, which in turn depends on the water proton ex- 
change rate. Until recently it was assumed that the rate of water 
exchange on these complexes was as rapid as that on [Gd(H20)8]3+. 
The influence of non-exchanging polyaminocarboxylate ligands on the 
parameters for water exchange on Gd3+ has now been shown to be 
substantial, as is seen from the data in Table XVII, and is largely 
attributable to a combination of a change in the constraining effect of 
the polyaminocarboxylate ligands and a change in coordination number 
(311, 316, 317). Thus, the decrease in lability and in negative AVS 
magnitude observed on going from eight-coordinate [Gd(H20)J3 + to  
eight-coordinate [Gd(PDTA)(H20),1 - is probably a consequence of 
PDTA4- decreasing the stereochemical flexibility of the first coor- 
dination sphere. This decreases the ability to accommodate the 
incoming water molecule to form an a-activated transition state so 
that the exchange mechanism becomes less associative in character. 
The change in coordination number to nine for [Gd(DTPA)H2012-, 

Ln = O  H20= 0 

[Ln(H20)d3++ H20 -L [L~I(H~O)~]~+ =k H20 + [Ln(H20),$+ 

FIG. 14. Possible mechanistic paths for water exchange on [LntH20)8]3+ 
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TABLE XVII 

PARAMETERS FOR WATER EXCHANGE ON Gd(II1) COMPLEXES (311,316,317) 

10-5k~ (298 K)"/ AH*/ ASS/ A@/ 
Complex 2;- 1 kJ mol-' J K-' mol-I cm3 mol-' 

[Gd(HzO)s13+ 8300 14.9 -24.1 - 3.3 
[Gd(PDTA)(H20)21- 1020 11.0 - 54.6 - 1.5 
[Gd(DTPA)H2Ol2 41 52.0 + 56.2 + 12.5 
[Gd(DOTA)HzO]~ 48 48.8 + 46.6 + 10.5 
[Gd(DTPA-BMA)HZO] 4.3 46.6 + 18.9 + 7.3 

Adapted from Refs (31 1 ,  31 6,317). 
" Rate constant for the exchange of a particular coordinated water molecule. 

[Gd(DOTA)H,O]-, and [Gd(DTPA-BMA)H,O]- results in a change to 
a d-activated mechanism, as indicated by the large positive A@ values, 
which are similar to AVO = +11 cm3 mol-' for the nine- to eight- 
coordination number change observed for [Ce(H20)8I3+ (314), for the 
first two complexes and indicate the operation of a D mechanism for 
water exchange. Without the participation of the entering water mole- 
cule, more energy is required to break the bond between the leaving 
water molecule and the highly charged Gd3+, leading to the relatively 
very low water exchange rates. The increased A& and positive A S S  
values are also consistent with this interpretation. The three complexes 
have similar @ values, and so the decreased lability of [Gd(DTPA- 
BMA)H201- results from its smaller ASS. All of the polyaminocarboxyl- 
ate complexes in Table XIV are either actual or potential contrast 
agents for biomedical magnetic resonance imaging (MRI), and thus a 
knowledge of their water exchange rates is important in understanding 
the factors affecting their proton relaxivity profiles (316-320). 

C. DIMETHYLFORMAMIDE SOLUTION 

As in aqueous solution, the lanthanide contraction favors a change 
from nine-coordination for the light lanthanides to eight-coordination 
for the light lanthanides such that [Ln(DMFI8l3+ is the major 
species when Ln3+ = Ce3+-Nd3+, and that this becomes the only 
detected species when Ln3 + = Tb3 + -Lu3 + in dimethylformamide 
perchlorate solution (11, 92, 93, 321-323). Thus, Nd3+ is char- 
acterized by @ = -14.9 kJ  mol-', ASo = -69.1 J K-' mol-', and 
AVO = - 9.8 cm3 mol-' for the equilibrium shown in Eq. (25)  (93). The 
molar volume of DMF is 72 cm3 mol-', and it therefore appears that the 
substantially smaller magnitude of AVO is a consequence of significant 
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lengthening of the other eight Nd3+-DMF bonds upon formation of 
[Nd(DMF),13 + . 

[Nd(DMF),I3+ + DMF * [Nd(DMF)g13+ (25) 

The exchange of DMF on [Ln(DMF),13 + for the heavier lanthanides, 
as shown in Eq. (26), is characterized by positive AVS values, a system- 
atic increase in &, and a change from negative to positive A S S  values 
as the ionic radius decreases from Tb3+ to Yb3+ (Table XVIII). The 
increase in & may be explained on the basis of a d-activated exchange 
process where the increasing surface charge density of the metal center 
generates an increasing electrostatic attraction between it and DMF. 
The concomitant increase in steric crowding resulting from the lan- 
thanide contraction causes the mechanism to closely approach a D 
mechanism for the heavier lanthanides. (A A f l  I +9.8 cm3 mol-' 
observed for the AVO for the loss of a DMF from [Nd(DMF),I3+ might 
be anticipated for a D mechanism for the heavier [Ln(DMF),13+ .) 

kex 

[Ln(DMF),I3+ + 8*DMF * [Ln(*DMF),13+ + 8DMF (26) 

The origin of the change in sign of A S *  is revealed when the 
[Ln(DMF)J3 + exchange process is studied in inert d3-nitromethane 
diluent (11,93). For Ln3+ = Tb3+, Er3+, Tm3+, the general form of the 
DMF exchange rate equation is as in Eq. (27). When Ln3+ = Tb3+, the 
second term on the right-hand side dominates. Both terms are im- 

TABLE XVIII 

PARAMETERS FOR DIMETHYLFORMAMIDE EXCHANGE ON [Ln(DMF)8]3i 

rMa/ 10-%,,(298 K)bl &l AS*/ AV*/ 
Ln3+ pm S - 1  kJ mol-' J K-' mol-' cm3 mol-' Mechanism 

Tb3+ 104.0 190 14.1 - 58 + 5.2 Id 
Dy3+ 102.7 63 13.8 - 69 +6.1 Id 
H03t 101.5 36 15.3 - 68 + 5.2 Id 
EP + 100.4 130 23.6 - 30 + 5.4 D and Id 
Tm3+ 99.4 310 33.2 + 10 + 7.4 D 
Yb3 + 98.5 990 39.3 + 40 +11.8 D 

Adapted from Ref. (93). 
a Eight-coordinate ionic radii from Ref. (2). 

Rate constant for the exchange of a particular coordinated solvent molecule. 
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portant when Ln3+ = Er3+ , and the first term dominates when 
Ln3+ = Tm3+. This is consistent with the Id transition state being 
favored for Tb3+, the I d  and D transition states being similarly favored 
for Er3+, and the D transition state becoming dominantly favoured for 
Tm3+ as the rM of these ions decrease with the lanthanide contraction. 
Thus, the variation in the magnitude and sign of ASS for DMF exchange 
may be rationalized in terms of a decrease in the degrees of freedom 
accompanying the involvement of the incoming DMF in an Id transition 
state resulting in a negative ASS, whereas the accompanying positive 
A f l  arises from a combination of an increase in volume accompanying 
bond lengthening for the leaving DMF, a lesser increase in volume as 
the bond distances of the non-exchanging DMF increase, and a decrease 
in volume accompanying the penetration of the incoming DMF into 
the first coordination sphere. In contrast, ASS. and A f i  are both positive 
for the D transition state as the departure of a DMF increases the 
degrees of freedom and results in an increase in volume. 

rate = 8ke,[Ln(DMF)2+] = {k, + kiK,[DMFl/(l + K,[DMFI)}[Ln(DMF)~+I (27) 

D. LOWER COORDINATION NUMBER SPECIES 

As the size of monodentate ligands bound to Ln3+ increases, so 
the coordination number decreases. Thus, in trimethylphos- 
phate, [Ln(TMP),13+ is the dominant species for the light lanthanides, 
whereas [Ln(TMP),I3+ is the dominant species for the heavy lantha- 
nides (92). The equilibrium shown in Eq. (28) is characterized by 
AW = -32.7 kJ mol-', ASo = - 114 J K-' mol-', and AVO = -23.8 
cm3 mol-', and it is the last value which was used for comparison with 
AVS observed for TMP exchange on [M(TMP),I3+ in Section I1,C. The 
greater magnitudes of AW and ASo observed for this system by compari- 
son with those for the higher coordination number DMF system [Eq. 
(25)] are consistent with an increase in Ln3+ -1igand bonding strength, 
with the decrease in coordination number and the tighter binding pro- 
ducing a greater decrease in entropy. It also appears that a decrease 
in coordination number results in a decrease in lability, as evidenced 
by the data in Table XIX (324-327) for the exchange of TMU on 
[Ln(TMU),I3+ when compared with the rate constants in Tables XVI 
and XVIII. These data were obtained in +acetonitrile diluent, and K,, 
was found to be independent of reactant concentration, consistent with 
the operation of a D mechanism or an Id mechanism characterized by 
a high KO, except in the case of [Tb(TMU),13+ and its Dy3+ and Ho3+ 
analogues, where the rate law was not reliably determined. The de- 
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TABLE XIX 

PARAMETERS FOR TETRAMETHYLUREA EXCHANGE ON [M(TMU),j13' IN CD3CN DILUENT 

rMaI kJ298.2 K)b/  Lm/ AS$/ 
M3+ Pm S - 1  kJ mol-' J K-'  mol-I Mechanism 

Tb3 + 

Dy3' 
Ho3+ 
Y3+ 

EP+ 
Tm3 + 

Y b 3 +  
LU3' 

sc3 + 

92.3 
91.2 
90.1 
90.0 
89.0 
88.0 
86.8 
86.1 
74.5 

1380 
1290 
510 
253 
214 
145 
65.5 
41.9 

0.90 

38.2 
38.6 
40.9 
27.1 
35.5 
29.3 
38.3 
41.7 
68.6 

- 56.7 
- 56.0 
- 55.9 

-81.3 
- 108 

- 105 
-81.8 
- 74 
- 15.7 

Adapted from Ref. (324-327). 
a Six-coordinate ionic radii from Ref. (2). 

Rate constant for the exchange of a particular coordinated TMU molecule. 

crease in k,, and increase in A@ from [Er(TMU),13 + t o  [Lu(TMU),I3 + 

with decrease in rM is consistent with the increasing strength of 
Ln3f-TMU bonding being the dominant factor in a d-activated ex- 
change mechanism. It is seen that the pseudo-lanthanides Y3+ and 
Sc3+, whose rM bracket those of Er3+ and Lu3', fit the trend in k,, and 
A@ magnitudes and lend support to  the deduction that relative lability 
is strongly influenced by rM. 

E. DIOXOURANIUM(VI) 

Although the number of actinides is the same as that of the lantha- 
nides, their availability and chemical characteristics have so far 
largely restricted the study of their ligand substitution mechanisms 
to dioxouranium(VI), which is the ionic form of uranium most ame- 
nable to such studies in solution. In the solid state, the 0x0 ligands 
occupy axial sites above and below the U(V1) center, and four (328), 
five (329,330), and six (331,332) oxygen donor atoms have been re- 
ported to occupy equatorial positions. From a mechanistic point of 
view, this variability of the occupancy of the equatorial plane suggests 
the possibility of both d- and a-activated ligand substitution pro- 
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cesses occurring. The most commonly observed solvated species have 
the stoichiometry [U02(solvent)5]2+, and it is probable that the U-0 
axial and equatorial distances of 176(4) pm and 238(4) pm, respectively, 
observed for [U02(DMS0)5]2+ in the solid state (3291, apply to solvated 
species of the same stoichiometry in solution. Similar distances are 
observed in the solid state for [UO2(H20),l2+, which is characterized 
by U-0 axial and equatorial distances of 171(7) pm and 245(6) pm, 
respectively (330). However, a contraction in the equatorial distances 
occurs in the lower coordination number [U02(HMPA)412+, which has 
U-0 axial and equatorial distances of 174(4) pm and 227(5) pm, respec- 
tively (328). 

While protolysis and oligomerization have so far precluded a direct 
study of water exchange of [U02(H20)512+, the exchange of several 
other solvents has been studied in inert diluents using 'H NMR meth- 
ods. Thus, the HMPA exchange rate law for [U02(HMPA)412+ has two 
terms in d2-methylenechloride diluent, as shown in Eq. (30), where the 
k, term is dominant and is characterized by k2 (298 K) = 251 kg mol-' 
s-', A& = 47.1 kJ mol-', ASS = -41.7 J K-' mol-', and A f i  = 
-11.3 cm3 mol-' (333). This is consistent with the dominance of 
an A mechanism in which a fifth HMPA enters the equatorial plane 
in the transition state. The negative A f i  for the k2 path is only a small 
fraction of the molar volume of pure HMPA, AV: = 175.0 cm3 mol-'. 
This is consistent with an outward movement of the four bound HMPA 
to contribute a substantial positive component to A f i ,  which partially 
counterbalances the negative contribution to A f i  as a fifth HMPA 
enters the equatorial plane. It is anticipated from solid state data that 
the average equatorial U-0 bond distances of 227 pm and 90" 0-U-0 
equatorial angles observed in six-coordinated [UO2(HMPA),I2+ will 
increase to  238-245 pm and decrease to 72", respectively, in seven- 
coordinated [U02(HMPA)5]2 +. Although the ligand substitution pro- 
cesses of [U02(HMPA)4]2+ are restricted to the equatorial plane, space- 
filling models based on crystal structures indicate that there is substan- 
tial freedom of movement for bond rotation of the -P(NMe2I3 moieties 
above and below the equatorial plane, which may make significant 
contributions to  A f i .  

rate = 4[U02(HMPA)42+ l(kl + k2[HMPAl) (30) 

In contrast, the rate law for TMP exchange on [U02(TMP)5]2+ 
is as shown in Eq. (31), which indicates the operation of a 
D mechanism in which a TMP is almost lost from the equatorial 
plane in the transition state. This is characterized by kl (298 K) = 
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873 s-l, & = 44.1 k J  mol-l, ASS = -40.7 J K - '  mol-', and AV* = 
+2.1 cm3 mol-'. The AV* is very small by comparison with AV," = 

118 cm3 mol- ' for pure TMP. This probably arises from the counterbal- 
ancing respective positive and negative contributions made to AVS as 
the leaving TMP moves out of the equatorial plane, while the remain- 
ing four TMP shorten their U-0 bond distances. Several other seven- 
coordinate [UO,(~olvent),]~ + species (334-336) are characterized by an 
exchange rate law of the form of Eq. (31) which is interpreted in terms 
of the operation of a D mechanism. 

rate = 5[UO2(TMP)2 + I(k,[TMPl) (31) 

V. Solvent Exchange and Ligand Substitution on Some Molybdenum and 
Tungsten Cluster Complexes 

The preceding sections of this chapter amply demonstrate the impres- 
sive understanding of ligand substitution processes at single metal 
centers which has now accrued. As a consequence, it seems particularly 
appropriate that the penultimate section of this review should explore 
some of the recent results of ligand substitution studies of multinuclear 
metal clusters. Such clusters have biological significance, as exempli- 
fied by the iron clusters encountered in the ferredoxins (337) and the 
iron/molybdenum cluster found in nitrogenase (338). In addition, they 
bring to the fore some of the additional considerations which arise 
because more than one metal center is available for substitution. 

The trinuclear molybdenum and tungsten clusters [M3X4(H20)9]4 + 

the trinuclear molybdenum and tungsten clusters [M3(P3-0)2(& 
CH3C02)6(H20)3]2 + (III), and the trinuclear cluster [ W & ~ - O ) ( ~ Z -  
CH3C02)6(H20)3]2+ (IV), whose structures are shown schematically in 
Fig. 15, may be used as examples to illustrate some of the intricacies 
of ligand substitution on metal clusters. The octahedrally coordinated 
Mo's in Mo& and related incomplete Mo3S4 clusters have the advan- 
tage of being stable in acidic aqueous media, unlike the tetrahedrally 
coordinated Fe-S clusters. Moreover, it  has not been possible to  synthe- 
size analogues of the Fe3S4 clusters identified in some 20 proteins, the 
synthetic approach yielding only a linearized F ~ ( P - S ) ~ F ~ ( ~ - S ) ~ F ~  form. 
The most intensively studied cluster ligand substitution processes are 
those reported for the trinuclear molybdenum( IV) (339-348) and tung- 
sten( IV) (349-351) clusters, [M3X4(H20)914+, which incorporate p-0x0, 

(I), the tetranuclear molybdenum cluster + 15 + l 6  + (111, 
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FIG. 15. The structures of some molybdenum and tungsten cluster complexes. 

p-sulfido, and p-selenido ligands ( X )  in the incomplete cuboidal struc- 
tures shown in Fig. 15. In the solid state, M3X4 core atoms delineate 
an incomplete cube with one p3-X, three equivalent p2-X ligands, and 
three octahedral M centers, to each of which are bound one water (c) 
trans to p3-X (a) and two waters (d) trans to p2-X (b) with identical M- 
c-OH, and M-d-OH2 bond distances in each cluster (346, 352, 353). 
Studies in water are consistent with this structure persisting in solu- 
tion. The M3X4 core is long-lived, as exemplified by [ M O ~ O ~ ( H ~ O ) ~ I ~ + ,  
which is the dominant form in which Mo4+ is encountered in water. 
Its half-life for exchange of p3-O and p2-0 is -10 years at  298 K, 
while the coordinated water is substantially more labile (346, 348). 
The approach to equilibrium for the substitution of a water of 
[M3X4(Hz0)914+ by a ligand, L-,  in excess [L-I is characterized by the 
pseudo first-order equilibration rate constant keq, as in Eq. (32), where 
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kfis the forward rate constant, k,, is the aquation rate constant, and the 
statistical factor of 3 is a consequence of there being three equivalent M 
sites for substitution (348). The pH dependence of k,, shows that kf 
is of the form of Eq. (33), where K,  characterizes the deprotonation of 
a d-H20 and kI and kOH characterize substitution of a H,O in 
[M3X4(Hz0)914' and [M3X4(H20)8(d-OH)13 + , respectively, as shown in 
Eqs. (34)-(40), which also show the water exchange processes. kid*, 
klOHd*, klc*, and ItlOHc* represent the rate constants for exchange of a 
particular water molecule. 

k, = (k,[L-l/3) + k,, = kf[M3X,(H,O)g'+] + k,, (32) 

kl 

[M3X4(Hz0)g14' + L -  [M3X4(H20)8Ll3+ + HzO (35) 
k-I  

kOH 

[M3X4(H20)g(OH)13 + + L- [M3X4(H20)8(OH)L12 + + H20 (36) 
k ~ 013 

6kld' 
2 

[M3X4(H20)g14+ + H20* Y [M3X,(Hz0)8(d-H20*)l4' + H2O 
(37) 

[M3X4(H20)&0H)l3 + + H2O* 7 [M3X4(Hz0)7(d-H20*)(0H)l3+ + HzO (38) 

6kond* 
2 

3k1,* 

[M3X4(Hz0)914+ + HzO* [M3X4(HzO)a(c-Hz0*)14+ + H20 (39) 
3kone* 
2 

[M3X4(H20)8(OH)13+ + HzO* Y [M3X4(H20)7(~-H20*)(OH)13 + + H20 (40) 

The water exchange rate constant kH20 for both c-H,O and d-HzO of 

kHZo = K&oH*/(Ka + EH'I) (41) 

This is consistent with the conjugate base species, [MO~O~(H,O)~(~-  
0H)l3+, in which one of the d-H20 is deprotonated (K ,  = 0.31 dm3 
mol-l), providing the predominant path for water exchange on 

[ M O ~ O ~ ( H ~ O ) ~ ] ~ +  is of the form of Eq. (41). 
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[MO~O,(H~O)~]~+ as shown in Eqs. (37) to (40). Thus, exchange of a d- 
H20, characterized by kOHd* (298 K) = 1.6 X lo2 s-' for a particular 
water molecule, AH$ = 71.0 kJ mol-' and ASS = 35.2 J K-' mol-', 
is much faster than that of a c-H20, for which kOHc* (298 K) = 1.5 x 

s-' for a particular water molecule (346). The labilization of 
an adjacent d-H20, but not an adjacent c-H,O, infers a charge trans- 
fer through a molecular orbital common only to the d-H20 sites 
(348,354-356). Ligand substitution of a d-H20 also proceeds through 
[ M o ~ O ~ ( H ~ O ) ~ ( ~ - O H ) I ~ +  such that the kl term in Eq. (33) is negligible, 
and k, = 4.8 and 3.3 dm3 mol-' for NCS- and HC204-, respectively 
(343). On the assumption of the operation of an interchange mecha- 
nism such that k, = k,Ko, and a value of KO within the range 0.5- 
10 dm3 mol-', ki values within the range 0.4-8 s-' are estimated for 
NCS- and HC204-. These ki are substantially smaller than koHd*, and 
together with the positive ASS for d-H20 exchange and the similarities 
of kf for NCS- and HC204-, are compatible with the operation of an 
Id  mechanism. 

The [MO~S, (H~O)~]~  + cluster is substantially more labile towards 
ligand substitution by comparison with [MO~O,(H,O)~]~ + , and both the 
conjugate acid and base species undergo ligand substitution through 
the paths indicated by Eqs. (35) and (36). This is consistent with the 
observation that kf is of the form of Eq. (33) (344,345,348). Substitu- 
tions by NCS- and C1- on [MO,S~(H,O)~I~+ are characterized by 
kl = 108 and 91 dm3 mol-' s-', respectively. If an interchange mecha- 
nism and KO = 0.2 dm3 mol-' are assumed, ki = 540 and 455 s-' are 
obtained, which compare with kld* = <10 s-l and Itlc* = 0.02 s-', 
consistent with the operation of an I, mechanism. Ligand substi- 
tution on [MO,S,(H~O)~(OH)]~+ is characterized by koH = 1120 and 
790 dm3 mol-' s-' for NCS- and C1-, respectively, from which 
ki = 5600 and 3975 s- '  are calculated using KO = 0.2 dm3 mol-', and 
compare with koHd* = 7500, which is accompanied by AI& = 83.0 kJ 
mol-' and ASS = 107.6 J K-' mol-'. The ki magnitudes do not exceed 
kOHd*, which is consistent with the possible operation of an Id  mecha- 
nism, as is the positive ASS for water exchange. If these deductions 
that I, and Id mechanisms operate for ligand substitution on 
[MO~S,(H~O)~]~  + and [MO~S,(H~O)~(OH)]~ + , respectively, are correct, 
this mechanistic change may be likened to the change from an Id  t o  
an I d  mechanism for [Fe(H20),l3 + and [Fe(H20)5(0H)12 + , respectively 
(Section 111,G). 

The replacement of p3-O in [MO~O,(H~O)~]~  + by p3-S and p3-Se causes 
14- and sixfold decreases in the lability of the d-H20 towards substitu- 
tion by NCS-, respectively (a cis retarding effect). In contrast, the 
subsequent progressive replacement of p2-0 by p2-S and p2-Se shows 
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these p2-ligands to labilize d-H20 (a trans labilizing effect) in the se- 
quence pz-0 < pz-S < p2-Se (344-347). Similar changes in lability are 
observed as p3-O and p2-0 are replaced by pz-S in [W3O4(H,O9)l4+ (350, 
351). The influence of the nature of M and X on the lability of d-H20 
towards substitution by NCS- is considerable, as is seen from Table 
XX. Thus, when M = either Mo or W, only the kOH path is detected 
when X = 0, but when X = S or Se (only when M = Mo), the kl path 
becomes important, consistent with the electron rich p-S and p-Se 
ligands labilizing d-HzO, possibly as a consequence of S and Se d- 
orbitals becoming involved in bonding (345). The k - l  and k - O H  paths 
are similarly labilized. When Mo is replaced by W, an approximate 10- 
fold decrease in lability occurs. This decrease has been attributed to 
the greater participation of 5d orbitals than of 4d orbitals in bonding 
due to a relativistic expansion effect which causes the W-OH, bonds 
to be stronger than the Mo-OH, bonds (357,358). 

Substitutions of the waters on the tetranuclear cuboidal 
[ M O ~ S ~ ( H ~ O ) ~ , ] ~ +  1 5 + / ~ +  clusters by NCS- are subject to statistical fac- 
tors which reveal a significant degree of independence of the molybde- 
num centers towards ligand substitution. Thus, a statistical factor of 
4 applies for substitution by NCS- on [ M O ~ S ~ ( H , O ) ~ ~ I ~ +  when [NCS- 1 
is in excess, whereas a statistical factor of unity applies when 
[MO~S~(H,O)~;+] is in excess, as shown in Eq. (42), because there are 
four Mo(II1) centers available for substitution (359). However, substitu- 
tion by NCS- on the mixed valence state [ M O ~ S ~ ( H , O ) ~ ~ I ~ +  occurs 
through two parallel paths, the faster of which is characterized by a 
statistical factor of 3 when [NCS-1 is in excess and a statistical factor 
of one when [MO,S~(H,O)~~+] is in excess. This is shown in Eq. (43) 
and is consistent with substitution occurring at  the three Mo(II1) cen- 
ters. For the slower path, a statistical factor of unity applies in the 

TABLE XX 

RATE CONSTANTS FOR NCS- SUBSTITUTION OF A d-HzO IN [M3X4(H20)914t IN WATER 
AT I = 2.00 m01 dm-3 (LiC104) AND 298.2K 

[Mo~O~(HZO)~I~~ - 4.8" - 0.0172° 343 

- 347 
1.2 - 0.00106 349 

[W3S4(Hz0)914+ 11.9 192 0.015 0.244 351 

[Mo3S4(Hz0)gI4+ 108 1120 -0.07 >1 345 
[ M O ~ S ~ ~ ( H ~ O ) ~ I ~  ' 237 2000 - 
[W30r(Hz0)914+ - 

a I = 2.00 mol dn-3  (Li p-toluenesulfonate). Substitution by NCS- at I = 2.00 mol 
h-3 (LiC104) is approximately two times faster (338). 
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presence of either excess [NCS-I or excess [MO~S~(H~O)~:+I, as shown 
in Eq. (44), consistent with substitution occurring at the single Mo(IV) 
center. [In the solid state, x-ray diffraction studies of [ M O ~ S ~ ( H ~ O ) ~ ~ I (  p -  
toluenesulfonate), show the four Mo centers to be stereochemically 
equivalent (360), but it has been suggested that this may be a conse- 
quence of random packing such that the effect of averaging results in 
four apparently equivalent Mo centers (361). For substitution of NCS- 
on [ M O , S ~ ( H ~ O ) ~ ~ ] ~ + ,  a single pH-dependent rate process is observed, 
to which a statistical factor of two applies, as shown in Eq. (45) (361). 
The pH dependence is consistent with the operation of a conjugate base 
mechanism similar to  that observed for the [M3X4(H20)914 + clusters, 
and the statistical factor of 2 is thought to arise either because substi- 
tution occurs at  the two equivalent Mo(1V) centers, or because 
[MO,S,(H~O)~~]~ + behaves as two mixed-valence Mo(IV)Mo(III) pairs 
in its substitution reactions. 

The assignment of kf to substitution at a Mo(II1) center in 
[MO,S,(H~O)~~]~ + is clear-cut, but comparison with the mixed-valence 
[ M O , S ~ ( H ~ O ) ~ ~ ] ~ +  and [ M O , S ~ ( H ~ O ) ~ ~ ] ~ +  is not simple, as a degree of 
electron delocalization between the formally Mo(II1) and M O W )  states 
may substantially change labilities. The lifetime of ion-pairing at a 
Mo(II1) or Mo(1V) center as compared with the exchange between 
Mo(II1) and M O W )  sites is thought to be a controlling factor in 
the slow (- 1 day) substitution processes of the 5 + cluster. It is antic- 
ipated that the KO characterizing the 4 + ,  5+, and 6 +  clusters will 
increase substantially with increase in charge. However, for NCS- 
substitution of d-H20 on [ M O ~ S ~ ( H ~ O ) ~ ] ~ + ,  kf = 108 dm3 mol-' s-l  
and kmH = 248 s-l. By comparison with the analogous data for 
[ M O , S ~ ( H ~ O ) ~ ~ ] ~ + / ~ + / ~ +  [Eqs. (42)-(45)], this is in accord with the 
greater trans labilizing effect of the p2-S ligand on d-H20 by comparison 
with that of p3-S discussed earlier. 
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The trinuclear acetato-bridged dioxo-capped clusters (111 in Fig. 15) 

hKs: = 126 kJ mol-', and ASS = 77 J K-' mol-'I and [w3(&,-0)2(pZ- 

CH3C02)6(Hz0)3]2f [kHZO (298 K) = 1.02 X s - ~ ,  & = 58 kJ  
mol-', and AS$ = - 164 J K - l  mol-'I and the monooxo-capped [W3(p3- 
O)(p2-CH3C02)6(H20)3]2f (IV in Fig. 15) [ k ~  0 (298 K) = 5.3 x 
s-'and& = 53kJmol-'andASS = -1313K-'mol-']aresubstan- 
tially less labile towards water exchange and ligand substitution than 
are the [M3X4(Hz0)9]4+ clusters (362). Thus, water exchange of d-H20 
in [M304(Hz0)9]4+ is -lo8 times more rapid than water exchange on 

and substitution by NCS- on the 
latter cluster is also slower. These differences may be attributed to 
conjugate base labilization of d-H20 in [M304(H20)914 + . Saturation ki- 
netics are observed for the substitution of NCS- on [M03(p3-0)&- 
CH3C02)6(Hz0)3]2+ in excess [NCS- I, consistent with the operation 
of an interchange mechanism, and the ki = 9.4 x loL6 5-l  value is 
comparable to kHpo = 5.6 x s-' for water exchange a t  298 K. 
This, in combination with the similar large AZ& and positive ASS for 
water exchange and NCS- substitution, is probably indicative of an Id 
mechanism. Substitution by CzO:- may similarly be interpreted in 
terms of an Id mechanism. However, substitution by HC,02- is charac- 
terized by a smaller & and negative ASS, which probably indicates 
a change to a concerted mechanism whereby the oxygen from the substi- 
tuted water and the entering HC202- are interchanged during the 
substitution process. The kHZo and ligand substitution data for [W3(p3- 
O)z(~z-CH3C02)6(Hz0)312+ and [W3(p3-0)(p2-CH3C02)6(H20)312+ and 
NCS- substitution data for the latter cluster have been interpreted in 
terms of an I, mechanism, whereas the substitution of CD30D on the 
latter cluster has been interpreted in terms of a d-activated mechanism 
(363). Relative to ligand substitution studies at single metal centers, 
studies of these and other clusters are at an early stage. It is to be 
expected that they will provide a rewarding area for continuing mecha- 
nistic study. 

[MO~(~~-O)~(E.L~-CH~CO~)~(H~O)~I~+ [ ~ H ~ o  (298 K) = 5.6 X S- ', 

VI. Concluding Comments 

It is salutary to  read the comment, "At the time when I became 
interested in the reactions of coordination compounds the formula of 
not a single aquo complex was known with certainty," made by Taube 
in a recent review (364). In marked contrast, this review is predomi- 
nantly concerned with the intimate detail of the mechanisms of sol- 
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vent exchange and ligand substitution on solvated metal ions of 
well-established stoichiometry . This illustrates the remarkable acqui- 
sition of knowledge which has occurred over a few decades, during 
which exciting advances in the mechanistic interpretation of the pro- 
cess of ligand substitution occurred in parallel with the development 
of new methods for the study of ligand substitution. A few of these 
advances and developments are now discussed. It is probable that Gar- 
rick’s paper on a conjugate base mechanism for labilizing complexes 
such as [ C O ( N H ~ ) ~ B ~ ] ~ +  was the first concerning the intimate mecha- 
nism of ligand substitution at a metal center (365). This was the precur- 
sor to the lively debate on the role of hydroxide in accelerating the 
aquation of acidopentamminecobalt(II1) complexes (366-368). In its 
turn, this was probably a major stimulus for the publication of the first 
edition of Mechanisms of Inorganic Reactions by Basolo and Pearson 
(1041, which generated great interest in the mechanisms of ligand 
substitution amongst those of other inorganic reactions. The develop- 
ment of techniques for studying fast reactions by Eigen (1) and his 
colleagues, together with the development of an NMR method for the 
direct determination of water exchange on labile paramagnetic metal 
ions by Swift and Connick (257), opened the door to the study of the 
wide range of metal ions discussed in this review. Subsequently, this 
facilitated the variable-pressure studies (6-9) which have provided 
major new mechanistic insight, and which feature strongly in this 
review. 

Despite the stimulus these intellectual and technological advances 
provided to mechanistic study of an extensive range of metal ions, for 
a long time the discussion of ligand substitution mechanisms centered 
largely on the relatively slow ligand substitutions occurring in am- 
minecobalt(II1) and platinum(I1) complexes. This was probably because 
access to equipment for studying rapid reactions was largely restricted 
to those with the resources to build it. Nevertheless, this period gave 
rise to  the D, I, and A terminologies used in this review, which replaced 
the SN1 and s2 classifications borrowed from organic chemistry (34). 
With the increase in the commercial availability of rapid reaction tech- 
nology in this and the preceding decade, it is now a normal expectation 
that reports of ligand substitution studies encompassing metal centers 
ranging from Li + to UOZ + will be found in the current chemical liter- 
ature. 

This very truncated survey of the history of the study of ligand 
substitution studies brings us to the present and the question of future 
directions. Although this review predominantly deals with solvent ex- 
change and monodentate ligand substitution processes, the ideas ex- 
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plored also apply to the fascinating chemistry of substitution by multi- 
dentate ligands and their complexes, as the reader will discover in the 
several excellent sources available (15,369,370). A cursory inspection 
of the current journal shelf in a chemical library quickly reveals that 
the mechanistic approach to ligand substitution has been extended into 
the burgeoning area of bioinorganic chemistry. It is fascinating to see 
that in a recent review, Williams has classified aspects of metal ion 
involvement in life processes on a reaction time scale of fast exchange, 
slow exchange, and no exchange, which is largely based on metal ion 
lability (371). There seems little doubt that an understanding of ligand 
substitution processes will prove to be very important in bioinorganic 
chemistry. Despite this broadening of the scope of ligand substitution 
studies, it is apparent from this review that there remain significant 
questions still to be answered concerning ligand substitution processes 
on the solvated metal ion. Not least among these is the question of the 
role played by solvent beyond the first coordination sphere in the ligand 
substitution process. It seems probable that a substantial aid in the 
search for an answer to this and other mechanistic questions will prove 
to be computer modeling (315,372). 

VII. Appendix: Ligand Abbreviations, Formulae, and Structures 

bpy = 2,2’-bipyridine = 

cyclen = 1,4,7,10-tetraazacyclododecane = 

n 

DEA = N,N-diethylacetamide = OC(Me)N(Et), 
dien = diethylenetriamine = 



SUBSTITUTION REACTIONS OF SOLVATED METAL IONS 75 

DOTA4- = 1,4,7,10-tetraazacyclododecane-N,” ,N”,N”’- 
tetraacetate = 

DTPA5- = diethylenetriamine-N,N,N’,”,N”-pentaacetate = 

-oh/7/7/+: 0 

-OJ-JN 0 NLo-Ny 
0 

DMA = N,N-dimethylacetamide = OC(Me)(NMeJ 
DMADMP = 0,O’-dimethyl-N,N-dimethylphosphoramidate = 

OP(Me),(NMe2) 
DMF = N,N-dimethylformamide = OC(H)(NMe,) 
DMMP = dimethyl methylphosponate = OP(OMe),(Me) 
DMPU = dimethypropyleneurea = 

0 
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DMSO = dimethylsulfoxide = OSMe, 
DTPA-BMA3- = N,N’-bis[(N-methylcabamoyl)methyll-3- 
azapentane-l,5-diamine-3,N,Nt-triacetate = 

H H 
Me-N N-Me 

0 

EDTA4- = 1,2-diarninoethane-N,N,Nt,N‘-tetraacetate = 

0 n A: 
- O P N  0 Nko- 0 

en = 1,2-diaminoethane = 

Et,dien = N,N,N’,N”,N”-pentaethyldiethylenetriamine = 

nn 
Et2N NEt NEt2 

Hipt = 4-isopropyltropolone = 

HO 

kMe 
Me 
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HMPA = hexamethylphosphoramide = OP(NMeJ3 
Melcyclam = N,N’,iV”,N”’-tetramethyl- = 1,4,8,11- 
tetraazacyclotetradecane = 

Me\ n /Me c: 13 
Me ’ w ‘Me 

Me,dien = N,N,N’,N”,N”-pentamethyldiethylenetriamine = 

M e2N NMe NMe2 

Me,tren = 2,2’,2”-tri(N,N-dimethylamino)triethylamine = 

nn 
NMe2 

MMPP = methyl methylphenylphospinate = OP(OMe)(Me)(Ph) 
NMA = N-methylacetamide = OC(Me)N(H)(Me) 
NMP+ = N-methylpyrazinium cation = 

pada = truns-pyridine-2-azo(p-dimethylaniline) = 
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PDTA4- = 1,3-propylenediaminetetraacetate = 

TMP = trimethylphosphate = OP(OMe), 
TMU = N,N,N’,”-tetramethylurea = OC(NMe,), 
tren = 2,2’,2”-triaminotriethylamine = 

nn 
NH2 

trien = triethylenetetramine = 

tpy = 2,2’,2”-terpyridine = 
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I. Introduction 

In previous reviews (1 ,2)  the design of ligands for selective complex- 
ation of metal ions was discussed for use in areas such as medicine 
(3), extraction metallurgy, and the environment. The use of molecular 
mechanics (MM) calculations in understanding steric effects in such 
applications has been described (4) .  There is clearly a need to examine 
factors that control strength of metal-ligand interactions as these 
might relate to metal ions in biology. One could not in a review of the 
present length make this an exhaustive account of selectivity for metal 
ions in biological systems. Rather, an attempt is made to give the 
reader an overview of factors that have been identified (I) as being 
important in metal ion selectivity, and examples of where these princi- 
ples may apply in biology. In order to  understand the interaction be- 
tween metal ions and complex ligands of biological interest, one must 
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first understand the interaction between a metal ion and a simple 
unidentate ligand in aqueous solution: 

Lewis acid-base interactions between metal ions and ligands in the 
gas phase are essential to an understanding of Lewis acid interactions 
in solution. Gas-phase and aqueous-phase results together offer in- 
sights into hard and soft acid-base (5,5a) (HSAB) behavior in aqueous 
solution. The strength with which particular unidentate ligands bind 
a metal ion is a guide to choice of donor atoms for that metal ion, and 
preference of donor atoms for different metal ions is considered. An 
understanding of factors that control Lewis acid-base interactions in 
aqueous solution is important in understanding the functioning of 
metal ions in biology. 

Nature uses only a few metal ions from the first-row transition metal 
ions in the periodic table in catalytic roles, chiefly Zn, Fe, Cu, Co, 
Mn, and Ni (6).  In contrast, the elegant catalyses of organometallic 
chemistry have tended to involve complexes of metals from the second 
and third rows of transition elements of the periodic table, in low 
oxidation states. Nature appears to have significant access only to Mo 
from the heavier transition elements (6)' and metal ions are usually 
not in very low oxidation states. With limitations of pH close to 7.4 
and temperature of 37"C, Nature can effect remarkable catalytic re- 
sults, and one should try to  see how Lewis acid-base behavior of metal 
ions has been altered to achieve this. An example of such altered Lewis 
acidity is that iron as Fe2 + or Fe3+ aqua ions cannot complex dinitrogen, 
but it appears that iron in nitrogenase may be able to (7). How donor 
atoms already attached to  metal ions can alter Lewis acid-base interac- 
tions of a metal ion with additional ligands is also discussed. Finally, 
it is clearly important to  analyze how selectivity for metal ions in 
biological systems in more complex multidentate ligands is controlled 
in terms of principles of ligand design (1 ), based on both choice of donor 
atom and on ligand architecture, as this might relate to metal ions in 
biology. 

II. Lewis Acid-Base Interactions in the Gas Phase 

Present understanding of Lewis acidity and basicity is based mainly 
on the "A' and "B" type classification of metal ions of Ahrland, Chatt, 
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and Davies (8), and the HSAB classification of Pearson (5, 5a). The 
HSAB classification is based largely on studies in aqueous solution, 
although Pearson has suggested how gas-phase results might yield 
orders of hardness and softness (5a). Behavior in the gas phase may 
be quite different to that in solution. First, the metal ion to which, 
typically, one or  two ligands may be coordinated in the gas phase is 
not solvated, and so effects that occur in aqueous solution because of 
interaction between coordinating ligands and the solvation sphere of 
the metal ion are absent. Figure 1 shows energies of complex formation 

- lPrF 

- EIF 

- Me2S 
- MeF 

- M e w  
- Me3N 
\ MeNH, 

- 

- Me20 - 
- MeOH \ NH3 

- H2CzO 

- H20 

FIG. 1. Energies of complex formation for complexes of lithium(1) in the gas phase 
with a variety of ligands. Data from Ref. (9). 
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for lithium(1) with unidentate bases in the gas phase (9). What is 
noteworthy about metal ions in the gas phase is the order of complex 
stability with amines of NH, < N(CHJ3. Similarly, dimethyl ether is 
a stronger base than water. In aqueous solution neither trimethylamine 
nor dimethyl ether is a good Lewis base for metal ions. Calculations 
by Woodin and Beauchamp (9) show that stability of the Li(1) complexes 
with the methylamines would increase linearly with increasing methyl 
substitution if only electronic effects such as inductive effects are con- 
sidered. However, when adverse steric effects of methyl groups are 
included (Fig. 21, a maximum in complex stability a t  dimethylamine 
occurs as more methyl groups are added. Figure 2 shows various contri- 
butions to complex stability of Li(1) complexes with N-methyl amines. 
Trimethylamine is a slightly weaker ligand than dimethylamine be- 
cause the inductive effects of the methyl groups of trimethylamine are 
overwhelmed by adverse steric effects. That this occurs with a bare 
Li(1) ion in the gas phase coordinating a single trimethylamine is 
remarkable. The steric effects of the methyl groups must be much worse 
when the metal ion has an inner and outer sphere of coordinated solvent 
waters attached to it. Steric interaction between coordinated ligands 
and water coordinated to metal ions in aqueous solution is considered 
to be important in determining Lewis acid character of metal ions (1, 
2). Thus, only metal ions of low coordination number and long M-N 
bonds such as Ag(1) are able (10) to  form complexes of any stability 
(11) whatever with ligands such as triethylamine in aqueous solution. 
The Ag(1) ion has a low coordination number, usually two, and long 
M-L bonds, leading to weak solvation, making it rather like a metal 
ion in the gas phase (10). We shall return to this theme, particularly 
in relation to the nature of HSAB behavior. 

Figure 3 shows the variation of heats of protonation in the gas phase 
of bases with different donor atoms as a function of number of methyl 
groups on the donor atom (12). In the gas phase, bases containing heavy 
donor atoms, such as dimethylthioether or trimethyl phosphine, are 
stronger proton bases than respective analogues such as dimethylether 
and trimethylamine. How can things be so different in aqueous solu- 
tion? Part of the answer must lie in steric crowding effects of water 
coordinated to the proton, as discussed earlier, but a second important 
effect is the role of hydrogen bonding in dispersing charge from the 
cation into the solvent. Thus, the proton in water is stabilized by several 
water molecules coordinated to it via their oxygen atoms. These waters, 
in turn, because of distribution of positive charge out from the proton, 
organize several more spheres of structured water until the water is 
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NMe3 

NHMe2 

FINAL OBSERVED 

Repulsive 
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Separated 
species 

FIG. 2. Components of Li' enthalpies of complexation with methylamines. Successive 
steps indicate the effect on energy of interaction between Lit and the amine of inclusion 
of additional components of the binding energy. The diagram shows that the permanent 
dipoles on amines (the charge on the nitrogen of the isolated amine) favor ammonia 
over trimethylamine complexation, but that polarizability and inductive effects (shift 
of negative charge onto the nitrogen in the complex) cause a massive turnaround in favor 
of complexation with trimethylamine rather than ammonia. Of particular importance is 
the near inversion of order caused by the addition of repulsive van der Waals terms. 
Modified after Ref. (9) .  

no longer distinguishable from bulk solvent. Hydrogens attached to 
donor atoms such as sulfur or phosphorus are, like those on a hydrocar- 
bon, virtually incapable of hydrogen bonding. The cascade of dispersion 
of charge to the solvent by layers of coordinated solvent molecules is 
thus interrupted by ligands that cannot hydrogen-bond to the solvent, 
so complexes are greatly destabilized (12). One can thus account for 
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protonation constants of methyl-substituted amines and phosphines in 
water in terms of these ideas: 

base: 
IogKl (H’): 

X = N  
X = P  

protonated form 
stabilized by 
H-bonding 

stabilized by 
inductive effects, 
but destabilized 
by inability to 
H-bond, and by 
adverse steric 
effects - 

9.24 10.64 10.77 9 . X  

- I4 0.0 3.9 8.7 
+ + 

protonated form 
destabilized relative 
to NH4+ by inability 
to H-bond 

protonated form 
unable to H-bond, 
but stabilized by 
inductive effects 

Energies of complex formation by Lewis acids of bases in the gas phase 
may be used to analyze HSAB ideas (9, 13-15). Figure 4 shows the 
energies of complex formation for the NiCp+ ion (Cp = cyclopen- 
tadienyl) versus those for the Mn’ ion (14). There is a linear relation- 
ship for oxygen donor ligands, and a second correlation offset from this, 
for “soft” ligands, which in this case contain N and S rather than 0 
donors. Figure 5 contains a similar diagram for Li+ versus the Mn+ 
ion. Figure 5 resembles Fig. 4, except that offset of soft ligands is 
towards the NiCp’ ion in Fig. 4, and towards the Mn+ ion in Fig. 
5. The order of preference for soft relative to  hard ligands is thus 
NiCp + > Mn + > Lit, which is what might be expected as an order of 
softness for these Lewis acids (14). Using such diagrams (13-15), the 
order of softness Al+ < K+ < Lit < Mn’ < Cot < NiCp+ < H’ < 
Nit < Cu+ is obtained (16) in the gas phase. The position of H+  in this 
order is somewhat ambiguous. The proton has a high relative affinity 
for soft ligands such as thioethers in the gas phase, which suggests 
that it is soft (13-15). However, the bonding of H’ to nitriles in the 
gas phase is anomalously weak compared to other Lewis acids, which, 
if nitriles are regarded as soft, suggests that the proton is harder than 
indicated by the foregoing order. It seems likely that bonding of metal 
ions to nitriles in the gas phase involves some factor such as edge-on 
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FIG. 3. Variation of heats of protonation in the gas phase of bases with N, 0, P, and 
S donor atoms as hydrogens are replaced by methyl groups as substituents on the donor 
atoms. Data from Ref. (12). 

bonding to both the C and the N of the cyano group, which is not 
possible for the proton. 

Ill. Comparison of Behavior of Lewis Acids and Bases in Aqueous Solution and 
in the Gas Phase 

The approach used (13-15) to  order Lewis acids in the gas phase 
according to hardness can be extended to aqueous solution (1 7). Figure 
6 shows log K ,  for Ag(1) complexes in aqueous solution plotted against 
log K ,  for analogous CH3Hg+ complexes. As for the gas-phase studies 
(13--15), ligands are ordered as indicated in Fig. 6 as expected if Ag+ 
is softer than CH3Hg+. In Fig. 7, where log K,  values for Bi3+ are 
plotted against log K ,  for CH3Hgf complexes, ligands are ordered as 
expected if Bi3 + were harder than CH,Hg+ . Figures 6 and 7 indicate 
also that the order of softness for ligands is F- < 0-donors < N- 
donors < C1- < Br- < I- ,  S, P, and C-donors. Similar behavior for all 
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44 

-2 0 2 4 6 8 10 12 14 

aH(Mn+)(kcel.mol.l) 

FIG. 4. Plot of enthalpies of complex formation in the gas phase of CpNi' complexes 
(Cp = cyclopentadienyl) vs those for the corresponding Mn' complexes. The ligands are 
segregated into correlations for "soft" (0) (N and S donors) and "hard" (oxygen donors) 
(0). Energies are in kcal mol-'. Redrawn after Ref. (14). 

other pairs of metal ions, with ligands ordered according to hardness 
and softness, is observed. Behavior like that seen in Figs. 6 and 7, 
for example, can be modeled for all metal ions using a dual basicity 
equation: 

log K1 = E A a q  * E B a q  + CAaq CBaq. (2) 

E a q  and C a q  are the tendency of acid A and base B to undergo ionic and 
covalent bonding, respectively. Equation (2) resembles that proposed 
by Drago et al. (18) to model heats of complex formation of acids and 
bases in solvents of low dielectric constant. Only Lewis acids of ionic 
radius greater than 1.0 A obey Eq. (2). For all smaller Lewis acids, a 
third pair of parameters has to  be introduced: 

(3) log K1 = E A a q  . E B a q  + CAaq * CBaq - D A  * D g .  

The D parameters are thought to account for adverse steric effects on 
complex formation, and possibly also inability of the ligand to transfer 



LEWIS ACID-BASE BEHAVIOR IN AQUEOUS SOLUTION 

30 

97 

- / 
, /  I I I I 

40 

46 

44 

- 42 r 

34 

32 

0-DONORS 

MeOH / 

charge from the Lewis acid to solvent via hydrogen bonding (17). Ad- 
verse steric effects arise chiefly from clashes with coordinated water 
molecules also present on the Lewis acid, which can be brought about 
by (1) a donor atom that is significantly larger than the water molecule 
displaced from the Lewis acid by an incoming ligand, or (2) large substit- 
uents on a donor atom, such as alkyl groups. These two similar effects 
cause ligands with large donor atoms such as I-, or large alkyl substitu- 
ents such as trimethylamine, to form much weaker complexes with 
small metal ions than might otherwise be anticipated. Since many soft 
ligands have large donor atoms, small metal ions such as Cu2+ or Co3 + 

may thus form weak complexes with these ligands, and appear hard for 
reasons of steric crowding rather than electronic factors. 

Equation (3) predicts log K ,  values for metal ions in aqueous solution 
with considerable accuracy. Some E,, C A ,  and DA parameters for Lewis 
acids are shown in Table I, and for bases in Table 11. When Eq. (3) 

FIG. 5. Plot of enthalpies of complex formation in the gas phase for formation of Li' 
complexes versus those for the corresponding Mn+ complexes. Ligands are segregated 
into correlations for hard (0) and soft (0) donors. Energies in kcal mol-'. Redrawn after 
Ref. (14). 
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FIG. 6. Plot of log K, values for Ag' complexes with unidentate ligands vs log K, 
values for corresponding complexes with CH,Hg+. Data a t  25°C and ionic strength zero 
in aqueous solution, from Rcf. (11). Ligands are classified as soft (0); intermediate ((3); 
hard, N-donors (0); hard, 0-donors (O), or F- (0). Formation constant data from 
Ref. (I 1 ). 

was published (171, log K 1  values for some azide complexes were not 
available, although predicted values were listed (I 7). Since then, values 
for some of these azide constants have been published (II), and these 
can be compared with predicted values (I 7): 

Metal ion: GaIII In(II1) UO?' La(II1) 

log K,(azide), 
Predicted (17): 4.28" 4.31 2.10 1.33 
Reported (11): 4.4 4.09 2.14 1.52 

" The E and C parameters for Ga(II1) have been re- 
vised from the original paper, as seen in Table I, and 
originally gave a predicted log K ,  with azide of 3.84. 
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FIG. 7.  Plot of log K ,  values for Bi3+ complexes with unidentate ligands vs log K1 
values for corresponding complexes with CH,Hg+. Data at 25°C and corrected to ionic 
strength zero, from Ref. (11). 

Equation (3) has good quantitative predictive power and is a successful 
extra-thermodynamic relationship like the Hammett sigma function. 
No other approach to modeling complex formation equilibria, including 
HSAB itself, can predict log K ,  values for unidentate ligands so accu- 
rately. 

The EAICA ratio was proposed as a measure of hardness of the Lewis 
acid, and EBICB as hardness of the Lewis base in aqueous solution (1 7). 
It now seems that the EIC ratio is not a measure of hardness in the 
sense in which Pearson (5,5a) defined hardness. Rather, the EIC ratio 
for a Lewis acid or base is a measure of the tendency to ionicity in the 
M-L bonds formed. The EAICA ratio should rather be called ZA, and 
the EBICB ratio I g ,  the tendency to ionic bonding in forming the M-L 
bond. Acids and bases in Tables I and I1 are placed in order of increasing 
tendency towards ionicity in the M-L bond, according to the EIC ratios 
Z A  and ZB. A justification for this interpretation is that the order of I A  

values for metal ions in aqueous solution strongly resembles the order 
of hardness derived by Pearson (19) from enthalpies of complex forma- 
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TABLE I 

IONICITY PARAMETER, I A ,  AND CA, EA, AND DA PARAMETERS FOR USE IN EQ. (3), FOR 
SELECTED LEWIS ACIDS IN AQUEOUS SOLUTION' 

Lewis acid I A  CA EA DA R' (A)h HSAB' 

A€!+ 
Cu+ 
Hg2+ 
T1+ 
lCu(tetb)12+ 
CH,Hg+ 
cu2+ 
Zn(I1) in carbonic 

H' 
CdZ+ 

anhydrase 

Ni2id 
coBie 
ZnZt 
C02+d 
Fez + 

Bl3+ 
Pb2+ 
vo2+ 
Ga3+ 
Mn2+ 
C? + 

Fe3+d 
Bezt 
La3+ 
Mg2 

Ba2t 
Ca2+ 
Li+ 

1 ~ 3 +  

~ 1 3 '  

- 10.6 
-1.30 

1.63 
1.77 
2.07 
2.50 
2.68 
2.7 

3.04 
3.31 
3.37 
3.77 
4.26 
4.34 
5.94 
6.30 
6.39 
6.69 
6.71 
7.07 
7.09 
7.14 
7.22 
8.47 

10.30 
10.46 
10.50 
10.67 
12.16 
22.11 

0.190 
0.43 
0.826 
0.056 
0.193 
0.640 
0.466 
0.33 

1.009 
0.300 
0.300 
0.875 
0.312 
0.276 
0.256 
0.714 
0.926 
0.413 
0.593 
0.809 
0.223 
0.721 
0.841 
0.614 
0.379 
0.178 
0.657 
0.03 
0.081 
0.026 

- 1.53 
-0.55 

1.35 
0.1 
0.40 
1.60 
1.25 
0.9 

3.07 
0.99 
1.01 
3.30 
1.33 
1.20 
1.52 
4.49 
5.92 
2.76 
3.98 
5.72 
1.58 
5.15 
6.07 
5.20 
3.90 
1.86 
6.90 
0.32 
0.98 
0.58 

0.0 
2.5 
0.0 
0.0 
0.3 
0.0 
6.0 
1.4 

20.0 
0.6 
4.5 
7.0 
4.0 
3.0 
2.0 
0.5 
0.0 
0.0 
3.5 
1.5 
1.0 
1.5 
1.5 
8.0 
0.0 
1.5 
2.0 
0.0 
0.0 
1.0 

1.13 
0.96 
1.10 
1.51 
- 
- 

0.57 
- 

- 
0.95 
0.69 
0.50 
0.74 
0.72 
0.76 
0.81 
1.03 
1.18 

0.62 
0.80 
0.53 
0.55 
0.31 
1.03 
0.72 
0.50 
1.36 
1.00 
0.60 

- 

S 
S 
S 
S 
(S) 
S 
I 
(S) 

H 
S 
I 
H 
I 
I 
I 
H 
I 
I 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 

Adapted from Ref. (17). 
Arranged in order of increasing I,,, or ionicity on the M-L band. Also shown are 

In A, from Ref. (20), for six coordination, except for Be2+ and Cu2+, which are four- 

The HSAB classification of the Lewis acid, from Pearson (5, 5a): H = hard, 

High-spin ions. Low- or intermediate-spin ions are expected to be softer than high- 

Low-spin ion. 

ionic radii and HSAB classification (5) of the Lewis acids. 

coordinate. 

I = intermediate, S = soft. Classifications given in parentheses are from this work. 

spin ions. 
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TABLE I1 

IB, E g ,  CB, AND DB PARAMETERS FOR LEWIS BASES IN AQUEOUS SOLUTION’ 

Ligand I B  EB CB DB r(vdw)* 

F- inf 1.00 0 0 1.35 
CH3COO- 0 0.0 4.76 0 1.40 
OH- 0 0.0 14.00 0 1.40 
N3- -0.064 -0.067 10.4 0.2 1.50 
SCN- -0.082 -0.76 9.3 0.2 1.50 
NH3 -0.088 -1.08 12.34 0.0 1.50 
Imidazole -0.09 -1.1 12.3 0.1 1.50 
HOCHzCHzS- -0.097 -3.78 39.1 0.9 1.85 
C5H5N -0.102 -0.74 7.0 0.1 1.50 
c1- -0.100 - 1.04 10.4 0.6 1.80 
SO?- -0.107 -1.94 18.2 0.4 1.85 
Br- -0.108 -1.54 14.2 1 .o 1.95 
s20:- -0.119 -3.15 26.5 1.1 1.85 
I- -0.122 -2.43 20.0 1.7 2.15 
NCS- -0.128 -1.83 14.3 1 .o 1.85 
(HOCHZCH2)zS -0.135 - 1.36 10.1 0.6 1.85 
P P ~ z ( ~ - C ~ H ~ S O ~ -  ) -0.132 -3.03 23.0 0.7 1.9 
A s ( ~ - C ~ H ~ S O ~ -  )3 -0.135 - 1.93 14.3 1.2 2.0 

HOCHzCHzPEtz -0.141 -4.89 34.1 0.6 1.9 
(NH2)2C=S -0.135 -2.46 18.2 0.6 1.85 

CN- - 0.148 -4.43 30.0 0.38 1.7 

a From Ref. (1 7). 
*The van der Waals radii of the donor atoms of the ligand, in angstroms, from 

L. Pauling, “The Nature of the Chemical Bond,” 3rd ed., p. 260. Cornell Univ. Press, 
Ithaca, NY, 1960. 

tion of cationic Lewis acids with halide ions in the gas phase. Pearson 
(19) suggested that the ratio AH(F-)I[AH(F-) - MU-)], here called 
Zp, would provide a measure of hardness of metal ions. Pearson has not 
pursued this measure of hardness, possibly because Ip does not conform 
to ideas of hardness derived from aqueous solution behavior. However, 
Fig. 8 shows a remarkable correlation between ZA and I,, with cations 
falling on separate relationships according to charge. Equation (3) 
shows that Lewis acids can display what Pearson would call hardness, 
i.e., an order of stability with halide ions that is F- > C1- > Br- > I- 
in aqueous solution, for two very different reasons. The proton is hard, 
not because it cannot form covalent bonds-the C-H bond is very 
covalent. Rather, with ligands with large donor atoms such as I, S, or 
P, complexes with the proton are destabilized by adverse steric effects, 
and inability of the ligand to disperse charge to the solvent by H- 
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FIG. 8. Correlation between Pearson's hardness parameter (Ip) derived from gas-phase 
enthalpies of formation of halide compounds of Lewis acids U9), and the hardness parame- 
ter in aqueous solution (I,,), derived from formation constants of fluoride and hydroxide 
complexes in aqueous solution (17). The Lewis acids are segregated by charge into 
separate correlations for monopositive (O), dipositive (O), and tripositive (H) cations, 
with a single tetrapositive ion (Zr4+, A). The Zp value for T13' was not reported, but the 
point is included in parentheses to show the relative ionicity of Tl(II1) to ligand bonds. 

bonding. This is hardness that arises in the D parameters in Eq. (3). 
The second kind of hardness occurs in Lewis acids such as La3+. This 
ion has a radius in excess of 1.0 A, and so should not experience steric 
destabilization of its complexes (20). La3+ is hard because it is not able 
to form very covalent bonds, which is hardness arising in the E and C 
parameters of Eq. (3). Phillips and Williams (21) have suggested that 
hardness can arise in these two ways, without actually translating 
their ideas into a quantitative model. Table I shows that all metal ions 
of ionic radius in excess of 1 A have a DA of zero, suggesting that 
large ions have little difficulty in packing large donor atoms around 
themselves, and may have less need of dispersing charge to the solvent 
via H-bonding. 
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IV. Significance of HSAB Ideas for Zinc-Containing Metalloenzymes 

As noted, biological processes use only metals such as Mg, Ca, Zn, 
Fe, Cu, Co, Ni, and Mn, with Mo being the only metal used from the 
second row of transition elements. How, then, is the chemistry of these 
metal ions altered to give the required bonding properties? For exam- 
ple, Zn2t as the aquo ion has a modest affinity for hydroxide ion, with 
logK,(OH-) being only 4.6 (11). It occurs in many metalloenzymes such 
as carbonic anhydrase or alcohol dehydrogenase (221, where Zn( 11) has 
a log K ,  with hydroxide ion of over 6.0. This increase in acidity of 
Zn(I1) is important for it to  function at biological pH. Replacement of 
Zn(I1) with less acidic Cd(I1) [log K,(OH-) = 3.81 produces enzymes 
that function, but only at higher pH (22). A further alteration of ligand 
binding properties of Zn(I1) in metalloenzymes is that, whereas Zn2’ 
aquo ion is classified as borderline (5 ,5a)  in HSAB classification and 
has log K,  values as shown below, in carbonic anydrase (23) the order is 
reversed to F-  < C1- < Br- < I- ,  so that Zn(I1) in this metalloenzyme 
would be classified as a soft Lewis acid: 

Zn2+ (aq):” 1.15 0.43 0.03 -0.9 4.6 
ZnW in carbonic 

anhydrase:b -0.07 0.72 1.19 2.07 6.2 

Ref. (11). 
For bovine carbonic anhydrase, from Ref. (23). 

Binding in the metalloenzyme has altered the Lewis acid properties of 
Zn(I1) so that it is a stronger acid, and has become soft instead of 
intermediate in HSAB. This seems to relate to  the coordination geome- 
try and coordination number forced on Zn(I1) by the enzyme binding 
site, since these properties have been replicated in simple model Zn(I1) 
complexes (24,25), such as 12-aneN3. There may also be a contribution 
from the hydrophobic cavity in which the Zn(I1) occurs in these metallo- 
enzymes to the “soft” behavior of the Zn(II), since this would make the 
Zn(I1) more like a metal ion in the gas phase (6).  However, duplication 
of the soft behavior in model compounds with no hydrophobic cavities 
(24, 25) indicates that it must be largely a function of the bonding 
properties of the Zn(I1) itself. Also important is that Zn(I1) in alcohol 
dehydrogenases appears to  bind alcohols (26). Ordinarily, metal ions 
bind alcohols only weakly in aqueous solution, so how does Zn(I1) bind 
alcohols in these metalloenzymes? 
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An insight into metalloenzyme action is provided ( I  ) by the work of 
Chung in studies (27-29) of binding of ligands to  Cu(I1) complexes of 
the macrocycle tetb (Fig. 9). As with Zn2 + (aq), Cu2+ (aq) has low affinity 
(11) for halide ions and is classified (5, 5a)  as intermediate in HSAB. 
On -incorporation into tetb, binding constants for simple unidentate 
ligands a t  the axial site of the complex change enormously, and Cu(I1) 
in tetb is soft in HSAB ( I ) :  

Cu2+ (aq):" 0.4 -0.03 < - 1 4.04 3.2" no complex 
[ C ~ ( t e t b ) l ~ ' : ~  1.19 1.26 1.35 1.95 2.84 2.69 

From Ref. (11). 
* Estimated by comparison with Ni2+ complex. 
' From Refs. (27-29). 

The change of Lewis acidity of lCu(tetb)12+ relative to Cu2+(aq) 
resembles the change in Lewis acidity observed for passing from 
Zn2+(aq) to Zn(I1) in carbonic anhydrase. In parallel with the bond- 
ing order C1- < Br- < I -  for binding to the axial coordination site 
of 1Cu(tetb)12+, there is a major alteration in tolerance of [Cu(tetb)12 + 

to steric effects of large bulky substituents. [Cu(tetb)12+ is unusual in 
aqueous solution in forming a complex with dimethylamine that is 
more stable than that formed with ammonia (28). This is what would 
be expected from the physical model behind Eq.  (3). The D parameters 
in Eq. (3) have been interpreted (17) as steric effects on ligands with 
large donor atoms in tight coordination spheres of metal ions such as 
Cu2+(aq). If the steric problems of Cu(I1) are overcome by placing it 
in the ligand tetb, then one should expect, in parallel with this, that 
[Cu(tetb)12 + should show increased tolerance to  bulky alkyl substitu- 
ents on the donor atoms of ligands such as amines. The change of HSAB 
behavior from Cu2+ to [Cu(tetb)12+ that causes a reversal of complex 
stability from C1- > Br- > I- (hard Lewis acid) to C1- < Br- < I -  
(soft Lewis acid) is paralleled by a greatly increased tolerance toward 
sterically bulky alkyl groups on donor atoms, as expected i f  a contribution 
to " h a r d  behavior can arise in steric effects. 

An observation regarding HSAB theory here is that metal ions that 
are soft in aqueous solution must not only be able to form covalent 
M-L bonds, but also must have a loose enough coordination sphere to 
tolerate potentially adverse steric effects such as bulky donor atoms 
or substituents on a ligand. For a soft Zn(I1) ion to be produced in zinc 
metalloenzymes, its coordination number must drop from six in the 
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trlmethylamine coordinates 
to axial site on Cu(ll) 
with relatively little 
steric interference 

(" "1 
JJ 

C a 

large iodide ion 
coordinates to Cu(ll) 
with minimal steric 

\ 

b 
d 

FIG. 9. The relationship between the steric situation at the coordination site and the 
observation of softness in Lewis acids. In addition to a covalent M-L bond, a low potential 
for steric hindrance of the coordinated unidentate ligand is required. (a) The ligand tetb 
(the ligand is the racemic form, only one enantiomer of the racemic pair is shown). 
(b) The crystal structure of blue [Cu(tetb)H2012+, showing the approximately trigonal 
bipyramidal coordination around the Cu(II), which leaves the coordinated unidentate 
ligand (in this case water) in a uniquely low-strain situation. Structure redrawn from 
Ref. (27). For clarity, all hydrogens except N-H hydrogens and the C-methyl groups on 
the ligand have been omitted. (c) The [Cu(tetb)12' complex of trimethylamine, and 
(d) the same structure with an iodide in place of the axial trimethylamine molecule, 
showing how little steric contact there is between the iodide or trimethylamine and the 
[Cu(tetb)12+ complex. For clarity all the atoms in (c) and (d) were drawn with one-third 
van der Waals radii, except for iodide, which was drawn with full van der Waals radius. 
Structures in (c) and (d) were generated by MM calculation using the program SYBYL 
(Tripos Associates, St. Louis, Mo.). 

aquo ion (30) to four in alcohol dehydrogenase or carbonic anhydrase. 
Lowered coordination number first decreases steric crowding around 
the metal ion and makes way for bulky donors such as I-. Also, toler- 
ance for bulky substituents, such as the ethyl group on ethanol, is 
increased. This could be an important aspect of increasing strength of 
binding of alcohols, whether as neutral molecules or alkoxides, to  Zn(I1) 
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in alcohol dehydrogenase. Figure 1 shows that in the gas phase, alcohols 
are stronger Lewis bases than the water molecule. In water, they are 
weaker bases than water itself, because bulky alkyl groups cause steric 
problems with most Lewis acids. By adopting tetrahedral geometry in 
metalloenzymes, Zn(I1) can coordinate more effectively with alcohols, 
and other bulky substrates, than most ordinary metal aquo ions. This 
is because of lowered steric crowding. Also, as a second contribution, 
the ability for form covalent bonds should be somewhat higher for four- 
coordinate than six-coordinate zinc. 

The structure of [Cu(tetb)H2012+ in Fig. 9 suggests how soft behavior 
arises sterically . Trigonal bipyramidal coordination geometry around 
the copper, coupled with a long Cu-0 bond of 2.25 8, means that 
a bulky ligand that replaces the coordinated water will have mini- 
mal steric interaction with the tetb ligand. Equation (3) predicts that 
large metal ions that show a soft stability order with halides of 
C1- < Br- < I- will also show unusual tolerance for bulky alkyl sub- 
stituents on, for example, amines. Thus, Pb(I1) has very long Pb-N 
bonds, as seen in the Pb-N of 2.53 8, in a complex (31) with ethylenedi- 
amine. These long Pb-N bonds should lead to high tolerance to steric 
effects ofN-alkyl substituents. This is found for R-N(CH,CH(OH)CH,), 
complexes of Pb(I1) (10). Unlike the small Cu2+(aq) ion, there is a 
strong increase in log K1 for Pb(I1) as inductive effects increase along 
this series, R = CH3-, CH3CH2-, (CH3)2CH-, (CH3)&-. The Pb2+ (aq) 
ion also forms (32) complexes with triethylamine that are much more 
stable than those with ammonia (321, as expected from Eq. (3). 

Equation (3) usually models formation constants for Lewis acids with 
unidentate ligands well, as shown for log Kl values for [Cu(tetb)12+ 
with unidentate ligands: 

Ligand: OH- NH3 C1- Br- 1- N3- NCS- CH3COO- CN- 

log K1 for 

Calculated? 2.70 1.95 1.05 1.22 1.36 1.56 1.536 0.93 3.65 
Observed:' 2.71 1.95 1.19 1.26 1.35 1.93 2.16 0.26 3.45 

Calculated from Eq. (3) using parameters in Table I for [Cu(tetb)12+, and in Table 
I1 for Lewis bases. 

Calculated for bonding as a mixture of N and S bonded forms. Value of log K ,  for 
bonding through S is 1.13 and through N is slightly higher at 1.31. The crystal structure 
(29) of [Cu(tetb)(SCN)]+ shows bonding to Cu through S. 

[Cu(tetb)12+, 

Observed log K 1  values from Refs. (27-29), ionic strength 0.1. 

Change of Cu(I1) from intermediate in Cu2+(aq) to  soft in [Cu(tetb)12+ 
is due (Table I )  mainly to  a drop in D,  parameter from 6.0 in 
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Cu2+(aq) to 0.9 in [Cu(tetb)12+. There is also a modest increase in 
softness due to changes in EA and CA parameters, which can be inter- 
preted in terms of the “symbiosis” proposed by Jorgensen (33). The 
low DA parameter for [Cu(tetb)12+ suggests that the main effect in 
transforming Cu(I1) to a soft Lewis acid in [Cu(tetb)12+ is the altered 
steric situation in coordination of bulky donor atoms to the metal ion. 

Vallee and Williams (34) proposed that in the “entatic state,’’ metal 
ions are forced to  adopt unusual coordination numbers and geometries 
to produce properties required for specific functions of enzymes in which 
they occur. This appears to be particularly true for Zn(I1). There are 
several examples (22) where Zn(I1) ions are forced into low coordination 
numbers where they occur in metalloenzymes, with geometries approxi- 
mating to tetrahedral, or trigonal bipyramidal, rather than octahedral. 
Achievement of stronger Lewis acidity, as well as softer acid character, 
and hence reduction in steric hindrance at  the coordination site on the 
metal, may be important in binding bulky organic substrates. Some 
examples of this type of entatic state are shown in Fig. 10. These 
include Zn( 11) in alcohol dehydrogenase, carbonic anhydrase, and in 
various peptidases, ribonucleases, and snake venoms (see Table I11 ). 
This type of entatic state may be more difficult to achieve for other 
metal ions, possibly accounting for how often Zn(I1) occurs in metalloen- 
zymes. In addition, the fact that octahedral Zn(I1) is a weaker and 
harder Lewis acid than tetrahedral Zn(I1) means that the Lewis acid 
Zn(I1) in alcohol dehydrogenase can be “switched off’  (35) when the 
required coenzyme NAD + is not bound to the protein. Binding of NAD + 

to the protein causes a conformational change that promotes the octahe- 
dral-tetrahedral transition for Zn(I1) in the metalloenzyme. 

It is not clear how important assumption of low coordination number 
is for other metal ions in metalloenzymes in order to  promote catalytic 
reactions. In nitrogenase (7)  there are iron atoms that appear to be 
only three-coordinate, which one expects should lead to unusual Lewis 
acidity (Fig. ll), leading to an ability to  coordinate the extremely weak 
ligand dintrogen. The binding of dioxygen by copper hemocyanin (36) 
has been successfully modelled by Kitajima et al. (37) from Cu(I1) 
trid 1,3-di-i-propylpyrazolyl)borate (TPB) complexes (see Chart 1 for 
key to ligand abbreviations). Two coppers from two Cu(I1) TPB com- 
plexes bind to oxygen in an edge-on fashion (Fig. l l ) ,  as deduced for 
hemocyanin itself (36). The Cu(I1) ion appears extremely reluctant to 
adopt a tetrahedral environment (37). Thus, one might have expected 
the tripodal tris(pyrazoly1)borate ligand to promote tetrahedral coordi- 
nation to Cu(I1). However, the tetrahedral structure of [Cu(II)(TPB)Cl] 
is maintained only in the solid state or solvents of low dielectric con- 
stant (37). In a polar solvent such as DMF, a five-coordinate square 
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a b 

his v 

C d 
FIG. 10. Examples of coordination geometry in the entatic state (34) where the Lewis 

acidity of Zn(I1) in its metalloprotein is considerably altered as compared with that for 
(a) the ZnZt aquo ion (30), (b) Zn(I1) in alcohol dehydrogenase, (c) Zn(I1) in carbonic 
anhydrase, and (d) Zn(I1) in carboxypeptidase. Redrawn after Ref. (22). 

pyramidal structure is assumed. This may be one reason why Cu(I1) 
is not as widely used in a strong Lewis acid role as is Zn(I1). Thus, 
where one might have expected the tripodal TPB ligand to force Cu(I1) 
to adopt a tetrahedral structure, the Cu(I1) manages to form a distorted 
square pyramidal structure (Fig. ll), with the edge-on oxygen occu- 
pying two of the coordination sites in the plane. The structure of the 
nitrogen binding site of nitrogenase shows some three-coordinate irons 
that are nearly planar (7) (Fig. 111, and it seems possible that this is 
aimed at coordination of the very weak ligand dintrogen. The structure 
shown in Fig. 11 for nitrogen bound to nitrogenase is a highly specula- 
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TABLE 111 

OCCURRENCE, COORDINATION GEOMETRY, COORDINATING GROUPS, AND FUNCTION OF 

ZINC(II) IN SOME METALLOENZYMES 

Coordination Coordinating 
Enzyme geometry groups 

Carbonic anhydrase tetrahedral 3 N (his), 1 0  (water) 
Alcohol dehydrogenase tetrahedral 
Carboxypeptidase 5-coordinate 2 N (his), 3 0 (bidentate acetate, 

Alkaline phosphatase 

1 N (his), 2 S (cys), 1 0 (H20) 

HZO) 

site A 5-coordinate 2 N (his), 3 0 (HzO?) 
site B 4-coordinate N (his), 3 0 (2 asp, ser) 

tive one where the nitrogen is bound within a cage of six irons. Other 
possibilities (7) may involve sideways binding of the nitrogen to four 
of the irons on the outside of the cluster, perhaps indeed to the Mo, 
which is not yet excluded from consideration. 

V. Chelate Ring Size and Metal Ion Selectivity 

Chelate ring size and metal ion selectivity have been analyzed (1, 
38) and are discussed only briefly here. The geometry of chelate rings 
(Fig. 12) is such that five-membered chelate rings incorporate larger 
metal ions (M-L length - 2.5 A) with small L-M-L angles (-70") 
with least steric strain, while six-membered chelate rings best incorpo- 
rate small metal ions (M-L - 1.6 A) with large (-109.5") L-M-L 
angles. As coordination geometry deviates from the requirements of 
these two different-sized chelate rings, so steric strain rises, and com- 
plexes are destabilized. This leads to a principle (38) of ligand design: 
increase of chelate ring size leads to decrease in stability of complexes 
of larger relative to smaller metal ions. This is seen (Table IV) in changes 
that occur in formation constants (11) for EDTA and TMDTA with 
metal ions of different sizes. EDTA forms five-membered chelate rings, 
and TMDTA forms six-membered chelate rings (Table IV), using the 
two nitrogen donors of these ligands. 

Figure 12 also shows ideal geometry for symmetrical four-membered 
chelate rings involving phosphate and carboxylate. (By symmetrical 
is meant chelate rings having equal M-0 distances to both coordinated 
oxygen donor atoms.) Four-membered chelate rings require very large 
metal ions, with even higher coordination numbers to produce the small 
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FIG. 11. (a) Structure of the bislcopper(I1) tris-pyrazolyl boranel dioxygen complex of 
Kitajima et al. (37), which appears to be a good model for the coordination of dioxygen 
in hemocyanin. The coppers manage to adopt a square-pyramidal coordination geometry, 
which avoids the tetrahedral geometry that might have been expected with the tripodal 
TPB ligand. (b) A stereoview of the proposed (7) FeMo binding site for dinitrogen in 
nitrogenase. (c) The binding site for nitrogen in nitrogenase, suggesting how a nitrogen 
might be bound within the cavity. The highly speculative structure shown was generated 
by placing a nitrogen molecule within the iron-sulfur cluster, generated using the 
molecular mechanics program SYBYL (Tripos Associates, St Louis, Mo.). The drawing 
of the hemocyanin model of Kitajima et al. was executed using coordinates available in 
the Cambridge Crystallographic database, and the program SYBYL. 

O-M-0 bond angles required. One can relate bite sizes (distances 
between the donor atoms) of strain-free chelate rings of different sizes 
to the dimensions of the chair form of the cyclohexane ring (39), which 
has the minimum steric strain possible for a cycloalkane. The bite size 
of strain-free four- and six-membered chelate rings both correspond to 



LEWIS ACID-BASE BEHAVIOR IN AQUEOUS SOLUTION 111 

H O O C T  - 7 C O O H  H o O C l  n r C O O H  

HOOC lN L C O O H  H o o d  LCOOH 
N N N  

E DTA 

rm R = 3 

12-crown-4 

TM DTA 1,l-naphlhyridine 

H'W'H H' u 'H 

12-ane N4 14-ane N4 
HO OH 

THEC 

15-crown4 30-crown.10 

Enterobactin 

so; so; 

0 so; 

TSPP 

CHART 1 

the 1,3 distance across a cyclohexane ring. These distances are not 
greatly altered if, as is the case in chelate rings, sp3 carbons are replaced 
with nitrogen or oxygen donor atoms. If larger atoms such as sulfur 
or phosphorus are part of the chelate ring, distances become greater, 
but the overall argument remains the same. 

Structures of coordination compounds suggest that smaller chelate 
rings promote higher coordination numbers. Twelve coordination 
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FIG. 12. The geometric origin of chelate ring size preference for metal ions of different 
sizes. (a)  The four-membered ring, as exemplified for nitrogen donors with naphthyridine, 
requires the largest metal ions, and very small N-M-N angles. (b) The five-membered 
chelate ring of ethylenediamine has a preferred M-N length of 2.5 A, and small N-M-N 
angle of 69". (c) The six-membered chelate ring has a preferred M-N length of 1.6 8, 
and large N-M-N angle of 109.5". In carboxylates, similar trends are observed for 
chelate rings of different sizes as exemplified by (d) carbonate, (e) oxalate, and (f)  malo- 
nate. Minimum strain geometries calculated by Molecular Mechanics calculation (4) .  

TABLE IV 

EFFECT OF CHELATE RING SIZE ON COMPLEX STABILITY: COMPARISON OF STABILITIES 
OF COMPLEXES OF EDTA (CHELATE RING SIZE FIVE INVOLVING THE TWO NITROGENS) 

AND TMDTA (ANALOGOUS CHELATE RING SIZE SIX)" 

1% Kl 
Difference 

Metal ion Ionic radius (A) EDTA TMDTA in log K ,  

Be( I1 ) 0.31 9.20 10.7 + 1.5 
CU(I1) 0.57 18.70 18.82 +0.12 
Zn(I1) 0.74 16.44 15.23 -1.21 
Cd(I1) 0.95 16.36 13.83 -2.53 
Ca(I1) 1.00 10.61 7.26 -3.35 
La(II1) 1.03 15.46 11.28 -4.18 
Sr(I1) 1.17 8.68 5.28 -3.40 
Pb( I1 ) 1.18 17.88 13.70 -4.18 

" Data from Ref. (11).  Ionic radii in A from Ref. (20). 
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is always associated with four-membered chelate rings, as in the 
complexes [Ce(N0,),]2- and [Pr(napth),13+, where naphth is 1,8- 
naphthyridine (40). Part of what determines coordination number 
may be the steric strain that would result from a mismatch between 
metal ion size and coordination number on the one hand, and chelate 
ring size on the other. With six-membered chelate rings, a metal ion 
should adopt its lower accessible coordination numbers, while with 
four-membered chelate rings, higher accessible coordination numbers 
should be preferred. 

This may be discerned in biology with the Ca2' ion. Selective binding 
of Ca2+ rather than Mg2+ may be essential in calcium proteins such 
as annexin (41), parvalbumin (41a), or calmodulin (42). In the binding 
sites in annexin and calmodulin (Fig. 13), Ca(I1) is coordinated to 
several neutral oxygens, and a bidentate carboxylate from an aspartate. 
The Ca2+ occupying the "EF hand" site in parvalbumin is bound to 
two (41,41a) bidentate carboxylates (Fig. 13). The four-membered ring 
in the bound carboxylate should favor binding of the large Ca2+ ion 
over the small Mg2 + ion. How neutral oxygen donors produce selectivity 
for large relative to small metal ions is discussed in Section E. 

Proteins, as opposed to simple chelating ligands, are well suited to 
orient carboxylates to favor chelation. Carboxylates need long connect- 
ing chains to other donor atoms in a ligand if they are to twist around 
enough to be correctly oriented for binding in the symmetrical chelating 
mode. Ordinarily, long, flexible connecting chains lead to weak com- 
plexes, but proteins can provide rigid structures where carboxylates 
can be well spaced but correctly oriented. In simple chelating ligands, 
occurrence of carboxylate as part of a small chelate ring, e.g., carboxyl- 
ates in EDTA, strongly favors only unidentate coordination of carbox- 
ylate. 

An important aspect of how much chelate ring size can control metal 
ion selectivity is directional character of the bond to the donor atom. 
If a reasonably large force constant is associated with the Ca-0-C 
bond angle, then chelate ring size will have a strong effect on complex 
stability. If the M-0 bond is so ionic that there is little tendency to 
keep the M-0-C bond at  a well defined angle, then the chelate ring 
size principle will be weakly obeyed. This means that, as a rule, the 
more covalent the M-L bond, the more strongly the chelate ring size 
principles will be obeyed. One expects an increasing order of tendency 
to obey the chelate ring size principles of alkali metal ions < alkali 
earth metal ions < lanthanides < heavy post-transition metal ions 
[e.g., Pb(II), Cd(I1)I - transition metal ions. Nitrogen donors form more 
covalent bonds than oxygen donors, so the principle should hold more 
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FIG. 13. The binding sites of calcium in (a )  parvalbumin (41~1, (bl annexin (411 and 
(c) calmodulin (42). The drawings show two bidentate carboxylates coordinated to Ca2' 
in the "EF-hand" site of parvalbumin, and one bidentate carboxylate coordinated to Ca' ' 
in annexin and calmodulin. All the donor atoms coordinated to the calciums are oxygen 
donor atoms from carboxylates of asp = aspartate, or glu = glutamate, or else peptide 
carbonyl oxygens from gly = glycine or met = methionine. Redrawn after Refs. (41-42). 

strongly with nitrogen donor ligands than oxygen donors. Table V 
shows stabilities of complexes formed by some metal ions with oxalate 
(five-membered chelate rings) and malonate (six-membered chelate 
rings). The large Cd(I1) suffers a somewhat greater drop in log K,  on 
increase of chelate ring size than does the slightly larger but more 
ionically bound Ca(I1). However, Ca(I1) shows (Table V) a reasonable 
decrease in log K ,  in passing from oxalate to malonate, suggesting 
considerable directional character in the Ca-0-C bond. Also, crystal 
structures (43) of calcium complexed to carboxylates show that even 
with unidentate coordination of the carboxylate, so that the ligand 
could in principle coordinate at any angle to the Ca(II), the Ca-0 bond 
is located at a fairly specific angle relative to  the C-0 group involving 
the coordinated oxygen, indicating directional character in the Ca-0 
bond. 

The chelate ring size principle can have structural effects as well as 
effects on thermodynamic stability in aqueous solution. An example 
is coordination of metal ions by sugars (44). The cyclic polyol cis-inositol 
can coordinate metal ions in two distinct ways (Fig. 14) (45). In 
ax-ax-ax bonding (Fig. 14), the metal ion is part of three fused six- 
membered chelate rings. Alternatively, in ax-eq-ax coordination, the 
metal ion is part of two fused five-membered and one six-membered 
chelate rings. Angyal has noted that metal ions of radius more than 
0.8 A adopt the ax-eq-ax structure (441, whereas with an ionic radius 
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TABLE V 

EFFECT OF CHELATE RING SIZE ON COMPLEX STABILITY WITH METAL IONS OF 
DIFFERENT SIZES: OXALATE (RING SIZE FIVE) AND MALONATE (RING SIZE SIX 1" 

Metal ion Ionic radius Oxalate Ma 1 on ate Difference 

Be( I1 ) 0.31 4.96 6.18 +1.22 
CU( I1 ) 0.57 6.23 5.80 -0.43 
Mg(I1) 0.72 3.43 2.85 -0.58 
Cd( I1 ) 0.95 3.89 3.22 -0.67 
Ca(I1) 1.00 3.00 2.35 -0.65 
La( 111) 1.03 6.03 4.94 -1.09 
Pb(I1) 1.18 4.91 3.68 - 1.23 

Formation constant data from Ref. (II), ionic radii (A) from Ref. (20). 

HO 

a ax-ax-ax 

b ax-eq-ax 

FIG. 14. (a) The ax-ax--cwc structure adopted by small metal ions, and (b) the ax-eq-ax 
type of structure adopted by large metal ions in their complexes with cis-inositol 
(44, 45). 
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less than 0.8 A the ax-w-w structure is adopted. The chelate ring 
size principle indicates why this should occur (45).  Large metal ions 
chelate with least steric strain as part of five-membered chelate rings, 
and the ax-eq-ax structure maximizes the number of five-membered 
chelate rings of which the large metal ion is a part. Small metal ions 
adopt the ax-ax-ax structure, as this maximizes the number of six- 
membered chelate rings involving the metal ion. Other examples of 
the chelate ring size principle occur in structures of complexes of citrate 
ion (46,471. Tridentate coordination of citrate (Fig. 15) with metal ions 
can lead to  two six-membered chelate rings, or one five-membered and 
one six-membered chelate ring. The Cambridge crystallographic data 
base reveals that most metal ions adopt the structure that gives one 
five-membered and one six-membered chelate ring, shown for the large 
Bi(II1) ion (46) in Fig. 15. Only very small AN1111 shows the structure 
with two six-membered chelate rings (47) (Fig. 151, in accord with the 
chelate ring size principle (38). Unpublished MM calculations by the 
present authors show that only metal ions of M-0 bond length about 
1.90 8, or less should favor the form of citrate complex with two 
six-membered chelate rings, compared to the structure with one 
five- and one six-membered chelate ring. The average A1-0 bond length 
in the Al(II1) citrate complex is 1.91 A (471, and in the crys- 
tal lattice of the Al(II1) citrate complex are present examples of coordi- 
nation of Al(II1) to citrate to give both six,six and five,six chelate ring 
sizes. 

The enzyme aconitase (48) contains a Fe4S4 cluster which catalyzes 
the conversion of citrate to iso-citrate (6) via aconitic acid, as a part of 
the citric acid cycle. The crystal structure of aconitase (48) with iso- 
citrate bound to an Fe of the Fe4S, cluster leads to the geometry around 
Fe shown in Fig. 15c. The iso-citrate binds in a bidentate fashion so 
as to form a five-membered chelate ring involving the hydroxyl and 
one carboxylate of iso-citrate. The Fe in aconitase has long Fe-0 bonds 
to iso-citrate, averaging (48) approximately 2.3 A in length, which 
is typical of the long Fe-0 bonds found in Fe(I1) complexes. A five- 
membered chelate ring would be preferred to a six-membered chelate 
ring with long Fe-0 bonds of 2.3 A. One might speculate on how the 
enzyme drives the switch from citrate to iso-citrate, and why a whole 
Fe,S, cluster appears to be necessary, rather than a single Fe(I1) ion 
held in a suitable donor atom environment. One possibility is a mecha- 
nism like the one we suggest in the following scheme, which involves 
the formation of a six-membered chelate ring in the transition state, 
with the transition state involving a more Fe(II1)-like iron. 
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It might be that an electron shift within the Fe4S4 cluster occurs, 
which would decrease the Fe-0 bond lengths and so favor the formation 
of a six-membered chelate ring. The electron shiR within the Fe4S4 cluster 
would make the initial Fe(I1)-like iron, with long Fe-0 bonds, more 
Fe(II1)-like, with short Fe-0 bonds. What might cause the electron 
shift is coordination of the citrate. The driving force here might be 
tridentate coordination of the citrate (not shown), or deprotonation of 
either the alcoholic hydroxyl of the citrate or of a water coordinated 
to iron. The formation constant (11) (log K1) for Fe(II1) with citrate is 
11.50, compared to 4.4 for Fe(II), so coordination of citrate in a tri- 
dentate fashion causes a shift of the Fe(III)/Fe(II) reduction potential 
of 120 mV in favor of FE(II1). Deprotonation of the hydroxyl group of 
coordinated citrate causes a further shift in favor of Fe(II1) at biological 
pH of about 100 mV. So either of these processes, tridentate coordina- 
tion of the citrate or deprotonation of the coordinated hydroxyl of ci- 
trate, might trigger the electron shift within the Fe4S4 cluster. How- 
ever, the coordination of citrate iso-citrate in a bidentate fashion 
without deprotonation of a hydroxyl would alter the Fe(III)/Fe(II) po- 
tential only slightly. Such bidentate coordination gives a glycolate-like 
ligand. The logK, value of Fe(II1) with glycollic acid is only 2.9 (II), 
and of Fe(I1) is 1.3, which would alter the Fe(III)/Fe(II) potential by 
only about 25 mV. The resemblance of bidentate coordinated citrate 
to glycolate is shown below: 
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coordinated glycolate citrate bound in a 
bidentate fashion. 

That the aconitase mechanism might involve an electron shift t o  
give an Fe(II1)-like iron in the transition state with the substrate bound 
to it suggests why a whole Fe4S, cluster is needed. This mechanism 
would also explain how the substrate triggers the whole mechanism, 

mean Bi-0 
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FIG. 15. Crystal structures of citric acid complexes of (a) Bi(II1) (46) and (b) .-1(I1 ) 
(471, and of (c) iso-citrate bound to iron in  the binding site of aconitase (48). The structures 
show (45) that, in accord with the chelate ring size ligand design principle (38), the large 
Bi(1II) ion adopts the structure which gives one five-membered and one six-membered 
chelate ring, while the small AUIII) ion adopts a structure which gives it two six- 
membered chelate rings. The long Fe-0 bonds in aconitase lead to iso-citrate bound so 
as to give a five-membered chelate ring. Redrawn after Refs. (46-48). 
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i.e., by deprotonation of the hydroxyl of the bound citrate, which makes 
the iron in the transition state more Fe(II1)-like, and also more acidic. 
The greater acidity of the Fe(II1)-like iron in the transition state would 
also promote proton transfer reactions to aconitase from waters coordi- 
nated to the Fe(II1)-like iron. 

The basis of the chelate ring size principle is that orientation of lone 
pairs on donor atoms is important. The entatic state hypothesis (34) 
proposes that the coordination geometry of metal ions may be distorted 
in metallo-enzymes to produce required properties. MM calculations 
suggest that bond length deformation by external steric factors is more 
difficult than bond angle deformation (4) .  The observation that bond 
lengths in carboxypeptidase A substituted with metal ions such as 
Co(II1, Mn(II), Cd(II), or Cu(I1) all appear normal for each metal ion 
is not surprising (49).  For example, the M-0 bond length to the same 
glutamate carboxylate oxygen donor in the carboxypeptidase A substi- 
tuted with different metal ions varies from 2.17 to  2.61 A with these 
different metal ions, depending on the bond lengths required by the 
metal ion. This shows how the metal ion can distort its immediate 
environment in the protein to suit its bond length needs. Conversely, 
all the metal ions studied have greatly distorted coordination geometry, 
showing that bond angles around metal ions are more easily distorted 
than bond lengths (49). This suggests that the entatic state should 
more readily involve distortion of bond angles around metal ions than 
bond lengths. 

VI. The Neutral Oxygen Donor 

Coordinating properties of neutral oxygen donors have been reviewed 
(1,50) and are discussed only briefly, and then related to the occurrence 
of this donor group in systems of biological interest. The neutral oxygen 
donor is of particular interest, since it is the donor atom of water, the 
solvent in biological systems. Figure 1 shows that ligands containing 
neutral oxygen donors are not all of equal donor strength in the gas 
phase. Firstly, there is an increase in basicity as alkyl substitution 
increases along the series H,O < CH30H < (CH3),0. Ether oxygens, 
for example, are of considerable importance in monensin-type antiobio- 
tics (51) (Fig. 161, which selectively complex Na'. The other neutral 
oxygen donor of biological interest is the carbonyl group as found in 
esters or amides. The amide group is commonly found as a donor for 
binding calcium in proteins (43) and potassium in enniatin (52), while 
carbonyls of ester groups commonly occur in small biological molecules 
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FIG. 16. The antibiotic ligands (a) monensin, which binds Nat selectively, and 
(b) valinomycin and (c) enniatin-B, which bind K' selectively. 
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such as valinomycin (52) that bind K +  (Fig. 16). Studies of crown 
ethers, and many ligands of biological interest, show that some metal 
ion types complex well with ligands containing neutral oxygen donors, 
while others do not. What determines whether a metal ion binds well 
with neutral oxygens? One widely accepted idea of what controls selec- 
tivity for metal ions, but which does not bear close inspection, is that 
of size-match selectivity (53, 54).  In this idea, the metal ion forms its 
most stable complex with that member of a series of macrocycles where 
the size of the cavity in the macrocycle corresponds most closely to the 
size of the metal ion (55). 

An indication of what controls selectivity with neutral oxygen donor 
ligands may be obtained from the stability of complexes of ligands with 
neutral oxygen donors on pendent donor groups. These donors are not 
part of macrocyclic rings, so that the neutral oxygen can be examined 
as a donor in its own right. For Li' (Fig. 1) and all other metal ions 
studied (9,13-15), the order of stability with saturated neutral oxygen 
donors in the gas phase is H,O < MeOH < Me,O. One might therefore 
expect addition of pendent alcoholic donor groups to lead to an increase 
in complex stability compared to the unsubstituted ligand. For many 
metal ions this is true, as seen for the formation constants of complexes 
of the large Pb(I1) ion with EN and THEEN (11): 

( NH>M 

NH2 

EN THEEN 

bgK1 [Pb(II)]" 5.0 
logKl [Ni(II)]" 7.3 

7.6 
6.5 

For the small Ni(I1) ion shown here, complex stability decreases on 
addition of neutral oxygens. Examination (1,50) of relevant formation 
constant data (11) shows that the effect on complex stability of addition 
of neutral oxygen donors to ligands relates to  metal ion size. This 
leads to a second ligand design principle: Addition ofgroups containing 
neutral oxygen donors to a ligand leads to increase in selectivity for 
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large metal ions over small metal ions. In the preceding example, Pb(I1) 
is large, with an ionic radius (20) of 1.18 A, while Ni(I1) is small, with 
an ionic radius of 0.69 A. As with the chelate ring size principle, the 
design principle concerning neutral oxygen donors holds with consider- 
able accuracy. This can be seen in Fig. 17, where Alog K, ,  the change 
in log K, produced on adding 2-hydroxyethyl groups to  EN to give 
THEEN, is plotted against metal ion radius (20). Also in Fig. 17 is a 
plot of Alog K ,  for PDTA-diamide versus EDDA. The C-methyl group 
on PDTA-diamide, not present on EDDA, should not cause significant 
changes in complex stability. 

H O O C 7  c& r C O O H  H O O C 7  /COOH 

Y Y  (" "I H H  
NH2C 

b 
CNH2 a 

PDTA-diamide EDDA 

Figure 17 shows how well metal ions follow the ligand design principle 
concerning neutral oxygen donor ligands and metal ion selectivity, 
whether the neutral donors are from alcohols or amides. Similar behav- 
ior (Fig. 18) is observed for macrocycles and cryptands. Addition of 
neutral oxygen donors so as to  form macrocycles and cryptands (1) 
generally also obeys the principle on neutral oxygen donors and metal 
ion selection. However, the three-dimensional structure of cryptands 
gives the cavity in the ligand more rigidity than the cavity in simple 
macrocycles, and cryptands with smaller cavities may complex smaller 
metal ions more strongly than larger metal ions, displaying genuine 
size-match selectivity. 

What may partly cause neutral oxygen donors to  promote complex 
stability of larger metal ions, and destabilize complexes of smaller 
metal ions, is that in virtually all ligands where neutral oxygen donors 
are present, they are part of five-membered chelate rings (50). Thus, 
in accord with the idea that chelate ring size is a dominant factor in 
controlling metal ion size-based selectivity, even cryptands that form 
six-membered chelate rings (56, 57) show relatively greater complex 
destabilization with larger metal ions than do ordinary cryptands 
where all chelate rings formed are five-membered. Compared to usual 
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FIG. 17. Plot of change in complex stability, Alog K1, that occurs for the pairs of ligands 
THEEN and EN (O), and PDTA-amide and EDDA (O), as a function of metal ion radius 
(20). The diagram shows how netural oxygen donors stabilize the complexes of large 
metal ions relative to small metal ions. Alog K1 for THEEN and EN, for example, is log 
K1 for the THEEN complex of the particular metal ions, minus logK1 for the EN complex. 
Data from Ref. (11). 

cryptands (57,58), complex stability changes as would be expected for 
an increase in chelate ring size from five- to  six-membered: 

n 

cryptand: 

W 

c:J 
L o  W 03 
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Metal ion Ionic radius" log K l h  log K l h  Change in log K1 

Na + 0.98 4.11 1.3 2.8 
K' 1.33 5.58 1.2 4.4 
CaZ+ 1 .oo 4.57 1.7 2.9 
Ba2+ 1.36 9.7 4.4 5.3 

a In A, from Ref. (20). 
Refs. (55-57), 25"C, in water, ionic strength 0.1. 

Almost counterintuitively, larger six-membered chelate rings have 
greatly destabilized complexes of large metal ions. Furthermore, com- 
plexes of the larger metal ions Ba2+ and K +  have been destabilized 
more than those of the smaller metal ions Ca2+ and Na+, in accord 
with the chelate ring size principle (38). Would the destabilization of 
complexes of even smaller metal ions such as Mg2 + or Li + be even less 
for the cryptand containing six-membered chelate rings? This might 
occur, although a further factor might outweigh the effect of chelate 
ring size. This is the denticity of the cryptand, which favors octadentate 
coordination to metal ions, which would be difficult for smaller metal 
ions. A ligand such as I1 contains conflicting ligand design features. 
The eight donor atoms require eight-coordination of the metal ion, 
which should therefore be large, while the six-membered chelate rings 
which it forms promote complexation of small metal ions. 

Similarly, crown ethers that form six-membered chelate rings show 
strong selectivity for the very small Li+ ion (59) over the larger N a +  
and K' ions. A further factor that may be important for neutral oxygen 
donors that are alcohols, ethers, or derived from carbonyl groups may 
be the reduced ability, compared with water, to hydrogen-bond with 
solvent water, and so disperse charge from the metal ion to the solvent, 
which should be more important for smaller, more highly charged metal 
ions. In keeping with both of these ideas, metal ions that complex well 
with crown ethers and other ligands containing neutral oxygen donors 
tend to be large, i.e., have an ionic radius of 1.0 A or above. 

Figure 19 shows the variation with metal ion radius of log K ,  for 
some crown ethers of differing macrocyclic ring size. The variation of 
log K ,  with size of metal ion and macrocyclic ring does not conform 
well with ideas of size match selectivity (53). In Fig. 19, a small crown 
ether such as 12-crown-4 shows almost no discrimination between the 
small Na+ and the large Cs+ ions. At  the other end of the macrocyclic 
ring size range, a large macrocycle such as 30-crown-10 shows no strong 
preference for the very large Cs+ ions over the smaller K' ion. MM 
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FIG. 18. Plot of change in complex stability, AlogK1, that occurs for the pairs of ligands 
cryptand-2,2,2 and EN (O), and 18-aneN2O4 and EN (01, as a function of metal ion radius 
(20). The diagram shows how neutral oxygen donors tend to stabilize the complexes of 
large relative to small metal ions in macrocyclic ligands. Data from Ref. (11). 

calculations (60) suggest why this is so. A technique for evaluating 
which M-L bond length would produce the best fit with any particular 
ligand involves varying the ideal M-L bond length (4 ,  61) (for crown 
ethers, the M-0 length) in the MM calculation, keeping all other 
parameters constant, and observing how strain energy varies with 
M-L length. A plot of strain energy as a function of M-0 length (4 )  
gives a minimum in strain energy which is the best-fit M-0 length 
for coordinating with that ligand. The steepness of the curve indicates 
how strongly the ligand will select for the best-fit metal ions. Flatter 
curves suggest the ligand will not select strongly against metal ions 
of “incorrect” size. Where several conformers of the complex are ener- 
getically attainable, strain energy as a function of M-L length can be 
calculated for these conformers, and regions of M-L length where one 
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FIG. 19. The variation in logKl for alkali metal ions with crown ethers 12-crown-4 

(a), 15-crown-5 (01, 18-crown-6 (0) and dibenzo-30-crown-10 (0) as a function of metal 
ion radius. Metal ion radii in A from Ref. (20). Formation constants in methanol from 
Refs. (49 and 50). 

or other conformer is of lowest energy can be discerned. Figure 20 
shows variation of strain energy with M-0 bond length for what we 
shall term the buckled, the half-buckled, and planar form of 18- 
crown-6 complex (Fig. 21). The result is largely typical of what is 
observed for macrocyclic ligands. At  M-0 lengths above about 2.55 A, 
the planar, or conformer, is of lowest energy, and there is a mini- 
mum in strain energy for this conformer at an M-0 length of about 
2.9 A. From 2.55 A to about 2.3 A, the half-buckled conformer is most 
stable. This agrees with adoption by the Na+ ion, with a mean M-0 
bond length of 2.39 A (62), of the half-buckled conformer in its complex 
with 18-crown-6. Below an M-0 length of 2.3 A, the buckled 
+ + - + + - conformer is of lowest energy, and so is that observed in 
the com lex of 18-crown-6 with Bi(II1) (63), with its mean M-0 length 

complexes at 2.9 A accords with the complex of K + , with 18-crown-6 
being the most stable, since the mean K-0 bond length in the complex 
of Kt with 18-crown-6 is 2.88 A (64). 18-crown-6 is unusual in that 
there is a range of M-0 lengths where the DJd conformer is of much 
lower energy than any of the other observed conformers in complexes 

of 2.25 B: . The global minimum in strain energy for [M(l8-crown-6)ln+ 
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FIG. 20. The variation in strain energy, U, for various conformations of [M(lS-crown- 
S)]"' complex, as a function of strain-free M-0 bond length. The M - 0  bond lengths of 
various metal ions are indicated on the M-0 bond length axis. The curves are for the 
planar DJd (+-+-+-), half-buckled (+--+--), and buckled (++-+ +-) conformers shown in 
Fig. 21, and for the complex of the open chain complex of pentaethylene glycol. The 
calculations were carried as described in the text, and in Refs. (4 and 60). Redrawn after 
Ref. (60). 

with metal ions. This accounts for the fairly sharp selectivity observed 
for K' with 18-crown-6 in Fig. 19. 

Figure 22 shows variation in strain energy with M-0 bond length 
of the + + + + conformer of 12-crown-4, and the conformer of 15-crown- 
5 observed in the benzo-15-crown-5 complex of Na+ (65). Also included 
is variation in strain energy with M-0 length of complexes of the open- 
chain ligands triethylene glycol and tetraethylene glycol. There is very 
little difference in steepness and shape of the curves for the complexes 
of the macrocycles 12-crown-4 and 15-crown-5 on the one hand, and 
their open-chain analogues triethyleneglycol and tetraethyleneglycol 
on the other. For most macrocycles, the ligand is too flexible to exert 
any real size-match selectivity. For macrocycles that are generally too 
small for the metal ion to lie in the cavity, such as the crown ether 12- 
crown-4 or the tetraaza macrocycle 12-aneN4, metal ions are coordi- 
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18-crown-6 complexes 

a 

Djd conformer 
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U 
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trans-I + + + + 

f 
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FIG. 21. (a) The D3d ! + -+ - +-) conformer, and (b) The half-buckled ( +-- +--) and (c) + + -+ +- 
conformers of 18-crown-6. (d) The trans-111 ( +  +--), (el the trans-I (+  + + + ), and (f) the 
cis-V ( t - + -1 conformers of 14-aneN4. 

nated lying out of the plane formed by the donor atoms of the macrocy- 
cle, and steric factors that control metal-ion size-based selectivity tend 
to be the same as is found for open-chain ligands, namely size of the 
chelate rings formed. Only in a few situations, where the symmetry of 
the conformer formed by the macrocycle in its complex is such that the 
metal ion is to some extent constrained to lie in the plane of the donor 
atoms of the macrocycle, such as the conformer of 18-crown-6, or 
the trans-I11 + + - - conformer of 14-aneN4 complexes (Fig. 211, is 
anything like size-match selectivity observed. Even so, the contribution 
of size-match selectivity to metal ion selectivity is not as great as might 
be expected, since for complexes of these ligands, where metal ions 
are too large for coordination in the cavity of the macrocycle, other 
conformers such as the half-buckled or buckled conformers of 18-crown- 
6 complex, or the folded cis-V and trans-I complex of 14-aneN4 (Fig. 
211, are of not too much higher energy for stable complexes to  be formed. 

Selectivity of ion channels for metal ions is of great current interest 
(661, as it relates to conduction of nerve signals, maintenance of the 
appropriate metal ion distribution in the intracellular and extracellular 
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M-0 (or M-N) Bond Length (A) 
FIG. 22. Strain energy (U) as a function of strain-free M - 0  bond length for complexes 

of 12-crown-4 and 15-crown-5. Also shown are the curves of strain energy vs M - 0  bond 
length for the open-chain analogues triethylene glycol and tetraethylene glycol. The 
curve for the trans-I form of 12-aneN4 complex shows how the more covalent M-N bonds 
lead to sharper size selectivity for metal ions. Redrawn after Ref. (60). 

medium, and drug action. A puzzle is that proteins that act as potassium 
channels appear to  contain few polar side groups (67). There is a con- 
served region in proteins that form potassium-selective channels, 
where several phenyl side groups are present in the region of the protein 
that appears to engender selectivity for K'. The presence of these 
phenyl groups has led to  the interesting suggestion (67) that 7~ com- 
plexation of the K +  is occurring and is responsible for the high selec- 
tivity for K' that K +  channels display. The final word on po- 
tassium selectivity will have to await a crystal structure of a relevant 
channel-forming protein. However, some interesting insights can be 
obtained by considering K +  ion channel permittivity (the rate at which 
ions pass through the channel) compared to the affinity of the same 
cations for a crown ether such as 18-crown-6. The ability of monovalent 
metal ions to  permeate through potassium channels is shown as a 
function of log K ,  with 18-crown-6 in Fig. 23. Figure 23 suggests that 
the groups that metal ions might bind to in potassium channels have 
some resemblance to ethereal oxygens of 18-crown-6. However, the 
sequences of proteins that form potassium ion channels have few oxy- 
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+ !  + I  

Log K1 (18-crown-6) 

FIG. 23. Correlation between permeability of potassium ion channels to univalent 
metal ions and formation constant of the same metal ions with the crown ether 18- 
crown-6. Data for permeability of potassium ion channels for giant squid axon from Ref. 
(66), and formation constants for 18-crown-6 in water at ionic strength 0.1 and 25T,  
from Ref. (11). The low formation constant for Ca(I1) with 18-crown-6 may point towards 
the origin of the selectivity of the potassium ion channels against CaZt, while the high 
formation constant with BaZf suggests why BaZi is able to block potassium channels. 
The PbZi ion should also be able to block these channels. 

gen donor side groups in the region thought to control metal ions 
selectivity (67). It seems possible that the neutral oxygen donors (67) 
in the ion channels derive from carbonyl oxygens of peptide amide 
groups, oriented into the channel so as to coordinate with ions passing 
through the channel. Amide oxygens are much stronger bases than 
ethereal or alcoholic oxygens (see Fig. 1 and Fig. 171, but are otherwise 
expected to show similar selectivity patterns (1). The correlation in 
Fig. 23 extends to explaining the selectivity against the divalent Ca2+ 
observed (66) in K' channels, which is expected from the low affinity 
of Ca2+ for 18-crown-6. One would say that Ca2+ is, like Na', too small 
[both have ionic radii (20) of about 1.0 A1 to coordinate well to  the 
proposed amide oxygen donor groups of the K +  channel. Figure 23 
accounts for an interesting phenomenon observed with K + channels 
(66). For maximum rate of passage of ions from one aqueous phase, 
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through a membrane, and into a second aqueous phase, the ligand in 
the membrane has an optimal strength of binding to the cation. If the 
ligand binds the cation too weakly, as happens with Na + and Ca2+ in 
K +  ion channels, distribution from the first aqueous phase into the 
organic phase is too weak, and transfer is slow. Conversely, if the 
ligand binds the cation too strongly, it sticks in the organic phase, and 
transfer to the second aqueous phase is slow. Figure 23 indicates very 
strong binding of Ba2+ with 18-crown-6. I t  is found that Ba2+ sticks 
in K' ion channels (67). Although K' ions ordinarily pass through the 
K+ channel on the time scale of nanoseconds, a single Ba2+ ion can 
block a K' channel to passage of K +  ions for several seconds. This 
indicates very tight binding of Ba2+ by potassium ion channels, as 
would be expected from the correlation in Fig. 23. Figure 23 predicts 
that, if the binding of metal ions in K' channels resembles complex- 
ation with 18-crown-6, the Pb2+ ion should block K +  channels even 
more strongly than does Ba2+. It would be interesting to see whether 
this is so. 

VII. The Negative Oxygen Donor 

The negative oxygen donor occurs in a number of donor groups of 
biological interest, such as carboxylates, hydroxamates, phosphates, 
and phenolates. What controls thermodynamic stability of complexes 
of metal ions with ligands with negative oxygen donors (I) is affinity 
for the archetypal negative oxygen donor, hydroxide ion. Figure 24 
shows the relationship between log K 1  for the siderophore DFB (desfer- 
riferrioxamine-B) and log K,  (OH-) for metal ions. Highest complex 
stability for DFB occurs with the most acidic metal ions. Acidity of 
metal ions is related to metal ion size and charge, and also covalence 
in the M-0 bond (68). This is shown by the acidity of the trivalent 
group (111) metal ions AUIII) to  Tl(III), where acidity varies inversely 
with ionic radius and appears to be controlled by covalence, which 
varies inversely with the ionicity parameter ZA (see Section B for sig- 
nificance of ZA parameters): 

Metal ion: AI(II1) Ga(II1) In(II1) TI(II1) 

Ionic radius (A)n 0.50 0.62 0.81 0.95 
I A b  10.50 7.07 6.30 2.66 
log KI ( O H - ) ( I I )  9.01 11.4 10.0 13.4 

a From Ref. (20). 
* Decreasing IA indicates increasing covalence. From Table I. 
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FIG. 24. Correlation between log K ,  for polydentate ligands containing negative oxygen 
donors, and log K1(OH-) for the same metal ions. Ligands shown in the correlation are 
DFB @-desferriferrioxamine-B) (0) and citrate (0). The sizes of the intercepts on the 
correlations are indicators of the level of preorganization of the polydentate ligand, as 
discussed. Formation constant data from Ref. (11). 

Fe(II1) is the ion of high charge and small size of importance in biologi- 
cal systems. Its covalence appears to  be similar to that of Ga(II1) (I 7). 

Two important factors (1) control correlations such as Fig. 24. Firstly, 
more basic donor atoms on the ligand lead to steeper slopes for such 
correlations. Steeper slopes lead to higher selectivity for more acidic 
metal ions such as Fe(II1) (69). Accordingly, donor atoms (70) in sidero- 
phores contain more basic negative oxygen donor groups such as hydro- 
xamates and phenolic oxygens, which produce greater selectivity for 
Fe(II1). Secondly, the size of the intercept in correlations such as Fig. 
24 depends on the level of preorganization of the ligand. Analysis of 
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the chelate effect (71) suggests that the chelate effect should give a 
stabilization of ( n  - 1) log 55.5, where n is the denticity ofthe multiden- 
tate ligand in Eq. (4): 

log K, (multidentate) = log p, (unidentate) + (n - 1)log 55.5. (4) 

log p, refers to  the cumulative stability constant of the complex con- 
taining n unidentate analogues of the multidentate ligand bound to 
the metal ion. The ( n  - 1)log 55.5 term is an entropy contribution to 
complex stability. More flexible ligands give smaller intercepts than 
expected from Eq. (4). Thus, a ligand such as DFB, with its long connect- 
ing bridges between the donor groups, is of low preorganization, and 
the intercept is smaller than the 5 log 55.5, or 8.7 log units, expected 
for a hexadentate ligand (71). For smaller ligands with short connecting 
bridges between donor groups, such as citric acid in Fig. 24, the inter- 
cept is close to the theoretical value of 2 log 55.5 for a tridentate ligand 
(71). The intercept on a correlation such as Fig. 24 is an indicator of 
the level of preorganization of the ligand. 

Greater basicity favors complexation of more acidic metal ions, while 
a large number of highly preorganized donor groups will produce a large 
intercept on correlations such as Fig. 24. Thus, Fe(II1) is complexed in 
flexible ligands with low levels of preorganization such as DFB and 
enterobactin (70). The high basicity of the hydroxamate or phenolate 
oxygens of these ligands favors more acidic Fe(III), while the flexibility 
of the ligand leads to low intercepts in correlations such as Fig. 24, 
and poor affinity for metal ions of low acidity such as Ca(I1) or Zn(I1). 
An additional factor here is that the low level of preorganization will 
lead to more rapid metallation reactions. The price of high preorganiza- 
tion is slow kinetics (1). In contrast, to  complex ions of low acidity such 
as Ca(II), without the ligand being preferentially complexed by more 
acidic metal ions, the basicity of the negative oxygen donor must be 
low, and so in calcium binding proteins such as calmodulin (42) the 
negative oxygen donor atoms are low-basicity carboxylate groups. To 
maximize affinity of the ligand for the low-acidity Ca(I1) ion, several 
well-preorganized carboxylates or other donor groups could be used, 
which would promote complex stability for the Ca(I1) by maximizing 
the entropy contribution to the chelate effect. 

VIII. The Nitrogen Donor 

The nitrogen donor commonly found coordinated to metal ions in 
biology is the imidazole group from histidine. It is found coordinated 
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to metal ions such as Cu(I1) in hemocyanin (36) and Zn(I1) in carbonic 
anhydrase (22). These metal ions have a well-studied (11) aqueous 
chemistry with nitrogen donor ligands. However, transferrin has an 
imidazole coordinated to Fe(III), in addition to two phenolates (72). 
One expects negative oxygen donors to be used to complex the acidic 
Fe(II1) ion (Section F), but what affinity does Fe(II1) have for imidazole 
nitrogen? A variety of procedures have been used to estimate the forma- 
tion constants of metal ions such as Fe(II1) for nitrogen donor ligands 
such as ammonia (1, 73). The reason that Fe(II1) does not form com- 
plexes with ligands such as NH, in water is not that the complex has 
a low formation constant, but that high acidity of Fe(II1) leads to 
hydrolysis according to 

(5) Fe(NH3l3+ + H20 = FeOH2+ + NH4+. 

The estimated (73) logKl(NH3) for Fe(II1) of 3.8 suggests that reaction 
(5 )  would have a reaction quotient of 3.2 log units, so Fe(NH,), + could 
not be detected in aqueous solution. In Table VI are values of log K1 
with imidazole for metal ions of interest in biology, both experimental 
(11) are predicted by Eq. (3). As expected from its high stability constant 
with ammonia, Fe(II1) forms a strong complex with imidazole, account- 
ing for its use in transferrin. Cobalt(II1) has a very high affinity for 
nitrogen donor ligands, relating to its occurrence (74) in vitamin BIZ, 

TABLE VI 

STABILITY OF COMPLEXES OF IMIDAZOLE WITH METAL IONS OF BIOLOGICAL AND 

BIOMEDICAL INTEREST' 

Metal ion log K1 imidazole Metal ion log K1 imidazole 

Metal ions of biological interest: 
Ca(I1) -0.lb 
Zn(I1) 2.56 
c u m  6.8 
Mn(I1) 0.8b 
Fe(II1) 3.5' 
V02+ 2.5b 

Gd(II1) 0.5' 
Ga(II1) 3.5b 
Bi(II1) 5.0b 
Cd(I1) 2.80 

Metal ions of biomedical interest: 

0.0' 
4.18 
1.4 
3.02 
6.4h 
7.03 (7.03') 

0.4b 
3.8b 
1.6 
9.2 

Experimental data from Ref. (11). 
Estimated data from Eq. (3) and parameters in Tables I and 11. 
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where it is held by four nitrogen donors. The log K ,  (imidazole) esti- 
mated is for high-spin Fe3+, and bonds to low-spin Fe(II1) should be 
considerably stronger. 

The porphyrins (75) are among the most highly preorganized ligands. 
A recent study (76) of the formation constants of metal ions with TSPP 
(tetrasulfophenylporphyrin) in 80 : 20 DMSO/H20 shows that even with 
metal ions such as Mg(II), which has only low affinity for nitrogen 
donor ligands (Table VI), the formation constant is extremely high. 
An advantage of the solvent used is that, unlike water, a high enough 
pH can be attained to measure the high first and second protonation 
constants of the free ligand. In water, these can only be estimated. The 
results in DMSO: water should otherwise not be too different from 
those in water. One can contrast (Table VII) formation constants of 
the porphyrin TSPP with the tetraaza macrocycles cyclam and THEC 
[tetrakis(2-hydroxyethyl)cyclaml for the same metal ions. Mg(11) has 
only a low affinity for THEC, but a high affinity for TSPP, showing 
the high preorganization of porphyrins. The high levels of preorganiza- 
tion of porphyrins lead to high kinetic inertness to metallation and 
demetallation, seen in the fact that equilibration of the Cu(II)/TSPP 
solutions with the proton took two years (76). Thus, the thermodynamic 
selectivity of porphyrins for metal ions based on size-match selectivity 
is perhaps not of direct significance in biology. Possibly more relevant 
is the effect of metal ion size on structure. MM can be used (77, 78) to 
show that metal ions with M-N bond lengths of 2.035 fit best into 

TABLE VII 

STABILITY OF COMPLEXES OF THE PORPHYRIN TSPP COMPARED WITH THE 

BIOLOGICAL INTERESP 
NITROGEN DONOR MACROCYCLES CYCLAM AND THEC, WITH METAL IONS OF 

~ _ _ _ _ _  

Metal ion log K1:b TSPP2- Cyclam THEC 

CU(I1) 
Zn(I1) 
Mg( I1 ) 
Protonation constants: 
L + 2H+ = LH2 
LH, + 2H' = LH.j 

38.1 27.2 15.7 
34.6 15.5 6.4 
28.8 (-2?) 1.9 

32.8 22.0 17.0 
3.6 3.9 3.9 

Abbreviations: TSPP2- = tetrakis(2-~ulfophenyl)prphyrin, cyclam = 1,4,8,11-tetraaza- 

* Formation constants for TSPP (76) in 80:20 DMSO/water, for cyclam and THEC in 
cyclotetradecane, THEC = N,",iV"J"'-tetrakis(2-hydroxyethyl)cyclam. 

water (11) at ionic strength 0.1. 
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the porphyrin cavity (77). Porphyrins can respond in several ways to 
a mismatch in size between the metal ion and the cavity: 

a. The porphyrin remains planar, and the M-N bond lengths are 
stretched or compressed depending on whether the metal ion is too 
small or too large. 

b. If the metal ion is too small for the cavity, the porphyrin may 
“ruffle,” as seen in Fig. 25. The buckling of the porphyrin here leads 
to a smaller cavity. 

c. If the metal ion is too large for the cavity, the porphyrin may 
dome, and the metal ion may rise up out of the cavity of the porphyrin, 
as found for Pb(I1) (79). 
The MM calculations show (77) that for a metal ion the size of five- 
coordinate high-spin Fe(I1) in a porphyrin, there is a very small differ- 
ence in energy between whether the Fe(I1) rises up out of the plane or 
remains in the plane of the porphyrin. Thus, a small modification of 
the “bell-pull” mechanism (80) of hemoglobin may be that the high- 
spin Fe(I1) with no oxygen coordinated to it does not rise out of the 

b * 
C 3 s  

FIG. 25. The effect of metal ion size on porphyrin ruffling. Very small metal ions [P(V) 
with an ideal P-N bond length of 1.84 8, and low-spin Ni(I1) with an ideal Ni-N length 
of 1.90 8, in (a) and (b)] cause extensive S, ruffling. Metal ions close to the right size 
(M-N = 2.035 A) give planar structures [Zn(II) in (c)]. Metal ions that are too large 
[PMII) at (d) with ideal Pb-N of 2.39 A] are extruded from the plane of the porphyrin 
and cause it ta “dome.” For clarity, substituents on the porphyrins such as phenyl or 
ethyl groups have been omitted. Modified after Ref. (77). 
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plane of the porphyrin in order to escape compression, but because 
square pyramidal coordination, with the iron sitting above the plane 
of the porphyrin donor atoms, is the preferred geometry. 

IX. Sulfur Donors 

The sulfur donor atom in biology occurs as mercapto groups from 
cysteine and complexes, for example, metal ions such as Zn(I1) in metal- 
loenzymes (22) where the Zn(I1) has a catalytic role, and in “zinc fin- 
gers” where the Zn(I1) has a structural role (81). Sulfur is also involved, 
both as cysteine groups and as actual sulfide ( P - 1  ion, in complex- 
ing iron in numerous iron/sulfur proteins (81), where an important 
function is electron transfer. The metallothioneins (82) (MT) are a 
class of proteins containing an unusually high number of cys- 
teines, which may protect against toxic levels of metal ions by binding 
Cu(I), Zn(II), Cd(II), Pb(II), and Hg(I1). Our interest here is the affinity 
that the mercapto group has for different metal ions, as a guide to the 
distribution of metal ions on mercapto sites of proteins. As a start, the 
formation constants for metal ions of biological and biomedical interest 
with simple mercaptans such as mercaptoethanol(11) (ME) can serve 
as a guide to the relative affinity of metal ions for cysteine sites on 
proteins. Unfortunately, formation constants with ligands with mer- 
capto groups are not known with many metal ions of biological interest 
(111, and in Table VIII many of the values have been estimated from 
Eq. (3) and parameters in Tables I and 11. Until experimental values 
become available, some confidence in the estimated values can be de- 
rived from the good agreement between values predicted by Eq. (3) 
and observed values shown in Table VIII (11). Table I1 shows that the 
ZB value for ME corresponds to a ligand that is intermediate in HSAB, 
not soft. In agreement with this, it is found that metal ions such as 
Ga(II1) or In(III), which are classified (5, 5a) as hard, form complexes 
of great stability with ligands with mercapto groups (11, 83), which 
they do not do with the truly soft cyanide ion. The fact that the hard 
high-spin Fe(II1) ion forms complexes of great stability with mercapto 
groups is essential for the existence of iron/sulfur clusters and points 
again to the harder nature of the mercapto group. Even the very hard 
Al(II1) ion, along with Ga(II1) and In(III), forms complexes of consider- 
able stability with MEA (2-mercaptoethylamine) (84). Mercapto sulfur 
can form bonds of great covalent strength to metal ions, but there is 
also an ability to  form bonds of some ionicity. Table I suggests that 
the mercapto group is similar to C1- in hardness. Thus, Cd(I1) is classi- 
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TABLE VIII 

FORMATION CONSTANTS OF MERCAPTOETHANOL WITH METAL IONS 
OF MEDICAL AND BIOMEDICAL INTERES'P 

Metal ions of biological interest: 
Ca(I1) -0.55' Mg(II) - 1.42' 
Zn(I1) 5.7' CU(I1) 8 . l b . C  
CU(U 16.7' Ni(I1) 3.96 
Mn(I1) 1.8' Fe( I1 ) 2.5' 
Fe(1II) 8.6'nC vo2+ 5.0' 
H+ 9.72 (9.84') 

Metal ions of biomedical interest: 
Gd( 111 ) 0.1' Y(II1) -0.5' 
Ga(II1) 8.7' In(II1) 9.1 (9.6') 
Bi(II1) 13.8 (13.4') Pb(I1) 6.6 (5.7') 
Cd(I1) 6.1 (7.4') CH3Hg+ 15.9 (15.6') 
Hg( I1 ) 25.0' 

From Ref. (II), ionic strength 0.1 and 25°C. 
Estimated from Eq. (3) and parameters in Tables I and 11. 
These ions are reduced by thiols. Since Cu(I1) forms less stable 

complexes with thiols than Cu(II), this will always occur in an envi- 
ronment of thiols alone. However, log K ,  for Fe(II1) with thiols is 
larger than for Fe(II), and so log for Fe(II1) with ME should be 
proportionately much larger than with Fe(I1). Thus, coordination of 
four thiolate groups, as occurs in electron transfer proteins, will lead 
to a very stable Fe(II1) complex, which is much less easily reduced 
to Fe(I1) than when only a single thiolate is coordinated. 

fied as soft, and Zn(I1) and Pb(I1) are classified as intermediate in 
HSAB, but, as seen in Table VIII, mercapto groups have similar forma- 
tion constants with all three metal ions. Thus, use of RS--type ligands 
for removal of Pb(I1) and Cd(I1) from the body produces very useful 
ligands (85), but it is unlikely that ligands of this type will display 
selectivity for the poisonous Pb(I1) and Cd(I1) ions over the essential 
Zn(I1) ion. 

Mammalian metallothioneins typically bind seven metal ions in clus- 
ter structures, with bridging sulfur groups, as seen in the x-ray struc- 
ture of the Cd,Zn,MT complex (86). It is therefore difficult to develop 
a simple formation-constant description for the binding of metal ions 
to MT (871, considering that protonation-deprotonation equilibria of 
the free protein itself should also be taken into account. However, the 
usefulness of Table VIII as a guide to the affinity of metal ions for 
mercapto donor ligands is seen in that the ability of metal ions to 
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displace Zn(I1) and Cd(I1) from MT (88, 89) accords well with the 
affinities indicated in Table VIII. Thus, both Co(I1) and Ni(I1) in Table 
VIII have predicted log K ,  values with ME that are less than that for 
Zn(II), and accordingly cannot displace Zn(I1) from MT (88). The Pb(I1) 
ion has log K1 with ME similar to that for Zn(II), and so only partially 
displaces Zn(I1) and MT (89). The metal ions Bi(III), In(III), Cu(I), and 
Hg(I1) all have log K ,  values with ME considerably higher than that 
with Cd(I1) and Zn(II), and accordingly completely displace Cd(I1) and 
Zn(I1) from MT (89). 

An important aspect of metal thiolate chemistry is that thiolate has 
a strong tendency to form bridges between two or even three metal 
ions in solution (11) or in the solid state. This is seen in the occurrence 
in aqueous solution of numerous cluster-type thiolate species with most 
metal ions studied. Thus, for Cd(II), species identified in aqueous solu- 
tion (11) with ME were as complex as [Cd4(RS)5]3+. Thus, in mammalian 
metallothioneins, two clusters are observed where typically seven 
metal ions in all are held in two complex clusters, one involving 11 
cysteine mercapto groups and four metal ions, and the other cluster 
containing three metal ions and nine cysteine sulfurs. In these clusters, 
several mercapto sulfurs form bridges between the metal ions. In the 
case of irodsulfur clusters, bridging sulfide groups are present which 
in Fe4S4 clusters bridge three irons. The sulfide ion is expected to show 
similar trends in its affinities for metal ions to those of the mercapto 
group. Thus, for divalent ions there is good agreement between the 
order of decreasing solubility products (11 for the solid metal sulfides, 
and log K ,  values for the metal ions with ME in Table VIII. 

logK,(ME): -0.55 1.8 2.5 3.6 3.9 5.7 6.1 6.6 8.1 25.0 
log K, (S2-): soluble -10.5 - 18.1 -21.3 -23.6 -23.5 -25.8 -27.5 -36.1 -51.0 

The position of Cu(I1) in the predict'ed sequence of log K ,  values for 
ME is supported by the value of the solubility of CuS(s). This is support 
for Eq. (3) as a means of predicting unknown formation constants 
with unidentate ligands. The formation constant of Cu2+ (aq) with 
unidentate ligands containing mercapto groups is experimentally inac- 
cessible because Cu2+ (aq) is reduced by mercapto groups to Cu(1). Why 
this should be so is seen (Table VIII) in the much higher log K1 value 
of ME with Cu(1) (16.7) than Cu(I1) (8.1), which greatly stabilizes the 
Cu(1) relative to the Cu(I1) oxidation state. 
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X. Systems Containing More Than One Metal Ion-The Reverse Chelate Effect 

As noted, metal ions used in biology are far from exotic, so that ways 
have to be found to produce unusual properties. In the chelate effect 
(901, more than one donor atom occurs on a single ligand that binds a 
single metal ion. The reverse effect may be employed, where more than 
one metal ion, all held together on a single ligand (which in biological 
systems is likely to be a protein), will bind a second ligand through 
bonding to all the metals simultaneously. 

two donor atom held 
by one ligand ononeligand , 

two metal ions held 

M metal ion binds to 
both donor atom 

0 f- second ligand binds to 
both metal ions 

usual chelate effect - two donor atom 
on one ligand bind one metal ion 

reverse chelate effect - two (or more) metal ions 
held by one ligand bind a second ligand 

Examples of such systems are the binding of oxygen between the two 
coppers of hemocyanin (36), or possibly nitrogen to at  least several of 
the six irons of nitrogenase (7). It is not yet clear that the nitrogen 
would bind within the cavity of six irons of nitrogenase as shown in 
Fig. 11, but it seems a lot of trouble to build such an unusual cavity 
if it serves no purpose. The aim here is to look at  the thermodynamic 
advantages of the more preorganized arrangement of metal ions that 
occurs in such multinuclear systems. 

The ligand 0-BISTREN binds (91-94) two metal ions with a space 
between them for complexation of small ligands (Fig. 26). 

0-BISTREN C-BISTREN 
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a 

h drogen bond stabilizes 
ginding of hydroxide ion 

b 
FIG. 26. (a) A stereoview ofthe hydroxide-bridged complex and (b) the crystal structure 

(93) of the complex cation Cu(II)(OH)(O-BISTREN), showing the hydrogen bonding that 
appears to promote formation of the bridged hydroxy complex. 

The formation constants of simple ligands such as F-, C1-, and OH- 
with the 0-BISTREN complex (92) with two Cu(I1) ions in it can be 
compared with the situation where these ligands bind to the free 
Cu2+ ion. 

log K1 with: CuZto Cu(II),Lb (Cu2+)2' 

OH - 6.3 9.89 8.2 
F- 0.7 4.1 
c1- 0.1 2.1 - 

- 

Formation constants from Ref. (11) at 25°C and ionic 
strength 0.1. 

* L  is the ligand 0-BISTREN; formation constants 
from Refs. (92 and 94), ionic strength 0.1 and 25°C. 
The equilibrium is CuzL + X- (X- = OH-, F-, or 

'Formation constant from Ref. (11) for 2Cu2+ + 
Cl-) = CUZLX. 

OH- = CuzOH)+, at 25°C and ionic strength 3.0. 
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The complex Cu(II),(O-BISTREN) is much more acidic than the free 
Cu2+ ion, by a factor of more than three log units. This is primarily 
due to the presence of two Cu(I1) ions, because the formation constant 
of the Cu2(OH)+ complex is not much less than that for the Cu2(0- 
BISTREN) complex with hydroxide. This is not a good indication of 
how well two free Cu2+ ions would bind hydroxide compared to the 
Cu,(O-BISTREN) complex, however, since one must take into account 
the dilution effect operative in the chelate effect to make the comparison 
more realistic (90). Thus, the formation constant for the Cu,OH+ com- 
plex above applies for the standard reference state of 1 M Cu2+. In 
contrast, in M Cu2+, for example, the pH at which Cu,(OH)+ 
would form is raised from pH 5.6 to 11.6, ignoring the fact that 
Cu(OH),(s) would precipitate out long before this pH as reached. By 
comparison, the acidity of the Cu,(O-BISTREN) complex is not affected 
by dilution and would still form the hydroxide complex at  pH 3.9 if 
present at  a M concentration. 

The stability of the hydroxide complex Cu,(OH)(O-BISTREN) is, even 
in the standard reference state of 1 M, somewhat higher than that of 
Cu,(OH)+. By analogy with Eq. (4), one would expect the “reverse 
chelate effect” discussed here to contribute to  log 55.5., which is 1.74 
log units, in extra stability to  the “chelating” complex Cu2(OH)(O- 
BISTREN) compared to Cu,(OH) + . This is almost exactly the difference 
found between log K ,  for Cu,(OH)(O-BISTREN) and Cu,(OH)+, of 
9.89 - 8.2 = 1.7 log units. This difference should be an entropy effect 
if it derives from a chelate-effect type of contribution. However, the 
agreement between the expected and observed magnitude of the “re- 
verse chelate effect” probably masks some cancelling effects, since the 
structure of the Cu,(OH)(O-BISTREN) complex in Fig. 26 (93) shows 
that the hydroxide held between the two Cu(I1) ions is hydrogen-bonded 
to an oxygen of the bridge of the 0-BISTREN ligand. The ligand C- 
BISTREN lacks these bridge oxygens, and consequently binds hydrox- 
ide much more weakly (921, presumably because it cannot form the 
essential hydrogen bond. Thus, the strength of binding of unidentate 
ligands between two or more metal ions will have many more contribu- 
tions than just a simple chelate-effect contribution, and factors that 
are likely to be important are the spacing between the metal ions and, 
by analogy with chelating ligands, the orientation of orbitals on the 
metal ions that must form bonds to the incoming ligand. Also of impor- 
tance would be the ability to  stabilize the complex by hydrogen bonding, 
and match-up of hydrophobic zones on the incoming ligand and the 
system holding the two or metal ions in place. 

One sees that two metal ions held in a complex such as Cu,(BISTREN) 
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can bind simple unidentate ligands three to four orders of magnitude 
more strongly than a single metal ion. Clearly, this type of effect must 
be important in the operation of metalloproteins such as hernocyanin 
and nitrogenase. One can see the potential importance of high levels 
of preorganization of the irons of nitrogenase, if one is to  bind a very 
weak ligand such as dinitrogen. 

The ideas presented here merely scratch the surface of factors that 
control metal ion selectivity in biological systems. It is hoped that in 
future the picture will become even clearer, enabling us to learn much 
more about ligand design and selective metal ion complexation. 
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I. General Introduction 

Organosilanols are analogous to alcohols; the most common are sim- 
ple silanols of the type R3SiOH, but compounds of the types &Si(OH),, 
silanediols, and RSi(OHI3, silanetriols, are also well known. Between 
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them, these three classes of compounds have been widely studied and 
are precursors to materials having a variety of important uses. The 
first compound containing an SiOH function to be prepared was 
Et,SiOH, which was made in 1871 by Ladenburg (I, Z), who hydrolyzed 
Et3SiC1 with aqueous ammonia. He coined the term “silicole” for this 
new type of compound, by analogy with the organic name “carbinole.” 
Today, although the term carbinol is in common use, the term silanol 
rather than silicol is usually used for the SiOH group. The Si-OH 
group is ubiquitous in nature because the aquatic environment contains 
very low levels of dissolved silicic acid Si(OH), and the many varieties 
of silica, SiOz, and silicate rocks have surface hydroxyl groups. 

Compounds containing the silanol group are well known not only in 
nature, but also in industrial processes in which polymeric materials 
such as polydimethylsiloxanes (silicones) and sol-gels are produced by 
condensation reactions of the reactive R3SiOH, R2Si(OH)z, RSi(OH)3, 
and Si(OH)4 species. Although the silanol functional groups are, there- 
fore, to be found in a wide variety of situations, compounds containing 
such groups are relatively rarely isolated as discrete molecular species. 
This review will concentrate on well-defined monomeric species, a de- 
scription of their structures, and the means by which they may be 
prepared. Some of the industrial situations in which silanols play an 
important role will, however, be considered briefly. 

A. SILICA SURFACES 

Materials containing a high proportion of silicon and oxygen, such 
as quartz, silicate rocks, and glass, usually have OH groups attached 
to the surface in the form of Si-OH functions. These surface silanol 
groups interact via hydrogen bonding with other suitable species-es- 
pecially, for example, water in the natural aqueous environment. Such 
bonding therefore plays an important role at the interface between the 
inorganic world and the biological world of aqueous solutions. The 
acidity of surface silanol groups has been the subject of numerous 
investigations that are beyond the scope of this review; a recent theoret- 
ical estimate of the acidity of such groups can be found in Ref. 3. The 
silanol groups at a surface may also react with certain compounds to 
give surface modified materials in which useful chemical functions 
are tethered to the surface by covalent bonding. Such linking of a dis- 
crete molecular entity to a bulk surface is often carried out using a 
“silane coupling agent,” which is frequently an alkoxysilane. The si- 
lane coupling reaction relies on the hydrolysis of the alkoxysilane, 
usually a trimethoxysilane derivative, to give a silanol, which then 
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reacts with a surface hydroxy group with the elimination of water to  
form a strong siloxane linkage. This method has been used to attach 
a very large variety of molecular functions to silica surfaces, and the 
materials so formed have many useful properties. The preparation 
and uses of silane coupling agents has been reviewed thoroughly (4),  
and they will not be discussed further in this article. Similarly, the 
surface reactions of Si-OH groups are outside the scope of this re- 
view. 

The use of small polyhedral silsesquioxanes as molecular models of 
silica surfaces has been studied increasingly in recent years, because 
catalysts, etc., attached to such species are relatively easy to handle 
and characterize when compared to bulk silica. The preparation and 
structures of silsesquioxanes used in this type of work are described 
later in Sections II,C, IV,E, and IV,F. Further recent examples may 
be found in Ref. 5. 

B. POLYSILOXANES, SILICONES 

A second industrially important field in which silanols play a vital 
role is in the preparation of polysiloxanes, often known as silicones. 
As in the case of silane coupling agents, there is a vast literature 
available on the topic of polysiloxanes, and only the most general discus- 
sion will be given here, concentrated on the reactions that involve 
silanols. 

An important reaction of silicon compounds containing electronega- 
tive substituents, such as the halogens or a Group 15 or 16 element, 
is hydrolysis, which often occurs very readily even with atmospheric 
moisture. The primary reaction in silicone production is the hydrolysis 
of halosilanes, usually the readily available chlorosilanes, to give sila- 
nols, which then undergo acid-catalyzed condensation with loss of wa- 
ter, as shown in Scheme 1. 

By careful choice of monomer ratios and reaction conditions, poly- 
mers with a wide range of molecular weights, degree of branching 
or cross-linking, and physical properties may be prepared, all of the 
reactions relying on the formation of silanol species at  some point 
in the synthesis. The condensation reaction of silanol to siloxane is 
catalyzed by acids and bases and is also promoted by high temperatures. 
A discussion of the mechanisms of the reactions important in the forma- 
tion of siloxanes from silanols is again outside the scope of this article, 
and further detailed information is given in several reviews (6). Recent 
detailed kinetic data on silanol condensation reactions may be found 
in Ref. 7. 
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2 Me3SiCI + 2 H 2 0  -2 Me,SiOH + 2 HCI 

- HZO I 
Me2SiC12 + 2 H,O -Me2Si(OH), + 2 HCI 

linear oligomers + HO(SiMe20),H 

MeSiCl-3 + 3 HzO-MeSi(OHI3 + 3 HCI 

- H2O 

t 
ladder and branched polymers 

SiCI, + 4 H20-[Si(OH),I + 4 HCI 

0 

SCHEME 1. The hydrolysis of methylchlorosilanes. 
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hydrolysis 

illcoholysis 
(EtO),Si + Hz0 --(EtO),SiOH + EtOH etc. 

(EtO),SiOH + (EtO)$i - '(EtO),SiOSi(OEt), + EtOH 

condensation with alcohol formation 

2 (EtO),SiOH - -. (EtO),SiOSi(OEt), + H 2 0  

condensation with water formation 

SCHEME 2. Hydrolysis of alkoxysilanes. 

C. SOL-GEL PROCESSES 

The fabrication of colloidal silica and optical glasses by the sol-gel 
process has attracted a great deal of attention (8). The process relies 
on the hydrolytic polycondensation reactions of alkoxysilanes, usually 
(EtO),Si, in which the reactive silanols (EtO),-.Si(OH), (n = 1-4) are 
formed. These then undergo acid- or base-catalyzed condensation with 
both water and alcohol formation, as shown in Scheme 2. 

The formation of polymeric silica or a gel from this process is clearly 
complicated (9) and will not be discussed further in this article; for 
reviews of the sol-gel process, see Ref. 10. The important point for 
this general discussion is that silanol species play a vital role in the 
formation of numerous industrially important materials. 

It. General Synthetic Methods 

A. INTRODUCTION 

This section deals with the various types of synthetic routes that 
are most commonly used for the synthesis of silanols. Further specific 
examples of most of these types of synthesis can be found in the section 
on structures, where individual silanols are described in more detail. 

As has been seen in the preceding section concerned with the indus- 
trial uses of silanols as intermediates, the most likely reaction that a 
silanol may undergo is that of self-condensation to form a siloxane. 
This can be a very serious problem, because silanols are sensitive to 
base, acid, and heat. The following points should therefore be considered 
when planning the synthesis and isolation of a silanol. 
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1. Because the condensation reactions are bimolecular in silanol, 
the use of dilute solutions will be beneficial. 

2. Solvolytic systems that generate either an acid or a base should 
be avoided unless such products can be neutralized in some way as 
they are formed-for example, by the addition of an amine to give a 
hydrochloride salt in the case of HCl generation. 

3. Reactions should be carried out at the lowest convenient temper- 
ature. 

4. The presence of bulky substituents such as But on silicon greatly 
reduces the tendency towards siloxane formation, and with two or more 
such groups present the precautions suggested in points 1, 2, and 3 
can often be relaxed. For example, the hydrolysis of highly sterically 
hindered halosilanes may require rather severe conditions. 

B. FROM Si-H COMPOUNDS 

1. Oxidation 

Organosilanes containing small substituents and several Si-H bonds 
such as RSiH3 (R = Me, Et or Bun) species are highly reactive towards 
oxygen. They may ignite in the presence of a metal (for example, 
mercury in a manometer) or under pressure (1 1 ). The photo-oxidation 
of C1,SiH by O2 in SiCl, gives C1,SiOH in low concentration via a free 
radical pathway, but this is not a practical synthesis for many silanols 
(12). Larger substituents or fewer Si-H groups lead to compounds that 
are more stable and which may be distilled in air, for example, c- 
C6HllSiH3 and Bun3SiH (11 ) .  Although Ph3SiH is stable in air, it is 
oxidized by O2 in benzene solution in the presence of benzoyl peroxide 
(13). 

Oxidation may also be carried out with perbenzoic acid. For example, 
the reaction between Et,SiH, PhMe2SiH, or Ph,MeSiH and perbenzoic 
acid in benzene gives the corresponding silanols in 70, 60, and 58% 
yields, respectively (14). This type of oxidation has been shown to 
proceed with retention of stereochemistry at silicon (15), Eq. (1). The 
powerful oxidizing agent potassium permanganate has also been used 
occasionally; for example the bulky silanol (Me3Si)3CSiEt20H can be 
made readily by oxidation of (Me3Si)3CSiEt2H with KMnO, (161, and 
the vinyl compound 1 can also be oxidized in good yield, Eq. (2) (1 7). 

(-)-PhMe( 1-naphthy1)SiH + PhC03H -(-)-PhMe( 1-naphthy1)SiOH 
+ PhCOzH 

(1) 
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KMnO, 
(Me.3Si)7C(SiMezH)(SiMe7CH=CH7) ~-m(Me3Si)zC(SiMe70H)(SiMe2CH=CH7) 

1 

(2) 

The oxidation of sterically hindered silanes by KMn0, is improved 
by carrying out the reactions in the presence of ultrasound, which helps 
to break down the KMnO, in an organic solvent and aids solubil- 
ity. For example, the hindered silanes Ph,SiH, (Me3Si),CSiMe2H, and 
(Me,Si),CSiH, are readily oxidized in THF to give good yields of 
Ph3SiOH, (Me3Si),CSiMezOH, and (Me,Si),CSi(OH),, respectively, in 
an hour or less at  room temperature (18). The dibutyl compound 
ButzSiH2 tends to give a mixture of But2SiHOH and B U ~ ~ S ~ ( O H ) ~  
under similar conditions, while the extremely bulky diphenyl com- 
pound (Me3Si),CSiPh2H does not react at all (18). The silver salts 
AgNO, and AgN02 and the oxide Ago will also oxidize Si-H bonds 
cleanly, and generally in good yield [Eqs. (3)-(5)] (19). Diethylsilane 
is also reported to be oxidized by HgO (20). 

Ei20, rctlu\: 

14 h 
Ph,SiH + AgN02 *Ph.JSiOH + NO + Ag (3) 

95 % 

EI20 
Bu”,SiH + AgN0.3 H3 u”,SiOH + N-oxides + Ag (4) 

80 % 

(5) 
EtZO 

Et,SiH + Ag20  t3SiOH + 2 A g  
90% 

Compounds containing Si-H bonds are rapidly oxidized by ozone in 
solution at  low temperature to give good yields of silanols, which may 
be isolated if the substituents on silicon are large enough to pre- 
vent rapid condensation to the corresponding siloxane [Eq. (611 (21, 
22). Ozonolysis of the highly sterically hindered silane But3SiH gave 
But3SiOH as the only detectable product (23). In the case of Et,SiH, 
the hydrotrioxide Et3Si000H is thought to be an intermediate, which 
decomposes to give the silanol and singlet oxygen (24). The oxidation 
of Si-H groups by ozone has been reviewed (25) as has the chemistry 
of organosilicon peroxides (261, which will not be covered in this dis- 
cussion. 
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CHZCI, 
< 0 "C 

rR ,S iOH + O7 R$iH + O3 

(6) 

R3 = Et,, (c-C,H I I ).3, PhMe?, Ph, r/c. 

A more recent method for the formation of silanols by insertion of 
oxygen into an Si-H bond employs highly reactive dioxiranes. Thus, 
oxirane 2 oxidizes PhMe,SiH and Et3SiH in less than 1 min at -20 
to O T ,  giving almost quantitative yields, and oxirane 3 gives silanol 
4 in excellent yield in 18 min under similar conditions [Eqs. (7) and 
(811 (27). The dioxirane can also be used to oxidize Si-H bonds in good 
yields within the coordination sphere of a transition metal such as iron 
(28) [Eq. (9)l or tungsten where, for example, Cp*(CO),(PMe,)WSiRH, 
may be oxidized to Cp*(CO)z(PMe,)WSiR(OH)z (R = Me or OH) (29). 
This extremely mild method, in which the only by-product is either 
acetone or Me(CF,)CO, should be applicable in many syntheses where 
low temperatures and the absence of acids or bases are required for 
preparation of particularly sensitive compounds (see Section IV for 
further examples). 

F C  
CHzCI? 

t RR'?SiOH + 
Me CF3(Me)C=0 

RR'?SiH + 
Me 

2 (7) 

Fe-Siz + X I  

L = CO; R = Me, Bu', Ph, or o-tolyl 
L = PPh,: R = o-tolyl 
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2. Hydrolysis 

Although organosilanes appear to  react slowly (if at  all) with water 
alone, in the presence of acids or bases (e.g., alkali metal hydroxides), 
reactions to give a silanol and H2 are rapid, with bases being particu- 
larly powerful catalysts. The evolution of H2 in this type of reaction 
may be used as both a qualitative and a quantitative test for Si-H 
bonds, and the mechanism of the acid and the base hydrolysis has been 
discussed in detail (30,31). This hydrolytic method is not very common 
for the preparation of silanols that are to be isolated, because both 
acids and bases catalyze the condensation of silanols to siloxanes, and 
therefore, only compounds containing large substituents are conve- 
niently made in this way. If an anhydrous alkali metal salt is used, a 
metal siloxide may be isolated and subsequently hydrolyzed to give 
the silanol [Eq. (lo)] (32). 

( I -naphthyl)PhMeSiH + KOH-( 1 -naphthyl)PhMeSiOK 

I 
( I -naphthyl)PhMeSiOH 

Excellent yields of silanols may also be obtained by 
metal-catalyzed reactions between Si-H compounds and 

+ HZ 

(10) 

+ KOH 

transition 
a buffered 

aqueous solution of NaOH. Palladium, ruthenium, platinum, or rho- 
dium on either charcoal or alumina as a support catalyze the hydrolysis 
of P - ( H M ~ ~ S ~ ) ~ C ~ H ~ ,  (HMe2Si)20, Ph,SiH, Et,SiH, (MeOIzMeSiH, etc., 
at room temperature or slightly above, the two palladium catalysts 
giving the best results. Nickel has also been found to catalyze the 
hydrolysis of PhMe,SiH, although less effectively than the other metals 
(33). 

Phenylmethylsilanediol can also be prepared by solvolysis of PhMe- 
SiH, [Eq. (1 l ) ]  and the para-disubstituted arene p-(HMezSi)2C6H4 is 
also solvolyzed to give the corresponding compound containing two 
Si-OH groups (34). 

1)NalEtOH 
PhMeSiH? - PhMeSi(OH)? (11) 

2)  NaOH / McOH I’ HZO 
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c. FROM HALOSILANES, ALKOXYSILANES, AMIDES, ETC. 

Silanols are most often produced by hydrolysis of a compound con- 
taining a bond between silicon and a more electronegative atom such 
as a halogen, 0, S, N, or P. The silicone industry is based on the 
hydrolysis of chlorosilanes, as discussed earlier. The formation of sila- 
nols by the cleavage of Si-N and Si-0 bonds in particular is becoming 
much more common, because silyl protecting groups such as Me,Si, 
ButMe2Si, and ButPhzSi are increasingly used in organic synthesis. 
Removal of such groups usually leads to  silanol formation, although 
in the case of the Me,& group, the final product is usually the siloxane 
Me,SiOSiMe,. Only a small number of examples representing the vari- 
ous types of compounds hydrolyzed will be given here; again, many 
specific examples are given later in the structures section. 

A table of physical constants for more than 40 silanols is given in 
Ref. 35, together with tabulated data on synthetic routes to silanols 
(36, 37). 

1 .  Hydrolysis of Halosilanes 

a. Fluorosilanes. The hydrolysis of silyl fluorides requires alkaline 
conditions; thus, Me,SiF may be titrated to the neutral point with 
1 N NaOH to give Me,SiOH (381, and Pr',SiF, PrizSiF2, Bui2SiFz, and o- 
toly12SiF2 react with aqueous ethanolic sodium or potassium hydroxide 
solutions to give the corresponding silanols Pr',SiOH and RzSi(OH), 
(R = Pr', Bu', or o-tolyl) in 50 to 80% yields (39). Hydrolysis of Pri2SiF2 
using H,O/KOH/dioxane also gives Pr',Si(OH), in 50% yield (39), which 
is somewhat lower than that obtained from the corresponding dibro- 
mide (see Section II,C,l,c). The hydrolysis of But2SiF2 gives a mixture 
of But2Si(OH), and But2SiFOH (see also Section II,C,l,b) (40). Although 
it is not a hydrolytic reaction, it should also be noted here that sterically 
hindered fluorosilanes may react directly with KOH in the absence of 
water to give silanols. For example, Bu',MeSiF reacts with an equimo- 
lar amount of KOH at reflux to give But2MeSiOH in 78% yield, and 
( B u ~ , M ~ S ~ O ) ~ S ~ F ,  with KOH in refluxing hexane affords a 35% yield 
of (BU~,M~S~O)~S~F(OH) (41). 

b. ChZorosilanes. Chlorosilanes are probably the most widely used 
starting materials for silanol synthesis because of their ready availabil- 
ity and good reactivity. There are, however, problems associated with 
their use. For example, Section I,B gives an outline of the hydrolysis 
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of methylchlorosilanes, which normally gives siloxanes rather than 
silanols as the final products. [The acid- and the base-catalyzed conden- 
sation reactions of Me3SiOH in aqueous dioxane and toluene/water 
have been studied (421.1 If, however, precautions are taken to remove 
or neutralize the acid formed-e.g., by adding pyridine to the reaction 
mixture (so that the HC1 formed is removed as a precipitate of pyridin- 
ium hydrochloride) or adding NaOH or KOH to the solution to maintain 
neutrality-then silanols may often be isolated (36). If larger groups 
are present, as for example in Ph3SiOH or But2Si(OH),, then formation 
of siloxanes is much less ready, and fewer precautions need to be taken. 
Thus, PhSi(OH), [but not MeSi(OH)31 may be obtained from PhSiCl, 
in the presence of aniline (43), and even the triols (Me3Si)3CSi(OH)3 
and (Me,Si),SiSi(OH), are remarkably thermally stable, decomposing 
only at  their melting points of 285-290 and 210-213"C, respectively 
(44). 

Although simple hydrolysis of Me,SiCl, affords cyclic and linear 
siloxanes (Me,SiO), and HOMe,Si(OSiMe,),OH, if precautions are 
taken to neutralize the HC1 formed, then low molecular-weight silanols 
may be isolated. The use of slightly different conditions (temperature, 
time, etc.) in the hydrolysis of Me,SiCl, in a (NH4),CO,/H20 system 
can give Me,Si(OH),, (HOMe,Si),O, or a mixture of oligosiloxanes 
HO(SiMe,O),H ( n  = 3-5), which can be separated by fractional dis- 
tillation under reduced pressure. The oligosiloxanes may be kept as 
pure liquids, but it is recommended that Me2Si(OH), be kept as a 
suspension in pentane at  0°C to minimize condensation reactions. Simi- 
larly, variations in the conditions used allow the hydrolysis of Ph,SiCl, 
in (NH,),/H20/Et20 to give Ph,Si(OH), or a mixture of HO(SiPh20),H 
( n  = 2 or 3) (45). Hydrolysis of Et2SiC1, with aqueous NaOH also gives 
Et2Si(OH), in good yield (461, and rapid hydrolysis with stirring of 
C1,Si in dioxane does allow Cl,Si(OH),_, (n = 1, 2, or 3) species to  be 
observed in solution by 29Si NMR spectroscopy before condensation 
reactions and the formation of Si-0-Si linkages occur (47). 

The presence of two bulky But groups at silicon gives compounds of 
much greater stability than those containing other simple alkyl groups, 
even resulting in the stabilization of the SiH(0H) functional group, so 
that But2SiH(OH), prepared by hydrolysis of But2SiHCl with NaOH/ 
H,O/Et,O, can be sublimed without decomposition (48,49). If large R 
groups are present, then SiX(0H) functions (X = halogen) may be 
prepared which are relatively stable towards condensation to siloxanes 
[Eq. (12)l (50). (See also Scheme 4 for compounds containing SiH,OH 
and SiH(0H)X groups.) 
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X = C1 or Br 

The aminosilanol But2Si(NH2)OH is also stable towards self-reaction 
(Si-N bonds are normally very susceptible towards attack by protic 
species) and is prepared by treating But2SiC1(OH) [see Eq. (1211 with 
ammonia (51). The bulky diol But,Si(OH), is similarly reluctant to 
undergo condensation reactions, and it can be distilled at 210°C without 
decomposition and treated with concentrated HCl or with concentrated 
H2S0, at 110°C without siloxane formation (52). This diol does, how- 
ever, undergo condensation to give the disiloxane in the presence of p -  
toluenesulfonic acid in boiling heptane (53). The structures and prepa- 
rations of a range of But2SiXY species (X  or Y = C1, F, OH, OLi, NH2, 
etc.) and the formation of siloxane and silazane rings from them have 
been reviewed (54). 

Steric hindrance by a metal cluster also seems to prevent conden- 
sation of the silanols 5 formed by hydrolysis of the corresponding chlo- 
rides in the absence of a base, Eq. (13). Such reaction conditions 
would normally be expected to cause condensation to occur (particu- 
larly in the case of the triol), and even concentrated H2S0, in Et20 
did not bring about siloxane formation (55). Compounds such as 
Cp(CO)2FeSiMe,(OH)3-n (n = 1 or 2) and Cp*(CO)2FeSi(OH)3 may be 
obtained from the corresponding chlorides by hydrolysis using H20/ 
Et3N. Such compounds are also remarkably stable towards heat, base, 
or acid, the stability being attributed to the electron-donating nature 
of the iron fragment, which lowers the acidity of the silanol groups. 
Thus, even SiH(0H)-containing species such as Cp*(CO)2FeSi( p -  
tolyl)H(OH), Cp(CO),FeSiPr'H(OH), and Cp*(CO)2(PMe3)WSiMeH- 
(OH) may be isolated in this way (29). 

5 

The very large bulk of the (Me3Si),C group causes solvolytic reactions 
of chlorides (Me3Si)3CSiR2Cl (R = Me, Et, or Ph) to be severely inhib- 
ited. Even the trichloride (Me3Si)3CSiC13 is stable towards boiling 
MeOH or aqueous EtOH, even in the presence of silver nitrate (56). 
Use of more forcing conditions, such as refluxing 2 M NaOMe/MeOH, 
leads to fragmentation rather than simple substitution reactions (57). 
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The closely related silicon-centered chlorosilanes (Me,Si),SiSiCl, and 
(Me3Si),SiSiPh2Cl, in which there are longer bonds around the cen- 
tral atom than in the carbon analogues, do react “normally.” The 
trichloride reacts with aniline/H,O/Et,O to  give (Me,Si),SiSi(OH), in 
45 min at  room temperature (44), and the phenyl compound gives 
(Me,Si),SiSiPh,OH in good yield after 1 h reflux in aqueous THF (58). 
The solvolysis of the chlorofluoro compound (Me,Si),C(SiMe,Cl)(Si- 
MezF) in 0.5 vol. % HzO in MeOH gives a mixture, 70% of which 
is the fluorohydroxide (Me3Si),C(SiMe,F)(SiMe2OH), which shows the 
difference in reactivity between chloro and fluoro substituents at silicon 
(59). 

The particularly inert halides (Me3Si),CSiMe2X (X = C1 or Br) re- 
act under phase transfer conditions in a three-phase system to give 
high yields of the silanol [Eq. (14)] (60). The bromide also reacts with 
KOCN in MeOH containing a very low concentration of water to give 
(Me3Si),CSiMe20H as the major product (61). This again shows the 
preference for hydrolysis over methanolysis in (Me,Si),CSiMe,X spe- 
cies, because the perchlorate and cyanate also undergo similar re- 
actions (see Sections II,C,2,c and II,C,2,e). The importance of ste- 
ric factors can again be seen as the closely related silylchloride 
(Me3Si),CSiMe,0SiMe2C1, in which the Si-C1 group is now removed 
from the immediate effects of the very bulky (Me,Si),C group, is hy- 
drolyzed readily to give [(Me,Si),CSiMe2OSiMe2],O via dimerization 
of the intermediate silanol(62). Another highly hindered chlorosilane, 
But3SiC1, only forms the corresponding silanol when treated with KOH 
for two days in boiling ethanol (63). 

Bu”J’CI / KCI 
*Me3Si)3CSiMe,0H 

H20 heptanc, I(X) “C 
(Me,Si)$SiMe,X + 

(14) 
X = CI or Br 

A series of 15 RMe2SiOH silanols in which R is an n-alkyl group, 
e.g., Et, n-C6HI3, or TI-C~~H,~, or a polyether chain, e.g., MeOCH,- 
CH20(CH2)4 or MeO(CH2CH20)4(CH2)4, have been prepared in good 
yields by hydrolysis of RMe,SiCl species in the presence of NaHCO,, 
naphthylamine, or aniline (64). These authors report that these sila- 
nols have a “considerably increased stability on storage if they are 
first filtered through a short column of silica gel.” Hydrolysis 
of trichlorosilanes containing long-chain ethers as substituents, 
MeO(CH2CH20),(CH2)SiC13 (n = 1,2,3,6, or 7) gives analogous silane- 
triols, which even in the absence of HC1 acceptors are remarkably 
stable in aqueous solution. This stability has been attributed to intra- 

2 - 4 days 
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molecular hydrogen bonding to the ether oxygens, which gives rise to  
structures such as 6 (65). 

6 

Unsymmetrical hydroxydisiloxanes are formed by treatment of 
(ClMe,Si),O with alkyllithium reagents followed by hydrolysis. Similar 
reactions may be carried out starting from ClMe,SiOSiMe,OSiMe,Cl, 
but the alkylations are less specific and cyclic siloxanes are formed in 
significant amounts in the hydrolysis step, Eq. (15) (66). The Si-0 
bonds in the cyclic chlorosiloxane 7 are unaffected by KOH, so that 
the hydrolysis gives a 63% yield of 8 [Eq. (1611 (67). 

-78 ‘C 
CIMe,SiOSiMe?CI + RLi -RMe2SiOSiMe7CI + LiCl 

R = Bu‘, Bus, Bu”, or Pr’ HZ0 I thf 

t 
RMe2SiOSiMe20H 

(15) 

7 8 

The benzylic silanols (PhCHX)Me,SiOH (X = C1 or Br) have been 
prepared by hydrolysis of the corresponding chlorosilanes with 
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lo 

(NH4)HC03/H20/Et20 at  O"C, which gave 90-95% yields of the solid 
silanols (68). Diarylsilanediols (X - C6H4)2Si(OH)2 (X = H, p-F, or p- 
C1) have been prepared as needle-like crystals by hydrolysis of the 
corresponding chlorosilanes under similar conditions (69). 

A range of siloxysilanols, e.g., (RMe2SiO)3SiOH, (PhMe2SiO),(Me3Si- 
0)3-nSiOH, and Me,-,,(RMe2Si0),SiOH ( n  = 1-3; R = Me, Ph, PhMe2- 
SiO, or Me,SiO), have been prepared by careful hydrolysis of the corre- 
sponding chlorides in H20/Et20 with either (NH4),C03 or pyridine 
present to remove the liberated HC1 (70). The products obtained from 
the hydrolysis of (ButO),SiC12 depend greatly on the conditions and 
on the ratio of chlorosilane to water used. Use of a large excess of 
water (in pyridine/Et,O) allows (ButO),Si(OH), to  be isolated. Use of 
a chlorosilane : water ratio of 2 : 1 surprisingly gives 9 (Scheme 3) (con- 
taining both an Si-C1 and a n  SiOH group) and 10, while a 1 : 8 ratio 
gives 11. Hydrolysis of 9 also gives 11, and hydrolysis of a mixture of 
( B u ~ O ) ~ S ~ ( O H ) ~  and 10 gives the trisiloxane 12. The silanols are all 
thermally unstable and give the cyclic trisiloxane [ ( B U ~ O ) ~ S ~ O ] ~  on 
heating in solution (Scheme 3) (71). Further alkoxy and siloxysila- 
nols-for example, (RO),Me, - ,SiOH and (RO),(Me3SiO), - ,SiOH 
( n  = neo-pentyl, Pri, Bu', But, or cyclo-C6Hll)-are also obtained by 
hydrolysis of the corresponding chlorosilane in a two-phase mixture 
of Et20 and aqueous (NH4)HC03, or in the case of the less stable 
methylsilanols, with (NH,)HCO,/pyridine as HC1 acceptors (72). Rapid 
hydrolysis of Me3SiO(SiMe20)2SiMe2C1 with ice water without added 
base to  neutralize the HC1 liberated does enable isolation of the silanol 
Me3SiO(SiMe20)2SiMe20H, but only in 20-30% yield (73). 

H?O/ 
(RO),SI(OH), 

e\cess H 2 0  H 2 0  
(RO),SiCI, 4 RO),Si(CI)OH yRO),Si(OH), 

I(RO),CISi 1,O + (R0)2CISiOSi(OH)(OR)2 

9 1 H,O 

HOI Si(OR)201.3H [(R0)2(OH)Si]20 

12 11 

SCHEME 3. The hydrolysis of tert-butoxy siianes. 
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Hydrolysis of RSiC1, (R = cyc1o-C6Hl1) in H,O/acetone over a period 
of several months to  three years gives a mixture of products as incom- 
pletely condensed silsesquioxanes, including 13,14, and 15, which may 
be separated by fractional crystallization (74, 75). Hydrolysis of RSiC1, 
(R = Pr' or But) with 1.5 equivalents of water gives good yields of 
[RSi01,514 (76). (See Sections IV,H and IV,I for the products derived 
from hydrolysis of ButSiC13 under different conditions.) 

13 14 

? 

15 

c. Bromosilanes. Silyl bromides are rarely used as starting materi- 
als for silanol synthesis, but they may be hydrolyzed in similar ways 
to chlorosilanes. Again, special care must be taken to ensure that the 
strongly acidic HBr formed on hydrolysis is not allowed to cause silox- 
ane formation (or cleavage of Si-aryl bonds). Careful hydrolysis of 
Ph2SiHBr in a medium containing NH,C1/NH3/HzO/Et20 has been 
reported to give (Ph2HW20 as the usual product, but Ph2SiH(OH) in 
some experiments (two out of seven) as a crystalline solid (77). Hydroly- 
sis of PriZSiBr2 with aqueous ammonia gives Pr',Si(OH), in 90% yield, 
which is much better than the 50% obtained by hydrolysis of Pri2SiF2 
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(see Section II,C,l,a) (39). Hydrolysis of (BrMe2Si),CH with 0.5 M aque- 
ous NaOH in Et20 at 0°C gives the trisilanol (HOMe2SiI3CH (78). 

The (Me,Si),C group provides such a large degree of steric hindrance 
that the tribromide (Me,Si),CSiBr, can be recovered unchanged af- 
ter 72 h reflux in 111 v/v H20/EtOH (79). A small decrease in ste- 
ric hindrance in tetrasilylmethanes increases reactivity greatly. 
(HMe,Si),-,C(SiMe,Br), (n = 1 or 2) species react rapidly at  room 
temperature in THF containing 5 vol% H20 to give (HMe2Si),-.C- 
(SiMe,OH),, whereas (Me,Si),CSiMe,Br, (Me3Si)2C(SiMe2Br)z, and 
(BrMe,Si),C are only hydrolyzed relatively slowly (80). Solvolysis 
of (Me3Si)2C(SiMe2Br)(SiMe20S02CF3) in 20% H20  in acetone gives 
(Me3Si)2C(SiMe20H)2 exclusively after both bromide and triflate hydro- 
lysis. It is likely that the triflate is hydrolyzed first, and then the 
solvolysis of the bromide is anchimerically assisted by the yOH group 
in (Me3Si),C(SiMe2Br)(SiMe20H) (59). The reaction between (Me3SiI2- 
CCl(SiMe,Br) and either Et2NH in “dry” Et20 or with “dry” ButOH in 
both cases has led to the rapid formation of (Me,Si),CC1(SiMe2OH), 
presumably as a result of hydrolysis by residual water in the solvents, 
showing how sensitive silyl bromides (and silyl amides) are towards 
hydrolysis (59). 

d. lodosilanes. Generally speaking, the hydrolysis of iodosilanes is 
very rapid, but the presence of very bulky substituents at silicon may 
not only give stable silanols but may also actually cause problems 
in their preparation. For example, the iodide (Me,Si),CSiMe2I un- 
dergoes solvolytic reactions rather slowly, and conversion to the 
corresponding silanol is only readily achieved using the relatively 
harsh conditions of 16 h reflux in aqueous dioxane or 1 h heating at 
130°C in wet DMSO (81). Similarly, the even more hindered iodides 
(Me,Si),CSiRR’I (R = R’ = Ph, R = R‘ = Et, R = Ph, R’ = Me) are 
hydrolyzed very slowly. The diphenyl compound requires 60 days un- 
der reflux in 5 vol% H,O/MeCN or 24 h under reflux in 20 vol% H20/ 
DMSO. The diethyl compound requires 25 days reaction in 2 vol% H20/ 
MeCN at 60”C, and (Me,Si),CSiPhMeI requires 2 h reflux in 1/2/7/ 
v/v H20/MeCN/DMS0 (82, 83). The relative rates of reactions of 
(Me3Si),C(SiMe2CH=CHz)oiMe2I) and (Me3Si),CSiMe21 with water 
have been studied in various organic media. The vinyl compound reacts 
1.2 to 2 times more rapidly than the all-methyl compound, the fastest 
reactions occurring in DMF and DMSO, although the most rapid reac- 
tion observed for (Me,Si),CSiMe,I was that in 2% v/v H,O/DMF, hav- 
ing a half-life of 19 min at 60°C. These reactions are still relatively 
very slow for the hydrolysis of a silyl iodide (17). As has been found 
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for related silicon-centered chlorosilanes, the less hindered iodide 
(Me,Si),SiSiMe,I is hydrolyzed readily in wet CH2C12 in 10 min at  room 
temperature (58). 

The much lower degree of hindrance in (Me,Si),CSiH,I is reflected 
in its ease of hydrolysis, because it reacts with 19/1 v/v H,O/DMSO 
in 15 min at  room temperature to  give 82% of (Me,Si),CSiH,OH. This 
silanol reacts with iodine to give the remarkably stable iodohydroxysi- 
lane (Me,Si),CSiHIOH, the steric hindrance provided by the (Me,Si),C 
group preventing bimolecular reactions between the normally incom- 
patible OH and I groups; see Scheme 4 for an outline of the formation 
of sterically hindered silanols (81 ). The iodosilane (Me3Si),CSiHIOH 
reacts with AgBF, in dry Et20 to give (Me,Si),CSiFH(OH). This can 
also be prepared from the fluoroiodosilane (Me,Si),CSiHFI, which re- 
acts with 1/1 v/v H,O/acetone to give 88% (Me,Si),CSiHF(OH) in 2 h at  
room temperature, showing the relative ease of hydrolysis of I compared 
with both F and H (79). Treatment of (Me3Si),CSiHF(OH) with either 
Br, or IC1 affords (Me,Si),CSiBrF(OH) and (Me,Si),CSiIF(OH), respec- 
tively, again demonstrating the effect of the bulk of the (Me3Si),C 
group, since OH groups and Si-Br or Si-I groups are usually incompati- 
ble; the iodide, however, is hydrolyzed to give (Me,Si),CSiF(OH), in 
aqueous acetone (79). 

The iodosilane (Me,Si),CSiPhHI is hydrolyzed readily in 1/1 v/v 
H,O/acetone or 6/1 v/v dioxane/water to  give (Me,Si),CSiPhHOH (841, 

TsiSiHJ 

H20 ' 
DMSO Tsi = (Me,&Si)3C 

TsiSiHFI 
t 

TsiSiH-OH 

H,O / 
I C C I l ~ f l C  

TsiSiBrFOH 
1' AgBF,  I Br2 

TsiSiHIOH TsiSiHFOH 

SCHEME 4. Preparative routes to silanols containing the bulky (Me&)& group. 
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which in turn reacts with IC1 to give the stable iodosilanol (Me,Si),C- 
SiPhIOH. This reacts further with a second equivalent of ICl to give 
the chlorosilanol (Me3Si)3CSiPhC10H (85). Hydrolysis of (Me,Si),CSi- 
MeHI in 1/1 v/v acetone/water gives a good yield of (Me,Si),CSi- 
MeHOH, which reacts with I, in CC1, to  give (Me,Si),CSiMeIOH, which 
in turn reacts with 1C1 to give the chlorosilanol (Me,Si),CSiMeClOH 
(Scheme 5) (86). 

The formation of silanols from severely sterically hindered silyl io- 
dides may be greatly assisted by metachloroperbenzoic acid (mcpba). 
Thus, (Me3Si),CSiR21 (R = Me or Ph) and But3SiI react with wet mcpba 
in MeOH to give the silanols (Me,Si),CSiMe,OH, (Me3Si)2C(SiMePh2)- 
(SiMe,OH), and But3SiOH. The dimethyl compound reacts in 2.5 h at 
room temperature (13-fold excess of mcpba), the diphenyl compound 
undergoes 90% reaction in 10 h (15-fold excess of mcpba), and the But 
compound gives a 50% yield in 3.5 h (15-fold excess of mcpba). All of 
these processes are much faster than the simple hydrolyses mentioned 
earlier for this type of compound, and they presumably involve oxida- 
tion of the iodide ligand to a better leaving group such as 10, (87). The 
bulky But3SiOH is also formed by hydrolysis of But3SiI and by hydroly- 
sis of tri-t-butylsilylpyridiniumperchlorate (88). 

Treatment of highly sterically hindered iodosilanes with a silver salt 
in a solvent containing water has also been used successfully to prepare 
bulky silanols (Scheme 6). The introduction of the OH group seems 
to occur not only by hydrolysis of the silyl perchlorates formed, 
but also by reaction of the bridged silicocationic species that are 
formed as intermediates in this type of reaction (62). The reaction 

TsiSiRHl 

H,O 1 

dc'ckmc 

Tsi = (Me3Si )3C 

R = Me or Ph 

ICI ICI t 
TsiSiRHOH -TsiSiRIOH -TsiSiRCIOH 

'l'siSiPh(0Me)OH TsiSiPh(0H ) 2  

SCHEME 5. Preparative routes to highly sterically hindered silanols. 
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t Agl 

SCHEME 6. Reactions of (Me,Si)$XiPh,I in the presence of different amounts of water. 

between (Me,Si),CSiPh,I and AgOC103 in dried MeCN containing 
very little water gives the bicyclic tetrasiloxane 16. This presum- 
ably arises from the initial formation of (Me3Si),C(SiPh,Me)(SiMezOH), 
which is then attacked by the strong acid HC10, formed in the 
reaction, which brings about Si-Ph bond cleavage. The trisilanol 
(Me3Si)zC[SiMe(OH)2](SiMe20H) may then be formed, and this can 
then dimerize. Alternatively, dimerization of the initial silanol may 
occur, and then Si-Ph cleavage, so that further Si-0-Si linkages are 
formed (89). 

2. Hydrolysis of Si-0 and Si-S Functions 

a. Alkoxy and Siloxy Silanes. The hydrolysis of alkoxysilanes has 
been the subject of a considerable amount of research because of their 
use as coupling agents, in silicone manufacture, and in the treatment 
of surfaces. The details of the mechanisms of such reactions are compli- 
cated and have been the subject of several reviews (2,4,6-10,90,91); 
they will not be covered further here. The hydrolysis of alkoxysilanes 
is slowest at about pH 7. Changes in pH away from this to either 
higher or lower pH increase the rate of hydrolysis by a factor of 10 per 
pH unit. For example, at  pH 4, hydrolysis is ca. 1000 times faster 
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than at pH 7. For a discussion of the relative stabilities of simple 
methylsilanols in aqueous solution, see Ref. 91. The hydrolysis of an 
alkoxysilane provides one way of preparing sensitive silanols con- 
taining small substituents. For example, careful hydrolysis of Me,Si- 
(OEt), gives crystalline MezSi(OH)z, which is very sensitive towards 
both acids and bases and undergoes condensation reactions in contact 
with acid-washed glass (92). This type of synthesis has also been used 
to prepare other highly sensitive silanediols containing halogenated 
methyl groups from dimethoxysilanes (93). The success of these prepa- 
rations depends on the formation of an alcohol as a by-product, rather 
than the mineral acid which would be formed if an analogous halosilane 
were hydrolyzed. Hydrolysis of Me,SiOMgI with saturated aqueous 
ammonium chloride solution also gives Me,SiOH (94). Silanols may 
also be prepared by treatment of cyclic siloxanes, e.g., (R2Si0), (R = Me 
or Ph) with organolithium reagents R'Li to  give R'R2SiOLi species, 
which may then be hydrolyzed with aqueous acid to give R'R2SiOH 
compounds [Eq. (17)l. For example, MeLi and (Ph2SiO)3 in hexane 
afford after workup a 93% yield of Ph,MeSiOH, while ButLi and 
(MezSiO), in EtzO afford ButMezSiOH in 98% yield (95). 

I )  retlul 
* 3 RPh,SiOH 

(17) 2 )  H30' 
(Ph?SiO).3 + 3.3 RLi 

R = Me, Bun, Bus, or Bu' 

Hydrolysis of (C-C6H11)3SiO(C-C6Hll) with hot concentrated HC1 in 
ethanol gives (c-C6H11),SiOH in 70% yield, the three bulky cyclohexyl 
substituents preventing siloxane formation in the strongly acidic solu- 
tion (39). The acid- and the base-catalyzed hydrolysis of R3SiOPh com- 
pounds (R = Me, Et, Pr", Bun, or n-pentyl) in EtOH show that the R 
group has a significant role, the rates for acid hydrolysis being about 
150 times greater for the methyl derivative than for the pentyl com- 
pound, and for base hydrolysis about 1100 times greater for the methyl 
compound (96). 

A range of silicon analogues of drugs and fragrances containing SiOH 
groups have been prepared, and their properties and structures (see 
Section IV,C) compared with the corresponding carbon species. Acid- 
and base-catalyzed hydrolysis of methoxysilanes have been used to 
prepare the antimuscarinic agent 17, both routes giving about 75% 
yield of the silanol [Eq. (1811 (97). The silicon derivative, 18, of a- 
terpineol, with a fragrance of lily of the valley, has been made by 
hydrolysis of both an ethoxysilane and a chlorosilane precursor, the 
chlorosilane route giving the better yield [Eq. (19)l (98). 
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\ /OH 
Ph 

\ /OMe H 2 0  / OH / thl 

o r .  H+ / Pr'OH 

Ph 

F 

3 3 P\ 
C6Hll CH~CH~CHF-N 

17 (18) 

Various aryldisilanols, e.g., 19, 20, and 21, have been prepared by 
hydrolysis of the corresponding ethoxysilanes in a MeOH/EtOH/H,O/ 
NaOH reaction medium. It was found to be difficult to remove solvent 
of crystallization from some of these compounds, but stoichiometric 
complexes between silanol and solvent do not seem to be formed (99) 
as they are in the case of some other silanols (see Section IV,C). Hydroly- 
sis of p-(EtOMezSi),C6H4 with NaOH/H20/MeOH gives 85% of p -  
(HOMe2Si),C6H, (loo), and a similar method has also been used to 
prepare the analogous 4,4'-bis(hydroxydimethylsilyl)biphenyl(101~. A 
wide range or arylsilanetriols X-C6H4Si(OH)3 (X = p-NMe,, p-OMe, p -  

R = Me or Ph R = Me or Ph 

19 20 

21 
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Me, m-OMe, m-C1, m-CF,, etc.) have been prepared by hydrolysis of the 
corresponding X-C6H4Si(OMe), compounds in an H20/MeOH mixture. 
Again, the formation of an alcohol, MeOH, rather than a hydrogen 
halide is beneficial in the synthesis of such sensitive triols (102). 

Unusual monosodium salts of ethyl- or phenylsilanetriol RSi- 
(OH),0Na.1.37H20 (R = Et or Ph) are reported to be obtained by treat- 
ing the polymers obtained from the simple hydrolysis of RSiC1, with 
20% aqueous NaOH/EtOH (103). Relatively few silanols have been 
isolated from the cleavage of siloxanes, as the conditions required to 
carry out such reactions are likely to cause further reactions of any 
silanols formed. 

The bulky disiloxane (Me3Si),CSiMe20SiMe3 is very resistant to 
Si-0 bond cleavage, no reaction occurring, for example, with either 
2.5 M HCl in MeOH for 24 h at  room temperature or with 1 M NaOMe 
in MeOH under reflux for 3 h. The silanol (Me3Si),CSiMe20H is formed, 
however, if the disiloxane is treated with either anhydrous CF3C02H 
(20 min room temperature, showing that the 0-SiMe, bond and not 
the (Me,Si),CSi-O bond is broken) or the strongly basic medium KOH/ 
H20/Me,S0 (75”C, 4 h), although some Si-C bond cleavage occurs to  
give (Me,Si),CH in the latter case (62). The highly bulky silanols 
But2MeSiOH and But,SiOH are formed in the reductions of 4-tert- 
butylcyclohexanone in the presence of CF3C02H. First the ketone is 
silylated, and then the silanol is lost in the presence of the acid (104). 

The preparation of a,o-diols may also be achieved by the hydrolysis 
under various conditions (the best being use of CaC0, to neutralize 
AcOH) of a,@-acetoxy compounds. Thus, AcO(SiRR’O),Ac compounds 
where R = R’ = Me (n = 2-6) or R = Me, R’ = CF3CH2CH2 (n = 
2-4) give HO(SiRR’O),H species in good yields (105). The hydrolysis 
of C12C6H3Si(OAc), and [C12C6H3Si(OAc)2]20 in H20/Et20 with no base 
present gives Cl2C6H@(OH)3 in 15-20% yield and [C12C6H3Si(OH)2]20, 
respectively. The addition of base to neutralize the acid formed in 
these hydrolyses would no doubt give increased yields (1 06). The hy- 
drolysis of Me(1-naphthyl)Si(OAc), with aqueous NaOH solution af- 
fords the diol Me(1-naphthyl)Si(OH), in about 50% yield (107). The 
reaction between the acetate (Me,Si),C(SiMePh,)(SiMe,OAc) and 
LiAlH,, followed by an aqueous workup, affords the silanol (Me,Si),- 
C(SiMePh,)(SiMe,OH), rather than the expected Si-H compound 
(Me3Si),C(SiMePh2)(SiMe2H). This is presumably because of the 
reaction at the carbonyl group rather than at the silicon atom, which 
is severely sterically hindered, since the acetate itself is resistant 
towards hydrolysis under the workup conditions (108). The bulky 
carboxylates (Me3Si),CSiMe20C(O)R (R = Me, Ph, CF,, C6H,NO,-p, 
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etc.) and But3SiOC(0)CF3, in which nucleophilic attack a t  silicon 
is again severely sterically hindered, react with 0.2 M NaOMe/MeOH 
to give (Me3Si),CSiMe,0H and But3SiOH, respectively. The rate 
of reaction for the (Me,Si),C derivatives falls in the order R = CF3 > 
C6H,N02-p > Me > Ph, and the products arise from 0-C cleav- 
age, rather than the 0-Si cleavage which would be expected for less 
hindered molecules (1 09). Less hindered compounds such as (Me3Si)3- 
CSiPhHOC(0)Me react with 0.2 M NaOMeIMeOH to give (Me,Si),- 
CSiPhHOH as the major product, together with about 5-10% of 
the methoxide (Me,Si),CSiPhHOMe ( l o g ) ,  and ButMezSiOC(0)Me re- 
acts with BunONa/BunOH to give ButMe2SiOH and ButMe,SiOBun in 
a 1 : 4 ratio (110). 

b. Silyl Triflates. The triflate group is displaced very readily from 
silicon, the hydrolysis of silyl triflates occurring rapidly even in crowded 
molecules. For example, the silyl triflates (Me3Si)2C(SiMe2CH = 

CH,)(SiMezOSO2CF3) and (Me3Si)3CSiMe,0S0,CF3 both react readily 
with 1% water in MeOH to give the corresponding silanols exclusively 
(1 7). The reaction between (PhMe,Si),CSiMe,I and AgOS02CF3 in 101 
1 v/v Et20/H,0 affords (PhMe,Si),CSiMe,OH in 87% yield, presumably 
via hydrolysis of the initially formed triflate (PhMe2Si)3CSiMez- 
OS02CF, (111). The hydrolysis of silyl triflates in the presence of 
Et3N also gives silanols [Eq. (2011 (112). 

tflOSiMeBu'O(SiMePhO)?SiMeBu'Otfl 

I 2 EITN I 

1"" (20) 

HOSiMeBu'O(SiMePhO)2SiMeBu'OH + 2 NEt,H.Otfl 

c. Silyl Perchlorates. As in the case of triflates, silyl perchlorates 
are very readily hydrolyzed even in severely sterically congested sys- 
tems. The hydrolysis of (Me3Si),CSiMezOC1O3 in MeOH containing 1% 
water gives (Me3Si)3CSiMe20H with no detectable (Me3Si)3CSiMe20Me 
(113). The hydrolysis of silyl perchlorates formed as intermediates in 
reactions between silyl iodides and AgOC103 have been discussed ear- 
lier (Scheme 6). The perchlorate (Me3Si)2C(SiMePh2)(SiMe20C103) re- 
acts rapidly with wet MeCN at 50°C to give (Me,Si),C(SiMePh,)(Si- 
Me20H). The products of the reactions between (Me3Si)3CSiR21 
(R = Me or Ph) and AgC10, in wet MeCN are also silanols, (Me3EW3- 
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CSiMe,OH and (Me,Si),C(SiMePh,)(SiMe,OH), respectively (108). 
Treatment of But2SiH(OC103) with ButLi at  - 78°C brings about rapid 
reduction of the perchlorate group, to give ButzSiHOH in good yield, 
rather than alkylation at silicon (48). 

d. Silyl Sulfates. The sulfate group is also hydrolyzed readily from 
silicon, but silyl sulfates are rarely used deliberately as precursors to 
silanols, as they would normally be prepared from species that would 
also act as good hydrolytic precursors to silanols, and the formation of 
H2S04 on hydrolysis is likely to cause condensation reactions. Ring- 
opening polymerization of cyclic oligosiloxanes may be effected by 
sulfuric acid by hydrolysis of the sulfates formed, giving rise to 
polysiloxanes. Triethylsilyl sulfate can be titrated with 1 N NaOH 
at 0°C to the neutral point to  give Et3SiOH in 75% yield (38). A fur- 
ther example of sulfate hydrolysis is involved in the synthesis of 
(Me3Si),C(SiMe20H), from (Me3Si),CSiMezOMe (114). In this case it 
is thought that anchimeric assistance by the OMe group first assists 
the loss of a methyl group as methane, and then the methoxy group 
is lost as methanol, giving the bis sulfate (Me3Si)2C(SiMe20S03H)2, 
which undergoes rapid hydrolysis to give the disilanol. 

e. Silyl Cyanates. The Si-OCN group is very uncommon, but the 
cyanate group has been found to be particularly readily removed from 
silicon by hydrolysis. In sterically hindered compounds, it has a leaving- 
group ability similar to  that of triflate and somewhat greater than that 
of iodide (115). Thus, the cyanate (Me,Si),CSiMe,OCN reacts with low 
concentrations of water in apparently “dry” solvents such as MeOH or 
MeCN to give (Me,Si),CSiMe,OH (115, 116). A further example of 
cyanate hydrolysis in the preparation of (HOMe2Si)4C can be found in 
Section IV,F. 

f. Silanethiols and Silyl Sulfides. The silanethiol Ph3SiSH is hy- 
drolyzed in hot aqueous ButOH over 10 h to give Ph,SiOH in 96% yield 
(1 17), and triethylsilanol has been prepared by treating (Et,Si),S with 
aqueous dioxane (118). 

D. HYDROLYSIS OF Si-N FUNCTIONS 

Compounds containing an Si-N bond are usually susceptible to  hy- 
drolysis. In the same way that hydrolysis of a compound giving an acid 
requires a base to be present for neutralization, if the reaction yields 
a basic by-product, such as NH3 in the hydrolysis of (Me3Si),NH, then 
dilute aqueous HC1 may be used for the hydrolysis, thus neutralizing 
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the base as it forms (94). Trimethylsilanol is formed by the hydrolysis 
of Me,SiNHC(O)Me (65,119), and by hydrolysis of (Me,Si),NH in EtzO, 
followed by neutralization with 2 M HC1, followed by vacuum distilla- 
tion (120). Triethylsilanol has been prepared by treating Et,SiNCS 
with aqueous dioxane, whereas Et3SiX species (X = F, H, or NCO) did 
not react under the same conditions (118). It has also been found possi- 
ble to remove by hydrolysis in cold water the NH, groups, but not the 
tert-alkoxy groups, in (Bu~~O)~S~(NH,) ,  to give (BU~O)~S~(OH), (121 1. 

E. HYDROLYSIS OF Si-C BONDS 

1. Alkyl, Alkenyl, and Aryl Compounds 

In compounds containing a carbon-centered substituent that can 
act as a relatively good leaving group, the cleavage of an Si-C bond 
may lead to silanol formation. Thus, base-catalyzed hydrolysis of 
C13SiCH2CH=CH2 affords propene and presumably Si(OH), (which 
would condense to give silica), as the three chloride substituents will 
also undergo hydrolysis (122). A similar reaction occurs if chloroalkyl 
substituents are present, an E2-type elimination occurring in the case 
of the presence of a /?-Cl [Eqs. (21)-(23)] (123-125). This type of cleav- 
age is, however, unlikely to be of synthetic use, because of the very 
specific requirements for the nature of the substituents and the pres- 
ence of acids and bases in the reaction sequence. 

Me2(CH2CI)SiC1 + H20/OH -Me2Si(OH), + MeCl + HCI 

(21) 

(22) 

(23) 

Me(CHCI2)SiCl2 + H 2 0  / OH - MeSi(0H)3 + CH2CIZ + HC1 

CI3CSiCI3 + H 2 0  - Si(OH)J + CHCI, + HCI 

Although the steric bulk of the C6C15 groups protects (C6C15)2SiC12 
from rapid hydrolysis by atmospheric moisture, the compound is hy- 
drolyzed rapidly under basic, acidic, or neutral conditions in solution 
to give C&15H [and presumably Si(OH),l and not the expected diol 
(C&15),Si(OH),. This is because C6C15- is a good leaving group (126). 
It has, however, been found possible to convert (C6C15)2SiC12 to the 
diol by treatment with moist ether for 20 min followed by immediate 
removal of the volatiles under vacuum. The short reaction time and 
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rapid removal of acidic by-products evidently enables the successful 
isolation of the diol (127). Hydrolysis of (C&l&Ph,_nSiC1 ( n  = 1 or 
2) under basic conditions (THF/H,O/NaOH) also leads to Si-C bond 
cleavage and formation of C6C1,H, indicating, as has been found in 
other work, that the Si-pentahalophenyl bond is susceptible to cleavage 
by nucleophilic reagents (128). Under acidic conditions (THF/l N HCl), 
only hydrolysis of the Si-C1 group occurs, giving the silanols 
(C6C1,),Ph, - ,,SiOH (128). 

2.  Silyl Carboxylic Acids and Acylsilanes 

Triphenylsilanol is one of several products obtained in the thermally 
induced decarbonylation of Ph,SiC02H (129). Acylsilanes react readily 
with aqueous base; for example, Ph,SiC(O)Ph affords Ph,SiOH and 
PhC(0)H when treated with aqueous sodium hydroxide solution (130). 
Similarly, hydrolysis of the allenyl silane 22 leads to the formation of 
23 via the acylsilane 24 [Eq. (2411 (131). (For further examples of 
acylsilane chemistry, see Refs. 132-134.) 

\ 

3' H 3 0 +  
0- 

H*C=C 

SiHPhP 

22 

H pC = <o 
SiHPhp 

24 

H?O -H 

HO SiPhpOH 

(24) 23 

F. FROM SILYL-METAL COMPOUNDS 

Although many compounds containing M-Si bonds have undoubt- 
edly been hydrolyzed to give silanol or siloxane products, this is usually 
an unwanted or accidental reaction, and few syntheses of silanols using 
this method have been reported. Aqueous alkali is also reported to 
cleave the Si-Ti bond in (Ph,Si),Ti to  give Ph,SiOH, presumably aris- 
ing from alkaline hydrolysis of the initially formed Ph3SiH (135). 

The isolated product obtained by the hydrolysis of Ph3SiK is 
Ph,SiOH. This presumably arises by the hydrolysis of the initially 
formed Ph,SiH catalyzed by the KOH formed in the initial reaction 
(136). The reaction of Ph,SiLi with O2 proceeds by a free radical mecha- 
nism and gives Ph,SiOH, together with Ph3SiH and Ph3SiSiPh3 (137). 
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G. ADDITION OF WATER TO s i  MULTIPLE BONDS 

Compounds containing double bonds to silicon are almost without 
exception highly reactive towards addition across the multiple bond. 
Many studies have been carried out using methanol to  trap reactive 
species, but water is used relatively rarely. The products are less easy 
to characterize (the presence of an OH group is less easy to determine 
than that of an OMe group by NMR spectroscopy). Also, the silanol 
group itself may undergo reactions subsequent to the initial addition. 
Consequently, only a few reactions of this type are described here. This 
method of synthesis is not likely to  become of widespread use because 
of the difficulties associated with preparing the unsaturated precursors. 

Photolytic generation of silene Me3Si(Me)C=SiMe2 in the presence 
of an excess of D20 or a trace of H 2 0  affords disiloxanes 25, presumably 
via condensation of the silanol26 in the case of D20, or by reaction of 
the silanol 27 with further silene in the case of H20 (Scheme 7) (138, 
139). 

Addition of a large excess of water to  a silene gives the silanol, 
whereas addition of less than a stoichiometric amount of water leads 
to siloxane formation by addition of a second mole of silene to the 
initially formed silanol group (140). Addition of water to the stable 
silene (Me3Si)2Si=C(OSiMe3)(C10H15) (C1oH15 = 1-adamantyl), or ad- 
dition of water as the silene is being generated, gives the expected 
addition product (Me3Si),Si(OH)CH(OSiMe3)adam (141). Reaction of 
the stable silene Me3Si(SiMeBut2)C=SiMe2 with water also gives the 
expected product Me3Si(SiMeBut,)CHSiMe20H (1421, but this also un- 

OH H 

27 

SCHEME 7. Silene reactions with water. 
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dergoes condensation to the siloxane unless the reaction with water is 
carried out slowly at 0°C (143). The crystalline silanol may alterna- 
tively be prepared by reaction of Me3Si(SiMeBut2)CHSiMe2Br with 
NaOH/H20/Et20 (143). Hydrolysis with H,O/thf of the base-stabilized 
silene (Me3Si),C=SiMe2-NMe3 affords (Me3Si),CHSiMe20H via addi- 
tion of water across the reactive double bond (144). 

The reaction of water with disilenes gives simple addition prod- 
ucts containing an Si(H)-Si(0H) grouping. Thus addition of water to 
the bulky disilenes mes,Si=Simes, (mes = 2,4,6-trimethylphenyl) 
and truns-BuhesSi=SiMesBut is rapid at 50°C but slow at 25"C, 
and it does not need catalysis as does alcohol addition to olefins. 
The products of hydrolysis are the expected mes2SiHSi(OH)mes2 and 
Bu5nesSiHSi(OH)mesBut (145). Water also adds across the Si=Si 
bond in the relatively stable disilene &Si=Si& [R = (Me3Si),CH1 
to give R2SiHSi(OH)R2 in 95% yield (146), and to the thermally unstable 
disilene But2Si=SiBut2 to give silanol But2SiHSi(OH)But2 (147). The 
apparent slower rate of addition of water to disilenes than to silenes 
may be associated with the fact that the Si=Si bond, in contrast to  
the Si=C bond, is unpolarized. 

Addition of water to the Si=N multiple bond in silanimine R2Si= 
NSiBut3 gives the expected R2(HO)Si-NH(SiBut3) (R = Me or But). Ste- 
ric factors presumably prevent the rapid cleavage of the Si-N single 
bonds that remain in the product (139,148). 

H. MISCELLANEOUS PREPARATIVE METHODS 

Alkoxysilanes can also be converted into silanol groups in the pres- 
ence of H,/Raney Ni at temperatures of 200-300°C and 150-200 atm 
pressure. For example, Et3SiOH may be obtained from Et3SiOR 
(R = Et, Bu, or CH,Ph) and Prn3SiOH from Prn3SiOCH2Ph. Unfortu- 
nately, the extreme conditions required for this transformation mean 
that much of the silanol formed in the reactions condenses to  the corre- 
sponding disiloxane, so that this route is unlikely to be of great use 
(149). Hydrolysis of the products obtained from the thermolysis of 
Et2A10SiPh3 at 250-300°C affords both EtPh,SiOH and Et2PhSiOH, 
presumably by redistribution of ligands at high temperature and then 
hydrolysis of the A1-0 bonds present (150). 

Transition metal complexes containing Si-OH groups have been 
isolated in low yield after hydrolysis of the products formed in the 
reaction between (Me2N),SiCl, and ferrocene under Friedel-Crafts con- 
ditions [Eq. (2511 (151). 
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wFc2Si(OH)2 + Fc3SiOH I )  AICI3 + (Me?N),SiCi? 
I 
Fe 
I 

Fc = ferrocenyl 

(25) 

111. The Acidity and Basicity of the Silanol Group 

A. ACIDITY 

The high reactivity and acidity of silanols was commented on in 1946 
when it was found that Et3SiOH reacted readily with sodium in xylene 
and that the silanolate MeaSiONa was formed rapidly when the corre- 
sponding silanol was treated with 12 N NaOH solution (38). Many 
subsequent studies, mainly using IR spectroscopic monitoring and acid/ 
base titration, have confirmed the relatively high acidity of silanols 
compared with carbinols. The effects of silicon on the acidity and basic- 
ity of a variety of other types of organosilicon compounds have been 
reviewed (152). The approximate proportionality between the change, 
Au, in the 0-H stretching frequency between a “free” SiOH and one 
involved in hydrogen bonding to a suitable base and AH for the hydro- 
gen bonding interaction has been used for many years to give an esti- 
mate of the strength and relative acidity of OH groups (153). Such 
measurements indicate that silanols have a stronger hydrogen bonding 
interaction than carbinols, because Au is often nearly twice as large 
for silanols as for carbinols (77). For example, the change of 0-H 
stretch for on going from free Ph3SiOH to a complex with acetone is 
226 cm-’, while the change from free Ph3COH to the acetone complex 
is only 120 cm-l. A similar comparison has also been made for com- 
plexes of Ph,SiOH or Ph3COH with ethers such as Et20, Bun20, THF, 
or anisole, and again stronger interactions are found in the case of 
the silanol. For example, the shift on coordination of Ph3COH with 
THF is 213 cm-’, while with Ph,SiOH the shift is 333 cm-’ (154). In- 
frared spectroscopic studies of the 0-H band shifts on mixing sila- 
nols with the bases diethyl ether and mesitylene reveal the order of 
relative acidities to be arylsilanols > alkylsilanols > arylcarbinols > 
alkylcarbinols (77). Similar studies have also been carried out for thiols 
and silanethiols (155). The interaction of Ph,SiOH and Ph3COH with 
various ketones, e.g., acetone, acetophenone, and cyclohexanone, has 
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been studied by IR spectroscopy in solution; see selected data in Table 
I. The spectra show that Ph,SiOH forms stronger associations with 
ketones. They also show that, apart from cyclohexanone, the spectral 
shifts Au on forming a silanol : ketone complex correspond well with 
nucleophilicity parameters of the ketones, but not with Taft's steric 
and polar factors, nor with dissociation constants pKa of the ketones 
(156,157). Relative acidities of alkoxysilanols and siloxysilanols have 
also been estimated from IR spectroscopic measurements (1581, and 
the OH band positions and their shifts on association with Et,O have 
been measured for silanols RMezSiOH (R = Me, CH,Cl, CH,Br, CHJ, 
CHCl,, CH,Ph, CHClPh, and CHBrPh) (see Table I)  (159). The acidity 
of several para-substituted arylsilanes ( p-XC,H,)MezSiOH (X = H, 
C1, F, Me, OMe, OEt, OBut, and But) shows a good correlation with 
Hammett u constants (160). The magnitude of the band shift of the 
OH group in the IR spectrum on association with a donor has also 
been measured for a range of substituted triarylsilanols (X-C6H4),SiOH 
(X = H, p-F,  rn-F, p-C1, rn-C1, p-CF,, p-Me, and rn-Me) (see Table I). 
Again it can be seen that the electron-withdrawing substituents cause 
greater acidity of the silanols, and hence a larger Au shift on coordina- 
tion to a base (161). The 0-H stretching frequencies in a range of 
arylsilanetriols X-C6H4Si(OH), (X = p-NMe2, p-OMe, p-Me, rn-OMe, 
rn-C1, rn-CF,, etc.) also correlate well with Hammett CT constants. The 
frequency on coordination with DMSO is given by u = 3285.5 - 31.91~ 
( r  = 0.996) (102). 

The intensities and frequencies of silanol 0-H stretches have 
been measured for R,SiOH (R = Me, Et, Pr", Bun, and Ph) and for 
PhMe,SiOH and PhsMeSiOH in a variety of solvents. As the polarity 
of the solvent decreases on going from chloroform to cyclohexane, the 
free 0-H group interaction with the solvent weakens and the stretch- 
ing frequency increases (see Table 11). At  the same time, however, the 
relative intensity of the band decreases (1 62). An interesting compari- 
son may be made between Ph,SiOH and Ph,SiSiPh,OH, for which the 
Au values for the IR spectra with DMSO are about equal (see Table I), 
but the acidity of the pentaphenyl compound as measured by acid/base 
titration is about 2.67 pKa units higher than that of Ph,SiOH. The 
enhanced acidity of Ph,SiSiPh,OH has been attributed to interaction 
of an oxygen lone pair with the LUMO of the Si-Si system (163). 
This study brings into focus the potential discrepancies possible when 
relating acidity solely to hydrogen bonding ability. 

Thermodynamic data on intramolecular hydrogen bonding interac- 
tions in RMe,SiOH (R = PhCH2, BrCH2, PhCH2CH2, BrCH2CH2, 
PhCHzMezSiO, BrCH2MezSi0, etc.) in hexane solution have been 
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TABLE I 

INFRARED SPECTROSCOPIC DATA FOR SILANOLS AND THEIR COMPLEXES WITH BASES 

Silanol Base 
Free 0 - H  AH 

stretch" (cm- l) Av (cm-') (kJ rno1-l) Refs. 

C13SiOH 
Me3SiOHc 

Me3SiOH 
EtOAc 
MeCN 
dioxane 
Et-20 
THF 
PhCl 
C& 
PhMe 
p-xy lene 
Me3Ph 

3680* 
3688 
3690 
3695 
3702 

189 
146 

220 
238 
265 
29 
40 
59 
63 
71 

140-175d 

Et3SiOH 3685 
3683 

Et3SiOH 
dioxane 
Et-20 
Me3Ph 

Ph,SiOH 

185 
212 
230 
62 

3677 
3681.4 
3678 
3686 

12 
77 
182 
159 
183 
77 
183 
183 
183 

12, 159 
183 
183 
183 
183 
183 
77 
77 
93 
77 
93 
77 
77 
77 

157 
184 
161 



L 

4 
W 

Ph,SiOH 
EtzO 

206 77 
311 77 
319 154 
317 184 
316 180 
308 161 

Pr"Z0 311 154 
Bu",O 319.5 154 
WOW 326.5 154 
PhOMe 184.5 154 
1,4-dioxane 283 154 
THF 333 154 

338 180 
furan 67 154 
MeC(O)CH,Ph 185 157 
MeC(0)Ph 192 156,157 
MeC(0)Et 195 156,157 
MeC(0)Me 226 156 
MeC(0)Bu' 237 156 
MeC(O)C&III 222 156,157 
cyclopropylzO 223 157 
cyclohexanone 275 156 
DMSO 411 163 

445 185 
(CHZ)$O 440 184 
MeBPh 79 77 

(continues) 

11.3 
11.4 
15.1 

20.1 
17.6 



TABLE I (Continued) 

Ph3SiSiPh20H 
HO(SiPh2),0H 

r HO(SiPh2),0H 
m 

HO(SiPh,),OH 
0 

Free 0-H AH 
Silanol Base stretch" (cm ~ Au (ern-') (kJ mol-') Refs. 

(l-naphthyl),SiOH' 3670 186 
DMSW 150 186 
dioxanee 130 186 
toluene' 65 186 
o-xylenee 60 186 
m-xylenee 50 186 
p-xylenel 80 186 
DMSO 40 1 163 

3605f 185 
DMSO 3 4 5  185 

3608f 185 
341Eih 185 
3605f 185 

HO(SiPhz),OH 3280 185 
3693 187 

(HOMezSi)zO 187 
3683 187 

(HOMe2SiO)2SiMez 187 
(HOMezSiO)zSiMe2 187 

3681 187 
(HOPh2Si)20 187 

3679, 3670 187 
3616f 187 

(HOPhzSiO)2SiPh2 187 
(HOPhzSiO)2SiPh2 187 

3680 188 
3626 188 
3600' 188 

402' 

403' 
193h 

284' 

384' 
201* 



HO(SiPh20),H 
HO(SiPh20)4H 

Ph2SiHOH 
Ph2SiHOH 
EhO 
Me,Ph 
EhO 

3675 

3694.5 
3695.5 
3697.5 
3698 
3685 
3691 
3705 
3695.5 
3700.5 
3695.5 
3696.5 
3698.5 
3702 
3690 
3686 
3684 
3684 
3677 
3686.5 
3686.5 
3684 
3683 

230 
390 

223 
322 
74 
290 
319 
335 
352 
420 
368 
300 
263 
280 
241 
259 
294 
297 
252 
276 
279 
283 
311 
297 
299 
332 
347 

188 
188 

77 
77 
77 
77 

158 
158 
158 
158 
158 
158 
158 
158 
158 
158 
158 
158 
158 
159 
159 
159 
159 
159 
161 
161 
161 
161 

(continues) 
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TABLE I (Continued ) 

dioxane 

dioxane 
E W  

dioxane 
E t O  

dioxane 

dioxane 
E t O  

dioxane 
EtO 

Free 0-stretch" AH 
Silanol Base (cm-') Av (cm-') (kJ mo1-l) Refs. 

(rn-FC&,)3SiOH 3682.5 354 161 
(rn-ClC&)3SiOH 3682 356 161 
(pCF&6H4)3SiOH 3680.5 372 161 

3693 187 
239 93 

3685 187 

231 93 
270 93 

235 93 
263 93 

256 93 

3686 187 
265 93 
294 93 

3681 187 
285 93 
322 93 

Mefii(OH)z 3683 93 

+ g (CH+2H)MeSi(OH), 
Et2Si(OH)2 3682 93 

BuzSi(OH)2 3680 93 

EtMeSi(OHl2 3679 93 

PhMeSi(OH)2 3676 93 

Pb&%OH), 3670 93 



CICH2MeSi(OH), 
dioxane 
J%O 

BrCHzMeSi(OH)2 

ICHZMeSi(OH), 
dioxane 

dioxane 
EtzO 

E W  

ClzCHzMeSi(OH)2 
dioxane 

HOMe2SiCCo3(CO)g 
(HO)zMeSiCCo3(CO), 
(H0)$3iCCo3(CO)9 

3673 
278 
314 

3673 
278 

3673 
276 
313 

3669 
317 
353 

366ob 
3650' 
3640' 

93 
93 
93 
93 
93 
93 
93 
93 
93 
93 
93 
55 
55 
55 

a Data are for C C 4  solutions of the silanol containing the proton acceptor, unless otherwise stated. 

' For values of Av 0-H for Me3SiOH in various aromatic hydrocarbons, esters, ketones, ethers, etc., see Ref. 189. 
In SiC14 solution. 

The Av 0-H varies as the MeCN concentration is varied. 
It is unclear under what conditions these spectra were recorded, but it is likely that they were for solids and not for CC14 solutions, and so 

direct comparison with other spectra in the table should not be attempted. 
f Intramolecular OH.. . T interaction. 
8 Difference between OH....lr stretch and DMSO complex. 
* Intramolecular OH--.O interaction. 
Intermolecular OH.. .O interaction. 
'Spectrum recorded as a thin film. This band was not originally thought to be due to an intramolecular OH...P interaction, but in the light 

of other recent results, this now seems likely. 
Value is for a nujol mull, not a CC14 solution. 
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TABLE I1 

INFRARED SPECTROSCOPIC DATA FOR SILANOLS IN VARIOUS SOLVENTS 

Silanol 

Ph3SiOH 
Ph2MeSiOH 
PhMe2SiOH 
MeeSiOH0 
Et3SiOH 
Pr",SiOH 
Bu",SiOH 

Free OH in 

(ern-') 
CHClj Free OH in 

CS2 (cm-') Refs. 

3667 
3665 
3669 
3675 
3672 
3673 
3671 

3670 
3675 
3679 
3685 
3684 
3683 
3683 

3686 3691 
3689 3695 
3693 3699 
3697 3706 
3696 3703 
3695 3702 
3695 3702 

162 
162 
162 
162 
162 
162 
162 

~~ 

a Values of free 0 -H stretches for Me,SiOH in CHCI,, CsH6, EtOAc, MeCN, Et20, 
dioxane, and THF are 3668,3642,3540,3524,3464,3466, and 3430 cm-',  respectively 
(182). 

obtained. Enthalpies of formation of these intramolecular inter- 
actions (which presumably arise between the OH group and either 
the aromatic ring or the halogen) are, for example, -3.31, -5.40, 
and -12.7 kJmol-' for RMe2SiOH, R = PhCH,, PhCH2CH2, and 
PhCH,Me,SiO, respectively, and - 1.70, -3.01, and -4.70 kJmol-' 
for RMe,SiOH, R = BrCH,, BrCH2CH2, and BrCH,Me,SiO, respec- 
tively. The size of the ring formed by intramolecular hydrogen bond 
formation seems to be the dominant factor in each case (164). 

The relative acidities of a variety of substituted arylsilanols (X- 
C6H4),SiOH (X  = p-NH2, p-Me, rn-Me, H, rn-OMe, p-F, p-C1, rn-F, 
rn-C1, and p-CF,) have been measured by determination of the half- 
neutralization potentials in pyridine, Bu",NOH/pyridine, or pyridinel 
Pr'OH solution. The relative acidities correlate well with the (TO con- 
stants of the substituents, the most electron-withdrawing substituents 
giving the more acidic silanols (161, 165). Triphenylsilanol has been 
found to be a slightly weaker protonic acid (the half neutralization 
potentials for phenol, p-methoxyphenol, Ph,SiOH, and p-nitroaniline 
are 0.68,0.73,0.80, and 0.90 V, respectively) in pyridine solution than 
phenol, but stronger than p-nitroaniline. It is a stronger acid than 
trialkylsilanols and trialkylcarbinols, which cannot be titrated in this 
way (166). The pKa of Et,SiOH in aqueous solution determined by a 
method using the distribution of the silanol between CCl, and aqueous 
NaC10, solution has been found to be 13.63 * 0.07 (1671, i.e., it is 
somewhat more acidic than Me,COH, which has a pKa of 19 (120,168). 
Titration methods give pKB)s of 16.57-16.63 for Ph,SiOH (163). The 

~ 
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silanols RMe2SiOH have been estimated to have high acidities in water 
with pK,'s of about 11 and 9.8 for R = m-C1C6H4 and PhCEC, respec- 
tively (169). 

The gas phase acidities of a variety of silanols have been determined 
to give data that are unavailable for solutions because of unwanted 
condensation reactions. As might be expected, H,SiOH has a higher 
acidity than H,COH, and phenyl, methoxy, fluoro, and chloro substitu- 
ents enhance the acidity, resulting in the following sequence of acidi- 
ties: Me,SiOH < PhH,SiOH c (MeO),SiOH < F,SiOH c C1,SiOH; the 
trichloro derivative is of comparable acidity in the gas phase to HN03 
and HBr (1 70). The experimentally determined (171) gas phase acidity 
of Et,SiOH has been found to be slightly greater than that of Me,SiOH, 
and the calculated (1 72) acidity of EtH2SiOH to be greater than that of 
MeH,SiOH. It is unclear, however, whether polarizability or inductive 
effects play the more significant role when the alkyl chain is lengthened 
in this situation. 

Proton NMR studies show that there is less shielding of the OH 
proton in Me,SiOH than in Me,COH, thus indicating increased protonic 
character for the silanol (1 73). There is also a linear correlation between 
the chemical shift in the 29Si NMR spectra of silanols and the solvent 
donor ability, with strong donors such as HMPA causing a larger upfield 
shift than weaker donors (174). The effects of donor solvents on the 
chemical shifts of SiOH protons in 'H NMR spectra have also been 
studied (1 75-1 77). The acidity of the silanol group was shown to corre- 
late well with the chemical shift, 6, in the presence of the coordinating 
solvent DMSO, although this trend only seems to hold well for closely 
related series of compounds (176). In the case of X-C6H4Si(OH)3 spe- 
cies (X  = p-NMe,, p-OMe, p-Me, rn-OMe, n-C1, n-CF,, etc.), excellent 
correlation ( r  > 0.99) between the OH proton chemical shift, 6, and 
the Hammett (T constant was found for various bases, for exam- 
ple 6 = 6.73 + 0 . 7 7 3 ~  for HMPA solutions. A straight-line plot is 
also obtained by plotting 6 OH (ppm) against v 0-H (cm-'1, indicat- 
ing that the factors affecting both 6 and v are the same (102). An at- 
tempt has been made to estimate the pK, of silanols using the 
equation pK, = 8.9 + 1.0670H (70H = chemical shift of OH proton 
in ppm) derived from earlier data. The pK, values derived in this 
way for silanols in DMSO are 14.06, 13.46, 13.24, 13.00, 12.64, 
12.08, and 12.04 for Et3SiOH, (p-MeOC6H,)MezSiOH, PhMe,SiOH, 
(CF,CH,CH,),SiOH, EtPh,SiOH, Ph,Si(OH),, and Ph,SiOH, respec- 
tively (1 78). These values show the approximate expected sequence of 
acidity, and also indicate that the acidities are higher than those of 
the corresponding carbinols. However, the values do not agree well 



186 PAUL D. LICKISS 

with those derived from acid/base titration methods (see earlier discus- 
sion). The chemical shift of protons is subject to a variety of factors 
(not only acidity), and the direct measurements by titration are proba- 
bly more reliable. 

Semiempirical calculations have been carried out on the interaction 
of silanols and alcohols with ethers and ketones using the silanol or 
methanol to water and to  formaldehyde cases as models. The calculated 
geometries are shown in Fig. 1 for the triphenyl example. Although it 
has been shown that the strength of hydrogen bonds is proportional to 
the change in frequency of the 0-H stretch on going from a free to a 
coordinated situation, the calculations on such systems do not reproduce 
the agreement. This has been ascribed to the fact that the calculations 
only take a single isolated pair of molecules into account, whereas in 
solution, interactions are much more complicated (1 79). 

B. BASICITY 

An IR spectroscopic study of silanols in the presence of phenol shows 
that the basicity order is alkylcarbinols > alkylsilanols > arylcar- 
binols arylsilanols, i.e., the silanols are nearly as basic as the alcohols 
despite the fact that they are much more acidic. Table I11 gives data 
for the change in stretching frequency on hydrogen bond formation 
between silanols and phenol. I t  can be seen that the values for Av are 
similar in size to those found on coordination between silanol and a 
base (see data in Table I), and that the AH values for hydrogen bond 
strength are also similar to those found in the silanol/base cases (see 
Table I). That the silanols have such basicities (in contrast to alcohols, 
where there is an inverse relationship between acidity and basicity) 
has been rationalized by invoking p.rr-d.rr bonding between Si and 0, 
which allows the negative charge of an R,SiO- ion to be delocalized, 

2.15A 

a b 
FIG. 1. Calculated geometries for the hydrogen bonding interaction of Ph,SiOH with 

(a) ketones and (b) ethers. 
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TABLE I11 

INFRARED SPECTROSCOPIC DATA FOR SILANOLS AND THEIR COMPLEXES WITH PHENOL 

Free 0-H stretch" Av AH 
Silanol Acid (ern-') (ern-') (kJrnol-l) Refs. 

Me3SiOH 
Et3SiOH 
Ph3SiOH 
Ph2SiHOH 
BuizSi(OH)z 
(PhCH2)2Si(OH)2 
(rn-tolyl)zSi(OH)z 
(o-tolyl)zSi(OH)z 
(HOMe2Si)20 
(HOMezSiO)zSiMez 
(HOPh2Si)20 
(HOPhzSiO)zSiPhz 

PhOH 3688 
3685 
3677 
3675 

3686 
3686 
3674 
3674 

216 
228 
175 
194 
208 16.72 
169 13.79 
326 
296 
268 20.48 
291 22.15 
190 15.47 
243 18.81 

77 
77 

77, 180 
77 

190 
190 
190 
190 

45,190 
45,190 
45,190 
45,190 

a Data are for CCl, solutions of the silanol containing the proton acceptor. 

thus giving an enhanced acidity. However, there will still be lone pairs 
on the oxygen atom, and thus the silanol will still have basic properties 
(77). This argument is, however, complicated when one takes into ac- 
count that Ph,GeOH is much more basic than the corresponding silanol 
(180). Also, as M in Ph3MOH becomes more electropositive, the stretch- 
ing frequency decreases; free 0-H stretching frequencies for Ph3MOH 
are 3677,3651,3647,and 3618 cm-' for M = Si, Ge, Sn, andPb, respec- 
tively, in CC1, solution (181). 

In view of the high acidity and the relatively high basicity of silanols, 
it is to  be expected that they will form strong hydrogen bonds both 
with themselves and with other suitable species. The association of 
silanols in solution has been discussed (see refs. 182-189 in Table I; 
Ref. 190 in Table 111), while the following section describes the wide 
range of hydrogen-bonded structures that have been found in the solid 
state. 

IV. Structural Studies of Silanols 

A. INTRODUCTION 

The discussion in this section relates to structural studies carried 
out by calculation, x-ray diffraction, or electron diffraction techniques 
and will concentrate on how the molecular structures are influenced 
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by hydrogen bonding to the SiOH group. Further data concerning bond 
lengths and angles can be found in the various tables, but they will 
not usually be discussed in detail. Apart from the computational stud- 
ies, the compounds are arranged in order of increasing numbers of 
SiOH groups present and from silanols to silanediols to silanetriols. 
There are now also known to be a range of materials that are well- 
defined adducts or clathrates of silanols with organic molecules. These 
are included in the appropriate silanol section rather than being 
grouped together. 

The position and orientation of OH protons is clearly of particular 
importance in studies of hydrogen-bonded species. Unfortunately, rela- 
tively few of the structures determined by x-ray crystallography are 
of sufficient quality for meaningful discussion of such hydrogens to be 
made. In the absence of reliable positions for the hydrogens, the 0. e . 0 ,  

O...N, O...F, or O....rr-system distances are commonly used as a basis 
for the discussion of hydrogen bonding in silanols. The structural data 
for the hydrogen bonds in silanols, together with a brief summary of 
their structures, are given later in Tables IV-VII. Data given in the 
tables that are not found in the original publications have been gener- 
ated using atomic coordinates deposited at  the Cambridge Crystallo- 
graphic Data Centre, as have many of the figures. 

B. CALCULATIONS ON THE STRUCTURES OF SILANOLS 

The simple silanols H,Si(OH),-, (n = 0, 1,2, or 3) are far too unstable 
towards condensation reactions to be isolated and structurally charac- 
terized, but they have been the subject of several theoretical studies. 
The calculated geometry of H3SiOH at the HF/3-21G(*) level is stag- 
gered, as are methanol, MeSH, and H,SiSH. The Si-0-H bond angle 
of 128.8", is large but this is common in Si-0-R compounds such as 
siloxanes and alkoxysilanes, while the Si-0 bond length of 1.633 A is 
about normal for silanols (191-194). The most stable conformation of 
H,Si(OH), has been calculated to be the gauche arrangement with an 
Si-0 distance of 1.642 A and H-Si-H, 043-0, and Si-0-H angles 
of 110.32, 112.84, and 118.14, respectively. This geometry has been 
interpreted in terms of a strong anomeric effect (195,196). The geome- 
try of HSi(OH), has been calculated (191,194) at the 3-21G level to be 
of a near-gauche arrangement around all three of the Si-0 bonds (Si-0 
distance 1.625 A, 0-Si-0 angle 108.89, which would be expected if 
the anomeric effect has a significant role in determining the geometry 
(195). 
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The structure of Si(OHI4 has been the subject of several computa- 
tional investigations (for a comparison of the various studies, see Ref. 
191 ). The lowest-energy geometry is of S, (hydrogen staggered) rather 
than D,, symmetry, the S4 conformation being calculated as 13.8 (196) 
or 16.05 kJmol-' (194) lower in energy. At  the 6-31G* level of theory, 
the Si-0 bond length in (H0)4Si is 1.629 A and the 0-Si-0 an- 
gles are 115.82 and 106.39' (197). Calculations on (HO),SiCN and 
(HO),SiNC have been carried out, but details regarding the OH groups 
in these compounds were not reported (198). 

Calculations on the geometries of 28 and 29 have been carried out 
as models for pairs of edge- and face-sharing Si04 tetrahedra, respec- 
tively, in silicates. The structures are both found to be highly strained, 
involving 58 and 127 kJ mol-' strain energy for each Si-0 bond in 
the rings (199). This result is not surprising, because SiOSiO four- 
membered rings are not generally found in silicates, and compounds 
containing such rings have proved very difficult to prepare. However, 
West and co-workers have found that addition of O2 to the disilene 
mes2Si=Simes2 does result in the four-membered ring species 30 (200). 

1.605 A 
28 2.303 A 2.076 A 

29 _ _  

1.673 8, 

Me 

mes = 

Me 2.341 8, 

30 

Disilicic acid [(HO),SiI2O has been the subject of numerous investiga- 
tions (201,202). At the 6-31G** level of theory with polarization func- 
tions on the bridging oxygen, the Si-O(bridging) length is 1.617 A and 
the Si-0-Si angle 141' (203). 

The majority of Si-0 bond lengths fall in the range 1.64 k 0.03 
(2041, which is somewhat shorter than the expected 1.76 A estimated 
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from the corrected sum of the covalent radii for 0 and Si (using the 
Stevenson-Schomaker approximation, referred to in Ref. 204). The 
shortening and strengthening of bonds between Si and electronegative 
elements such as 0, N, F, and C1 has often been attributed to the 
involvement of donation of lone pair p-electrons on the electronegative 
element into the vacant d-orbitals of the silicon. This relatively simple 
description has been applied in many circumstances, but in recent years 
its validity has been questioned (see Ref. 193 for discussion). Various 
calculations have found that to reproduce accurately the Si-0-Si bond 
angles in siloxanes, it is important to include polarization functions 
on the oxygen, and that Si d-orbital participation is relatively unim- 
portant. The strength and shortness of these bonds has instead been 
attributed to the high polarity of the Si-X bond (X = 0, N, F, C1, etc.) 
(193,194,203). 

C. COMPOUNDS CONTAINING ONE Si-OH GROUP 

1.  Highly Sterically Hindered Silanols 

There appears to be no hydrogen bonding present in several of the 
reported structures of compounds containing only one Si-OH group. 
In 31 (derived from the oxidation of a disilacyclopropane species with 
trimethylamine-N-oxide) (205), there appears to be no hydrogen bond- 
ing, not even to the aromatic rings (206), steric hindrance presumably 
preventing intermolecular interactions. In 32 (prepared by addition of 
water to a tetrasilabicyloU. 1.0lbutane derivative) (207), there are no 
intermolecular interactions, but recent work (206) suggests that there 
is an intramolecular interaction between the SiOH group and one 
of the aromatic rings. The oxygen atom lies 2.8 A from the plane of 
one of the rings and 3.2 and 3.6 A from two of the aromatic carbon 
atoms, which is consistent with the O-H hydrogen atom being close 
to and above an aromatic C-C bond (208). This suggestion is sup- 
ported by the IR data reported for 32 (207), which has a v SiO-H 
band at 3600 cm-' in the solid state. This corresponds well with IR 
absorbtions assigned to similar interactions in silanols containing aro- 
matic substituents-for example, in HO(SiPh2),0H species, for which 
there are bands at 3608, 3605, and 3605 cm-' for n = 4, 5, and 7, 
respectively in CCll solution (184). The disilane 33 was not reported 
to show any hydrogen bonding in its structure (209). A more recent 
study has confirmed this and shown that the OH group is surrounded 
by Pr' groups, and that it cannot participate in OH..-OH or 0H.s.n 
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Et 

33 

interactions because of the steric hindrance provided by the bulky aryl 

The structures of the closely related silanols (PhMe,Si),CSiMeR(OH) 
[where R = H (211) or Me (212)l and of (PhMe,Si),CSiH,(OH) (79) 
show that the molecules have no intermolecular hydrogen bonds, 
but instead have intramolecular hydrogen bonds involving the T- 
electron cloud of a phenyl ring. Such OH...n-electron interaction has 
also been seen in HO(SiPh,),OH (see Section IV,D,3) and it can also 
be inferred from IR spectra. For example, (PhMe,Si),CSiH,(OH) has 
a band at 3623 cm-' in dilute CC1, solution (210). The structure of 
(PhMe,Si),CSiMeH(OH) shown in Fig. 2 shows that one of the rings 
is twisted towards the OH group such that the hydroxyl proton lies 

groups (210). 

,?-<-> - 
Me /sLo 

( PhMepSi)2C \ ,' H 

FIG. 2. A schematic representation of the OH...rr interaction in (PhMe2Si)3CSi- 
MeHOH. 
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almost directly above the ips0 carbon of the ring and about 2.37(6) A 
from the carbon. The hydroxyl proton lies about 2.33 A above the plane 
of the ring. A similar arrangement is found in (PhMe,Si),CSiMe,OH 
(212). In (PhMe,Si),CSiH2OH, there are 0.. .Caromatic distances of 2.881 
and 3.016 A (210). 

The sterically hindered arylsilane (Me,Si),CSiPhOMeOH (84) forms 
a hydrogen-bonded dimer 34. It  was originally thought that the inter- 
molecular OH...OH interaction (O...O distance 2.86 A, O-H...O angle 
158.5") was the only hydrogen bond present, but more recent work has 
shown that this compound also possesses an intermolecular OH.. . r 
interaction (206). The related diphenyl compound (Me3Si),CSiPhz0H 
has a structure comprising two types of simple dimer, the molecules 
within each dimer being linked by a single SiOH..-OHSi hydrogen 
bond with no OH-. .r interactions present (213). The iodohydroxysilane 
TsiSiPhIOH has also been found not to  have a structure involving 
OH.. .OH hydrogen bonds (or OH-. . I  bonding). Again, it comprises 
dimers formed via an intermolecular OH.. *T interaction (206). This 
interaction can also be inferred from the IR spectra: In the solid state, 
there is a band a t  3585 cm- ' which may be attributed to the OH.. . re  in- 
teraction, but in dilute CCl, solution a band attributable to free SiO-H 
at 3656 cm-' is observed (206). Infrared spectroscopy can therefore be 
a useful tool in determining whether OH.. *r  interactions are present 
in silanols. A band at  about 3600-3610 cm-l in dilute solution may 
indicate an intramolecular interaction, and a band at ca. 3585 cm-' 
in the solid state that disappears in solution spectra to be replaced by 
a free SiO-H stretch in the 3650-3680 cm- range may indicate an 
intermolecular OH - 7r. interaction. A change of stretching frequency 
of this magnitude on going from a situation of O H - . * r .  to free OH 
might be expected in the light of studies of the spectra of silanols in 
the presence of aromatic solvents. In one example, a change of 59 cm-' 
is observed in the stretching frequency for Me,SiOH between the free 
compound in CCl, solution and in the presence of toluene. (See Table 
1 for this and similar data.) 

34 
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2. SilaDrugs 

A series of silicon analogues of drugs, many of them containing the 
SiOH group, has been studied by x-ray crystallography. Sila-difenidol, 
(3-piperidinopropyl)diphenylsilanol, has been prepared both by hydro- 
lysis of the corresponding methoxysilane and by base hydrolysis of 
the corresponding Si-H species, the methoxysilane route giving 
a better yield. It shows no intermolecular hydrogen bonds, but 
has a strong intramolecular 0H.e.N bond with an O...N distance 
of 2.685 8, and an 0-H..-N angle of 173.2' (214). Sila-pridinol, (2- 
piperidinoethyl)diphenylsilanol, has been prepared by hydrolysis of 
the corresponding methoxy- or piperidinosilanes. It forms centrosym- 
metric dimers, whereas the carbon analogue, pridinol, forms only 
intramolecular hydrogen bonds. The 0 * * N distance in sila-pridinol 
is 2.758 A, and the intermolecular O-H...N angle is 172.5' (215). A 
similar arrangement to  that found in sila-pridinol is found in [2- 
(dimethylamino)ethylthiomethyl]diphenylsilanol, which exhibits anti- 
cholinergic activity. Its structure comprises centrosymmetric dimers 
with an O...N distance of 2.744(6) and an O-H...N angle of 161(2Y 
(216). 

The hydrogen bonding in (2-morpholinoethyl)diphenylsilanol con- 
nects the molecules via intermolecular 0-H.e.N interactions to give an 
infinite chain structure, Fig. 3, with an 0.a.N distance of 2.776(8) 8, 
and an O-H...N angle of 168(3)' (217). A similar chain structure is 
found in (3-morpholinopropyl)diphenylsilanol, which has an extra CH2 
unit in the alkyl chain, an 0.a.N distance of 2.840(3) 8,, and an  
O-H...N angle of 174(3)" (218). 

In contrast to its carbon analogue, which forms intramolecular hydro- 
gen bonds, (2-piperidino-ethoxymethyl)diphenylsilanol (prepared by 
hydrolysis of the corresponding SiH species) forms intermolecular 
0-H...N hydrogen bonds to give a chain structure similar to  that 
found for (2-morpholinoethyl)diphenylsilanol shown in Fig. 3 (219). 

Sila-procyclidine, (cyclohexyl)phenyl[2-pyrrolidin-l-yl]silanol, may 
be prepared by hydrolysis of the corresponding methoxysilane (220) 
and is interesting in that it can form two types of hydrogen-bonded 
structure depending on whether it is enantiomerically pure or a ra- 
cemate. In the racemate, the compound forms centrosymmetric 
dimers of (R)- and (S)-configuration molecules with an 0.a-N dis- 
tance of 1.791 A. In the pure (R)-compound, however, the molecules 
are linked into infinite chains via intermolecular 0-Ha- . N  hydrogen 
bonds (0-e-N distance 2.792 8,) (221), again similar to those in (2- 
morpholinoethy1)diphenylsilanol shown in Fig. 3. 
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FIG. 3. The hydrogen-bonded chain structure of (2-morpholinoethyl)diphenylsilanol 
with the hydrogen atoms omitted for clarity. Drawn using coordinates taken from the 
Cambridge Crystallographic Database. 

Sila-biperidin rac-(SiRS, C2 SR), 35, can be prepared by hydrolysis 
of the corresponding methoxysilane and behaves in a similar way 
to sila-procyclidine: The ex0 form has centrosymmetric dimers formed 
via a pair of intermolecular OH * - N hydrogen bonds (0 - - N distance 
2.810 A>, while the endo form has intermolecular OH. .N hydrogen 
bonds linking the molecules into infinite chains (222). 

\ P" Ph 

35 

3. Other Aryl Silanols and Their Adducts 

Triphenylsilanol has 16 molecules in the unit cell, arranged as two 
sets of two independent tetrameric hydrogen-bonded units. These units 
each have a flattened tetrahedral arrangement of silicon atoms, Fig. 
4, and O- . -O  distances varying from 2.637(5) to  2.684(6) A (223). Tri- 
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FIG. 4. The flattened tetrahedral structure of Ph,SiOH with hydrogen atoms omitted 
for clarity (304). 

phenylsilanol is unusual as it may be compared with all of the Ph3MOH 
analogues in group 14 (M = C, Ge, Sn and Pb). The structure of triphe- 
nylmethanol comprises pyramidal hydrogen-bonded tetramers similar 
to Ph,SiOH (but not flattened) (224). The germanium analogue is iso- 
morphous with Ph3SiOH and has O...O distances ranging from 
2.609(11) to  2.657(11) A (225). The tin and lead analogues are isostruct- 
ural with each other. They comprise zigzag chains with the OH groups 
linking planar Ph3M units to give a trigonal bipyramidal arrangement 
at each M (226). The tetrameric structure is retained in the adduct 
with ethanol, [Ph,SiOHI,-EtOH, which has a cyclic network of hydro- 
gen bonds with O...O distances between 2.60 and 2.79 A. The silanol 
is very selective in its adduct formation and forms the clathrate with 
ethanol in the presence of water, methanol, or propanol(227). Triphe- 
nylmethanol also forms adducts with MeOH and DMSO selectively in 
the presence of a variety of other small organic molecules such as 
EtOH, acetone, or THF (228). 

Triphenylsilanol also forms simple hydrogen-bonded adducts with 
ethers. For example, the crown ether 12-crown-4 forms a 2 : 1 adduct 
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in which the O . . . O  distance is 2.76 A (229). A host-guest complex 
between Ph,SiOH and dioxane can be obtained by slow evaporation of 
the solvent from a diethylether solution of the two compounds. The 
structure has a 4 : 1 stoichiometry, (Ph,SiOH),.dioxane, in which two 
pairs of hydrogen-bonded Ph,SiOH molecules are joined via further 
hydrogen bonds to the oxygen atoms in the dioxane molecule (230). 

Tri(1-naphthybilanol forms 1 : 1 adducts with toluene, o-xylene, and 
m-xylene, and a 1 : 2 adduct with p-xylene. The toluene and o-xylene 
adducts have similar structures in which the arene molecules lie in 
channels (having regular constrictions) in the lattice of the silanol 
molecules. The m-xylene structure is closely related with narrow chan- 
nels connecting cavities in which the arene guest molecules are found. 
The 1 : 2 adduct with p-xylene is different and contains three crystallo- 
graphically distinct guest molecules lying in intersecting channels in 
the lattice (Fig. 5) .  These adducts seem not to show any OH...O hydro- 

FIG. 5. The 1 : 2 host-guest complex (l-naphthyl)3SiOH.2p-xylene with hydrogen 
atoms omitted. The p-xylene molecules are shown drawn with solid lines. Drawn using 
coordinates taken from the Cambridge Crystallographic Database. 
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gen bonds, but there do seem to be OH....rr interactions indicated by 
both x-ray crystallography and by IR spectroscopy. The 0. .ring 
centroid distances for the adducts range from 3.66 to 3.28 A for the rn- 
and p-xylene cases, respectively. The 0-H stretching frequency also 
decreases on adduct formation from 3670 cm-' in the free silanol to 
between 3590 and 3620 cm-' in the adducts. This again is indicative of 
an interaction between the OH group and an arene ring (the interaction 
between Ph,SiOH and mesitylene causes a similar change from 3677 
to 3598 cm-'; see Table I). On heating the toluene adduct, loss of 
toluene leaves the host framework of molecules intact (186). Tris(1- 
naphthy1)silanol forms a 1 : 1 host-guest complex with dioxane com- 
prising a single OH...O hydrogen bond (2.736 A), the second dioxane 
oxygen being free from hydrogen bonds (230). 

Each of the rings in Ph,SiOH may be coordinated by a Cr(CO), 
fragment to give complexes (Ph,SiOH)[Cr(CO),], (n = 1-3) on boiling 
with Cr(CO), in Bun20. In all three cases, the Cr(CO), fragments point 
towards the SiOH group. Interactions between the SiOH group and 
the Cr(CO), groups are, however, weak. There are no Si(O)...Cr dis- 
tances less than 4 A, and the shortest Si(O)..-O=C distance is 3.2 A, 
which may indicate a weak hydrogen-bonding interaction (231 ). 

The arylsilane Ph,(fluorenyl)SiOH has been prepared in almost 
quantitative yield by hydrolysis of the corresponding chloride in a 
boiling aqueous suspension. The lack of HC1-catalyzed condensation 
or Si-Ar bond cleavage is presumably minimized by the steric hin- 
drance and by HC1 being lost rapidly from the boiling solution (232). 
It forms a simple hydrogen-bonded dimer with a pair of hydrogen bonds 
[O- - -O  distance 2.912(9) A] linking up the two independent molecules. 

The hydrolysis of [C6H4CH2NMe2l2SiC1, in the presence of lith- 
ium naphthalenalide gives a complicated lithium siloxide which, af- 
ter crystallization from n-pentanelCHC1, has been shown to be 
{[C6H4CH2NMe2]2Si(OLi)(OH)}4.2LiC1.2CHC13 (233). The basic unit of 
the tetramer comprises the structure shown in Fig. 6, in which one 
NMe, group in each molecule is involved in an intramolecular OH * * * N 
hydrogen bond and the second is coordinated to the OLi lithium atom. 
Further intermolecular coordination between the OLi groups and the 
LiCl present build up the overall structure to  form the complicated 
aggregate. 

The salt [rnes,Si(F)O],[H][Et,N] can be isolated in low yield as 
a hydrolysis product from the reaction between mesityl,SiF, and 
Et4NF.2H20. {This reaction may also yield mes,SiF(OH), (mes,- 
SiFI20, or [mes2SiF31[Et4Nl, depending on the conditions used (202).} 
The salt has a structure in which the two [mes,Si(F)O]- anions appear 
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FIG. 6. Two partial views of the structure {[C6H,CH2NMe2]2Si(OLi)(OH)}4. 
ZLiCl.ZCHC1,. (a) The immediate environment around each Si. (b) A representation of 
the tetrameric core of the cluster (aromatic substituents omitted for clarity). 

to be held together by a single proton in a symmetrical hydrogen bond 
with a very short O . . . O  distance of 2.434(7) A. 
4 .  Tert-Butyl Substituted Silanols 

The steric hindrance provided by But groups has been used to good 
effect in silanol synthesis, and a range of compounds containing 
unusual functional groupings have been isolated and structurally 
characterized. Two related silanols form tetrameric structures. One, 
But,Si(OH)F (2341, has a cyclic arrangement of molecules [ O - . . O  dis- 
tance 2.756(9)& O - - . O -  .-0 angles 89.7'1 36 in which, surprisingly, the 
fluorine plays no part in the hydrogen bonding. [The fluorohydroxysi- 
lane But2SiF(OH) forms a 1 : 1 adduct with pyridine-N-oxide when the 
two compounds are heated together in petroleum ether (235).1 The 
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O*- .O  distance is 2.630(6) A, and the fluoro substituent again [as in the 
case of the free But2SiF(OH)] does not seem to participate in hydro- 
gen bonding. The second tetramer But2Si(OH)OLi [derived from 
B U ~ ~ S ~ ( O H ) ~ ,  see section IV,G] is held together by Si-0-Li interac- 
tions 37, with the Si-OH groups hydrogen-bonding to the solvent 
THF molecules, OH...O(THF) distances 2.64-2.78 A (236). The struc- 
tures of the related tin compounds But2SnXOH (X = F, C1, or Br) 
are also known. In these compounds, the structure comprises dimeric 
units formed via bridging OH groups to  give Sn202 rings which are 
further linked by pairs of OH...X hydrogen bonds to  give infinite 
chains (237). 

Bu'2FSi \ O-.---H-O 

I 

36 

But2Si'- 0 

37 

The sodium analogue, But2Si(OH)(ONa) of the lithium siloxide can 
be prepared by treatment of B u ~ ~ S ~ ( O H ) ~  with sodium metal in hex- 
ane/THF. The compound crystallizes as a hexameric THF solvate, 
[But2Si(OH)(ONa) .THFI6, rather than the tetrameric structure of 
the lithium compound. The structure is based on a hexagonal prism 
38 built up of alternating Na and 0 atoms, the SiOH groups being 
hydrogen-bonded to the THF molecules (238). 
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If the lithium siloxide But2SiF(OLi) is stirred in hexane/THF in the 
presence of atmospheric moisture, partial hydrolysis occurs to give an 
aquo complex, {[But2SiF(OLi)13.[But2Si(OH)(OLi)].THF.H20}, in which 
one Si-F group in the original, tetrameric But2SiF(OLi) has been re- 
placed by an Si-OH group. The structure 39 comprises cubic tetra- 
mers which are held together in pairs by intercube Fa - .H20 hydrogen 
bonds, the SiOH groups being hydrogen-bonded to the THF molecules 
(239). 

The H's of the water molecules are disordered 
between three equivalent sites. 

!hi 

0 

Y 
I F thf 

39 
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An intramolecular 0-He. .N hydrogen bond similar to those found 
in the sila drugs (see Section IV,C,2) is also found in the trisilox- 
ane HOButzSiOSiMezOSiButzNHz in which the 0 * * * N distance is 
2.859(4) A and the 0-H-..N angle is 151.5(27)”. The bulky But groups 
seem to prevent intermolecular hydrogen bonding, the closest intermo- 
lecular 0.s.N distance being 3.284 

The di-t-butyl-substituted silanols 40 and 41 result from hydrolysis 
during column chromatography of the corresponding triflates and have 
also been structurally characterized (240). The adamantyl compound 
40 forms centrosymmetric dimers via OH. eN(1) hydrogen bonds (240) 
in a manner similar to some of the sila drugs. The pyrazole derivative 
41 also comprises such dimers, but in this case the dimers are linked 
to form chains via NH 

(67). 

O=C hydrogen bonds (210). 

Bd2Si- OH 

I 

40 

41 

The anhydrous silanol ButMezSiOH is a liquid, but on exposure to 
moisture it forms a solid hemihydrate [ButMezSiOHlz.HzO (52,241) in 
which hydrogen-bonded chains are formed with the water molecules 
acting as linkages down the chain (Fig. 7). The carbon analogue 
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FIG. 7. A view along the c-axis showing the hydrogen bonding in [ButMezSiOH],.H20. 
All hydrogen atoms have been omitted (304). 

ButMe,COH forms a similar chain structure (242, 243), but the re- 
lated silanols Pr'Me,SiOH, t-hexylMe,SiOH, and Ph2ButSiOH do not 
appear to form simple hydrates (241). A gas-phase electron diffrac- 
tion study of both the free silanol and its hemihydrate has shown 
that there is no interaction between water and silanol molecules in 
the gas phase, and that the material in the gas phase derived from 
either compound is essentially the same (244). The yttrium com- 
plex C{Y(OSiMe2But~~(HOMe2SiBut)~Y(OSiMe2But~~}~~-OSiMe2B~t~2l 
is formed in the reaction between [Y{N(SiMe,),},] and 3.5 equivalents 
of ButMe,SiOH. It contains a single terminal ButMe2SiOH molecule. 
There is no intramolecular hydrogen bonding in the complex, but it is 
unclear whether there is intermolecular hydrogen bonding (245). 

5 .  Transition Metal Silyl and Related Complexes 

The ruthenium phosphine complex 42, which can be prepared by 
hydrolysis of the corresponding Si-H compound, has been reported 
(246) to exhibit no intra- or intermolecular interactions with the SiOH 
group. Again, however, recent work (206) has suggested that there 
may in fact be an  intramolecular interaction with one of the phenyl 
rings. The oxygen lies 2.85 A from the plane of one of the Ph rings and 
3.28 and 3.35 from two of the aromatic carbons. This is consis- 
tent with the 0-H hydrogen being close to and above a C-C bond 
in the aromatic ring (206). A related ruthenium complex 43 can be 
obtained by treatment of the bridged diruthenium complex [Ru2(p- 
PPh2CH2SiMe2)2(CO)6] with CF,C02H in CH2C12 and subsequent crys- 
tallization from Et,O/heptane. In this case, an ether molecule hydrogen 
bonds to the Si-OH group (247). 
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OH 
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The tungsten complex Cp*(C0)2(PMe3)WSiPh20H has no HO. * .HO 
hydrogen bonds, but it is not clear whether there are OH...CO 
or OH. aaryl interactions (29). The iron complex Cp(CO)2FeSi(p- 
tolyl),OH (248) has also been reported to have no intra- or intermolecu- 
lar hydrogen bonds. 

Hydrogen bonding between an SiOH group and fluorine occurs in 
the platinum complex 44 [prepared by hydrolysis of a bis(alky1idene)- 
silacyclopropane] in which the SbF6- anion hydrogen bonds to the 
platinum-containing cation (0.. .F  distance 2.77(2) A) (249). The plati- 
num complex 45 is not reported (250) to  form hydrogen bonds, and a 
more recent study (210) has confirmed that there do not appear to be 
any OH...OH or OH--..rr interactions. 

7" 

44 

OH 

45 
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6. Other Miscellaneous Silanols 

The structure of (PhCH,),SiOH [prepared by hydrolysis of (PhCH,),- 
Sic1 (251)1, determined by Rietveld refinement of powder x-ray diffrac- 
tion data, has a shortest O .* .O  distance of 6.07 A, clearly indicating 
that there are no intermolecular hydrogen bonds present (252). There 
also appear, perhaps surprisingly in view of other examples discussed 
earlier, to  be no close 0H.a . r  interactions. There do seem, however, 
to be interactions of the edge-to-face type for the aryl rings, each of 
which interacts with a ring from two neighboring molecules (ring- 
centroid to ring-centroid distances 5.00-5.20 A) so as to build up a 
three-dimensional framework (210). 

The bicyclic silanol endo-3-methyl-exo-3-hydroxy-3-silabicyclo- 
[3.2.l]octane may be prepared by treating the corresponding methoxysi- 
lane with silica gel. Although the position of the OH hydrogen atom 
was found to be disordered (2531, the intermolecular O...O distances 
of 2.69 and 2.71 A suggest that the molecules are joined into zigzag 
chains as shown in Fig. 8 (210). 

The related cyclic silanols 46 (254) and 47 (255) both have sin- 
gle intermolecular hydrogen bonds between the silanol group and 
a ring oxygen to build up chains. The carbon-centered molecule is 
formed via a complicated thermal or a base-catalyzed rearrange- 
ment of (HOMe2Si),C (for its structure, see Section IV,F), and the 
nitrogen-centered compound by hydrolysis (H,0/Et20/Et3N) of 1,2- 
bis(chlorodimethylsilyl)-2,2,4,4-tetramethylcyclodisilazane (256). 

The racemic acetylsilanol But(Me3SiCHz)Si(OH)C(0)CH3 is formed 
on hydrolysis of But(Me3SiCH2)Si(OMe)C(OMe)=CHz and crystallizes 
to form simple chains linked by hydrogen bonds between the OH and 
C=O groups of molecules of the same absolute configuration, the 0. a 0  

distance being 2.757(4) A. This seems to be another case in which there 

FIG. 8. The hydrogen-bonded chain structure of endo-3-methyl-exo-3-hydroxy-3- 
silabicyclo[3.2.l]octane, with hydrogen atoms omitted for clarity. Drawn using coordi- 
nates taken from the Cambridge Crystallographic Database. 
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is less than maximal hydrogen bonding, as each OH group is involved 
in only a single interaction with the carbonyl groups (257). 

The unusual l-sila-1,2-diol (CH,=CH)CH(OH)SiPh,OH, prepared 
by hydrolysis of the acylsilane (CH,=CH)C(O)SiHPh,, has a structure 
comprising hydrogen-bonded double chains as shown in Fig. 9. Only 
COH. * .HOSi hydrogen bonds are present, with the bonds between the 
chains being shorter than those that build up the chain, 2.666 and 
2.739 A, respectively (131,210). 

D. COMPOUNDS CONTAINING TWO Si-OH GROUPS 

1 .  Disiloxanes 

A variety of simple disiloxanes of general formula (HOR,Si),O (where 
R = Me, Et, Pr", Pr', c-C5H9, or Ph) 48, a thienyl compound 49, and the 
cyclic species 50 have all been structurally investigated. The simplest 

FIG. 9. The hydrogen-bonded double chain structure of (CH2=CH)CH(OH)SiPh20H 
with hydrogen atoms omitted for clarity. Drawn using coordinates taken from the Cam- 
bridge Crystallographic Database. 



TABLE IV 

STRUCTURAL DATA FOR COMPOUNDS CONTAINING ONE Si-OH GROUP 

Si-OH o...x Structural 
Compound (A, OH...X(A) (A). O-H...X (")" summary Refs. 

(PhCH2)3SiOH 1.70( 1) 

31 

32 

N 
0 m 

33 

PhgiOH 1.633(5)- 
1.652(5) 

(Ph3SiOH)4 . dioxane 

(Ph,SiOH)s . 12-crown-4 1.632(2) 1.91(2) 
(Ph3SiOH)d . EtOH 
(Ph3SiOH)[Cr(CO)31 

6.07 

2.637(5)- 
2.684(6) 

2.789(2) 
2.703(2) 

2.76 
2.60-2.79 

No hydrogen 
bonding, edge-to- 
face aryl ring 
interactions 

No hydrogen 
bonding 

Monomeric, 
possible OH. . . P 

interaction 
No hydrogen 

bonding 
Tetramenc, 

flattened 
tetrahedra 

164.7(42) 4 : 1 host-guest 
165.6(26) complex, both 

OH...OH and 
OH.. .dioxane 
bonds 

Simple adduct 
4 : 1 clathrate 
Monomeric, 

possible 
OH...OC 
interaction 

21 0,252 

205,206 

207 
206 

209,210 

223 

230 

229 
22 7 
231 



tQ 
0 
-l 

[(l-naphthyl),SiOH] . dioxane 

[(l-naphthyl)3SiOH] . toluene 

[(l-naphthyl),SiOH] .o- 
xylene 

[(l-naphthyl),SiOH] . m- 
xylene 

[(l-naphthyl)3SiOHl . ( p  
xylene)2 

(Me,Si),CSiPh,OH 

(Me3Si),CSiPh( 0Me)OH 

Monomeric, 
possible 
OH...OC 
interaction 

Monomeric, 
possible 
OH...OC 
interaction 

OH.. . dioxane 
bond only 

Host-guest 
complex with 
O. . .TT  interaction 
only 

complex with 
O-..a interaction 
only 

complex with 
0. . . TT interaction 
only 

complex with 
O..-TT interaction 
only 

2.736(3) 169.7(23) Simple adduct, 

Host-guest 

Host-guest 

Host-guest 

1.653(14) 2.85(2) Dimeric 
1.702(13) 2.90( 1) 
1.634(2) 2.17 2.86 158.5 
1.645(2) 

Dimeric, OH...OH 
and OH....rr 
interactions 

231 

231 

230 

186 

186 

186 

186 

213 

84 

206 

(continues) 
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TABLE IV (Continued ) 

Structural Si-OH o...x 
OH.. .X(A) (A,. O-H...X (")" summary Refs. Compound (A, 

(PhMezSi)3CSiHzOH 1.369-1.638 

(PhMezSi)BCSiMezOH 1.655(4) 

(PhMefii)&SiMe(H)OH 

Sila-difenidol 

Dimeric via 
OH..-rr 

206 

interactions 

intramolecular 
0H-..1r 
interaction 

intramolecular 
OH..-rr 
interaction 

intramolecular 
OH...P 
interaction 

Monomeric, 310 

Monomeric, 208 

Monomeric, 211 

1.631(3) 1.665b 2.685b 173.2b Intramolecular 214 
OH...N only 

Sila-pridinol 1.625(2) 

MezNCHzCHzSCHzSiPhzOH 1.609(3) 

(2-morpho1ino)SiPhzOH 1.625(4) 

2.758b 172.5b Dimers, 215 
intermolecular 
OH...N only 

intermolecular 
OH.. .N only 

intermolecular 
OH.. .N only 

2.744(6)* 161(2)b Dimers, 216 

2.776(8)b 168(3)b Chains, 217 



(3-morpholino)SiPh20H 

(C~l~)(CHz)zOCHzSiPhzOH 

Sila-procyclidine (racemate) 

(R)-sila-procyclidine 

msila-biperidin 

N endo-sila-biperidin 
0 
(D 

But(Me3SiCH2)Si(OH)C(0)Me 

(fluorenyl)SiPhzOH 

(CHz=CH)(OH)ChSiPhzOH 

Ar2Si(OH)(OLi)' 

1.635(2) 

1.610(1) 

1.632(2) 

1.635(3) 

1.626( 1) 

1.621(3) 

1.638(1) 

1.629(6) 
1.648(7) 

1.682) 

1.565(5) 

2 .840(3)' 174(3)' 

2.77 

2.791 

2.792b 

2.03' 2.810b 176.6' 

1.82 2.745' 162.0* 

2.757(4) 

2.912(9) 

2.666 
2.739 
2.655' 1606 

2.434 

Chains, 
intermolecular 
OH...N only 

intermolecular 
OH.. . N  only 

intermolecular 
OH..-N only 

intermolecular 
OH.. .N only 

intermolecular 
OH.. .N only 

intermolecular 
OH-. .N only 

OH...O=C 
interactions 

Chains, 

Dimers, 

Chains, 

Dimers, 

Chains, 

Chains via 

Dimeric 

Ladder chains 

Complicated 
tetrameric 

Salt, anions 
bridged by 
proton 

218 

219 

221 

221 

222 

222 

257 

232 

131 

233 

202 

(continues) 



TABLE IV (Continued ) 

Si-OH o . . . x  Structural 
Compound (A) OH...X(A) (A,. O-H...X (")" summary Refs. 

ButMe2SiOH 

[BU'M~~S~OH]~  . HzO 

ButMezSiOH yttrium 
complexd 

N 
r 
0 

39 

Bu'ZSiF(0H) 
But#iJ?(OH) . CSHaO 

But2(H2N)SiOSiMe20Si(Bu')20H 

1.662(3) 

1.760 

1.676(7) 

1.613(7) 
1.609(2) 

1.630(3) 

1.664(7)- 
1.683(7) 

1.672(3) 
1.668(3) 
1.664(5) 

1.702(26) 
2.208(39)- 

2.08 
2.868(41Y 

2.036(35Ib 

2.0(l)b 

2.499, 
2.790 

Monomeric in gas 
phase (electron 
diffraction study) 

Disordered chains, 
silanol-water 
bonds only 

Coordinated silanol 
molecule, no 
apparent H- 
bonding 

Cubic tetramers 
linked by 
OH...F bonds 

2.756(9) 160 Cyclic tetramers 
2.630 Simple adduct, 

2.859(4)* 151.5(27)* Monomeric, 
OH...O=N bond 

intramolecular 
OH...N bond 

2.64-2.78 Cubic tetramers 

162(8)* 

Hexameric, 

Dimeric via 
OH...THF only 

OH...N 
interaction 

244 

210 

245 

239 

234 
235 

67 

236 

238 

240 



41 

42 

1.617(3) 

1.591(8) 

2.934b,f 

2.64 

2.77(2)’ 

Chains of dimers, 210,240 
SiOH...N and 

interactions 

possible 
intramolecular 

interaction 

OH-..O link to 

NH...O=C 

Monomeric, 246 

206 
O H . . . r  

43 1.692(21) Monomeric, 247 

EhO 

SbFs- anion 
44 1.63(1) OH...F bond in 249 

45 1.726(4) No hydrogen 250 

Cp*(PMe3)(CO)2WSiPh20H Monomeric 29 
h3 bonding 

46 1.645(3) 1.80 Chains, OH’..O* 254 
interactions 

interactions 
47 1.59 2.898 Chains, OH...O, 21 0,255 

Me(0H)Si- 1.657(2) 2.69, 2.71 Chains 21 0,253 
bicyclo[3.2.1 loctaneg 

a X = oxygen unless otherwise stated. 
b X  = N. 

(o-MezNCJ-IJ2Si(0H)(OLi), . 2LiC1.2CHC13. 
~{Y~OSiMe2But~~~HOSiMe2But~~Y~OSiMe~But~2}~~-OSiMe~But~~l .  
‘X = F. 
f The dimeric units are linked by M h e r  NH.-.O=C hydrogen bonds of length 2.983 A. 
8 endo-3-methyl-~o-3-hydroxy-3-silabicyclo[3.2. lloctane. 
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/ O h ,  R2si I 
OH OH OH OH 

49 

50 

example (48, R = Me) is one of the basic units from which the polydi- 
methylsiloxanes or silicones are built up. 

The hydrogen bonding in the acyclic disiloxanes may take one of 
several forms, depending on the relative positions of the molecules 
along the two sides of a double chain, as shown in Fig. 10a-c, while 
the cyclic compound adopts a more complicated structure, shown in 
Fig. 10d. 

The hydrogen bonding arrangement, Fig. 10a, is adopted by the 
Me (258,259), Et  (2601, Pr” (261), and Ph compounds (262,263); the 
arrangement in Fig. lob, by the Pr’ (264) and the c-C5H9 (265) com- 
pounds; the arrangement in Fig. 1Oc by the thienyl compound (266); 
and the arrangement in Fig. 10d by the cyclic compound 50 (267). The 
Et, Pr“, and Bun compounds all form unusual thermotropic mesophases 
with crystal-to-liquid-crystal phase changes of - 36 and 35.0°C, and 
liquid-crystal-to-isotropic liquid phase changes of 37 .O and 64.0°C, re- 
spectively, for the Et and Pr” compounds (259, 268-270). The Bun 
compound (HOBun2Si),0 undergoes a transition between two solid me- 
sophases at  17.7”C (2591, while the Me, Pr’, and Ph analogues show 
no mesogenic behavior (259). The mesophase adopted by the siloxane- 
diols has been designated “columnar phases with hydrogen-bonded as- 
semblies” (259). The mesophases are attributed to the columns of 
hydrogen-bonded molecules having aliphatic, hydrophobic exteriors 
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FIG. 10. Hydrogen-bonded networks in disiloxanediols. 

that are relatively flexible when compared to the Me and Ph compounds 
(which show no mesophases), while the Pr' analogue has a different 
type of hydrogen-bonded arrangement (259). The structure of 
(HOMe,Si),O has also been the subject of a detailed IR spectroscopic 
study which concluded, as was later found in the crystallographic stud- 
ies mentioned earlier, that there is no intramolecular hydrogen bonding 
present. It gave a similar geometry for the molecule (271). The reaction 
between But2Si(OH), and C1,Sn affords, after workup and crystalliza- 
tion from CH2C12, compound 51 cocrystallized with (HOBut2Si),0 (272). 
The (HOBut2Si),0 molecules do not hydrogen-bond to each other, but 
act as links via OH*..OH hydrogen bonds between columns of com- 
pound 51, as shown in Figs. 11 and 12. The columns of the tin species 
51 are built up via OH..-Cl hydrogen bonds only, which join the them 
into pairs. These then stack and are joined by the (HOBut2Si),0 mole- 
cules. 
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ti Cl2 

51 \" Ho\/oH 

Buf2Si - Sn 
H Cl2 

As was seen earlier for Ph,SiOH, the disiloxane (HOPh,Si),O 
also forms hydrogen-bonded adducts with organic species. For ex- 
ample, addition of pyridazene to (HOPh,Si),O affords a 3:  2 adduct 
[(HOPh2Si)20]3.(C4N2H4)2 52 in which there are both OH.. .OH (2.71 
A) and 0H.e-N (2.75A) hydrogen bonds (273). One unusual feature of 
the structure is that the central siloxane molecule has a linear Si-0-Si 
angle, while the other two siloxane molecules have a more normal value 
of 144.5'. A pyridinium hydrochloride adduct, (HOPh,Si),0.C5H5N.HC1 

FIG. 11. A view parallel to the columns of hydrogen-bonded But,SiOHz(SnC130H)2 
molecules, showing the linking of the columns by the cocrystallized (Bu',HOSi),O mole- 
cules. All hydrogen atoms and But groups have been omitted for clarity. Drawn using 
coordinates taken from the Cambridge Crystallographic Database. 
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FIG. 12. A view perpendicular to the columns of hydrogen-bonded [ B U ~ ~ S ~ ( O H ) ~ -  
(C13SnOH)21 molecules showing the linking of the columns by the cocrystallized (Butz- 
HOSi),O molecules. All hydrogen atoms and But groups have been omitted for clarity. 
Drawn using coordinates taken from the Cambridge Crystallographic Database. 

53, crystallizes from a reaction mixture of the silanol and TiC1, in 
the presence of pyridine (274). The C1- ion interacts both with the 
pyridinium proton and the two silanol OH'S, and the Si-0-Si angle 
of 149.6(2) is within the usual range for siloxane linkages. 

The disiloxanediol 54, like several of the sila drugs described in 
Section IV,C,2, contains intramolecular hydrogen bonds only (0. * .N  
distance 2.644 A) (233). This disiloxanediol is thus different from the 
others in that it forms discrete molecules with no significant intermo- 
lecular interactions. It is also unusual in that the Si-0-Si link- 
age is linear, as in the case of one of the molecules of (HOPh,Si),O in 
[(HOPh,Si),0l3.2pyridazine 52, and in [(HO),ButSiI2O (see Section 
IV,H). 

The possibility of hydrogen bonding in the highly sterically hin- 
dered siloxane [(2,6-Et2C6H3)(2,6-Et2-4-Butc6H2)(oH)Si]20 (prepared 
by LiAIH, reduction of a 1,2,4,3,5-trioxadisilolane ring species) was 
not reported (275), but a more recent examination (210) using the 
coordinates deposited at the Cambridge Crystallographic Database has 
shown that an interesting hydrogen-bonded system is present in the 
structure as shown in Fig. 13. The structure comprises a pair of disilox- 
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FIG. 13. The hydrogen-bonded dimeric structure of [(2,6-Et&H3)(2,6-Et2-4- 
Bu'C6H2)(0H)Si120 with EtOH, with the bonds involved in the hydrogen bonded network 
shown as solid lines. Hydrogen atoms have been omitted for clarity. Drawn using coordi- 
nates taken from the Cambridge Crystallographic Database. 

ane molecules which, instead of being joined directly to each other 
like most of the other disiloxanediols, are joined via a pair of ethanol 
molecules (from the hexane/ethanol solvent mixture used for crystalli- 
zation) to  give a cyclic arrangement. Each SiOH group is involved in 
only one hydrogen bond, but the COH groups are involved in two. It 
seems likely that if the compound were crystallised in the absence of 
ethanol, it would form a simple dimer, as a chain formation of the types 
shown in Fig. 10 would probably be prevented by the steric effect of 
the bulky aryl groups. The structure has some similarities with that 
of (Me3Si)3CSiF(OH)2, which forms the aggregate L(Me3Sil3CSiF- 
(OH)216.2H20 (see Section IV,G) in which two sets of three bulky 
molecules are joined via hydrogen bonding to the water molecules and 
further hydrogen bonds are prevented by the bulky and hydrophobic 
(Me,Si),C groups. 

A further disiloxanediol, 1,3-bis(dicyclopentenyl)-1,3-dimethyldihy- 
droxydisiloxane, is obtained by hydrolysis of the product obtained from 
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the hydrosilylation of dicyclopentadiene with MeC1,SiH catalyzed by 
H2PtC1,. Unfortunately, no details of bond angles or hydrogen bonding 
for this compound have been reported (276). 

2. Other Siloxanes 

The solid-state structures of two trisiloxanes, HO(SiPh,O),H (277) 
and (HOBut,SiO),SiMe, (278), have been determined. Both compounds 
form hydrogen-bonded dimers, but they differ in the detail of the hydro- 
gen bonding. The phenyl compound contains both intra- (2.74 A) and 
intermolecular (2.72 A) hydrogen bonds 55 while in the butyl compound 
there seems to be no intramolecular hydrogen bonding, but rather a 
pair of intermolecular hydrogen bonds 56. 

56 

The disilanol cis-1,5-dihydroxy-l,5-dimethyl-3,3,7,7-tetraphenylcy- 
clotetrasiloxane has a boat conformation for the siloxane ring, but it 
does not show intramolecular hydrogen bonding, rather, intermolecular 
hydrogen bonding joins the molecules into chains. The hydrogen- 
bonded network is similar in arrangement to that shown in Fig. 10b 
for the disiloxane diols, in which both OH groups from one molecule 
in the chain interact with a single OH group from an opposite molecule, 
the other two hydrogen-bonding sites then being used to join up adja- 
cent molecules (279). 
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The crystal structures of both the cis and the trans isomers of 2,8- 
dihydroxy-2,4,4,6,6,8,lO,lO,l2,12-decamethylcyclohexasiloxane have 
been determined. In this case (unlike the cyclotetrasiloxane in Fig. 
261, the cis isomer does contain an intramolecular hydrogen bond, and 
intermolecular hydrogen bonds link the molecules into cyclic pairs 57. 
The trans isomer cannot form intramolecular hydrogen bonds, but 
forms cyclic tetramers which are further hydrogen-bonded to form infi- 
nite sheets 58 (280). 

57 ci.~ isomer 

HO--OH = 2,8-dihydroxy-2.4.4.6.6,8,10,1O,I2,I2-decamethyl- 
cyclohexasiloxane. 

58 rruns isomer 

Silylation of the silsesquioxane [(C6H11)&09(OH)3] (see Section 
IV,E for its structure) leads to  disilanols [(C6H11)7Si709(OH)2SiMe2R] 
(R = Me or Ph). The structure of the phenyl compound 59 shows the 
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molecules to be hydrogen-bonded dimers with intramolecular (0 * .O 
distance 2.722 A) as well as intermolecular hydrogen bonding (0.. *O 
distance 2.670 A) (281). The SiMea analogue is disordered (282), but 
the hydrogen bonding is thought to have the same arrangement as 
the SiMe2Ph compound (283). The related siloxane 60 has also been 
investigated by x-ray crystallography, but disorder problems have pre- 
vented a detailed structural analysis (284). The full structure of its bis 
Ph,Sn derivative has, however, been determined (75). 

R \  R 

SiMeaPh 
I 

/ SI-I- 0- SI, 
/ H 0. * .  

* - - .  0 / R 
,I . R, /o 

. I  ,,::“o SI I /O 

,OH 0’ ’R 
I 
SiMe2Ph 

R/  sI-o-ssIh 
59 

R = c,vc lo C(,H I I 

60 

3. a, o-Oligosilanediols 

The addition of water to (But,ISi), causes rapid hydrolysis and the 
formation of the l,2-disilanediol (But2HOSiI2 (285). There is no intramo- 
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lecular hydrogen bonding, as the OH groups point in opposite direc- 
tions, but the molecules are linked together by intermolecular hydrogen 
bonds to form simple chains in which each OH group is involved in 
only one hydrogen-bonding interaction. 

Hydrolysis of the a, o-dichloro-oligosilanes Cl(SiPhJ"C1 (n = 4 or 7) 
affords the corresponding a, o-dihydroxy-oligosilanes. The structure of 
the tetrasilane has been determined by two groups with similar but 
not identical results. Parkanyi et al. (286) reported that there is a single 
intramolecular hydrogen bond, causing a cyclic arrangement, and that 
intermolecular hydrogen bonding is prevented by the bulk of the phenyl 
groups. Ovchinikov et al. (287) also found a similar intramolecular 
interaction, but also that there is an intermolecular hydrogen bond 
linking the molecules into pairs around an inversion center 61. The 
reason for this discrepancy in results is unclear. The structure of the 
heptasilane HO(SiPh,),OH also shows the molecules to have intermo- 
lecular hydrogen bonds, this time linking them into chains 62. There 
is also an intramolecular interaction between an OH group and the T- 

system of one of the aryl rings, characterized by an OH. .Cipso distance 
of 2.90 A and the 0 and H atoms being 3.2 and 2.52 A, respectively, 
from the plane of the ring (287). 

61 

62 

The conformation of HO(SiPh2),0H species (n = 4, 5, or 7) has also 
been investigated in solution by IR spectroscopy. The intramolecular 
T-interaction in the heptasilane is seen in CCl, solution as a relatively 
narrow band at  3605 cm-', a shift of 80 cm-' from the approximate 
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value of 3685 cm- ' for free 0-H in such a compound (cf. 3685 cm-' 
for Ph3SiOH in CCl, solution; see Table I). A similar intermolecu- 
lar H-bond-induced shift is seen in Ph3SiOH, which has an 0-H 
stretch of 3620 cm-' in benzene solution (185). The IR spectrum of 
HO(SiPhJ50H in dilute solution in CCl, is more complicated and 
shows three types of 0-H stretch. Again, there is a band (at 3605 cm-'1 
attributable to an intramolecular OH. ' 7 ~  interaction, but there are 
also bands at 3405 cm-', attributable to an intramolecular OH...OH 
hydrogen bond, and at about 3660 cm-', attributable to free 0-H 
stretching. (The relatively low-frequency stretch for the free OH is 
thought to be due to the fact that the OH group is already involved 
as an electron donor in an intramolecular hydrogen bond.) For the 
pentasilane there thus seems to be an equilibrium between molecules 
having an OH. ' 7 ~  interaction and cyclic conformations having an in- 
tramolecular OH * * - 0 interaction, with the equilibrium favoring the 
former species. At increasing concentrations, the 3405 cm-' band in 
HO(SiPh2),0H broadens and shifts towards a new band, centered at 
3300 cm-', attributable to  intermolecular OH. a 0  bonding. The tetrasi- 
lane HO(SiPh,),OH also has bands at 3608 and 3415 cm-', attributable 
to  intramolecular OH. a . 7 ~  and OH...O interactions, but in this case 
the OH. - -0 conformation predominates. The conformation of these 
oligosilanediols seems to  be governed by the chain length. If the chain 
is relatively short, as in the tetra- and pentasilanes, intramolecular 
OH.. . OH interactions occur, giving cyclic conformations. In the longer- 
chain heptasilane, however, formation of a 10-membered ring by hydro- 
gen bonding is less favored. The cyclic conformation induced by the 
conformation also has an effect on the chemistry of the compounds. 
For example, HO(SiPh2),0H loses water relatively readily to give 
the cyclic siloxane OSi4Ph8 in quantitative yield on heating, while the 
pentasilane analogue reacts more slowly to give a low yield of OSi5Phlo, 
and the cyclic OSi,Ph14 is not formed at  all under similar condi- 
tions (185). Recent work has also shown that for organic compounds, 
if OH * OH interactions are not sterically available, then OH * . . 7 ~  hy- 
drogen bonds may form (see, for example, Ref. 288, and references 
therein). For example, in Ph,(PhCH,)COH there are intermolecular 
O...C,,, and OH..-C,,, distances of 3.525 and 2.73 A, respectively 
(288). The phenyl-substituted siloxanediols show similar IR character- 
istics (187) to  the oligosilanes, in that the disiloxane (HOSiPh,),O 
has only free OH'S in dilute solution, but HO(SiPh,0)3H has bands 
corresponding to both intramolecular OH.. - 7 ~  and OH. * .O hydrogen 
bonding. 
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4. Other Compounds Containing Two SiOH Groups 

The extent of hydrogen bonding in the cyclic silazane 1,3-bis(diphe- 
nylhydroxysilyl)-2,2-dimethyl-4,4-diphenylcyclodisilazane was not re- 
ported in the original publication (289), but a more recent examination 
(210) of the x-ray data reveals that although there do not appear to be 
any OH.-.OH or OH....rr interactions, there is a short, 2.393 A, ortho- 
CH . OH distance, indicating a probable CH - * * OH interaction, and a 
second relatively short distance, 2.580 A, between the other ortho CH 
and the second OH group, also indicating a possible weak interaction, 
as shown in Fig. 14. This appears to  be the only silanol exhibiting such 
interactions, and it is not clear why the compound does not participate 
in the types of interaction more normally found. 

The structure of the disilanol1,7-bis[hydroxy(dimethyl)silylmethyll- 
m-carborane has a hydrogen-bonded network reminiscent of the sil- 
oxanediol type shown in Fig. lOc, in which pairs of molecules are 
hydrogen-bonded together and then these pairs are further linked to 
give a double chain (290). 

FIG 14. The molecular structure of 1,3-bis(diphenylhydroxysilyl)-2,2-dimethyl-4,4- 
diphenylcyclodisilazane, showing the orientation of the ortho -CH groups of one of the 
aromatic rings with respect to the SiO groups. Other hydrogen atoms have been omitted 
for clarity. Drawn using coordinates taken from the Cambridge Crystallographic Da- 
tabase. 
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The extremely bulky silanol [(Me,Si),(HOMe2Si)Cl2Zn is unusual in 
that diorganozinc compounds are usually highly reactive towards protic 
species. The steric protection of the reactive C-Zn bonds by the bulky 
ligands presumably provides the stability. The compound forms cyclic 
dimers via both intra- and intermolecular hydrogen bonds, which 
causes the C-Zn-C linkage to deviate slightly from linearity to 
175.9(1)" (291). A related disilanol (Me3Si),C(SiMe20H),, prepared as 
described in Section 11,C,2,d, also shows alternating intra- and intermo- 
lecular hydrogen bonds, but in this case they form a chain structure 
rather than a cyclic dimer (292). Early work reported unit-cell data 
for (HOMe2Si),CH2, but a detailed analysis of the structure is not 
available (293). 

The hydrogen-bonded arrangement in p-(HOMe2Si),C6H4 is much 
more complicated than the other simple disilanols described earlier. 
There are three crystallographically independent types of molecules 
in the unit cell. Two are joined by hydrogen bonds to form chains, while 

FIG. 15. A view, perpendicular to the aromatic ring, of the three-dimensional hydrogen- 
bonded network formed by p-(HOMe2Si)&H,, with hydrogen atoms omitted for clarity. 
Drawn using coordinates taken from the Cambridge Crystallographic Database. 
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the third cross-links between the chains to give a three-dimensional 
network (Figs. 15 and 16) (294). 

E. COMPOUNDS CONTAINING THREE Si-OH GROUPS 

The slow hydrolysis O f  C&11SiC13 affords the incompletely condensed 
polyhedral oligosilsesquioxane [ ( C - C ~ H , ~ ) ~ S ~ ~ ~ ~ ( O H ) ~ ]  as a hydrogen- 
bonded dimer 63. The most likely hydrogen-bonded arrangement for 
this is thought to be the solely intermolecular network, which has 
O . - - O  distances of 2.63-2.64 (75). 

F. COMPOUNDS CONTAINING FOUR Si-OH GROUPS 

Three very different compounds containing four SiOH groups have 
been structurally characterized. The tetrasilanol (HOSiMe2),C may be 
prepared by treatment of (IMe2Si)& with AgOCN in moist ether (253) 
(presumably via hydrolysis of the highly reactive Si-OCN species 
formed as intermediates) and has a three-dimensional hydrogen- 
bonded network. There are four independent molecules A, B, C, and 
D, in the unit cell, and each contains two intramolecular hydrogen 
bonds. The four types of molecules are arranged in alternating layers, 

FIG. 16. A view showing one of the chain units that are linked to form the three- 
dimensional hydrogen-bonded network in p-(HOMe&C6H4, with hydrogen atoms omit- 
ted for clarity. Drawn using coordinates taken from the Cambridge Crystallographic 
Database. 
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with two types of molecules, B and C, in z = 0 and z = 3 layers in the 
cell, and the other two, A and D, at  z = 4 and z = a. Each molecule 
bonds to neighbors within the plane to give sheets, the two different 
types of plane having slightly different hydrogen-bonding arrange- 
ments. The sheets are also linked together to form a three-dimensional 
network by the single spare hydrogen-bonding site in each molecule 
that is not used in forming the sheet structure. The connectivity of all 
four types of molecule in the (101) plane is shown in Fig. 17 (295). 

The structure of 1,1,5,5-tetrakis(hydroxydimethylsiloxy)-3,3,7,7- 
tetraphenylcyclotetrasiloxane contains two crystallographically differ- 
ent molecules in the unit cell. The molecules are joined by intermolecu- 
lar hydrogen bonds to form sheets, as shown in Fig. 18, which are built 
up from units of four molecules that are centered on an eight-membered 
ring, of SB crown conformation, of hydrogen-bonded oxygen atoms. All 
possible hydrogen-bonding sites are used in forming the sheets, and 
there are no interactions between the sheets (296). 

The structure of the norbornylsiloxane 64 has been determined, but 
the x-ray data are of poor quality and do not permit a detailed picture 
of the hydrogen bonding to be made. However, as all of the hydroxy 
groups seem to point towards each other and there are broad absorp- 
tions at  3403 and 3243 cm-' in the IR spectrum (KBr disk), it seems 
likely that both intra- and intermolecular hydrogen bonds are present 
(29 7). 
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b 

FIG. 17. A representation of the hydrogen bonding in (HOMe2Si),C in the (001) plane, 
showing all four molecules A, B, C, and D. 

G. COMPOUNDS CONTAINING AN Si(OHI2 GROUP, SILANEDIOLS 

The isolation of pure silanediols is more difficult than that of silanols 
because of their tendency to undergo condensation reactions. Most of 
the compounds characterized by x-ray crystallography therefore con- 
tain bulky substituents at silicon. The size of the substituents at silicon 
plays an important role in determining the hydrogen-bonded structure 
of the diol. Small substituents allow infinite hydrogen-bonded arrays 
of molecules to  be formed, while larger substituents give simple chains, 
and very bulky groups lead to the formation of simple tetramers or 
dimers. 
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FIG. 18. The hydrogen-bonded sheet structure of 1,1,5,5-tetrakis(hydroxydimethylsi- 
loxy)-3,3,7,7-tetraphenylcyclotetrasiloxane. Note the crown-shaped eight-membered 
rings of oxygen atoms at the junctions where four of the molecules meet. All hydrogen 
and carbon atoms have been omitted for clarity. Drawn using coordinates taken from 
the Cambridge Crystallographic Database. 

Early work on Et,Si(OH), and on allyl,Si(OH), (293,298,299) sug- 
gested that the two compounds had similar structures and that these 
were due not to normal hydrogen bonding, but to a special arrangement 
involving a type of dipole-dipole interaction on OH. * 0 angles of about 
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TABLE V 

STRUCTURAL DATA FOR COMPOUNDS CONTAINING Two, THREE, OR FOUR Si-OH GROUPS 

Structural 
summary Refs. Compound Si-OH (A) OH...X (A,. O...X (A). O-H...X (")" 

1.640(5) 
1.643(5) 

1.56( 1)- 
1.72(1) 

1.58(1)- 
1.63(1) 

1.636(2) 
1.644(2) 
1.662 
1.668 

1.613(5) 
1.614(5) 
1.668 
1.620(3)- 
1.647(3) 

1.618(5) 
1.626(5) 

2.656 
2.728 

2.69-2.79 

2.66-2.77 

2.719(5) 
2.849(5) 
2.686 
2.757 

2.14(6) 2.702(7) 
2.14(6) 2.741(7) 

2.757 
2.64 l(5)- 
2.798(5) 

2.28b 
2.42b 

Ladder chains, 
data in table 
from Ref. 258 

Ladder chains 

Ladder chains 

Ladder chains 

Acts as link 
between columns 
of tin complex; 
see Table VI 

150(6) Ladder chains 
162(6) 

Ladder chains, 
data in table 
from Ref. 263 

Simple adduct, 
OH-. .C1 
interactions 

258, 259 

260 

261 

264 

2 72 

266 

262.263 

2 74 

(continues) 



TABLE V (Continued) 

Structural 
Compound Si-OH (A) OH...X (A). O . . . X  (A)a O-H...X (")" summary Refs. 

[(Ph~H0Si)~01, . 2C,H,Nz 

50 
[ArAr'(HO)SilZO . EtOHd 

W 
0 

1.632(9) 
1.623(9) 
1.62(1) 

1.631(2) 
1.633(5) 
1.638(4) 

1.62(3) 
1.63(3) 
1.635( 1) 

1.650(2) 
1.659(2) 
1.625(4)- 

1.635(4) 

1.631(6) 
1.65 l(5) 

2.71(1) 
2.75( 1 )c 

2.75(2)' 

1.91-2.18 2.72-2.78 169- 178 
2.685 
2.884 

2.05(3) 
2.12(3) 

1.789 

2.644' 

2.773, 
2,8241 

2.7& 
2.72f 

166.6c 

171(4) 

155.S 

Discrete 3 : 2 
adduct with 
OH...OH and 
OH...N 
interactions 

Sheets 
Dimeric, joined via 

hydrogen bonds 
to ethanol 

Unknown 

Monomeric, 
intramolecular 
OH...N 
interactions only 

Ladder chains 

Dimeric, intra- and 
intermolecular 
OH., .OH bonds 

Cyclic dimers, 
intra- and 
intermolecular 
OH...OH bonds 

2 73 

267 
2 75 

2 76 

233 

290 

2 78 

277 



(Ph2HOSiN)Me2Si(PhzHOSiN)- 
SiPhz 

cis-[PhzSiOSiMe(OH)O12 

CiS- 

(HOMeSiOSiMe20SiMe20)z 

tmns- 

(ButzSiOH)z 
(HOMeSiOSiMezOSiMezO)z 

HO(SiPh2),0H 
N z 

1.629(5) 
1.642(5) 

1.637(9) 
1.649(9) 
1.643(7) 
1.663(7) 

1.641(6) 

1.663(2) 
1.665(2) 
1.643(2) 
1.651(2) 

1.643(3) 

1.637(3)- 
1.652(3) 

1.663(2) 
1.658(2) 

3.214h 
3.444h 

2.686(8)- 
2.736(8) 

2.64' 
2.71g 

2.68 

2.775 
2.896 

2.12 2.816 

2.808(4)s 

2.369 
2.07f 

Monomeric, 
possible 
CH...OH 
interactions 

Chains 

Cyclic dimers, 
inter- and 
intramolecular 
OH...OH bonds 

Sheets 

Chains 

170.9 Monomeric, 
intramolecular 
OH...OH bonds 
only 

intra- and 
intermolecular 
OH...OH bonds 

137.lg Chains, intra- and 
169.4' intermolecular 

OH...OH bonds 
Unknown, only 

unit cell data 
available 

180 Cyclic dimers, 

162(3) Cyclic dimers, 
156(3) intra- and 

intermolecular 
OH...OH bonds 

289 

2 79 

280 

280 

285 

286 

287 

292 

293 

291 

(continues) 



TABLE V (Continued) 

Structural 
Compound Si-OH (A)  OH.-.X (A)" O . . . X  (A). O-H.. .X (")" summary Refs. 

p-(HOMezSi)zC6H4 1.643(3) 1.72(9)- 2.698(4)- 160(5)- Three-dimensional 294 
. 

1.649(3) 1.99(6) 2.715(4) 175(6) network 
[c-C&)~S~~O~(OH)~I  1.620(3)- 2.63- Cyclic dimers 75 

1.626(3) 2.64 

1.674(6) 
(HOMe2Si)& 1.644(6)- Three-dimensional 295 

[ (n~rborny l )~S i~O~(OH)~]  Unknown 297 
[PhzSiO(HOMe~Si0)2SiO12 1.610- 1.80(2)' 2.60(3)- Sheets 296 

network 

1.657 2.71(21 

a X = oxygen unless otherwise stated. 
*X = c1. 
'X = N. 
d(2,6-EtzCBH3)(2,6-Et2-4-B~1C6HZ)(HO)Si)20. EtOH. 

f Intermolecular. 
g Intramolecular. 

1,3-bis(dicyclopentenyl)-1,3-dimethyl-l,3-dihy~oxydisiloxane. 

X = ortho carbon in aromatic ring. 
Average of five values. 
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FIG. 19. A view looking onto the plane formed by the hydrogen bonding in Et&(OH)2, 
with hydrogen atoms omitted for clarity. Drawn using coordinates taken from the Cam- 
bridge Crystallographic Database. 

90" within intramolecular hydrogen bonds. Later it was found that the 
diallyl compound actually comprised sheets (300). More recently, the 
structure of EtzSi(OH)z has been reexamined (301) and has been found 
not to require unusual types of hydrogen bonding to describe it, but 
rather to consist solely of intermolecular hydrogen bonds to form infi- 
nite sheets (Figs. 19 and 20) that are similar in structure to those 
proposed for (allyl)zSi(OH)2. 

The structure of the more hindered PhzSi(OH)z has been deter- 
mined by several groups (302-304). The structure comprises columns 

FIG. 20. A view looking parallel to the sheet formed by the hydrogen bonding in 
Et,Si(OH)2, showing the hydrophilic interior of the sheet and the hydrophobic exterior, 
with hydrogen atoms omitted for clarity. Drawn using coordinates taken from the Cam- 
bridge Crystallographic Database. 
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of hydrogen-bonded molecules (Fig. 21). There are six molecules in 
the unit cell, comprising two pairs of three independent molecules re- 
lated by a center of symmetry. The six molecules form a chair-shaped 
hydrogen-bonded ring of oxygens with alternating short, medium, and 
long O...O distances (2.670,2.688, and 2.698 A), and further hydrogen 
bonding links the hexameric groups both above and below so as to form 
a column. The OH groups all point towards the center of the column, 
and the phenyl groups away from the center, so that there is no hydro- 
gen bonding between the columns. There also appears to be no hydrogen 
bonding to the aromatic rings. These columns are reminiscent of those 
formed by the (HOR2SiI20 species (R = Et, Pr", or Bun, Section IV,D,I) 
but Ph,Si(OH), has not been reported to show similar liquid-crystalline 
behavior. 

The simple diols R2Si(OH), (R = Pr', But, c-C6H11, and o-tolyl) form 
similar, but not identical, hydrogen-bonded chains. The structures of 
the Pr' (305), But (40, 278), and c-C6HI1 (292) compounds are very 
similar in that they comprise ladder chains of the general type 65, in 
which pairs of molecules are linked to form dimers and then further 
hydrogen bonds link the dimers to form the chains. [It has also been 

w 

FIG. 21. The hydrogen-bonded hexameric unit that builds up the columnar structure 
of Ph2Si(OH)z, with hydrogen atoms omitted for clarity (304). 
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found that ButzGe(OH), forms similar hydrogen bonded ladder chains 
(306).] A small difference between the structure of the But compound 
and that of the Pr' and c-C,H,, compounds exists: In the butyl com- 
pound, the chair-shaped Si204 six-membered rings of each hydrogen 
bonded dimer are inverted with respect to their neighbors in the chain, 
but in the propyl and the cyclohexyl species, the chair-shaped rings 
are related simply by unit translation to their neighbors. The structure 
of (o-tolyl)zSi(OH)2 is also built up from chains of pairs of molecules, 
but in this case opposing pairs of molecules are not linked together; 
rather, they are bonded to the neighbors of the molecule opposite, as 
shown in 66 (307). The diol ButPhSi(OH)z, bearing both a But and a 
Ph substituent, has a structure similar to  that of (o-tolyl)2Si(OH)z, 
rather than that of the related di-t-butyl or the diphenyl species (304). 
The iron complex Cp(CO)2FeSiPri(OH)z has also been reported to have 
a structure comprising ladder chains, but the chains twist to give a 
helical arrangement (248). The structural type 65 is similar to that of 
the thienyldisiloxanediol 49 shown in Fig. 1Oc. The reasons for the 
differences in structure between quite closely related R2Si(OH)2 com- 

65 

66 
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pounds is unclear, but the precise steric requirements of the substitu- 
ents at  silicon seem to play a crucial role. 

The interest in the structures of simple R,Si(OH), compounds lies in 
the fact that one of them, Bui2Si(OH),, forms a discotic liquid crystalline 
phase (308,309). Despite many attempts, it has not proved possible to  
obtain crystals of BuizSi(OH), suitable for a crystallographic study, the 
material obtained from various solvents usually being of a fine fibrous 
nature. The discotic phase of Bu’,Si(OH), has been proposed (309) to 
be due to the formation of dimeric “disks” of molecules which remain 
on breaking the interdimer hydrogen bonds in a structure of type 65 
at the transition between crystal and mesophase. As has been described, 
structure type 65 is found for several diols similar to  Bu’,Si(OH),, and 
it is thus quite likely that Bu’,Si(OH), does indeed have the proposed 
structure. 

The reaction between But2Si(OH), and C1,Sn affords, after workup 
and crystallization from CH2C12, the tin complex 51 containing a bridg- 
ing But2Si(OH), molecule, which is cocrystallized with (HOBut2Si),0, 
the structure of which is described in Section IV,D,l (272). 

Silanediols containing very bulky groups on silicon do not form ex- 
tended hydrogen-bonded arrays, but rather discrete hexamers, tetra- 
mers, or dimers. The structure of the fluorosilanediol TsiSiF(OH), (for 
preparation, see Scheme 4) is found in the solid state to comprise 
[ T S ~ S ~ F ( O H ) ~ ] ~ . ~ H ~ O  hydrogen-bonded hexamers, as shown in Fig. 22. 
The hexamer contains two sets of three molecules related by an inver- 
sion center which are hydrogen-bonded together via the two water 
molecules (310). This hexameric cluster of molecules is closely related 
to those of the triols (Me3Si)3MSi(OH)3 (M = C or Si) described in 
Section IV,I. The cluster contains both OH. * .OH and OH.. .F  hydrogen 
bonds, which might be expected despite the fact that other structures 
such as that of ButSiF(OH), described in Section IV,C,4, do not have 
OH. * - F  bonding. 

The structure of (q’-C,Me,),Si(OH), (obtained by treatment of the 
divalent silicon species (q5-C5Me5),Si with moist pyridine-N-oxide) pro- 
vides an interesting progression away from the chain structures of the 
diols discussed earlier, e.g., Pri2Si(OH)z towards discrete hydrogen- 
bonded units. The unit cell contains 12 molecules arranged as three 
tetrameric units. One of the tetramers lies on an inversion center and 
contains two independent molecules, while in the other two tetramers 
(which are related by the inversion center), all four of the molecules 
are different, giving a total of six independent molecules. The hydrogen 
bonding network in each tetramer is the same: A pair of opposing 
molecules are connected as in structure 65, but instead of these being 
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FIG. 22. The hydrogen-bonded structure of (Me3Si)3CSiF(OH)2, showing the hexameric 
unit containing two water molecules, [(Me3Si)3CSiF(OH)2]6.2H20, with hydrogen atoms 
and methyl groups omitted for clarity (310). 

linked into chains, they are bridged by “terminal” silanediol molecules 
67. This arrangement leaves free hydrogen-bonding sites at the termi- 
nal molecules which do not link the tetramers, presumably because of 
steric hindrance by the a-Me groups on the rings (311). 

The bulky silanediol TsiSi(OH)202CCF3 also forms tetrameric units 
68, but in this case there are potential hydrogen bonding sites both to 
OH groups and to CO and C-F groups. Only the OH and C=O groups 
are used in hydrogen bonding; as in the case of But,Si(OH)F (see Section 
IV,C,4), the fluorine atoms do not take part in the hydrogen bonding. 
The tetramer may be viewed as a more complicated version of the (ql- 

R = q ‘-pentamethylcyclopentadienyl 
67 
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C5Me5)zSi(OH)z tetramers 67. Again there are opposing molecules, this 
time joined by OH.. .O=C interactions, the “terminal” molecules bridg- 
ing via both OH * e OH and OH e e O=C hydrogen bonds (312). 

The extremely bulky TsiSiPh(OH)z (see Scheme 5 for its preparation) 
has an even more restricted hydrogen-bonding scheme comprising sim- 
ple dimers only, in which further hydrogen bonding to build up larger 
units is hindered by the steric effect of the Ph and Tsi groups (84). 

The hydrolysis of Si14.2bipy affords, after an aqueous workup, cis- 
bis(2,2’-bipyridine~dihydroxysilicondiiodidedihydrate, in which each of 
the SiOH groups is hydrogen-bonded to a water molecule only 69 (313). 

!+ 

- 
21 

69 



THE SYNTHESIS AND STRUCTURE OF ORGANOSILANOLS 239 

Although not strictly comparable to the four-coordinate organosilanols 
described earlier, this molecule is included as it is probably the only 
silanediol not to  form intermolecular hydrogen bonds to  itself. It is also 
a further example of a silanol molecule forming an adduct via hydrogen 
bonding. It would be of interest to  see if it did form a hydrogen-bonded 
network itself if the water molecules were removed. 

H. COMPOUNDS CONTAINING Two Si(OHI2 GROUPS 

It is perhaps not surprising that, given the often ready condensation 
reactions of silanediols, few compounds containing two silanediol 
groups have been isolated, and only three crystallographic studies have 
been reported. The controlled hydrolysis (H,O/MeOH/KOH) of ButSiC13 
affords the disiloxane [BU~(OH)~S~]~O (see Section IV,I for the hydroly- 
sis of ButSiC13 to give other products) in which the Si-0-Si angle is 
linear. Only intermolecular hydrogen bonding occurs to  give chains of 
molecules which are further connected to give sheets. Within a particu- 
lar chain of molecules, the But groups alternate above and below the 
sheet, thus giving a hydrophobic region between the sheets, Fig. 23 
(314). The sheet formation may be viewed as being built up from a 
combination of units of the type shown in Fig. 10a and 1Oc for silox- 
anediols. 

The tetrahydroxydisiloxane [OsC1(CO)(PPh3)2Si(OH)2120 is produced 
in 70% yield from the reaction between OS(S~C~,)CI(CO)(PP~~)~ and 
O S [ S ~ ( O H ) ~ ] C ~ ( C O ) ( P P ~ ~ ) ~  in wet CH2C12, and in less than 10% yield by 
the direct hydrolysis of OS(S~C~,)C~(CO)(PP~,)~. Unlike [BU~(OH)~S~]~O, 
the Si-0-Si angle is not linear but has the more usual value of 
137.9(7)". There appear to  be no intermolecular hydrogen bonds, but 
there is a weak intramolecular OH - -C1 interaction, 0 - - * C1 distance 
3.17 A, and there are short intramolecular distances to  ring carbons 
0-m.C of 3.04 and 3.20 A which may indicate OH-.-lr hydrogen bonding 
(315). 

The cyclotetrasiloxane 1,1,5,5-tetraphenyl-3,3,7,7-tetrahydroxycy- 
clotetrasiloxane forms a stable complex with two pyridine molecules 
trans to  each other across the siloxane ring (316). The adduct may be 
prepared by the addition of an excess of pyridine to  the free sila- 
no1 {the isomeric silanol [Ph(OH)SiO], does not form an adduct with 
pyridine} (31 7). As well as hydrogen-bonding to the pyridine molecules, 
each of the two crystallographically independent molecules in the unit 
cell hydrogen-bonds to others of the same type to form two independent 
infinite chains (Fig. 24). Branching to form sheets by joining the chains, 
as in [BU~(OH)~S~]~O,  is partially blocked by the interactions with the 
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FIG. 23. A diagrammatic representation of the hydrogen bonding in [But(OH@iI,O, 
viewed perpendicular to the plane of the hydrogen bonding. 

pyridine molecules, but free hydrogen bonding sites are still available. 
Further interactions between the molecules are presumably stopped 
by the steric effects of the phenyl rings which point above and below 
the siloxane ring. 

I. COMPOUNDS CONTAINING AN Si(OH), GROUP, SILANETRIOLS 

The increasing tendency of silanols to condense as the number of 
OH groups on a particular silicon increases means that relatively few 
silanetriols have been isolated and even fewer structurally character- 
ized. A wide range of substituted arylsilanetriols have been prepared 
(102), but none have been studied by x-ray crystallography. The first 
silanetriol to  be structurally characterized was c-C6HllSi(OH),, which 
has a sheet structure comprising double layers of molecules joined in a 
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FIG. 24. A portion of the hydrogen-bonded chain formed by the 1 : 2 complex between 
1,1,5,5-tetraphenyl-3,3,7,7-tetrahydroxycyclo~tr~iloxane and pyridine. Hydrogen atoms 
have been omitted for clarity. Drawn using coordinates taken from the Cambridge 
Crystallographic Database. 

head-to-head fashion, giving a highly hydrophobic outer surface which 
prevents further interaction between the sheets (Figs. 25 and 26) (as 
in the case of [BU~(OH)~S~],O, Section IV,H) (318). 

The careful hydrolysis of ButSiC13 in Et,O/H,O/aniline affords 
ButSi(OH), (cf. hydrolysis to give [BU~(OH)~S~],O, Section IV,H) as a 
stable crystalline solid in 94% yield. Its structure (Figs. 27 and 28) has 
some similarities to that of [But(OH),SiI20, in that the molecules are 
joined by hydrogen bonds into sheets with alternating But groups above 
and below the sheet such that they prevent interactions between the 
sheets by forming strongly hydrophobic regions.Each molecule uses all 
six of its potential hydrogen-bonding sites (three acceptor and three 
donor) to interact with four other molecules, two in a pairwise manner 
(cf. the R2Si(OH), dimer motif 65) and two forming single hydrogen 
bonds to the molecule (319). 

The hydrolysis of O S ( S ~ C ~ , ) C ~ ( C O ) ( P P ~ ~ ) ~  in NaOH/H20/THF affords 
the silanetriol complex OS[S~(OH)~]C~(CO)(PP~,)~ in good yield. Sur- 
prisingly the compound shows no hydrogen bonding involving OH e * C1 
or OH * - - OH interactions but there is an intramolecular OH - * Cammatic 
distance of 3.17 and a band in the IR spectrum at 3616 cm-' also 
suggests that there is an OH. - 7 ~  interaction. Intermolecular interac- 
tions are presumably prevented by the bulky PPh, ligands (315). 



TABLE VI 

STRUCTURAL DATA FOR COMPOUNDS CONTAINING ONE OR TWO Si(OH)z GROUPS 

Structural 
Compound Si-OH (A) OH...X (A). o-..x (A,. O-H...X (")" summary Refs. 

Et43i(OH)2 

[ButzSi~OH~z~SnC1~OH~~l' 
N 
4 
N 

1.638(3) 
1.636(3) 
1.63 
1.655(3), 

1.654(9) 
1.646(3) 
1.690(4) 
1.702(5) 

1.663(4) 

2.679(6)- 
2.727(6) 

2.53 
2.71. 2.74 

2.69, 2.77 
2.785 
3.247d 

1.636( 1) 2.08, 2. 
1.643( 1) 
1.64(2)- 

1.69(2) 

5 2.733(2), 69.0 
2.755(1) 170.3 

2.65-2.75 

1.636(3)- 1.68- 1.77 2.69-2.77 156.4-169.5 
1.649(3) 

1.629(4), 2.21(3), 2.82 154(4), 
1.633(4) 2.20(5) 179(6) 

Sheets 

Sheets 
Ladder chains 

Ladder chains 

Silanediol unit links 
C1,SnOH dimers 
into columns via 
H-bonds; see also 
Table V 
Ladder chains 

Tetrameric, 
intermolecular 
OH...OH 
interactions only 

Columns of linked 
hexamers [data in 
table from Ref. 
3031. 

Ladder chains 
Ladder chains 

301 

300 
305 

40 
278' 
2 72 

292 

311 

302-304 

304 
307 



[(Me3Si)3CSiF(OH)216 . 2H20 

(Me3Si)3CSiPh(OH)z 

[Si(OH)2(bipy)2]12 . 2H20 

1.598(3 1 )- 
1.682(25) 

1.616(3)- 
1.633(3) 

1.631(3) 
1.653(3) 
1.643(4) 

1.626(2) 

1.609(2)- 
1.616(2) 

2.12(6)- 
2.18(6)f 

2.41(5)8 
1.96(5)- 

2.29 

1.69 

1.81(3)* 
1.86(3)h 
2.03(3) 
2.06(3) 

2.833(5)- 
2.918(5)f 

2.90 

2.687(11) 

2.678- 
2.690 

3.17d 

2.699(6)h 
2.681(6)h 
2.830(5) 
2.812(5) 

2.656- 
2.789 

158(6)- 
175(6)f 

161(6)8 
137(6)- 

166 

175(3)h 
177(3)h 
173.8(3) 
175(1) 

Hexameric, water 
molecules link 
two sets of three 
silanols 

OH...OH and 

interactions 

Tetrameric via 

OH...O=C 

Dimeric 

Monomeric, with 
silanol-to-water 
hydrogen bonds. 

Helical ladder chains 
Sheets 

Monomeric, 
intramolecular 
OH-..Cl, and 
OH..*?r 
interactions 

Chains and 
OH---N links to 
pyridine 
molecules 

310 

312 

84 

313 

248 
314 

315 

316 

a X = oxygen unless otherwise stated. 

d X  = c1. 

fOH...OH distances. 
8 OH...O=C interaction. 
h X  = N. 

For a note on the reported differenes in the structure of But2Si(OH)2, see Ref. 292. 
Compound cocrystallizes with (ButzHOSi)20. 

= F. 
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FIG. 25. A view parallel to the double-sheet hydrogen-bonded structure formed by 
cycZo-C~HI1Si(OH)~, showing the hydrophilic interior and the hydrophobic exterior of the 
sheet. Hydrogen atoms are omitted for clarity. Drawn using coordinates taken from the 
Cambridge Crystallographic Database. 

Three closely related, highly bulky silanetriols, (Me,Si),CSi(OH),, 
(Me3Si)3SiSi(OH)3, and (PhMe,Si),CSi(OH),, have been structurally 
characterized, the first two having very similar structures. The synthe- 
ses of the three compounds are, however, very different. Although 
(Me3Si)3SiSiC13 hydrolyzes readily in a H,O/Et,O/aniline mixture 
to give the trio1 (44), the corresponding trichlorides (Me3Si)3CSiC13 
and (PhMe,Si),CSiCl, are highly resistant towards hydrolysis [even 
(Me3Si)3CSiBr3 may be recovered unchanged from boiling aque- 
ous ethanol (31011, and alternative methods are required. Thus, 
(Me3Si),CSiH21 may be hydrolyzed readily (the two hydrogen substitu- 
ents providing less hindrance to attack than two chlorines) to give 
(Me,Si),CSiH,OH, which reacts with I, to give the unusual hydroxyio- 
dosilane (Me3Si),CSiHIOH, which may be further hydrolyzed using 
H,O/DMSO to give (Me3Si)3CSi(OH), (see Scheme 4) (81). The triphenyl 
compound may be prepared by hydrolysis of (PhMe2Si),CSiH,C1 to give 
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FIG. 26. A view perpendicular to the double sheet, showing the hydrogen-bonded 
network in cyclo-C6H1$i(OH),. Hydrogen atoms are omitted for clarity, as are all except 
the a-carbon atoms of the cyclohexyl rings. Drawn using coordinates taken from the 
Cambridge Crystallographic Database. 

(PhMezSi),CSiH20H and subsequent reaction with two equivalents of 
dimethyldioxirane to give (PhMezSi),CSi(OH), (310). 

The structures of (Me,Si),CSi(OH), and (Me,Si),SiSi(OH), are very 
similar and comprise hexameric cages (shown in Figs. 29 and 30) for 
the Si-centered compound (44,320). The cage in the carbon-centered 
compound is slightly shorter and wider than the silicon analogue, the 
distance between the triangular end faces being 6.7 and 7.2 A, respec- 
tively, and the diameter of the cages is about 6 and 5 A, respectively. 

The phenyl compound (PhMe,Si),CSi(OH), forms a tetramer via 
OH...OH hydrogen bonds as shown in Fig. 31. Some of the potential 
hydrogen bonding sites are not used in this way, which seems to be 
due to the presence of 0 H . e . ~  interactions. The structure is similar to 
that of (Me3Si),CSi(0H),O2CCF3, 68, in which there are OH.. .O=C 
rather than OH.-.OH interactions across the center of the tetramer. 
As in compounds 32 and 42, there are several O...Caromatic distances of 
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FIG. 27. A view parallel to the double-sheet hydrogen-bonded structure formed by 
ButSi(OH)3, showing the hydrophilic interior and the hydrophobic exterior of the sheet. 
Hydrogen atoms are omitted for clarity. Drawn using coordinates taken from the Cam- 
bridge Crystallographic Database. 

Si 

FIG. 28. A view perpendicular to the double sheet, showing the hydrogen-bonded 
network in ButSi(OH)3. Hydrogen atoms are omitted for clarity. Drawn using coordinates 
taken from the Cambridge Crystallographic Database. 



FIG. 29. The hydrogen-bonded hexamer formed by (Me3Si)3SiSi(OH)3. Hydrogen atoms 
are omitted for clarity. Drawn using coordinates taken from the Cambridge Crystallo- 
graphic Database. 

FIG. 30. The cage of oxygen atoms making up the core of the (Me3Si)3SiSi(OH)3 hexamer 
(open bonds denote hydrogen bonds). Hydrogen atoms and Me3Si groups are omitted for 
clarity. Drawn using coordinates taken from the Cambridge Crystallographic Database. 
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R 
R = C(SiMe2Phh 

FIG. 31. A diagrammatic representation of the hydrogen-bonding arrangement in 
(PhMe2Si)3CSi(OH)3. Hydrogen atoms on two of the oxygens could not be located (321). 

less than 3.3 A, indicative of such interactions, and in dilute CC1, 
solution there is a band at 3624 cm-' in the IR spectrum, which is also 
consistent with such interactions (321). 

V. Summary and Conclusions 

The wide range of hydrogen-bonded arrangements found in silanols 
is perhaps not surprising in view of the variety of functional groups, 
e.g., SiOH, Si(OHI2, Si(OH)3, siloxanediol, that are available to  silicon, 
not all of which are common functions in carbon chemistry. Although 
there are a variety of structures, many of which seem unrelated to 
each other, there are some common structural types, and an attempt is 
made here to categorize and describe their important general features. 

As would be expected for highly polar species, most of the structures 
seen have a strongly hydrophilic region in which the hydrogen bonding 
occurs, and this is surrounded by hydrophobic alkyl groups, aryl groups, 
etc. Extended arrays including chains, sheets, and three-dimensional 
networks are encouraged by increasing the number of SiOH groups 
present and by reducing the size of the other substituents in the mole- 
cule. Many of the compounds with more than one SiOH present (and 
those containing one SiOH group and a second functional group capable 
of participating in hydrogen bonding) form a relatively small number 
of different types of structure, which can be seen as being built up from 



TABLE VII 

STRUCTURAL DATA FOR COMPOUNDS CONTAINING AN GROUP 

Structural 
Compound Si-OH (A) SiOH..-X o...x (AY summary Refs. 

B u W O H ) ~  1.613(4), 2.705, Sheets 319 
1.631(4), 2.704 
1.634(3) 

1.637(2) 2.724(2) 

1.649(5) OH. . .m 
interaction, 
possible 
intermolecular 

interaction 

c-C&~S~(OH)~ 1.608(2), 2.722(3), Double sheets 318 

OS[S~(OH)~IC~(CO)(PP~~)~  1.6246)- Intramolecular 315 

OH..-m 

(Me3Si)3CSi(OH)3 1.623(12), 2.82 Hexameric cages 44, 320 
1.666( 14), 2.93 
1.655(11) 3.12 

1.66(2) 2.78(2) 
1.69(2) 2.95(3) 

1.638(2) 3.157 

(Me3Si)3SiSi(OH)3 1.65(2) 2.71(2) Hexameric cages 44 

(PhMezSi)3CSi(OH)3 1.615(3)- 2.818- Tetrameric 321 

"X = 0. 
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X = COH, C=O, NR2 etc. 

0 0  A ...... oAo.. .... oAo.. .... . o A o . .  .... 
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< ;  0 ....... 0 0 ....... 0 > 
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g 

...... ....... o...... 6 0 0 

v 
FIG. 32. Structural units found in silanols with two hydrogen-bonding sites. 

simple units as shown in Fig. 32. Few, if any silanols have the sim- 
ple structure (a), although the disiloxane shown in Fig. 13 bonds 
only to EtOH and not to itself. Large substituents, for example in 
(Me,Si),CSiPh(OH), and in (C5Me5),Si(OH),, lead to small discrete 
units (c) and (d), while compounds containing a single SiOH group 
together with a COH, C=O, or nitrogen functions tend to form simple 
chains (b). Smaller substituents allow chains of types (el, (f), and (g) 
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to be formed, cf. Fig. 10, and silanetriols may form double sheets or 
small clusters depending on the size of the substituent. 

It should be noted that none of the structures {except the cocrystal- 
lized mixture of ( B U ~ ~ H O S ~ ) ~ O  with [ B U ~ ~ S ~ ( O H ) ~ ( C ~ ~ S ~ O H ) ~ I }  described 
in this article contain a combination of SiOH, Si(OH12 or groups 
together in same molecule. There would seem to be no synthetic reason 
why such compounds could not be prepared and structurally character- 
ized, and it is likely that they will also exhibit extended hydrogen- 
bonded arrays, for example containing interconnected cages. This type 
of compound, together with further investigations into the selective 
formation of adducts of silanols, should ensure continued interest in 
the structural chemistry of silanols. 

Furthermore, since this article was originally prepared several im- 
portant papers have come to our attention. Improved procedures for the 
preparation of sensitive silanols such as (HOMe2Si)20 and Me2Si(OH12 
from the corresponding chlorosilanes have been developed using either 
a two phase system or Et3N as an HC1 scavenger in the hydrolysis (322). 
Ab initio calculations have been carried out for the silicon equivalent, 
(HSiOOHI2, of the formic acid dimer. The calculations show that the 
dissociation energy for such a hydrogen bonded dimer is much higher 
for the silicon analog, but that if double bonds to silicon are avoided, 
then a much lower energy is found for the cyclic dimer containing an 
Si202 four-membered ring (323). The first isolation of a protonated 
silanol But3SiOH2 + has been achieved by treatment of the silicocationic 
species [But3SiI+ [Br6CB11H6]- with wet solvent. The stability of the 
protonated species seems to rely on the presence of the very poorly 
coordinating Br6CBllH6- anion, and its structure suggests weak hydro- 
gen bonding between the OH2 group and bromine atoms on the carbor- 
ane cage. It also has an unusually long Si-0 bond of 1.779(9) (324). 
The reaction between acylsilanes (Me,Si),SiC(O)R (R = But, ada- 
mantyl or 2,2,2-bicyclooctyl) with TiC14 followed by an aqueous workup 
gives disilanols (Me3SiMeSiOH)C(SiMe3)RSiMe20H (325). The struc- 
ture of the bicyclooctyl compound shows that the hydrogen bonding 
arrangement is similar to that found in (Me3Si)2C(SiMe20H)2 (see Sec- 
tion IV,D). The structural characterization of 1,3-(HOMe2Si)2C6H4 
shows that the compound is very unlike the 1,Cisomer (see Section 
IV,D) but forms double chains of the type shown in Fig. 32e (326). 
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I. Introduction 

Methanotrophic bacteria have the fascinating ability to use methane 
as their sole source of carbon and energy (I). The organisms play a 
crucial role in the atmospheric balance of this greenhouse gas and in 
the overall global carbon cycle by annually consuming billions of tons 
of methane (2, 3). Because these bacteria are capable of converting 
methane into methanol at ambient pressure and temperature, metha- 
notrophs have received much attention in the search for alternative 
methods for methanol synthesis (4) ,  which are currently not cost- 
efficient and require high temperatures and pressures (5). In addition 
to methane, these organisms can metabolize a wide variety of other 
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substrates (6-8), spurring interest in their bioremedial applications 

Methanotrophs rely on the enzymatic system methane monooxygen- 
ase (MMO) to catalyze the first step in the metabolism of methane, 
shown in Eq. (1) (1, 14). 

(9-1 3). 

CH, + 02 + H+ + NADH --j CH30H + H2O + NAD+ (1) 

The soluble MMO (sMMO) systems in two organisms, Methylococcus 
cupsulatus (Bath) and Methylosinus trichosporium OB3b, have been 
the focus of intense research in recent years. A detailed discussion of 
the structure determination of the oxidized hydroxylase of sMMO from 
M .  cupsulutus (Bath) has recently appeared (151, as has a review focus- 
ing mainly on work with sMMO from M .  trichosporium OB3b (16). 
In the present article, we cover progress toward understanding the 
structure of the nonheme iron catalytic center in its various oxida- 
tion states, interactions between components of MMO, and the current 
state of understanding the hydroxylation mechanism. Results for the 
sMMO systems from both organisms will be compared and contrasted. 

In most methanotrophs, two distinct forms of MMO can exist, with 
the dominant species depending on the bioavailability of copper (1 7). 
The particulate MMO (pMMO) is a membrane-bound system which 
has been difficult to study because of its instability outside the cell. 
Recently, progress has been made in the isolation and characterization 
of pMMO from M .  cupsulutus (Bath), the activity of which was found 
to depend on the copper concentration within the membrane (18,191. 
EPR and magnetic susceptibility studies indicated that pMMO contains 
an exchange-coupled trinuclear Cu cluster (19). Since the EPR signal 
of the chemically reduced tricopper cluster converted to the signal of 
the oxidized, or resting, state of the enzyme upon exposure to dioxygen, 
the cluster is believed to occur at  the active site of pMMO (19). 

Under conditions of copper deficiency, some methanotrophs can ex- 
press a cytosolic, soluble form of MMO (sMMO) (20-23), the properties 
of which form the focus of the present review. The sMMO system com- 
prises three separate protein components which have all been purified 
to homogeneity (24,25). The hydroxylase component, a 251 kD protein, 
contains two copies each of three subunits in an a2P2y2 configuration. 
The a subunit of the hydroxylase houses the dinuclear iron center (26) 
responsible for dioxygen activation and for substrate hydroxylation 
(27). The 38.6 kD reductase contains flavin adenine dinucleotide (FAD) 
and FezSz cofactors (28), which enable it to relay electrons from reduced 
nicotinamide adenine dinucleotide (NADH) t o  the diiron center in the 
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hydroxylase (29,301. The third component, protein B, contains no cofac- 
tors (31). This small, 15.5 kD protein interacts with hydroxylase and 
reductase in several ways, regulating the rate and regioselectivity of 
substrate hydroxylation as well as the reduction potentials for MMO. 

II. Structural Studies of sMMO Hydroxylase 

The hydroxylase component of sMMO belongs to a family of proteins 
which contain a nonheme, carboxylate-bridged, dinuclear iron unit at 
their active sites (32-36). Included in this family are the proteins 
hemerythrin, ribonucleotide reductase, and purple acid phosphatase, 
as well as a number of other hydroxylating enzymes. Understanding 
how the diiron unit in each protein is tuned to exhibit diverse functions, 
ranging from the reversible binding of dioxygen in hemerythrin to the 
activation of dioxygen for converting methane to methanol in MMO, 
is a primary goal of research in this area. Emerging features of the 
nonheme systems can be compared to related structural and functional 
information from the analogous heme proteins hemoglobin and cyto- 
chrome P-450, which have been studied more extensively. 

A. THE OXIDIZED HYDROXYLASE, H,, 

The diiron center in the sMMO hydroxylase has been investigated 
by a variety of physical techniques. Selected physical properties of the 
hydroxylase from both M. cupsulutus (Bath) and M. trichosporium 
OB3b in three oxidation states are listed in Table I. The enzyme is 
isolated in its native Fe(III)Fe(III) oxidation state (H,) (37). Mossbauer 
parameters are consistent with the presence of two high-spin iron(II1) 
atoms (38,391 and are slightly perturbed with an increase in pH (39). 
The ground state of H,, is EPR-silent because of antiferromagnetic 
coupling between the two Fe(II1) atoms (38,39). EPR signals at g = 4.3 
and 2.0, which together account for -0% of total iron, are present 
in spectra of the enzyme in all oxidation states and are assigned to 
adventitious Fe(II1) and a protein-associated free radical, respectively. 
The S = 2 excited state of H,, displays an integer spin EPR signal at 
g = 8 (J = - 8 cm-', where X = - WS1.Sz )  (39). Since the oxo-bridged 
diiron(II1) units in hemerythrin and the R2 subunit of ribonucleotide 
reductase exhibit coupling constants of - 135 and - 110 cm-', respec- 
tively, the small J value suggested that an 0x0 bridge is not present 
in H,, (39). This hypothesis is in accord with previous EXAFS spectral 
studies (38,40) in which no short Fe-0 distance was found, and with 



TABLE I 

PHYSICAL PROPERTIES OF hfhfOH FROM M. trichosporium OB3b AND M. capsulutus (BATH) 

M. trichosporium OB3b M. capsulatus (Bath) 

Hd H," Ha Ref. Hred Hrn" Kx Ref. 

Optical &lax, 
Magnetics J, cm-l 0.35 
Messbauer site 1: 

6, mm/s 1.3 
hEQ, m / S  3.10 
site 2: 
6, mmls 1.3 
UQ, mm/s 2.4-3.0 

EPR g, 
gr 
gz 
g.3, 16 
g,, + protein B 

ENDORb A, MHz 

- 30 

0.48" 
- 1.3' 

1.19" 
2.4" 
1.94 
1.86 
1.75 
1.85 
1.75 

13-23 

282 27 
-8 39 

0.51 39 1.30' 
1.16 39 2.87 

0.50 39 1.30' 
0.87 39 2.87 

27 
27 
27 

8 27 15 
66 
46 

280 
- 32 

0.51 
1.12 

0.50 
0.79 

1.92 
1.86 
1.71 
1.83 
1.74 

14-30 

38 
38 

51 
51 

51 
51 
38 
38 
38 
38 
48 
42 

Determination was performed in the presence of DMSO at 150 K. All other measurements were at 4.2 K. 
* Value for hydroxide bridge proton only. 
' The two sites are unresolved and the apparent values are quoted. 
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the lack of any electronic spectral bands above 300 nm in any oxidation 
state (38). A 2.2 resolution x-ray crystal structure of H,, from M. 
cupsulutus (Bath) (41) provides further evidence for the occurrence of 
a bridging hydroxide ligand (vide infra), and the active site structure 
derived from this analysis is illustrated in Fig. 1. Two additional 
bridges, a bidentate glutamate and an exogenous bridging ligand, ten- 
tatively assigned as acetate ion introduced during crystal growth, have 
also been identified. The Fe...Fe distance is determined to be 3.4 A. 
Each iron atom is ligated by one histidine nitrogen atom. The re- 
maining octahedral coordination sites are occupied by two monodentate 
glutamate residues on one iron atom, whereas the second iron atom 
contains one monodentate glutamate and a water ligand in its coordina- 
tion sphere. Further details are discussed elsewhere (15,41). 

B. THE MIXED-VALENT HYDROXYLASE, H,, 

Hydroxylase in the mixed-valent Fe(II)Fe(III) oxidation state (H,,,) 
is readily accessible by one-electron reduction of the dinuclear cen- 
ter. Mossbauer data indicate the presence of one Fe(II1) and one Fe(I1) 
(39). H,, has a rhombic EPR signal with g,, = 1.83 (27, 37) and 
J = - 30 cm-' (38,39), properties characteristic of other mixed-valent 
nonheme carboxylate-bridged diiron centers such as that in semimet 
hemerythrin (J  = - 15 cm- l) (32). ENDOR spectroscopic studies of H,, 

n Hydroxylase Active Site Structure 
n 

FIG. 1. Structure of the active site of H,, as determined by x-ray crystallography (41). 
Broken lines are used to designate hydrogen bonding of the water molecule to Glu 114 
and Glu 243, as well as the semibridging interaction of Glu 144 with the diiron center. 
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from M. capsulatus (Bath) provide good evidence for a hydroxide bridge 
and a terminal water or hydroxide ligand of the diiron unit (42). The 
hyperfine interaction parameter of the hydroxide proton is highly un- 
usual, displaying an extremely large and anisotropic coupling to the 
paramagnetic diiron center. Exchange with D20 demonstrated that the 
proton is derived from solvent. Spectra of semimetazido hemerythrin 
displayed a similar feature, confirming the assignment. The mixed- 
valent dinuclear iron center of this protein was known from a variety 
of other methods to  contain a bridging hydroxide ligand (43-46). A 
pulsed EPR study of H,, from M .  trichosporiurn OB3b was consistent 
with these conclusions (47). Extensive ESEEM and ENDOR investiga- 
tions of H,, have been carried out (48-50). These experiments provide 
further characterization of the diiron core through examination of 14N, 
15N, 'H, 2H, 13C, and 57Fe nuclei in Hmv. Parallel studies of the protein 
containing the bound inhibitor DMSO (50) afford information about 
the geometry of the substrate binding site in H,, (48, 50). A Mims' 
pulsed ENDOR analysis of H,, treated with dG-DMSO suggests that 
the dimethyl sulfoxide ligand is coordinated through its oxygen atom 
to the iron(II1) center, with the methyl groups asymmetrically disposed 
such that one is appreciably closer to the diiron center (48). 

c. THE REDUCED HYDROXYLASE, Hred 

Further reduction of H,, results in the formation of the fully reduced, 
Fe(II)Fe(II) protein (€Ired). Mossbauer spectra of Hred from both organ- 
isms are best interpreted as arising from two unique quadrupole dou- 
blets (39,511. For M .  trichosporiurn OB3b, the doublets were interpreted 
as indicating the presence of two distinct Fe(I1) sites in each diiron 
center (39). For M .  capsulatus (Bath), the signal is very broad, owing 
in part to dinuclear Fe(I1) centers in the protein that react with dioxy- 
gen in a nonproductive manner (51). Hred from M. trichosporiurn OB3b 
and both forms of Hred from M .  cupsulatus (Bath) exhibit an EPR feature 
at g = 15-16 (27,38) arising from a ferromagnetically coupled, S = 4 
spin system, with the two lowest spin levels being nearly degenerate 
(52). Identification of nitrogen donor ligands was possible from the 
pulsed ENDOR and ESEEM spectra of H,, from M. capsulatus (Bath) 
(53). These studies provide the first advanced EPR studies of a non- 
Kramers doublet spin system, and they suggest the possibility of in- 
vestigating similar signals from other proteins in this family. EXAFS 
spectroscopy does not exhibit Fe . - .Fe backscattering in H,, (38). This 
observation could reflect thermal motion, or i t  may suggest that, as a 
consequence of the reduction of H,, to  Hred, the Fe..-Fe distance has 



SOLUBLE METHANE MONOOXYGENASE PROTEIN SYSTEM 269 

increased significantly. MCD experiments were interpreted in terms 
of a model in which both iron atoms are five-coordinate and ferro- 
magnetically coupled to one another, with J i= 0.3 to 0.5 cm-' (54). 
Comparisons with deoxyhemerythrin, the diiron center of which con- 
tains a hydroxo bridge and antiferromagnetically coupled (J - 12 to  
- 36 cm-') iron atoms (43,44,55,56), have led to the hypothesis that 
the hydroxide bridge present in H,, and H,, is converted to a water 
bridge in Hred (54). 

ill. Component interactions 

Although the structure of the hydroxylase is now reasonably well 
understood, less is known about the interactions among the three com- 
ponent proteins of MMO. Despite the fact that the physical properties 
of the M. cupsulutus (Bath) and M .  trichosporium OB3b hydroxylases 
are very similar, preliminary work with the other components indicates 
that significant differences exist. The manner in which the component 
proteins interact is quite complex, as manifested by the regulation of 
electron transfer to the hydroxylase, the product yields and regioselec- 
tivity of the hydroxylation reaction, and the detailed kinetic behavior 
of the systems. 

A. CATALYTIC ACTIVITY 

In the M. cupsulutus (Bath) system, all three components are neces- 
sary to obtain turnover with NADH as the reductant (57). With the 
M .  trichosporium OB3b system, protein B is apparently not required 
(27). Instead, in this latter system, protein B increases the initial rates 
of the catalytic hydroxylation reaction (27). Catalysis can be achieved 
by means of a shunt pathway with hydrogen peroxide and H,, alone 
from both organisms (58-60). The efficiency of the shunt pathway, 
however, varies significantly. With M. trichosporium OB3b, alcohol 
yields greater than those obtained with the completely reconstituted 
system have been observed (58). Furthermore, upon addition of protein 
B, the initial rate constants are diminished, in contrast to those ob- 
served for the catalytic system (61). The reasons for the different effects 
of protein B on the two reactions with H,, are unknown. With H,, from 
M. cupsulutus (Bath), activities of only ~ 1 0 %  of the values observed 
under optimal catalytic conditions were found with the H202 shunt 
pathway, assuming specific activities to be greater than 200 mU/mg 
(59). As a consequence of the poor yields observed, the effect of protein 
B on the system was not investigated further. 



270 LIU A N D  LIPPARD 

B. REDUCTION POTENTIALS OF THE HYDROXYLASE 

Determination of the reduction potentials of the diiron center in the 
hydroxylase, shown in Eq. (21, and investigation of the effects of the 
other two MMO components on those potentials, have revealed different 
behavior for the two organisms (Table 11). 

For M. cupsulutus (Bath), values of + 350 and - 25 mV, for El0 and 
E2", respectively, vs NHE were obtained from redox titrations by mea- 
suring the appearance and disappearance of the EPR signal of H,, 
(37). Problems were encountered in producing high yields of H,, from 
this organism for use in physical studies, despite the large difference 
between Elo and E2', and so the potentials were remeasured. In the 
latter experiments, two sets of electron-transfer mediators were used, 

TABLE I1 

REDUCTION POTENTIALS ( m v  vs NHE, pH 7.0) OF THE MMO HYDROXYLASE FROM 
M. capsulatus (BATH) AND M. trichosporium OB3b 

Component(s) Conditions* El" Ez" 

H 

H, protein B 
H, propylene 
H, protein B, R 
H, protein B, R, propylene 

M .  capsulatus (Bath) 
1 48 * 5 

2, 3 100 2 15 
2, 3 50 2 15 
1 30 2 5 
1 a 
1 <lo0 2 25 

-135 2 5 
-100 2 15 
-170 * 15 
-156 2 5 

a 
-100 2 25 

H 
H, protein B 
H, protein B, R 
H, R 
H, protein B, R ,  propylene 

M .  trichosporium OB3b 
4 76 2 15 
4 -52 5 15 
4 >76 ? 15 
4 >76 2 15 
4 >76 * 15 

21 * 15 
-115 2 15 
>21 * 15 
>21 * 15 
>21 * 15 

_______~ ________ 

Adapted from Refs. (62-64). 
a No reduction was observed under these conditions. 

See text and appropriate references for specific experimental conditions, which differ 
mainly in the number and choice of mediators employed in the redox titrations. 
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the first of which matched those employed in the original study (371, 
and yielded potentials of + 48 and - 135 mV vs NHE (62). The second 
set omitted two mediators that were suggested to bind to the M. tri- 
chosporium OB3b hydroxylase (631, and both reduction potentials 
shifted to slightly more positive values of +lo0 and -100 mV, al- 
though the difference between them remained approximately the same 
(64). In one sense this difference is more important than the absolute 
values of the potentials, because it determines thermodynamically the 
amount of H,, that can be obtained theoretically. Substrate had little 
effect on these potentials, whereas addition of protein B altered them 
to values of + 50 and - 170 mV for E," and E20, respectively. In the 
presence of a mixture containing both protein B and reductase, no 
EPR signals associated with H,, or Hrd were detected at potentials as 
negative as - 200 mV (62). When the titration of the three components 
was carried out in the presence of substrate, however, only H,, was 
detected, but at potentials as high as 100 mV. No EPR signal indicative 
of H,, was observed. These results indicate that, with the complete 
reconstituted system including substrate, a two-electron transfer oc- 
curs; reduction of H,, directly to Hrd without formation of H,, reveals 
an Ez0 which has shifted to a value greater then Elo. The redox experi- 
ments therefore provide important evidence that H,, is not likely to  
be of physiological significance. The inability to reduce the hydroxylase 
in the presence of a mixture containing protein B and reductase was 
consistent with kinetic work in which component B prevents NADH 
oxidation by the MMO system in the absence of substrate (65). Addition 
of substrate similarly led to efficient electron transfer to  the hydroxy- 
lase, as measured by the consumption of NADH. Thus, control of elec- 
tron transfer to the hydroxylase is regulated by the binding of substrate 
and the other two proteins in the system, assuring that reducing equiva- 
lents are not wasted and that the protein is protected from oxidative 
damage (vide infra) in the absence of substrate. 

Elo and E; values of +76 and +21 mV, respectively, have been 
measured for H,, from M. trichosporium OB3b by similar methods (63). 
These values are more closely spaced and imply that H,, from this 
organism is thermodynamically less stable with respect to dispropor- 
tionation. Addition of protein B lowered the potentials to -52 mV 
and -115 mV, respectively. The regulation of electron transfer to 
the hydroxylase with protein B and reductase observed with the M. 
cupsulatus (Bath) MMO was not seen with this system. Instead, it was 
reported that the potentials of H,, and of H,, with added protein B are 
shifted slightly to more positive values in the presence of reductase 
(Table 111, and the reduction was not substrate-dependent. 
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As indicated by the negative shifts in the reduction potentials of H,,, 
protein B can interact with the diiron center in H,, from both MMO 
systems (63, 64). Consistent with this interpretation are EPR studies 
of H,, from both organisms which indicate that, in the presence of 
protein B, the EPR signal moves from g,, = 1.83 to g,, = 1.75 (48,661. 

C. PRODUCT DISTRIBUTIONS 

The distribution of products formed by hydroxylation of nitrobenzene 
and isopentane with MMO from M .  trichosporium OB3b were investi- 
gated (58, 611, and the results for nitrobenzene are listed in Table 111. 
Protein B had a dramatic effect on the regioselectivity of hydroxylation 
(61). This behavior was attributed to changes in the hydroxylase struc- 
ture upon complexation with protein B, causing the substrate molecule 
to interact differently at  the active site of the enzyme. Similar studies 
of the substrate nitrobenzene with the M. cupsulutus (Bath) system 
were carried out (511, and the results are included in Table 111. Very 
different regioselectivity is observed for the native reconstituted sys- 
tem, with product distributions that curiously match those obtained 
by the hydrogen peroxide shunt pathway with M. trichosporium OB3b. 
With the M .  cupsulutus (Bath) system, addition of protein B in single 
turnover reactions (see next section) for chemically reduced Hred has 
no effect on the regioselectivity of the reaction. This result implies that 
it is the reductase/protein B combination, and not protein B alone, 

TABLE I11 

PRODUCT DISTRIBUTIONS FROM REACTIONS OF MMO WITH NITROBENZENE" 

Organism Components Reductant 4-Nitrophenol 3-Nitrophenol 

M. trichosporiurn H,,, protein B, NADH 89% 11% 

H,,, reductase NADH <lo% >go% 
H,, Hz02 38% 59% 

(Bath)' H,,, protein B, NADH 57% 43% 

OB3bb reductase 

H,,, protein B H202 59% 41% 
M. capsulatus H,, 2 protein B chemicald >95% - 

reductase 

In all cases, very little 2-nitrophenol was detected. 
See Refs. (58 and 61). 
See Ref. (51). 
Hrd was prepared with mediated reduction by sodium dithionite. 
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which can significantly affect the distribution of products from the 
hydroxylation reaction. Of interest are the KM values measured for 
nitrobenzene hydroxylation in the various systems. A KM value of 
=5 mM was obtained with both the catalytic system from M. cupsulutus 
(Bath) (51 1 and the H2O2 shunt pathway with M. trichosporiurn OB3b 
(58). As indicated earlier, these two systems display similar product 
distributions in the hydroxylation reaction. The catalytic system from 
M. trichosporiurn OB3b yields a KM value of -100 pM (58), however, 
and the regioselectivity differs from that observed with the other two 
systems. Further work is required to understand the reasons for these 
differences. 

D. YIELDS AND RATE CONSTANTS WITH SINGLE TURNOVER REACTIONS 

Single turnover experiments can be carried out by addition of sub- 
strate and dioxygen to chemically reduced MMO hydroxylase, monitor- 
ing either the formation of colored products such as p-nitrophenol or 
the uptake of dioxygen by a Clark electrode. Yields of single turnover 
reactions with H,, from M. trichosporium OB3b are not sensitive to  
the presence of the other two components (27). From these and other 
studies with this system, it was concluded that protein B does not affect 
the reactivity of the hydroxylase with dioxygen, and that it has little 
effect on the hydroxylation reaction once Hred is formed (66). In contrast 
to this work, experiments with MMO from M. cupsulutus (Bath) indicate 
that total yield from single turnover reactions of chemically reduced 
Hred are significantly affected by the other components of the system 
(51). Maximal yields occur when greater than 1.5 equivalents of protein 
B are added, either prior to or following reduction of H, to Hred. Combin- 
ing both protein B and reductase with Hrd results in slightly diminished 
yields, and adding protein B and reductase to H,, prior to reduction 
afforded very little hydroxylation. This latter finding is consistent with 
the redox studies in which, even at quite negative potentials, Hrd was 
not detected by EPR spectroscopy in the presence of both protein B and 
reductase (62). Adding reductase alone to H,, or Hrd did not have a 
substantial effect on the product yields, which were quite low because 
protein B is absent. 

Protein B from M. cupsulutus (Bath) not only increases the product 
yields, but also influences the rate constant for the single turnover 
reaction of Hrd with nitrobenzene (51,67). The pseudo-first-order rate 
constant increases up to 33-fold when Hd is titrated with protein B. 
Neither addition of reductase to H,, or Hrd, nor addition of protein B 
and reductase to Hrd, could similarly affect the rate constant. These 
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observations again imply either that protein B alone activates the 
hydroxylase, or that protein B and reductase do not significantly affect 

Thus, protein B from M. capsulatus (Bath) affects the single turnover 
hydroxylation reaction efficiency by increasing both the rate constants 
and product yields. Presumably, protein B in some manner activates 
the H,, species formed by chemical reduction of H,,. The activation 
could be at least partially thermodynamic in origin, since the reduction 
potentials become more negative in the presence of this protein compo- 
nent. Addition of protein B and reductase to Hred, however, may not 
produce the same reactive species as that formed when H,, is reduced 
in the presence of protein B and reductase. The inability to reduce H,, 
to Hred chemically in the absence of substrate and protein B (62) makes it 
difficult to obtain definitive information about this possibility through 
single turnover experiments. Structural alterations in the coordination 
spheres of the iron atoms accompanying the change in oxidation state 
from H,, to Hred could be facilitated by the other two components, 
altering the kinetics of the ensuing hydroxylation steps from those 
observed with protein B alone (51). Such a change in active-site geome- 
try could account for the increased reduction potentials observed for 
H,, upon addition of the other two components and substrate (62). 

Complex formation among the three protein components of the M. 
trichosporiurn OB3b MMO has been demonstrated (66). In this work, 
it was hypothesized that protein B binds tightly to H,, to  form an 
activated complex but that, after formation of Hred, the binding affinity 
is diminished (63, 66). Results reported for M. capsulatus (Bath) are 
consistent with initial binding of H,, to protein B to form an activated 
complex (511, because increased yields and rate constants are seen 
when protein B is added to Hred. If the Hred-protein B complex of M. 
cupsulatus (Bath) is the species influencing reactivity, then there 
should be a direct relationship between equivalents of added B and the 
rate constant, at which point the B-specific binding sites would be 
saturated. Since H is a dimer (a2f12y2), two equivalents of protein B 
and reductase are likely to  bind per molecule, probably in the canyon 
formed a t  the interface of the a and fl  subunits (41). Amounts of protein 
B greater than two equivalents per H,, may diminish the rate constant 
of the reaction by binding nonspecifically and sterically hindering sub- 
strate access to Hred. The total product yield could still remain high, 
because nearly all of the H,, is in the active, protein B-bound form. 
If there are a finite number of nonspecific binding sites for additional 
molecules of protein B beyond two equivalents, excess protein B would 
have little effect once all of these extra sites were fully occupied, except 

Hreci. 
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possibly to block the reductase binding site. Similar reasoning was also 
invoked in work with M. trichosporium OB3b to explain the titration 
curve describing the effect of protein B on the initial rate constants 
for the catalytic system with H,, and reductase (66). 

The M. cupsulatus (Bath) reductase alters the distribution of products 
formed in the reaction of Hrd and dioxygen with nitrobenzene (51 ), but 
protein B has a more diverse role in this fully reconstituted MMO 
system. As mentioned earlier, it regulates electron transfer from the 
reductase to the hydroxylase so that it occurs only in the presence of 
substrate (62, 65); it shifts the reduction potentials of the substrate/ 
reductase/hydroxylase complex (62); and it affects Kobs and yields in 
single turnover reactions of Hred (51 ). Protein B from M. trichosporium 
OB3b changes product distributions with Hrd (61), increases the initial 
velocity of the complete reconstituted system (661, but reduces the 
initial velocity with the H,Oz shunt system (66). Reductase plays no 
major role in the regioselectivity of the hydroxylation reaction in this 
case (61). With hydroxylase from both organisms, protein B perturbs 
the EPR signal of H,, (48,661 and lowers the reduction potentials (63, 
64). A unifying explanation for these observed functions has yet to be 
found. Some of the differences may arise from variations in the proteins 
themselves. For example, appreciable differences in protein B from the 
two systems are reflected by the inability of antibodies raised toward 
one protein B to bind the other (68). More structural work on component 
interactions is essential for a full understanding of the fundamental 
reasons for the observed effects, and to reconcile differences between 
the two MMO systems. ' 

IV. Mechanism of Hydroxylation 

A. REACTION OF Hrd WITH DIOXYGEN 

Hrd is the form of hydroxylase which reacts with dioxygen (27). 
Recently, intermediates were detected in this reaction (51, 69-72). In 
all cases, dioxygen was mixed with Hrd in the presence of two equiva- 
lents of protein B under pseudo-first-order conditions in dioxygen. 
Reactions were carried out at 4°C in the absence of substrate in order 
to allow detectable quantities of the intermediates to build up. Spectro- 
scopic parameters and kinetic constants for two intermediates, origi- 
nally designated L and Q, are listed in Table IV. The proposed reaction 
sequence is summarized in Eq. (3) .  Magnetic Mossbauer (51, 69) and 
EPR spectroscopic results (51, 70) indicated that both intermediates 
are diamagnetic. In the M. trichosporium OB3b MMO system, rapid 
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TABLE IV 

SPECTROSCOPIC AND KINETIC PARAMETERS FOR INTERMEDIATES IN THE REACTION OF 
H d  WITH DIOXYGEN 

M. trichosporium" M. capsulatus (Bath)* 

Q Hperox0 Q 

Optical A,,,,, nm 

kfo,, 8-l 

kdecayr 
Mossbauer site 1: 

6, mmls 
~ E Q ,  mm/s 
site 2: 
6, mm/s 
AEQ, mm/s 
kfo,, Q-' 

kdecayr 8-l 
Raman vo-o cm-' 

330 
430 

1 
0.05 

0.17 
0.53 

5600-650 

22 
- 

0.66 
1.51 

- 
- 

28 

905 
0.3 

350 
420 

0.5 
0.07 

0.21 
0.68 

0.14 
0.55 
0.3 
0.03 

" See Refs. (69 and 70). 
* See Refs. (51, 71, 72). 

freeze-quench EPR studies revealed that the g = 16 EPR signal of Hred 
decays with a first-order rate constant of -22 * 5 s-l upon exposure 
to dioxygen (70). Based on this observation, a proposed intermediate 
named "P' was suggested as the immediate precursor to Q (vide infra). 
Mossbauer analysis of rapid freeze-quench samples prepared from the 
M. cupsulutus (Bath) system identified such an  intermediate (71 ), but 
this compound was designated "L" because it was unknown at that time 
whether it corresponded to the immediate precursor to Q. Subsequent 
kinetic Mossbauer data for L from M. cupsulutus (Bath) indicated that 
L forms, concomitantly with the decay of Hred, with a first-order rate 
constant of =28 s-l (51). The minimal mechanism therefore dictates 
that intermediate L represents the initial species formed in the reaction 
of Hr, with dioxygen. 

The Mossbauer spectrum of L consists of a symmetric doublet which 
was fitted with parameters S = 0.66 * 0.02 mm/s and AE, = 
1.51 ? 0.03 mm/s (71). The isomer shift is larger than values (0.45- 
0.55 mm/s) generally seen for carboxylate-bridged diiron(II1) clusters, 
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but significantly smaller than isomer shift values for diiron(I1) clusters 
(1.1-1.3 mm/s) (32-34). Although parameters matching the values of 
L have not been observed in model compounds, the magnitude of the 
isomer shift is close to parameters seen for diiron(II1) clusters, and L 
was accordingly proposed to be a diiron(II1) peroxide complex (71). 
Such species have been assigned to products formed in reactions of 
several diiron(I1) model complexes with dioxygen and result from trans- 
fer of two electrons from the Fe atoms to the dioxygen ligand (35). The 
optical absorption at A = 600-650 nm ( E ~ ~ ~  = 1500 M-’ cm-’) reported 
for L (51, 73) resembles published electronic spectral features for sev- 
eral diiron(II1) peroxide model complexes (74-76). Similarly, the reso- 
nance Raman spectrum of L with excitation at 647 nm displays an 
isotope-sensitive band at  905 cm- ’ (72), which matches 40-0) values 
reported for several nonheme diiron(II1) peroxide model compounds 
(74-76). The Raman spectrum the intermediate generated with 
l60-l8O contains a single 0-0 stretch, ruling out structures in which 
the 0-0 bond has cleaved and suggesting that the peroxide ion is 
coordinated to iron through both of its oxygen atoms (72). We shall 
therefore refer hereafter to  L as the peroxo intermediate or species, 

From the sharp, symmetrical shape of the Mossbauer signal, the iron 
atoms were interpreted as being in nearly equivalent coordination 
environments (71). To account for the high isomer shift value of 
0.66 mm/s for the peroxo intermediate, six-coordinate iron atoms with 
substantial peroxide-to-iron charge transfer or seven-coordinate iron 
atoms were invoked (71). Such structures can be readily envisaged 
from the known crystal structure of Hox (Fig. l), in which a peroxide 
ligand replaces the bridging acetate. The two resulting Fe(II1) atoms 
may bind the peroxide ligand either in a p-ql:ql, or p-q2:q2 fashion. 
The latter binding mode has been observed for oxyhemocyanin (77) 
and in a dicopper(I1) peroxide complex (78). Figure 2 illustrates struc- 
tures for the peroxo intermediate which are most compatible with its 
spectroscopic parameters, as well as another, less likely, possibility 
(51). 

The time-dependent, rapid freeze-quench Mossbauer experiments 
with M. capsulatus (Bath) (51) indicate that decay of the peroxo species 
proceeds with the concomitant formation of another intermediate, 
named compound “Q.” This intermediate, observed in both the M .  tri- 
chosporium OB3b (69, 70) and M .  cupsulutus (Bath) (51, 71) MMO 
systems by Mossbauer and optical spectroscopy, decays faster in the 
presence of substrates. Such behavior indicates that this intermediate 
is probably on the kinetic reaction pathway for hydroxylation (51, 70). 

Hperoxo. 
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p-qz:qz (out of plane) 
H 

p-q2:qz (in plane) 

Symmetric structures (more likely) 

Asymmetric structure (less likely) 

FIG. 2. Possible structures for a diiron(II1) peroxide unit in the peroxo intermediate 
consistent with available Raman and Mossbauer spectroscopic data. The symbols N and 
0 designate nitrogen and oxygen donor atoms of histidine and glutamate residues, 
respectively. Some of the latter must be bidentate to fill the coordination spheres. 

The Mossbauer spectrum of Q from M .  trichosporium OB3b contained 
a doublet with 6 = 0.17 mm/s and AE, = 0.53 mm/s (69). This signal 
is reported to be symmetrical, and the iron atoms are assumed to have 
equivalent coordination environments. In the M .  capsulatus (Bath) 
system, two unresolved doublets of equal intensity were distinguished 
and fitted to the following parameters: 6 = 0.21 L 0.02 mm/s and 
AEQ = 0.68 2 0.03 mm/s for doublet 1, and 6 = 0.14 * 0.02 mm/s 
and AEQ = 0.55 2 0.03 mm/s for doublet 2 (71). The average isomer 
shift and quadrupole splitting of the two doublets, 0.18 mm/s and 
0.62 mmls, respectively, agree with parameters obtained from the cor- 
responding spectrum of Q from the M .  trichosporium OB3b organism. In 
the M .  capsulatus (Bath) system, however, the presence of two distinct 
signals for Q indicates that the iron atoms are in inequivalent sites. 

From the low isomer shift value, it was suggested that Q is an 
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0 H H 

Intermediate Q 

FIG. 3. Proposed routes for conversion of the peroxo intermediate to intermediate Q, 
one involving loss of water (left-hand side) and one not (right-hand side). In the former 
case the resulting diiron(1V) 0x0 species could bind an oxygen atom with one iron, or 
the oxygen could be bound symmetrically by both iron atoms. Although written as a n  
iron(IV) 0x0 species, Q can also be formulated as an iron(II1) oxyl radical complex (35,51). 

iron(IV) 0x0 species (69). Figure 3 illustrates possible structures for 
Q. In M. cupsulatus (Bath), the inequivalent Fe sites could arise from 
rearrangement of the protein ligands in Q compared to their positions 
as revealed in the x-ray crystal structure of H,, (41). Alternatively, 
the 0x0 ligand in the proposed Fe(1V) species may not be bound symmet- 
rically between the Fe atoms. Equivalent iron sites in the M. trichospor- 
ium OB3b system could arise from symmetrical bridging of the oxygen 
atoms between the two Fe(1V) atoms or terminal coordination on both 
Fe(1V) atoms (51). 

Cleavage of the 0-0 bond in the peroxo species, possibly accompa- 
nied by release of HzO, most likely results in the formation of Q (51). 
The second iron atom in the MMO hydroxylase active site can stabilize 
this unit through redox charge delocalization (Fig. 3) in a manner 
similar to that proposed for the stabilization of a high-valent iron 0x0 
species in cytochrome P-450 by oxidation of the porphyrin ring to a T- 

cation radical (79). A large change in entropy (ASS = 147 J mole-'K-') 
has been reported for the conversion of peroxo to Q, consistent with 
0-0 bond cleavage and possibly the release of water during this step 
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(51). The rate constant for growth of Q is independent of dioxygen 
concentration (51, 70). Since formation of the peroxo intermediate is 
rapid and irreversible and formation of Q is the slow step, the rate 
constant for Q is not expected to depend on dioxygen concentration 
under experimentally practical conditions. Conversion of the diiron(II1) 
peroxide species to  Q, a putative diiron(1V) 0x0 species, would require 
proton transfer within the active site if a molecule of water were pro- 
duced from the second oxygen atom of the peroxide. The lack of a pH 
dependence or a significant kinetic deuterium isotope effect on the rate 
constant for this process, however, suggests that proton transfer is not 
overall rate-determining in the conversion (51). Perhaps Q is a diferryl 
species, (Fe'"=O), (see Fig. 3). 

The widely accepted hydroxylation mechanism for the heme protein 
cytochrome P-450 invokes an Fe(1V) 0x0 species which abstracts a 
hydrogen atom from the substrate molecule (79). Since cytochrome P- 
450 cannot hydroxylate methane, a similar Fe(1V) 0x0 intermediate 
in MMO is presumed to be significantly more reactive. Very recently, 
Fe(IV) intermediates have been ruled out in the mechanism for gener- 
ating the tyrosyl radical in the R2 subunit of ribonucleotide reductase 
(80-82). Instead, a diiron(II1) oxygen radical species was invoked as 
the species which causes the oxidation and deprotonation of the tyrosyl 
residue. A similar formulation has been considered for Q (35,511. In 
addition, the 0-H bond of tyrosine is significantly weaker than the 
C-H bond in methane, and the active abstracting species in R2 may 
not be strong enough to break the C-H bond in methane. It has been 
speculated that a cysteinyl radical may help to homolyze this bond 
(35). If such a species were to couple magnetically with the oxyl radical 
in Q, it could account for the observed diamagnetism. The diferryl unit 
depicted in Fig. 3, or a magnetically coupled bis(oxy1 radical) diiron(II1) 
complex, are attractive alternatives. 

In the M. trichosporiurn OB3b system, a third intermediate, T, with 
A,, at 325 nm ( E  = 6000 M-lcm-') was observed in the presence of the 
substrate nitrobenzene (70). This species was assigned as the product, 
4-nitrophenol, bound to the dinuclear iron site, and its absorption was 
attributed primarily to the 4-nitrophenol moiety. No analogous inter- 
mediate was found with the M. cupsulutus (Bath) system in the presence 
of nitrobenzene. For both systems, addition of methane accelerated the 
rate of disappearance of the optical spectrum of Q (k > 0.065 5-l) with- 
out appreciatively affecting its formation rate constant (51, 70). In the 
absence of substrate, Q decayed slowly (k = 0.065 s-l). This decay may 
be accompanied by oxidation of a protein side chain. 

A proposed cycle (51) for hydroxylation by MMO is illustrated in 
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CH 

Reductase 
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F&' Few 
\ /  
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Q H 

Resting Hydroxylase 

FIG. 4. Proposed catalytic cycle for the hydroxylation of methane by MMO. The reduc- 
tase and B components may interact with the hydroxylase in one or more steps of the 
cycle. Protons are shown in the step in which intermediate Q is generated, but other 
possibilities exist (see Fig. 3 and the text). The curved line represents a bridging gluta- 
mate carboxylate ligand. 

Fig. 4. Substrate first binds to the complete system containing all 
three protein components. Addition of NADH next effects two-electron 
reduction of the hydroxylase from the oxidized Fe(III)Fe(III) to  the 
fully reduced Fe( II)Fe( 11) form, bypassing the inactive Fe(II)Fe(III) 
state. The fully reduced hydroxylase then reacts with dioxygen in a 
two-electron step to form the first known intermediate, a diiron(II1) 
peroxo complex. The possibility that this species itself is sufficiently 
activated to carry out the hydroxylation reaction for some substrates 
cannot be ruled out. The peroxo intermediate is then converted to Q 
as shown in Fig. 3. Substrate reacts with Q, and product is released 
with concomitant formation of the diiron(II1) form of the hydroxylase, 
which enters another cycle in the catalysis. 

B. REACTION OF Q WITH SUBSTRATE 

Figure 5 presents some possible mechanisms for substrate hydroxyla- 
tion by intermediate Q; additional possibilities are discussed elsewhere 
(59). Mechanisms A-C assume that this species is a diiron(1V) 0x0 
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FIG. 5. Possible mechanisms for the MMO hydroxylation step. Pathway A insertion 
of the oxygen atom of Q into the C-H bond; B: concerted addition of the C-H bond 
to Q followed by reductive elimination; C, D homolytic attack of Q on the C-H bond; 
E: reaction of the peroxo species with substrate. 

complex formed by heterolytic cleavage of the 0-0 bond with loss of 
water. In mechanism A, direct insertion of the oxygen atom of Q into 
a C-H bond occurs. Concerted 2 + 2 cycloaddition of the C-H bond to 
Q to form a metal-carbon bond, followed by reductive elimination of 
the alcohol, is outlined in mechanism B, whereas C involves homolysis 
of the C-H bond by Q, followed by return of the hydroxyl group from 
iron to the alkyl radical. This last process is analogous to the oxygen 
rebound step in the postulated hydroxylation mechanism of cytochrome 
P-450 (8, 58, 83). In mechanism D, the 0-0 bond has been cleaved 
homolytically with no loss of water to form a diferryl species, 
(FeN=0I2. This unit can then attack the hydrocarbon in a concerted 
or stepwise fashion; subsequent protonation releases the products. An 
alternative mechanism, in which the peroxo species reacts in a con- 
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certed fashion with substrate via electrophilic attack to form a car- 
bon-oxygen bond followed by release of product, is outlined in mecha- 
nism E. In E, the 0-0 bond does not cleave before the C-H bond. 

Evidence for the presence of substrate radical intermediates in cyto- 
chrome P-450 includes studies with radical clock substrate probes from 
which the rebound rate constant was calculated to be =2 x 10" s-l 
(84, 85). Such substrates rearrange rapidly upon the abstraction of a 
hydrogen atom in the enzyme active site, affording skeletally modified 
hydroxylation products (59, 85-87). The presence of such rearranged 
products is taken as evidence that a substrate radical intermediate 
participates in the mechanism. Studies of MMO from M .  cupsulutus 
(Bath) and M .  trichosporium OB3b were carried out by using several 
radical clock substrate probes, including two much faster probes than 
those reported previously for experiments with cytochrome P-450 (59). 
For M .  cupsulatus (Bath) MMO, no products consistent with the for- 
mation of a substrate radical were detected. This result implies that 
reactions of these substrates do not generate substrate radical or carbo- 
cation intermediates. Alternatively, any rebound reaction occurring 
would have a rate constant > 1013 s-l. 

By using an identical radical clock substrate probe which did not 
rearrange upon hydroxylation with M .  capsulutus (Bath), rearranged 
product was detected with MMO from M .  trichosporium OB3b (59). 
From the ratio of unrearranged to rearranged products, a rebound rate 
constant was calculated to be =6 x 10l2 s-l at 30°C for this system. A 
separate study with another radical clock substrate probe with MMO 
from M .  trichosporium OB3b reported products consistent with both 
radical and cationic substrate intermediates (88). 

Evidence in support of radical intermediates with MMO from both 
M .  cupsulatus (Bath) and M .  trichosporium OB3b was reported from 
experiments in which substrate radicals were trapped during turnover 
(89, 90). The amount of trapped radical, however, was not quantified 
in these experiments. In other reports, no diffusable radical species 
were detected in reactions with MMO from M .  trichosporium OB3b 
(61 1. 

With M .  trichosporium OB3b, epimerization with exo, exo, exo, exo- 
2,3,5,6-d4-norbornane upon hydroxylation occurs (831, which parallels 
results for cytochrome P-450 hydroxylation with this substrate (91 ). 
The extent of epimerization with MMO, however, was significantly 
lower, being 2% following hydrogen atom abstraction from the endo 
position compared to 18% with cytochrome P-450, and 5% after abstrac- 
tion at the ex0 position as compared to 14% with cytochrome P-450 
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(92). Allylic rearrangements with 3,3 ,6,6-d4-cyclohexene occurred in 
20% of the MMO hydroxylation products compared to 33% for cyto- 
chrome P-450. These two experiments suggest that, with M. trichospor- 
ium OB3b, a rebound reaction must occur with a greater rate constant 
than with cytochrome P-450, in accord with the radical clock substrate 
work. 

Since work with the radical clock substrate probes indicated im- 
portant differences in the hydroxylation mechanisms for M. capsulatus 
(Bath) and M. trichosporium OB3b, work with (R) and (S)-[1-2H,1- 
3Hlethane with both enzymes was carried out (93, 94). With M. tri- 
chosporium OB3b, approximately 65% of the product displays retention 
of stereochemistry (93). A rebound rate constant of 2 - 6 x 10l2 s-l 

was calculated, assuming a free energy change of 0.5 kcal mole-' for 
rotation about the C-C bond (94). This estimate approaches the value 
obtained from the radical clock substrate probe analysis (59). 

Kinetic isotope effects in the hydroxylation reaction have been mea- 
sured for MMO from both organisms. With both systems, no significant 
intermolecular kinetic isotope effect was found for most substrates (59, 
95,96), although a value of k H / k D  = 12 was reported with CH4 vs CD4 
(65). Substantial intramolecular isotope effects (kHlkD = 5) with M. 
capsulatus (Bath) were found with several substrates (59,951. Studies 
with M. trichosporium OB3b have revealed intramolecular isotope ef- 
fects of kH/kD = 4 to 5 (83, 93). These results indicate that C-H bond 
breaking is not the rate-determining step in the overall enzymatic 
reaction. The intramolecular isotope effect, however, is consistent with 
the assertion that the actual hydroxylation step involves a substan- 
tial C-H bond-breaking component. The magnitude of the intramo- 
lecular isotope effects for both MMOs can be compared to values of 
k H / k D  - 7-14 seen with cytochrome P-450 hydroxylations (79,97). 

Some fundamental differences between MMO and cytochrome P-450 
have emerged. The ability of high concentrations of hydrogen peroxide 
to effect a shunt pathway for the M. trichosporium OB3b MMO has 
been cited as evidence for a hydroxylation mechanism paralleling that 
of cytochrome P-450 (58). It is noteworthy, however, that 0x0 transfer 
reagents such as iodosylbenzene, which support catalysis with cyto- 
chrome P-450, cannot effect turnover with MMO. In addition, the mech- 
anism for olefin epoxidation by MMO from M. trichosporium OB3b (83) 
differs from the proposed mechanism for cytochrome P-450 (98). With 
cytochrome P-450, the 1-trans-proton of propylene exchanges with sol- 
vent protons during turnover, from which an epoxidation mechanism 
involving oxametallocycles and iron carbene intermediates was pro- 
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posed. In the reaction of propylene with MMO, however, no such ex- 
change occurred. 

In summary, mechanistic studies have revealed intriguing differ- 
ences between MMO from M. capsulatus (Bath) and MMO from M .  
trichosporiurn OB3b. With M .  capsulatus (Bath), radical clock substrate 
probes indicated either that a substrate radical is not produced or 
that it reacts with a rate constant > 1013 s-'. With MMO from M. 
trichosporiurn OB3b, radical involvement was suggested from several 
experiments, and a rebound rate constant of 6 x 10l2 s-l was calculated 
for this system. 

The different behavior between the two MMO systems has several 
implications. For each case, two reaction pathways may operate in 
parallel, one involving a substrate radical (Fig. 5C or D), and one not 
(Fig. 5A, B, D, or E). The degree to which the radical vs nonradical 
mechanism is followed may be imposed by the steric requirements of 
the substrate in the active site. Alternatively, abstraction of a hydrogen 
atom to form a substrate radical may occur in both cases, but the 
rate constants for rebound may differ between the two organisms. For 
example, in the M. capsulutus (Bath) system, the rebound rate constant 
may be so large that only an extremely small amount of the substrate 
radical has a sufficient lifetime for rotation about the C-C bond to occur 
before recombination with the bound hydroxyl group. The physical 
meaning of rate constants approaching or exceeding 1013 s-l is unclear. 

V. Conclusions 

Physical studies of the hydroxylase have established the structural 
nature of the diiron core in its three oxidation states, H,,, H,,, and 
Hred. Although the active site structures of hydroxylase from M. tri- 
chosporiurn OB3b and M .  capsulatus (Bath) are similar, some important 
differences are observed for other features of the two MMO systems. 
The interactions with the other components, protein B and reductase, 
vary substantially. More structural information is necessary to under- 
stand how each of the components affects the others with respect to its 
physical properties and role in the hydroxylation mechanism and to 
reconcile the different properties seen in the two MMO systems. The 
kinetic behavior of intermediates in the hydroxylation reaction cycle 
and the physical parameters of intermediate Q appear similar. The 
reaction of Q with substrate, however, varies. The participation of 
radical intermediates is better established with the M. trichosporiurn 
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OB3b system, although it certainly is not ruled out for the M. cupsulutus 
(Bath) enzyme. In comparison to the cytochrome P-450 system, the 
hydroxylation mechanism for both MMO systems either has a rebound 
rate constant which is much larger and/or it takes place by an alterna- 
tive pathway to classical radical rebound. 

ACKNOWLEDGMENTS 

This work was supported by grants from the National Institutes of Health. We thank 
D. Coufal, S. Komar-Panicucci, A. Salifoglou, and A. Valentine for helpful comments 
on the manuscript, and S. Komar-Panicucci for assistance in preparing Fig. 4. 

REFERENCES 

1.  Hanson, R. S., Adv. Appl. Microbiol. 26, 3 (1980). 
2.  Enhalt, D. H., in “Microbial Production and Utilization of Gases” (H. G. Schlegel, 

G. Gottschalk, and N. Pfennig, eds.), p. 13. Goltze Publishers, Gottingen, 1976. 
3. Enhalt, D., and Schmidt, U., Pure Appl. Geophys. 116, 452 (1978). 
4. Dalton, H., and Leak, D. J., in “Gas Enzymology” (H. Degn, ed.), p. 169. Reidel, 

5. Burch, R., Squire, G. D., and Tsang, S. C., J. Chem. Soc., Faraahy Trans. 1 85,3561 

6. Colby, J., Stirling, D. I., and Dalton, H., Biochem. J. 165, 395 (1977). 
7. Dalton, H., Adu. Appl. Microbiol. 26, 71 (1980). 
.9. Green, J., and Dalton, H., J. Biol. Chem. 264, 17698 (1989). 
9. Adriaens, P., Appl. Environ. Microbiol. 60, 1658 (1994). 

London, 1985. 

(1989). 

10. Jahng, D., and Wood, T. K., Appl. Enuiron. Microbiol. 60, 2413 (1994). 
11. Fox, B. G., Borneman, J. G., Wackett, L. P., and Lipscomb, J. D., Biochemistry 29, 

12. Lindstrom, J .  E., Prince, R. C.,Clark, J.C.,Grossman, M. J., Yeager,T. R.,Braddock, 

13. Pritchard, P. H., and Costa, C. F., Enuiron. Sci. Tehnol. 25, 372 (1991). 
14. Anthony, C., “The Biochemistry of Methylotrophs,” p. 296. Academic Press, New 

15. Rosenzweig, A. C., and Lippard, S. J., Acc. Chem. Res. 27, 229 (1994). 
16. Lipscomb, J. D., Annu. Rev. Microbiol. 48, 371 (1994). 
17. Bedard, C., and Knowles, R., Microbiol. Rev. 53, 68 (1989). 
18. Akent’eva, N. F., and Gvozdev, R. I., Biokhimiya 53, 91 (1988). 
19. Nguyen, H. T., Shiemke, A. K., Jacobs, S. J., Hales, B. J., Lidstrom, M. E., and 

20. Stainthorpe, A. C., Salmond, G. P., Dalton, H., and Murrell, J. C., FEMS Microbiol. 

21. Stainthorpe, A. C., Lees, V., Salmond, G. P. C., Dalton, H., and Murrell, J. C., Gene 

6419 (1990). 

J. F., and Brown, E., Appl. Environ. Microbiol. 57, 2514 (1991). 

York, 1982. 

Chan, S. I., J. Biol. Chem. 269, 14995 (1994). 

Lett. 70, 211 (1991). 

91, 27 (1990). 



SOLUBLE METHANE MONOOXYGENASE PROTEIN SYSTEM 287 

22. Nakajima, T., Uchiyama, H., Yagi, O., and Nakahara, T., Biosci. Biotechtwl. Biochem. 
56, 736 (1992). 

23. Koh, S.-C., Baumeen, J. P., and Sayler, G. S., Appl. Environ. Microbiol. 59, 960 
(1993). 

24. Pilkington, S. J., and Dalton, H., in “Methods in  Enzymology” (M. Lidstrom, ed.), 
Vol. 188, p. 181. Academic Press, San Diego, CA, 1990. 

25. Fox, B. G., Froland, W. A,, Jollie, D. R., and Lipscomb, J. D., in “Methods In Enzymol- 
ogy” (M. Lidstrom, ed.), Vol. 188, p. 191. Academic Press, San Diego, CA, 1990. 

26. Prior, S. D., and Dalton, H., FEMS Microbiol. Lett. 29, 105 (1985). 
27. Fox, B. G., Froland, W. A., Dege, J. E., and Lipscomb, J. D., J .  Biol. Chem. 264, 

28. Colby, J., and Dalton, H., Biochem. J .  177, 903 (1979). 
29. Lund, J., Woodland, M. P., and Dalton, H., Eur. J .  Biochem. 147, 297 (1985). 
30. Lund, J.,  and Dalton, H., Eur. J .  Biochem. 147, 291 (1985). 
31. Green, J., and Dalton, H., J .  Biol. Chem. 260, 15795 (1985). 
32. Que, L., Jr., and ”me, A. E., Prog. Znorg. Chem. 38, 97 (1990). 
33. Kurtz, D. M., Chem. Rev. 90, 585 (1990). 
34. Wilkins, R. G., Chem. SOC. Rev., 171 (1992). 
35. Feig, A. L., and Lippard, S. J., Chem. Rev. 94, 759 (1994). 
36. Shanklin, J., Whittle, E., and Fox, B. G., Biochemistry 33, 12787 (1994). 
37. Woodland, M. P., Patil, D. S., Cammack, R., and Dalton, H., Biochim. Biophys. Acta 

873, 237 (1986). 
38. DeWitt, J. G., Bentsen, J. G., Rosenzweig, A. C., Hedman, B., Green, J., Pilkington, 

S., Papaefthymiou, G. C., Dalton, H., Hodgson, K. O., and Lippard, S. J., J .  A m .  
Chem. SOC. 113,9219 (1991). 

39. Fox, B. G., Hendrich, M. P., Surerus, K. K., Andersson, K. K., Froland, W. A., 
Lipscomb, J. D., and Miinck, E., J .  Am.  Chem. SOC. 115,3688 (1993). 

40. Prince, R. C., George, G. N., Savas, J. C., Cramer, S. P., and Patel, R. N., Biochim. 
Biophys. Acta 952, 220 (1988). 

41. Rosenzweig, A. C., Frederick, C. A., Lippard, S. J., and Nordlund, P., Nature (London) 
366,537 (1993). 

42. DeRose, V. J., Liu, K. E., Kurtz, D. M., Jr., Hoffman, B. M., and Lippard, S. J., 
J .  Am.  Chem. SOC. 115,6440 (1993). 

43. Maroney, M., Kurtz, D. M., Jr., Nocek, J. M., Pearce, L. L., and Que, L., Jr., J .  A m .  
Chem. SOC. 108, 6871 (1986). 

44. Pearce, L. L., Kurtz, D. M., Jr., Xia, Y.-M., and Debrunner, P. G., J .  Am.  Chem. 
SOC. 109, 7286 (1987). 

45. Scarrow, R. C., Maroney, M. J.,  Palmer, S. M., Que, L., Jr., Roe, A. L., Salowe, 
S. P., and Stubbe, J., J .  Am. Chem. SOC. 109, 7857 (1987). 

46. McCormick, J .  M., Reem, R. C., and Solomon, E. I., J .  Am.  Chem. Soc. 113, 9066 
(1991). 

47. Thomann, H., Bernardo, M., McCormick, J. M., Pulver, S., Andersson, K. K., 
Lipscomb, J. D., and Solomon, E. I., J .  Am.  Chem. Soc. 115, 8881 (1993). 

48. DeRose, V. J., Liu, K. E., Lippard, S. J., and Hoffman, B. M., submitted. 
49. Bender, C. J., Rosenzweig, A. C., Lippard, S. J., and Peisach, J., J .  Biol. Chem. 269, 

50. Hendrich, M. P., Fox, B. G., Andersson, K. K., Debrunner, P. G., and Lipscomb, 

51. Liu, K. E., Wang, D., Valentine, A. M., Huynh, B. H., Edmondson, D. E., Salifoglou, 

10023 (1989). 

15993 (1994). 

J .  D., J .  Biol. Chem. 267, 261 (1992). 

T., and Lippard, S. J., in preparation. 



288 LIU AND LIPPARD 

52. Hendrich, M. P., Munck, E., Fox, B. G., and Lipscomb, J. D., J .  A m .  Chem. SOC. 112, 

53. Hoffman, B. M., Sturgeon, B. E., Doan, P. E., DeRose, V. J., Liu, K. E., and Lippard, 

54. Pulver, S., Froland, W. A., Fox, B. G., Lipscomb, J. D., and Solomon, E. I., J. A m .  

55. Reem, R. C., and Solomon, E. I., J. Am.  Chem. SOC. 106, 8323 (1984). 
56. Reem, R. C., and Solomon, E. I., J. Am.  Chem. SOC. 109, 1216 (1987). 
57. Colby, J., and Dalton, H., Biochem. J .  171, 461 (1978). 
58. Andersson, K. K., Froland, W. A., Lee, S.-K., and Lipscomb, J .  D., New J .  Chem. 

59. Liu, K.  E., Johnson, C. C., Newcomb, M., and Lippard, S. J., J. Am.  Chem. SOC. 115, 

60. Jiang, Y., Wilkins, P. C., and Dalton, H., Biochim. Biophys. Acta 1163, 105 (1993). 
61. Froland, W. A,, Andersson, K. K., Lee, S.-K., Liu, Y., and Lipscomb, J. D., J .  Biol. 

62. Liu, K. E., and Lippard, S. J., J. Biol. Chem. 266, 12836, 24859 (1991). 
63. Paulsen, K. E., Liu, Y., Fox, B. G., Lipscomb, J. D., Munck, E., and Stankovich, 

64. Liu, K. E., and Lippard, S. J., unpublished results. 
65. Green, J., and Dalton, H., Biochem. J .  259, 167 (1989). 
66. Fox, B. G., Liu, Y., Dege, J., and Lipscomb, J. D., J. Biol. Chem. 266, 540 (1991). 
67. Liu, K. E., Feig, A. L., Goldberg, D. P., Watton, S. P., and Lippard, S. J., in “The 

Activation of Dioxygen and Homogeneous Catalytic Oxidation” (D. H. R. Barton, 
A. E. Martell, and D. T. Sawyer, eds.), p. 301. Plenum, New York, 1993. 

5861 (1990). 

S. J., J .  Am. Chem. SOC. 116,6023 (1994). 

Chem. SOC. 115, 12409 (1993). 

15, 411 (1991). 

939 (1993). 

Chem. 267, 17588 (1992). 

M. T., Biochemistry 33, 713 (1994). 

68. Tsien, H.-C., and Hanson, R. S., Appl. Enuiron, Microbiol. 58, 953 (1992). 
69. Lee, S.-K., Fox, B. G., Froland, W. A., Lipscomb, J. D., and Munck, E., J. Am.  Chem. 

70. Lee, S.-K., Nesheim, J. C., and Lipscomb, J. D., J. Biol. Chem. 268, 21569 (1993). 
71. Liu, K. E., Wang, D., Huynh, B. H., Edmondson, D. E., Salifoglou, A., and Lippard, 

S. J., J .  Am.  Chem. SOC. 116, 7465 (1994). 
72. Liu, K. E., Valentine, A. M., Qiu, D., Edmondson, D. E., Appelman, E. H., Spiro, T. 

G., and Lippard, S. J., J. Am.  Chem. SOC. 117, 4997 (1995). 
73. This absorption was detected by using monochromatic methods at  15 nm resolution. 

The 625 nm value may therefore not reflect a true absorbance maximum for L. 
74. Brennan, B. A., Chen, Q., Juarez-Garcia, C., True, A. E., OConnor, C. J.,  and Que, 

L., Jr., Inorg. Chem. 30, 1937 (1991). 
75. Nishida, Y., Takeuchi, M., Shimo, H., and Kida, S., Inorg. Chim. Acta 96,115 (1984). 
76. Nishida, Y., and Takeuchi, M., 2. Naturforsch., B: Chem. Sci. 42B, 52 (1987). 
77. Magnus, K. A., Hazes, B., Ton-That, H., Bonaventura, C., Bonaventura, J.,  and Hol, 

W. G. J., Proteins: Sruct., Funct., Genet. 19, 302 (1994). 
78. Kitajima, N., Fujisawa, K., Fujimoto, C., Moro-oka, Y., Hashimoto, S., Kitagawa, 

T., Toriumi, K., Tatsumi, K., andNakamura, A., J. A m .  Chem. SOC. 114,1277 (1992). 
79. Ortiz de Montellano, P. R., in “Cytochrome P-450 Structure, Mechanism, and Bio- 

chemistry” (P. R. Ortiz de Montellano, ed.), p. 217. Plenum, New York, 1986. 
80. Bollinger, J. M., Jr., Tong, W. H., Ravi, N., Huynh, B. H., Edmondson, D. E., and 

Stubbe, J., J .  Am.  Chem. SOC. 116,8015 (1994). 
81. Bollinger, J. M., Jr., Tong, W. H., Ravi, N., Huynh, B. H., Edmondson, D. E., and 

Stubbe, J., J .  A m .  Chem. SOC. 116,8024 (1994). 

SOC. 115,6450 (1993). 



SOLUBLE METHANE MONOOXYGENASE PROTEIN SYSTEM 289 

82. Ravi, N., Bollinger, J. M., Jr., Huynh, B. H., Edmondson, D., and Stubbe, J., J. A m .  

83. Rataj, M. J., Kauth, J .  E., and Donnelly, M. I., J .  Biol. Chem. 266, 18684 (1991). 
84. Bowry, V. W., Lusztyk, J., and Ingold, K. U., J. Am.  Chem. SOC. 111, 1927 (1989). 
85. Bowry, V. W., and Ingold, K. U., J. Am.  Chem. Soc. 113,5699 (1991). 
86. Bowry, V. W., Lusztyk, J., and Ingold, K. U., J. Am. Chem. SOC. 113, 5687 (1991). 
87. Ortiz de Montellano, P. R., and Stearns, R. A., J .  Am. Chem. SOC. 109,3415 (1987). 
88. Ruzicka, F., Huang, D . 3 ,  Donnelly, M. I., and Frey, P. A., Biochemistry 29, 1696 

89. Wilkins, P. C., Dalton, H., Podmore, I. D., Deighton, N., and Symons, C. R., Eur. J. 

90. Dalton, H., Wilkins, P. C., Deighton, N., Podmore, I. D., and Symons, M. C. R., 

91. Groves, J .  T., and McClusky, G. A., Biochem. Biophys. Res. Commun. 81,154 (1978). 
92. Groves, J. T., and Subramanian, D. V., J. Am. Chem. SOC. 106, 2177 (1984). 
93. Priestley, N. D., Floss, H. G., Froland, W. A., Lipscomb, J. D., Williams, P. G., and 

94. Wilkinson, B., Liu, K. E., Valentine, A.M., Morimoto, H., Williams, P. G., Lippard, 

95. Choi, S.-Y., Eaton, P. E., Hollenberg, P. F., Liu, K. E., Lippard, S. J., Newcomb, M., 

96. Shimoda, M., and Okura, I., J. Mol. Catal. 72, 263 (1992). 
97. Atkinson, J .  K., Hollenberg, P. F., Ingold, K. U., Johnson, C. C., Le Tadic, M.-H., 

98. Groves, J. T., Avaria-Neisser, G. E., Fish, K. M., Imachi, M., and Kuczkowski, 

Chem. SOC. 116, 8007 (1994). 

(1990). 

Biochem. 210,67 (1992). 

Faraday Discuss. Chem. SOC. 93, 163 (1992). 

Morimoto, H., J. Am.  Chem. SOC. 114, 7461 (1992). 

S. J., and Floss, H., unpublished results. 

Put, D. A., and Upadhyaya, S. P., in preparation. 

Newcomb, M., and Putt, D. A., Biochemistry 33, 10630 (1994). 

R. L., J. Am.  Chem. SOC. 108, 3837 (1986). 



ADVANCES IN INORGANIC CHEMISTRY, VOL. 42 

ALKYL, HYDRIDE, AND HYDROXIDE DERIVATIVES 

BY POLY( PYRAZOLY L)BORATO LIGATION : 
MODELS FOR CARBONIC ANHYDRASE, 

RECEPTORS FOR ANIONS, AND 
THE STUDY OF CONTROLLED 

CRYSTALLOGRAPHIC DISORDER 

OF THE S- AND p-BLOCK ELEMENTS SUPPORTED 

GERARD PARKIN 

Department of Chemistry, Columbia University, New York, New York 10027 

I. Introduction 
11. Syntheses, Structures, and Steric Properties of Poly(pyrazoly1)hydroborato 

Ligands 
A. Abbreviations 
B. Syntheses 
C. Structures of MIBpRR'l and MIR?pml Derivatives 
D. Steric Properties 
E. Electronic Properties 

111. Terminal Alkyl Derivatives of the s- and p-Block Metals Supported by 
Poly(pyrazoly1)borato Ligation 
A. Poly(pyrazoly1)borato Alkyl Derivatives of the Group 2 Elements 
B. Poly(pyrazoly1)borato Alkyl Derivatives of the Group 11 Elements 
C. Poly(pyrazoly1)borato Alkyl Derivatives of the Group 12 Elements 
D. Poly(pyrazoly1)borato Alkyl Derivatives of the Group 13 Elements 
E. Poly(pyrazoly1)borato Alkyl Derivatives of the Group 14 Elements 

IV. Terminal Hydride Derivatives of the s- and p-Block Metals Supported by 
Poly(pyrazoly1)borato Ligation 
A. [TpBUtlBeH 
B. [TpBUt]ZnH 
C. [TpButlCdH 

V. Terminal Hydroxide Derivatives of the s- and p-Block Metals Supported by 
Poly(pyrazoly1)borato Ligation 
A. Hydroxide Derivatives of Beryllium and Magnesium 
B. Hydroxide Derivatives of Zinc and Cadmium 

VI. Anion Coordination by Protonated Tris(pyrazoly1)hydroborato Derivatives 

Copyright 0 1995 by Academic F'ress, Inc. 
All rights of reproduction in any form reserved. 

29 1 



292 GERARD PARKIN 

VII. Controlled Crystallographic Disorder in [TpRR’]MX Complexes: Bond Length 
Artifacts as Determined by Single Crystal X-Ray Diffraction 
A. Introduction 
B. Disorder between Structurally Similar Groups 
C. Disorder between Structurally Disparate Groups 

VIII. Summary 
References 

I. Introduction 

In 1966 Trofimenko first reported the synthesis of a class of molecule 
that would become a valuable ligand system in modern coordination 
chemistry (1 -2). Specifically, the system that Trofimenko developed is 
that of the poly(pyrazoly1)borato ligand. The three fundamental types 
of poly(pyrazoly1)borato ligands that are presently utilized may be clas- 
sified according to  the degree of pyrazolyl substitution at  boron, namely 
the bis, tris, and tetrakis pyrazolyl derivatives [X,- .B(RR’pz),]- (e.g., 
X = H, alkyl, aryl, NR,, SAr; RR’pz = substituted pyrazolyl group; 
n = 2, 3, 4), shown in Fig. 1 (3). As is evident from the formulation of 
[X,- .B(pz),I ~, the poly(pyrazoly1)borato ligand system constitutes a 
very large number of potential ligands, especially when one considers 
that each of the pyrazolyl groups and X groups need not necessarily be 
identical in a given ligand (4). Poly(pyrazoly1)borato ligands, therefore, 
constitute a highly versatile ligand system, which may be both electron- 
ically and sterically tuned to modify a metal center in a desired fashion. 

Poly(pyrazoly1)borato ligands offer a variety of coordination modes 
according to their degree of substitution. Bis and tris(pyrazoly1)hydro- 
borato derivatives tend to adopt bidentate and tridentate coordination 
modes almost exclusively (5),  while the tetrakis(pyrazoly1)borato ligand 

FIG 1. Bis-, tris- and tetrakis(pyrazo1yl)borato ligands 
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frequently adopts both bidentate and tridentate coordination modes, 
depending upon the specific system. Furthermore, depending upon the 
nature of the X substituents, bis(pyrazoly1)borato ligands may offer 
tridentate coordination to a metal center via a B-X-M interaction. The 
principal coordination modes that are adopted by poly(pyrazoly1)borato 
ligands are summarized in Fig. 2. At  the outset, it should be emphasized 
that the particular choice of poly(pyrazoly1)borato ligand is often crucial 
to obtaining the desired results, whether it be stabilizing a particular 
coordination geometry, or promoting a certain kind of reactivity. Of the 
poly(pyrazoly1)borato derivatives illustrated in Fig. 2, the highlighted 
tridentate coordination of the tris(pyrazoly1)hydroborato ligand is per- 
haps the most commonly encountered and forms the major component 
of the studies to be described in this review. In particular, the scope 
of this review will be mainly limited to the use of sterically demanding 
bis and tris(pyrazoly1)hydroborato derivatives to support monomeric 
alkyl, hydride, hydroxide and related derivatives of the s- and p-block 
metals. 

R' + 

FIG. 2. Coordination modes adopted by poly(pyrazoly1)borat.o ligands. 
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II. Syntheses, Structures, and Steric Properties of 
Poly(pyrazoly1)hydroborato Ligands 

A. ABBREVIATIONS 

Given the large variety of poly(pyrazoly1)borato ligands which exist, 
a system of nomenclature is desirable. The system which is adopted 
here is based on that described by Trofimenko (2a). Thus, the tridpyra- 
zoly1)hydroborato ligands are represented by the abbreviation [Tpl, 
with the 3- and 5-alkyl substituents (see Fig. 3 to identify the 3- and 
5-positions) listed respectively as superscripts, e.g., [TpButl, [TpBUtvMel, 
and [TpMe2] (6, 7). If the fourth substituent on boron is anything other 
than hydrogen, the substituent is listed as a prefix, e.g., [pzTpl and 
[RTp]. Similarly, the bis(pyrazoly1)hydroborato ligands will be repre- 
sented by the abbreviation [Bpl with appropriate prefixes and super- 
scripts. For convenience, the abbreviations [TpRR'] and [Bpm'l will be 
used to refer to a general ligand type, and the prefixes ql- and q2- will 
be used to  specify if the [Tpm'] ligand is not tridentate. Some of the 

[TpA'21 

FIG. 3. A selection of tris(pyrazoly1)hydroborato ligands. 
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poly(pyrazoly1)borato ligands that are featured in this review, such as 
[TpMe21 (81, [TpButl (9), [TpButgMel (101, [Tphi21 (11), and [TpAr21 (Ar = p -  
C6H4But) (12), are summarized in Fig. 3. 

B. SYNTHESES 

Bis and tris(pyrazoly1)hydroborato ligands are generally prepared as 
the potassium derivatives by the direct reaction of KBH4 with the 
appropriate pyrazole (RR'pzH), as illustrated in Scheme 1 for the parent 
system (13). The reaction is extremely general and has been applied 
to a number of different derivatives, which have included the incorpora- 
tion of chiral (14, 15) and tethered (16) substituents. However, if the 
alkyl substituents of the pyrazole are inequivalent (i.e., R f R'), a 
potential problem may be encountered with the formation of isomeric 
products, in which either of the R and R' substituents may occupy 
the 3-position of the poly(pyrazoly1)borato ligand. Nevertheless, if the 
difference in steric demands of R and R' is large, there is a strong 

W"H4I 
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SCHEME 1. Synthesis of KIBpRR'l and KITpRR'l derivatives. 
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Crsymmetric C,-symmetric 

FIG. 4. Possible isomers for [TpRR] derivatives if R and R' have similar steric demands. 

tendency for each of the larger alkyl substituents to  occupy the 3- 
positions of the poly(pyrazoly1)borato ligand (since this reduces the 
steric interactions that would result around boron if they occupied the 
5-positions), and a single isomer is obtained. One such example is 
observed for R = But and R' = H, which results in the formation of a 
C,-symmetric tris(pyrazoly1)hydroborato derivative, [TpBut]. In con- 
trast, if R and R' have similar steric demands, so that there is not a 
strong preference for either one of the substituents to  occupy the 3- 
position, then derivatives with only C, symmetry may be obtained in 
addition to  the C,-symmetric [TpRR'l derivative (Fig. 4) (17, 18). The 
use of symmetric pyrazole derivatives (R = R') naturally eliminates 
such a problem. 

The potassium derivatives obtained from the reaction mixture are 
typically not isolated in pure form, and the crude products are often 
converted directly to the thallium complexes by metathesis with either 
thallium nitrate or thallium acetate [Eqs. (1) and (2)]. 

K[BpRR'] + TIX - TIIBpRR'] + KX (1) 

K[TpRR'] + TIX - TIITpRR'] + KX 

MITpRR'l complexes (M = Li, Na, Cs, R,N+) may also be obtained by 
the reactions of the monoprotonated derivative H[TpRR'] with MOH 
U b ) .  Both the MITpRRl and MIBpRR'l complexes are useful starting 
materials for the preparation of poly(pyrazoly1)borato complexes of both 
the transition and main group metals. 

C. STRUCTURES OF M[BpRR] AND M[RTpRR'] DERIVATIVES 

As far as bis(pyrazoly1)hydroborato derivatives of monovalent ions 
are concerned, only the structure of T1[BpBUt-Mel has been determined 
by x-ray diffraction (19). The structure consists of a monomer in which 
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H1 

FIG. 5. ORTEP drawing of T1[BpBU'~Me]. 

coordination via the pyrazolyl groups is supplemented by interaction 
with one of the B-H groups [d(Tl--.H) = 2.4(1) A], as shown in Figs. 5 
and 6 (20). Although only one T1[BpRR'l derivative has been structurally 
characterized by x-ray diffraction, the structures of several T1[TpRR'] 
derivatives have been determined. Specific examples include T1[TpBUtl 
(21 1, T1[TpBUtyMe1 (22), T1[TpBUt21 (23), T1[Tpp-To'l (24), Tl[TpAr21 (Ar = 
p-C6H4But) (12), T1[TpAnt] (Ant = 9-anthryl) (251, T1[TpMenthl 
(Menthpz = 7(R)-isopropyl-4(R)-methyl-4,5,6,7-tetrahydroindazolyl) 

H1 

FIG. 6. View of T1[BpBUc,Me] down Tl . . .B vector. 



298 GERARD PARKIN 

FIG. 7.  ORTEP drawing of T1[TpB"',Mel. Reprinted from Polyhedron, 14, Yoon, K. ,  and 
Parkin, G., p. 811, 0 copyright 1995, with kind permission from Elsevier Science Ltd, 
The Boulevard, Langford Lane, Kidlington OX5 lGB, UK. 

(15), and T1[TpMementhl (Mementhpz = 7(S )-t-butyl-4(R)-methyl- 
4,5,6,7-tetrahydroindazolyl) (15). For comparison with T1[BpBUtvMe1, the 
structure of T1[TpBut~Mel is shown in Figs. 7 and 8. In each of the com- 
plexes T1[TpRR'l, the tris(pyrazoly1)hydroborato ligand is coordinated 
to thallium in a tridentate fashion. With the exception of T1[TpAntl, for 
which the structure is not of high accuracy due to compositional dis- 

FIG. 8. View c ~ f T l [ T p ~ " ~ ~ ~ ~ ]  down TI. . . B vector. Reprinted fromPolyhedron, 14, Yoon, 
K., and Parkin, G., p. 811,O copyright 1995, with kind permission from Elsevier Science 
Ltd, The Boulevard, Langford Lane, Kidlington OX5 lGB, UK. 
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TABLE I 

SELECTED METRICAL DATA FOR T1[BpRR I AND T1[TpRR'] DERIVATIVES 

T1[ BpBu',Me] 
Tl[TpBu'] 
T1[TpB"t,Me] 
TI[TpBUt2] 
T1[TpMenth ] 
T1[TpMementh] 

TI[T~*"I" 
T1[TpArZIb 
T1[TpAntl 

2.59(3) 
2.59(1) 
2.50(2) 
2.57(3) 
2.55(2) 
2.56(4) 
2.58(1) 
2.53(2) 
2.61(5) 
2.68(3)' 

1 
2 
3 
4 
5 
5 
6 
7 
8 
9 

[Tp'" I = tris( 1 ,4-dihydroindeno[l,2-clpyrazol-l-yl)borato. 
Ar = p-CsH4But. 
The structure was performed on a compositionally disordered crystal, 

so that the derived metrical data is of limited accuracy. 
(1) Dowling, C., and Parkin, G., unpublished results (1995); (2) Cow- 

ley, A. H., Geerts, R. L., Nunn, C. M., and Trofimenko, s., J .  Organomet. 
Chem. 365, 19 (1989); (3) Yoon, K., and Parkin, G., Polyhedron 14,811 
(1995); (4) Dowling, C., Leslie, D., Chisholm, M. H., and Parkin, G., 
Main Group Chemistry, in press; (5) LeCloux, D. D., Tokar, C. J., Osawa, 
M., Houser, R. P., Keyes, M. C., and Tolman, W. B., Organometnllics 
13, 2855 (1994); (6) Ferguson, G., Jennings, M. C., Lalor, F. J., and 
Shanahan, C., Acta Crystallogr., Sect. C: Cryst. Struct. Commun. C47, 
2079 (1991); (7) Rheingold, A. L., Ostrander, R. L., Haggerty, B. S., and 
Trofimenko, S., Znorg. Chem. 33, 3666 (1994); (8) Libertini, E., Yoon, 
K., and Parkin, G., Polyhedron 12,2539 (1993); (9) Han, R., Parkin, G., 
and Trofimenko, S., Polyhedron 14, 387 (1995). 

order (25), the average T1-N bond lengths fall in the range 2.50- 
2.61 A, while the average N-T1-N bond angles are in the range 77-78" 
(Table I). The T1-N bond lengths are longer than the sum of the cova- 
lent radii (2.31 A), presumably because the bonding between T1 and 
the tris(pyrazoly1)hydroborato ligand comprises one normal covalent 
and two dative covalent interactions (26). 

Another feature to be noted about the structures of T1[TpRRl is con- 
cerned with the structural influence of the 5-alkyl substituent. For 
example, whereas the 5-methyl derivative T1[TpBUtpMe] exhibits approxi- 
mate C,, symmetry (Fig. 81, the 5-t-butyl derivative T1[TpBUt21 displays 
a pronounced distortion such that the molecule possesses only C, sym- 
metry (Figs. 9 and 10) (27). 

The structure of K[TpBUt2] has also been determined by x-ray diffrac- 
tion thereby providing a rare example of a potassium complex in which 
the primary coordination number is three, with an average K-N bond 
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FIG. 9. ORTEP drawing of T1[TpBU'2). 

length of 2.73[2] A (28). Interestingly, the potassium also exhibits a 
weak association with a molecule of benzene in the solid state (Figs. 
11 and 121, with K . . . C  separations in the range 3.44-3.82 A (29). The 
structure of the cesium derivative Cs[TpButZ], with an average Cs-N 
bond length of 3.01[1] A, is similar to that of the potassium derivative 
in that it also exhibits a pronounced distortion from CJv symmetry (Fig. 
13) (23). However, in contrast to  the potassium derivative, there is 
no association between Cs and benzene, even though benzene is a 
component of the crystal lattice. 

The structures of the hydrated sodium and potassium derivatives 

FIG. 10. View of T1[TpBU'2] down Tl . . .B vector. 
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M[pzTpI(H,O) (M = Na, K) have been determined by x-ray diffrac- 
tion (30). In contrast to  the discrete monomeric structures of the tris 
(pyrazoly1)hydroborato complexes Tl[TpRR'l, K[TpBUt21, and Cs[TpBUt21 
described earlier, the hydrated tetrakis(pyrazoly1)borato complexes 
M[PzTpJ(H,O) (M = Na, K) exhibit an interesting polymeric-type 
structure, a portion of which is illustrated in Fig. 14. In each case, the 
cations occupy two different crystallographic sites, and the cation in 
one of the sites is coordinated to two pyrazolyl groups in a .rr-type 
fashion. 

FIG. 
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FIG. 14. Part of the polymeric structure of K[pzTpI(HzO). 

D. STERIC PROPERTIES 

1 .  Substitution at the 3-Position 

The emphasis of the studies to be described in this review is princi- 
pally concerned with poly(pyrazoly1)borato ligands that have been mod- 
ified to create a sterically demanding environment about a metal center. 
Such modification may be readily achieved by appropriate substitution 
at  the 3-position of the pyrazolyl group. The steric demands of a [TpRR'l 
ligand may be defined by a cone angle (0) (31) and a wedge angle (w), 
(16b) as illustrated in Fig. 15. The cone angle provides a measure of 
the overall encapsulation of the metal center, while the wedge angle 
provides an indication of the open space available between the planes 
of the substituted pyrazolyl groups (Table 11). The data demonstrate 
that the cone angle increases substantially across the series [Tpl 
(199") < [TpMe2] (236") < [TpPri4Br] (262") < [TpBut] (244") (9,16b) while 
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FIG. 15. Cone angles (8) and wedge angles ( w )  of tris(pyrazoly1)hydroborato ligands. 

the wedge angle decreases. Although the [TpMs] ligand (Ms = mesityl), 
with a cone angle of 281” and a wedge angle of only 7”, represents one 
of the most sterically demanding tris(pyrazoly1)hydroborato deriva- 
tives, it is the [TpBut] ligand that has been the most utilized of the 
sterically demanding ligands. Indeed, the steric demands provided by 
t-butyl substituents in the 3-positions of the pyrazolyl rings result in 
the [TpBut] ligand providing an environment that strongly stabilizes 
four-coordination in preference to higher coordination numbers. Conse- 
quently, the ligand has been aptly termed a “tetrahedral enforcer,” 
especially with regard to the first-row transition metals and main group 
metals (9). Such a property will be seen to be critical for the studies 
to be described in this review. Furthermore, in addition to providing 
a stable coordination environment, the presence of alkyl substituents 
such as t-butyl provides an invaluable spectroscopic handle for monitor- 
ing the reactivity of the complexes. 

As expected, the related isopropyl ligand systems [Tp”’] (32) and 
[Tphi2] (11) are noticeably less sterically demanding than their t- 
butyl counterparts. Thus, neither ligand prevents the formation of 
five-coordinate complexes of the types [Tp”‘]M(X)L or [TpPri21M(X)L 

TABLE I1 

CONE ANGLE AND WEDGE ANGLE DATA FOR 
SOME [TpRR’l LIGANDS~ 

Cone angle 81” Wedge angle wl” 

[Tpl 199 91 
[TpMe21 236 75 

[TpBut  I 265 35 
[TpMal 281 7 

( ~ p P r ’ 4 B r  1 262 36 

Data taken from Rheingold, A. L., Ostrander, 
R. L., Haggerty, B. S., and Trofimenko, S., Znorg. 
Chem. 33, 3666 (1994). 
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for certain metals. A further complication that is observed for the [TpP"] 
ligand system is that octahedral complexes, e.g., [v3-HB(3-Pr'pz),(5- 
Pr'pz)],Co may result as a consequence of ligand rearrangement. 

The formation of six-coordinate sandwich complexes is even more 
prevalent with less sterically demanding ligands such as [TpM"21, [TpPhl 
and [TpPh2], e.g., [TpM"2I2Mg (27) and [TpPh12M (M = Mn, Fe) (33). Simi- 
larly, the neopentyl (Np) derivative [TpNpl also forms a six-coordinate 
sandwich complex of nickel, [TpNpl,Ni (34). Moreover, the [TpNPl ligand 
is also known to undergo rearrangement analogous to that of the [TpP"] 
ligand, e.g., [v3-HB(3-Nppz),(5-Nppz)l,M (M = Co, Fe). In view of these 
ligand rearrangements, the use of a symmetric 3,5-disubstituted pyra- 
zolyl derivative offers the advantage that potential rearrangements 
are degenerate. 

Since the variation of the interplanar angle between the pyrazolyl 
and aryl groups at the 3-position may also serve to modify the steric 
environment about a metal center, a number of tris(pyrazoly1)borato 
ligands have been prepared with a variety of modifications to  the 3- 
aryl substituent. For example, the interaction between the ortho methyl 
groups of the mesityl substituents and the MX moiety in complexes 
of the type [TpM"]MX (Ms = mesityl) promotes noncoplanarity of the 
pyrazolyl and aryl groups (18). Similarly, a 9-anthryl substituent in 
the 3-position has been used to provide a ligand system [TpAntl in which 
the aryl and pyrazolyl planes are strongly inhibited from adopting a 
coplanar orientation (25). Such a ligand offers potential in providing 
an environment that is less sterically demanding than that created by 
the [TpBut] ligand, but it is sufficient to inhibit the formation of six- 
coordinate sandwich complexes of the type [TpAnt],M. 

Based on a similar strategy, the para-t-butylphenyl ligand [TpAr21 
(Ar = p-C6H4But) has been prepared with the notion that the t-butyl 
substituents may be sufficient to inhibit the formation of six-coordinate 
[TpAr2I2M sandwich complexes (12). At  the same time, however, it is 
anticipated that the phenyl substituents in the immediate vicinity of 
the metal center will provide a coordination environment that is less 
sterically demanding than that of [TpButl. A related ligand with para-i- 
propylphenyl substituents, KITpAr',Mel (Ar' = p-CGH4Pr') has also been 
synthesized by Vahrenkamp (35). 

Another illustration of the structural changes that may result as 
a consequence of alkyl substitution a t  the 3-position of the pyrazo- 
lyl group is provided by the structures of the dimeric copper(1) 
complexes {[TplCu}, (36), {[TpMe21C~}2 (361, {[TpPh21C~}2 (371, and 
{[TpBut]Cu}, (37), which differ in the manner in which the tris(pyraz0- 
1yl)hydroborato ligand bridges the two copper centers (Fig. 16). 
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FIG. 16. Structures of { [ l ) ~ ~ } C u } ~  derivatives. 

Thus, the degree of bridging of the tris(pyrazoly1)hydroborato ligand 
is reduced considerably from that in {[TpICu},, in which the ligand 
bridges the two copper centers in an approximately symmetric manner, 
to that in {[TpBUt]Cu},, in which one of the pyrazolyl groups of each 
ligand is uncoordinated. Correspondingly, the coordination number of 
the copper is reduced from four for {[TpICu},, to three for {[TpMe21C~}2 
and {[TpPh2]Cu},, and to two for {[TpBUtlC~}2. The separation between 
the two copper centers in {[TpBUt]Cu}, [3.284(8) A] is also substantially 
greater than the separations in {[TpICu}, [2.660(1) A], {[TpMe21C~}2 
[2.506(1) A], and {[TpPh21C~}2 [2.544(2) A]. 
2. Substitution at the 5-Position 

The use of substitution at  the 3-position to modify the steric environ- 
ment about the metal center has been described in Section II,D,l. In 
a similar vein, substitution at the remote 5-position has been used with 
the specific goal of providing steric protection for the B-H moiety in 
attempts to  inhibit ligand degradation. Indeed, as will be described, 
the steric protection that is provided by the methyl groups of the 
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[TpBUt*Mel ligand has allowed the syntheses of complexes that were not 
accessible for the corresponding [TpB"'] system. 

Compared to substitution at  the 3-position, alkyl substitution at the 
5-position would not be expected to exert a strong structural influence 
at the metal center, although increased steric interactions between the 
5-substituents would be expected to increase the ligand bite at  the 
metal center (10). However, as seen with the structures of the thallium 
derivatives Tl[TpRR'] described in Section II,C, the structural influence 
of a 5-alkyl substituent should not be dismissed. Thus, it is possible to 
observe quite dramatic structural changes upon incorporation of a 5- 
alkyl substituent, as emphasized by the structure of T1[TpBUt2] (Figs. 
9 and 10). Such structural changes are related to the observation that 
the complexes [pzTp],Pb and [TpI,Pb exhibit different structures as a 
result of intruligund interactions. As a consequence of these interac- 
tions, the potentially tridentate tetrakis(pyrazoly1)borato ligand [pzTp] 
acts only as a bidentute ligand in [pzTp],Pb, whereas the tris(pyrazoly1)- 
hydroborato ligands in [TpI,Pb are tridentate (38,391. 

Structural changes due to the presence of a 5-substituent may also be 
observed for groups less bulky than t-butyl. For example, the structural 
change that is induced upon incorporation of a 5-methyl substituent 
is observed by comparison of the two copper centers in [TpBUtlCuC1 (40) 
and [TpB"t~Me]CuC1 (Fig. 17) (22). Thus, from the two orthogonal views 
of both [TpBUt,Me]C~C1 and [TpBUt]CuC1 shown in Fig. 17, it is apparent 
that the two complexes differ substantially in the position of the chlo- 
ride ligand, even though the Cu-C1 bond lengths ([TpBUt~Me]CuC1 
[2.168(1) A] and [TpBut1CuC1 [2.143(2) A]) are very similar. Specifically, 
the Cl-Cu-N(32) bond angle of 1 13.2(11° in [TpBUt]CuC1 expands consid- 
erably to  142.8(1)" for C1-Cu-N(12) in [TpB"t,Me]C~Cl, a change that 
is accompanied by an increased separation of the pyrazolyl groups on 
either side of the mirror plane, from 92.0(1)' for N(12)-Cu-N(22) in 
[TpBUt]CuC1, to  102.9(1)O for N(22)-Cu-N(22') in [TpB"t*Me]CuC1. 

However, despite the rather dramatic change in coordination geome- 
try that is observed upon comparing [TpBut-Me]C~C1 and [TpBUt]CuC1 
(41), only rather minor perturbations are observed in comparing the 
structures of the Cu(1) dimers {[TpB"tlCu}2 (37) and {[TpBut~MelC~}2 (22). 
Thus, both the average Cu-N bond lengths and also the Cu. * Cu sepa- 
rations in {[TpBut~Me]C~}2 and ([TpB"']Cu}, are very similar. Neverthe- 
less, although the coordination environment about each copper center 
is similar, the 5-methyl substituent does influence the fluxional nature 
of the molecule in solution. Thus, whereas {[TpB"']Cu}2 is fluxional on 
the NMR time scale at room temperature, with a static structure that 
is only observed at -56"C, {[TpB"t~MelC~}2 exhibits a static 'H NMR 
spectrum at room temperature. Furthermore, a static spectrum for 
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[TpBuqCuCI [TpBut,MqCuCt 

FIG. 17. Comparison of the copper coordination environments in [TpBU1CuCl and 
[TpBul~Me]CuCl. Reprinted from Polyhedron, 14, Yoon, K. ,  and Parkin, G., p. 811, 
0 copyright 1995, with kind permission from Elsevier Science Ltd, The Boulevard, Lang- 
ford Lane, Kidlington OX5 lGB, UK. 

{[TpB"t~Me]C~}2 is also observed at temperatures up to 90°C! It is possible 
that marked difference in fluxionality of {[TpB"tlCu}2 and {[TpB"t~MelC~}2 
is a consequence of increased steric interactions between the 5-methyl 
substituents that would result in a structure for a transition state (or 
intermediate) in which all three pyrazolyl groups are coordinated 
to the dicopper moiety in a similar fashion to that of {[TpMe21C~}2 
(Fig. 16). 

E. ELECTRONIC PROPERTIES 

Kitajima and Tolman have provided estimates of the relative 
electron-donating properties of poly(pyrazoly1)borato ligands based 
upon comparisons of the observed u(C0) stretching frequencies of sev- 
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era1 series of transition metal carbonyl complexes [TpRR']M(CO), (2j) .  
The electron donating abilities of the [TpRR'l ligands were suggested 
to decrease according to the following series: 

[TpRR'] > [TpBUt] ;= [Tp"'] [TpMel 5 [TpMs1 > [TPI 
1 > [TpPh2] = [TpPh] > [TpP'i~4B'] > [TpCF3vMe 

Other noteworthy features include: (i) the electron-donating ability 
of the [TpRR] ligand increases with the degree of alkyl substitution, 
(ii) a 4-Br substituent exhibits a pronounced effect in reducing the 
electron-donating ability to less than that for [TpPhl, and (iii) the [q3- 
TpRR'] ligand is more electron-donating than its [q2-TpRR'l counterpart. 

111. Terminal Alkyl Derivatives of the s- and p-Block Metals Supported by 
Poly(pyrazoly1)borato Ligation 

Alkyl derivatives of the s- and p-block metals are useful reagents in 
both organic and organometallic syntheses, with each reagent offering 
valuable differences with regard to both reactivity and selectivity (42). 
The structures of these alkyl derivatives are highly variable and depend 
upon the nature of both the metal and the alkyl substituent. For ex- 
ample, &Zn derivatives exist as monomeric two-coordinate linear 
molecules, whereas the magnesium derivatives typically exhibit four- 
coordination, both in the solid state and as solvated complexes in solu- 
tion. Furthermore, a Grignard reagent solution comprises a complex 
distribution of magnesium alkyl derivatives, which in its simplest form 
may be described by the well-known Schlenk equilibrium [Eq. (3)1, but 
is further complicated by solvation and oligomerization (43-45). 

For example, the species that crystallize from solution include (i) 4- 
and 5-coordinate solvated monomers, e.g., RMgBr(OEt2)z [R = Et (46) 
Ph (4713 and MeMgBr(THF), (48); (ii) halogen bridged dimers, e.g., 
[EtMgBr(OPr',)l, (49) and [EtMgBr(NEt,)lz (501, and (iii) the tetranu- 
clear complex [EtMg,C13(THF)3]2(51). In view of the wide variety of 
structural types, and the general synthetic importance of alkyl deriva- 
tives of the s- and p-block metals, it  is of some interest to determine 
and compare their reactivity in a well-defined common coordination 
environment. Poly(pyrazoly1)hydroborato ligation has, therefore, been 
utilized to provide series of alkyl complexes of the types [TpRR'lMR, 
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and [BpRR']MR,. In cases where these complexes are isostructural, e.g., 
[TpRR']MgR and [TpRR']ZnR, studies have allowed the intrinsic reactivi- 
ties of the respective M-R bonds to be assessed. For example, as will 
be discussed in the following sections, the Mg-C bond in [TpBUtlMgR 
is typically much more reactive than the Zn-C bond in isostructural 
[TpButlZnR. 

A. POLY(PYRAZ0LYL)BORATO ALKYL DERIVATIVES OF THE 
GROUP 2 ELEMENTS 

Alkyl derivatives of the Group 2 metals (Be, Mg, Ca, Sr, Ba) supported 
by poly(pyrazoly1)borato ligation have only been isolated for the lighter 
congeners, beryllium and magnesium. 

1 .  Alkyl Derivatives of Beryllium 

a. Syntheses. Only one poly(pyrazoly1)borato beryllium alkyl com- 
plex, namely [TpButlBeMe, has been synthesized and fully character- 
ized. [TpButlBeMe is prepared by the reaction of Me2Be with T1[TpBut1 
[Eq. (4)l (52), by a similar method to that used for the magnesium 
analogues (Section 111,A,2), 

- [TlMe] 

\ 
Me2Be + TIITpBu'] - 

< 

(4) 

As with the magnesium derivatives, the reaction between Me2Be and 
T1[TpBUtl is accompanied by the deposition of T1 metal because the 
decomposition of the by-product [TlR], thereby providing an efficient 
driving force (53,54). In this regard, it is noteworthy that [TpBut]BeMe 
was not isolated from the reactions of [TpBut]BeX (X = C1, Br) with 
MeLi (52). 

b. Structures and Spectroscopic Properties. The molecular struc- 
ture of [TpBut]BeMe (52) has been determined by single crystal x- 
ray diffraction (Fig. 18), confirming a monomeric structure with 
q3-coordination of the [TpBut] ligand. It is noteworthy that the tris(pyr- 
azoly1)hydroborato ligand in [TpButlBeMe adopts an q3-coordination 
mode, because the derivatives [q2-pzTp12Be and {[q2-TplBe(p-OH)}, 
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FIG. 18. ORTEP drawing of TpBULIBeMe. Reprinted with permission from Ref. (52 ), 
8 Copyright 1993 American Chemical Society. 

adopt only an q2-coordination mode (39q.55). The trigonally distorted 
tetrahedral coordination environment about beryllium in [TpButlBeMe 
is, however, similar to those in the derivatives [TpBUtlBeH and [TpBut1- 
BeBr (56). 

The Be-Me bond length in [TpBut]BeMe [1.708(6) A] is similar to the 
sum of the covalent radii of Be and C (1.66 A) (571, and also compares 
well with those of CpBeMe [1.706(3) A1 (58), Me2Be [1.698(5) A] (591, 
and But2Be [1.699(3) A] (601, measured in the gas phase by electron 
diffraction. However, the Be-C bond lengths in [TpBUtlBeMe and 
CpBeMe are substantially shorter than those in (i) “ate” derivatives, 
such as Li,BeMe, [1.84(10) A] (61), and (ii) bridging methyl derivatives, 
such as solid [Me2Bel, [1.93(2) A] (62). 

[TpButlBeMe is characterized by well-defined ‘Hand 13C NMR spectra. 
For example, the ‘H NMR resonance of the beryllium methyl group of 
[TpButlBeMe is observed as a relatively sharp singlet at 6 0.57 ppm, as 
shown in Fig. 19. The 13C NMR resonance of the Be-CH, moiety, 
however, is only observed as a relatively broad peak at 6 4.7 ppm, as 
a result of quadrupolar relaxation by the beryllium nucleus (Fig. 20). 
[TpBUtlBeMe is also characterized by a broad signal at 6 5.2 ppm (rela- 
tive to  [Be(H20),I2+) in the 9Be NMR spectrum, close to the range 
6 1-4 ppm observed for other four-coordinate [TpButlBeX complexes 
(X = H, C1, Br, I, SH) (52, 56), but substantially different from that 
for the cyclopentadienyl derivative CpBeMe (6 - 20.4 ppm) (63). 

c. Reactivity. The reactivity of the beryllium methyl complex 
[TpButlBeMe has only been studied to a limited extent. For example, 
the Be-C bond is cleaved by H2S to give the hydrosulfido deriva- 
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I I I I . 
6 7  6 5 4 3 2 1 0 

FIG. 19. 'H NMR spectrum of ITpeU'lBeMe. Reprinted with permission from Ref. (52). 
0 Copyright 1993 American Chemical Society. 

tive [TpButlBeSH and CH,, and by Iz to give [TpButlBeI and Me1 
(Scheme 2). 

2 .  Alkyl Derivatives of Magnesium 

a. Syntheses. The first application of tris(pyrazoly1)hydroborato li- 
gands to stabilize monomeric four-coordinate alkyl derivatives of the 
type [TpRR']MR was reported for magnesium. Specifically, monomeric 

I I I I I I I I I I 
180 160 140 120 loo 6 80 60 40 20 0 

FIG. 20. I3C{*H} NMR spectrum of [TpBU'lBeMe. Reprinted with permission from Ref. 
(52). 0 Copyright 1993 American Chemical Society. 
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HZS 
/ -CH, 

/ 

SCHEME 2. Reactivity of [TpBUtlBeMe. 

magnesium alkyl complexes supported by tris(pyrazoly1)hydroborato 
ligation [TpRR'lMgR are readily obtained by the reaction of the appro- 
priate dialkylmagnesium with either the potassium or thallium deriva- 
tives [MIITpRR'l (M = K, T1) [Eq. (511 (64). 

( 5 )  
- [MRI R2Mg + [M][TpR*R']- 

\ 

R' 

This synthetic method has been shown to be very general, and a series 
of primary, secondary, tertiary, vinyl, and phenyl derivatives has been 
obtained. For example, the tris(3-t-butylpyrazolyl)hydroborato ligand 
has permitted the isolation of the alkyl derivatives [TpBUtlMgR 
(R = Me, Et, Bun, Pr', But, CH,SiMe,, CH=CH,, Ph). Other [TpRR'l 
ligands have also been used to prepare magnesium alkyl derivatives, 
e.g.9 [TpMez]MgR (64), [TpBut.MelMgR (651, [TpBUt21MgR (661, and 
[TpAr2]MgR (Ar = p-C6H,But) (65), although not necessarily for all of 
the alkyl groups shown earlier. Each of these magnesium alkyl com- 
plexes [TpRR']MgR is a white crystalline solid that is soluble in hydro- 
carbon solvents such as benzene. 

The reactions between R,Mg and T1[TpRR'l are also accompanied by 
the deposition of T1 metal due to the decomposition of [TlRI (53, 54). 
The deposition of T1 thereby provides a very effective driving force for 
the reaction. However, for reactions involving less sterically demanding 
[TpRR'] ligands, the driving force achieved by deposition of T1 may be 
such that disubstitution occurs, with the resulting formation of the 6- 
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RMgX 

SCHEME 3. Competition between Mg-X and Mg-R bond metathesis in the reactions 
of M"I'pRR'l with Grignard reagents. 

coordinate magnesium derivatives [TpRR'],Mg. In such instances, the 
potassium derivative [K][TpRR'l may be the preferred choice of reagent, 
as, for example, in the syntheses of [TpMe21MgR. 

Although the syntheses of [TpRR'lMgR described earlier appear to  be 
rather general, it  is worth noting that alternative approaches have not 
been particularly successful. For example, the syntheses of [TpRR'lMgR 
complexes by the reactions of Grignard reagents RMgX with [MIITpRR'l 
are complicated by the formations of the corresponding magnesium 
halide derivatives [TpRR'lMgX, resulting from competition between 
Mg-X and Mg-R bond metathesis (Scheme 3) (64). The products ob- 
tained, [TpRRIMgR vs [TpRR'lMgX, depend critically upon the choice of 
Grignard reagent and reactant ratio, and for this reason the use of 
&Mg, rather than RMgX, as the reagent is highly recommended for 
the syntheses of [TpRR'lMgR. 

b.  Structures and Spectroscopic Properties. The molecular struc- 
tures of several [TpRR']MgR (64) derivatives have been determined by 
single crystal x-ray diffraction, as illustrated in Figs. 21 and 22. In 
each case the molecules are solvent-free monomers and the tris(pyraz0- 
1yl)hydroborato ligand is q3-coordinated to the metal, with a coordina- 
tion environment about the metal which may be described as trigonally 
distorted tetrahedral. Selected bond lengths are presented in Table 111. 
The Mg-C bond lengths in [TpRR']MgMe are in the range 2.08(1) 8, to 
2.182(8) A, comparable to the sum of the covalent radii, 2.13 8, (57). For 
reference, other 4-coordinate monomeric magnesium alkyl complexes of 
the type RMgX(L), have Mg-C bond lengths in the range 2.15 to 
2.34 8, (67). 

The alkyl complexes [TpRR']MgR are characterized by well-resolved 
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FIG. 21. ORTEP drawing of [TpBULIMgPr'. Reprinted with permission from Ref. ( 6 4 ~ ) .  
0 Copyright 1991 American Chemical Society. 

'H and 13C NMR spectra, analogous to the beryllium derivative 
[TpButlBeMe. For example, the NMR signals of the Mg-CH3 groups 
of [TpBut]MgMe, [TpAr21MgMe, and [TpMe2]MgMe are observed at  6 
- 0.05, - 0.58, and - 0.25 ppm, respectively (64-65). The correspond- 
ing 13C NMR signals are observed at - 5.2 ppm, - 9.5, and - 17.1 ppm, 
respectively, each with a l J C - H  coupling constant of 109 Hz. It is also 
noteworthy that each of these 13C NMR signals is sharp, in contrast 
to that of the Be-CH3 moiety in [TpBut]BeMe, which is observed as a 

FIG. 22. ORTEP drawing of [TpMez]MgCH2SiMe,. Reprinted with permission from 
Ref. (64c). 0 Copyright 1991 American Chemical Society. 
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TABLE 111 

SELECTED BOND LENGTHS (A) FOR [TpBu']BeMe AND [TpwlMgR COMPLEXES 

d(M-C)II( d(M-Nav)/A Ref." 
~~ ~ 

[TpBU'lBeMe 1.708(6) 1.87(1) 1 
[TpBu'lMgMe 2.12( 1) 2.14(1) 2 
[TpBut,Me IMgMe 2.08(1) 2.13(1) 3 
[TpBUtlMgPrl 2.182(8) 2.17(1) 2 
[TpM"21MgCH2SiMe3 2.096(9) 2.08(7) 2 

(1) Han, R., and Parkin, G., Znorg. Chem. 32,4968 (1993); (2) Han, R., and 
Parkin, G.,  Orgunometullics 10, 1010 (1991); (3) Ghosh, P., and Parkin, G., 
unpublished results (1995). 

relatively broad peak because of quadrupolar relaxation by the beryl- 
lium nucleus (Fig. 20). 

In addition to the 'H NMR resonances of [TpRR'lMgR attributable to 
the metal-alkyl moieties, the 'H NMR resonances associated with 
the [TpRR'] ligands also provide a valuable spectroscopic handle for 
monitoring reactivity. For example, each of the complexes [TpButlMgR 
exhibits a single characteristic resonance in the range 6 1.34-1.44 
attributable to the t-butyl substituents of the [!PpButl ligand. 

c. Reactivity. In contrast to the rather limited reactivity study of 
the beryllium complex [TpBUt]BeMe, the reactions of the magnesium 
derivatives [TpRR']MgR have been studied quite extensively. Such stud- 
ies have been important both in terms of determining the reactivity 
of the Mg-C bond in a well-defined coordination environment, and in 
terms of providing a comparison with the reactivities of other deriva- 
tives such as [TpRR'lZnR (vide infra). The reactivities of [TpRR']MgR 
are typically lower than those of Grignard reagents, and in some cases 
the reactions do not parallel those of the corresponding Grignard re- 
agent. 

Solutions of the alkyl derivatives [TpMe2MgR are generally stable at 
room temperature. However, heating to 80-120°C results in ligand 
redistribution, analogous to the Schlenk equilibrium, and the formation 
of [TpMe21&g [Eq. (6)l (64). 

(6) 
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In contrast, the more sterically demanding [TpBUtlMgR derivatives of 
the “tetrahedral enforcer” system are stable to  such redistributions, 
presumably due to the inability to form the corresponding [TpBUt12Mg 
complex. For this reason, the reactivity of the [TpBut]MgR complexes 
has been studied more extensively than that of the less sterically de- 
manding [TpMezlMgR system. 

The magnesium alkyl derivatives [TpBUt]MgR exhibit reactivity that 
is both similar to and different from that of Grignard reagents. For 
exam le, [TpBUtlMgR reacts with COz to give the acetate derivative 
[TpBu ]Mg(q’-OzCMe), a transformation analogous to that of a Grig- 
nard reagent (Scheme 4). In contrast, the reaction of [TpBUtlMgMe 
with acetone is atypical of Grignard reactivity. Thus, the reac- 
tion between [TpBUt]MgMe and Me,CO gives the enolate complex 
[TpBUt]Mg{q’-OC(=CH2)Me} (Scheme 4), rather than the alkoxide 
derivative [TpBUtlMgOBut. Magnesium enolate complexes are rare (68), 
and the formation of [TpBUt]Mg{ql-OC(=CH,)Me} represents an inter- 
esting example of a magnesium enolate derived from acetone. The 
formation of enolate complexes from methyl ketones appears to be 
general, since MeC(0)But also reacts with [TpButJMgMe to give 

The alkyl complexes [TpBUtlMgR (R = Me, Et, Pri, But) react with 
excess 0, at room temperature to give alkylperoxo complexes [TpButl- 
MgOOR (Scheme 51, which have been characterized by 1 7 0  NMR spec- 
troscopy. Each complex exhibits two 170 NMR resonances in the ranges 
6 102-183 and 6 323-427 for the two distinct oxygen atoms of the 
alkylperoxo (Mg-0-0-R) moiety (Table IV). Organometallic deriva- 
tives generally react with oxygen to produce complex mixtures (69, 

P 

[TpBut]Mg{q ‘-OC(=CH2)(But)}. 

-CH4 

SCHEME 4. Reactions of [TpBu‘lMgMe with COP and Me2C0. 
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SCHEME 5. Reactions of [TpBU'lMgR with 02. 

70). Furthermore, the isolated products of these reactions are commonly 
alkoxo derivatives, [L,MOR], rather than alkylperoxo complexes, 
[L,MOOR] (71). The ability to isolate the magnesium alkylperoxo com- 
plexes [TpBUt]MgOOR from the reactions of [TpBUtlMgR with 0, has 
been proposed to be a consequence of the sterically demanding envi- 
ronment created by the [TpBut] ligand. However, in contrast to  the al- 
kyl derivatives [TpBut]MgR, the analogous reaction of the trimethyl- 
silylmethyl derivative [TpButlMgCH,SiMe, with 0, is accompanied by 
Si-C bond cleavage and the formation of the trimethylsiloxide deriva- 
tive, [TpButlMgOSiMe3 (Scheme 5 )  (64). The formation of a siloxide 
derivative bears some analogy with the reaction of the Grignard re- 
agent Me,SiCH,MgCl with 0,, which gives significant quantities of 
Me,SiOH, (Me,Si),O, and (CH,O), after hydrolysis (72). 

The reactions of oxygen with metal-alkyl derivatives typically in- 
volve radical intermediates (73, 741, and a likely mechanism for the 
reactions of [TpButlMgR with 0, is illustrated in Scheme 6. Specific 

TABLE IV 

I7O NMR DATA (ppm) FOR [TpBU'lMgOOR 
(RELATIVE TO HJ70) 

S(Mg2OR) UMgOOR) 

[TpBU']MgOOMe 427 102 
[TpBut]MgOOEt 407 130 
[TpBUL]MgOOPri 373 159 
[TpBu']MgOOBut 323 183 
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(1) Initiation 

L,M-R + 3 0 2  - [L,MRe]+ + [02*]- 

[L,MR*]+- [L,M]+ + R* 

(2) Radical chain 

LnM-R + ROO*- LnMOOR + R* 

(3) Termination 

[LnM]' + [02*]- LnMOO. 

LnMOO. + R- L,MOOR 

SCHEME 6. Possible mechanism for the reactions of the reactions of [TpBU'lMgR 
with 02. 

evidence for radical intermediates in the reactions of [TpBut]MgR with 
O2 is provided by the observations that (i) the reaction of [TpBU IMgMe 
with 0, is inhibited by small quantities of the radical trap galvinoxyl, 
and (ii) crossover products are formed in the presence of two different 
tris(pyrazoly1)hydroborato ligands, e.g., [TpButlMgMe and [TpMe2]- 
MgBut. The formation of the trimethylsiloxide product [TpBUt]MgOSi- 
Me, in the reaction of [TpBUtlMgCH2SiMe, with O2 is also proposed to  
occur via a radical process. Specifically, elimination of formaldehyde 
from the radical intermediate Me3SiCH202. [Eq. (713 would generate 
the trimethylsiloxide radical Me,SiO *, a rearrangement that would be 
expected to be promoted by the formation of a strong Si-0 bond. 

+ (7) 
Me3Si--Oa """LJ' - CH*=O 

The alkylperoxo derivatives [TpBUtlMgOOR are capable of transfer- 
ring an oxygen atom to certain substrates, with the concomitant forma- 
tion of the magnesium alkoxide complex [TpButlMgOR. For example, 
[TpBUt]MgOOR transfers an oxygen atom to PPh, at room temperature 
to give [TpBUtlMgOR and Ph,PO [Eq. (811. 
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[TpBU']MgOOR + PPh3 - [TpBU']MgOR + Ph3PO (8) 

Similarly, [TpBUtlMgOOPri transfers an oxygen atom to the alkyl deriv- 
ative [TpBUtlMgPri at 80°C to give [TpBUtlMgOPri [Eq. (9)l. 

(9) [TpBU']MgOOR + [TpBu']MgR - 2[TpBUt]MgOR 

The magnesium-alkyl bonds in [TpBUt]MgR are very susceptible to- 
ward reactions with protic reagents HX, as illustrated by the formation 
of novel enolate derivatives from methyl ketones described earlier. 
Other examples of such protonolysis reactions are summarized in 
Scheme 7. Nonprotic reagents, e.g., Me2S2, RX, Me,SiX, and X2, also 
react with [TpBUt]MgR, as illustrated in Scheme 8. The reactions be- 
tween [TpBUt]MgR and RX have been proposed to involve a radical 
mechanism. For example, for the reactions with MeI, EtI, Pr'I, and 
ButI, the increasing order of reactivity is primary < secondary < 
tertiary, and for the benzyl halides PhCH2X, the order of reactivity is 
chloride < bromide = iodide. Finally, it is notable that the reaction 
between [TpBUtlMgCH3 and labeled 13CH31 demonstrates that, in addi- 
tion to alkylation (to give [TpBUt]MgI and 13CH3CH3), there is also 
a competitive metathesis process involving alkyl exchange (to give 
[TpBUt]Mg13CH3 and CHJ), as shown in Scheme 9. The exchange of 

f 

/ 

PhNHp w [TpBU']Mg-NHPh 

ROH '>:t 

-CHa q-" [TpBU1]Mg-OR * 
-CH4 

[TpBU']Mg4=CR ~ R-H / \ B'J'02H [TpBu'lMg-ooBut 
(R = Ph, SiMe3) -CH4 

-CH4 

SCHEME 7. Reactivity of [TpBu'lMgMe toward HX. 
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[TpBU']Mg-X x2 t [TpBU']Mg-X 

MeS-SMe 

-Me2S 
[TpBu']Mg-SMe 

Me3SiX 

(X = CI, Br, I. 
NCO, NCS) 

[TpBul]Mg-X 

SCHEME 8. Reactivity of [TpBu'lMgMe toward XY. 

[Tp'" \MgCH3 + '3CH31 

SCHEME 9. Competitive alkyl exchange and coupling in the reaction of [TpBUt]MgMe 
with I3CH3I. 

alkyl groups between Grignard reagents and simple alkyl halides is 
not well documented, although indirect evidence has been presented 
(75, 76). 

B. POLY(PYRAZ0LYL)BORATO ALKYL DERIVATIVES OF THE 
GROUP 11 ELEMENTS 

Stable alkyl derivatives of the Group 11 metals (Cu, Ag, Au) sup- 
ported by poly(pyrazoly1)borato ligation have only been isolated for 
gold. 

I. Alkyl Derivatives of Gold 

The gold alkyl derivatives [TpIAuMe, and [pzTpIAuMe, have been 
prepared by the reaction of aqueous solutions of Me,Au(NO,) with 
KITpRR'l [Eq. (lo)] (77, 78). 

Me2Au(N03) t K[TpRR'] - [TpRR')AuMe2 + KN03 (10) 

The structures of both [TplAuMe, and [pzTp]AuMe, have been deter- 
mined by x-ray diffraction. In each case the [Tpm'l ligands are biden- 
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FIG. 23. Square-planar "ppRR IAuMez complexes. 

tate, with square planar coordination at gold and average Au-C bond 
lengths of 2.05(3) A and 2.04(2) A, respectively (Fig. 23). [TplAuMez 
and [pzTp]AuMez are fluxional on the NMR time scale at room tempera- 
ture, but cooling to -90°C allows a static structure analogous to the 
solid-state structure to  be observed. 

The gold alkyl derivatives [Tp]AuMe2 and [pzTp]AuMez are proton- 
ated by dilute HC1 to give {[TpHlAuMe,}+ and {[pzTpHIAuMez}+, in 
which the proton resides on one of the nitrogen atoms of the pyrazolyl 
groups. 

c .  POLY(PYRAZ0LYL)BORATO ALKYL DERIVATIVES OF THE 
GROUP 12 ELEMENTS 

1 .  Alkyl Derivatives of Zinc 

a. Syntheses. Monomeric four-coordinate zinc alkyl derivatives 
[TpRR']ZnR have been prepared by metathesis of &Zn with T1[TpRR'l 
(Scheme lo), an analogous procedure to that described for the syntheses 

f 

RLr 
- LiCl 

R' 

SCHEME 10. Syntheses of "TpmlZnR. 
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of the beryllium and magnesium derivatives discussed in Section II1,A. 
Moreover, Vahrenkamp has also prepared zinc alkyl derivatives by 
metathesis of [TpRR]ZnC1 with LiR. Some specific complexes that have 
been synthesized include [TpBUt]ZnR (R = Me, Et) (79,801, [TpMe2]ZnMe 
(80), [TpBUt21ZnMe (661, [TpPh21ZnEt (811, and [TpPhlZnR (R = Me, Et, 
But, Ph) (81). In addition to four-coordinate [TpRR'lZnR, the three- 
coordinate zinc alkyl derivatives [BpBUtlZnR (R = Me, Et, But) are 
readily prepared by metathesis of R2Zn with the thallium derivative 
T1[BpBUt] [Eq. (1111 (80, 82). 

b. Structures and Spectroscopic Properties. The molecular struc- 
tures of the zinc methyl derivatives [TpButlZnMe (831, [TpMe21ZnMe (801, 
[TpBut2]ZnMe (66), and [TpPh]ZnMe (81) have been determined by x- 
ray diffraction, confirming the q3-coordination mode of the tris(pyraz0- 
1yl)hydroborato ligands. ORTEP drawings for [TpMe21ZnMe and [TpBUt21- 
ZnMe are shown in Figs. 24 and 25, respectively. The zinc centers 
of each of these complexes may be described as trigonally distorted 

FIG. 24. ORTEP drawing of [TpMezJZnMe. Reprinted with permission from Ref. (80). 
0 Copyright 1995 American Chemical Society. 
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FIG. 25. ORTEP drawing of [TpBUtz]ZnMe. 

tetrahedral, with average C-Zn-N and N-Zn-N bond angles of ca. 
125" and go", respectively. Selected bond lengths and angles for 
[TpRRIZnMe derivatives are 'ven in Table V. The Zn-C bond lengths 

sum of the covalent radii of Zn and C [2.02 A] (57), and are in the 
range of other known Zn-C bond lengths (1.9-2.0 A). It is also worth 
noting that the Zn-C bond length of [TpBUtlZnMe [1.971(4) A1 is longer 
than the value cited in the original report [1.890(10) A], and it is 
believed that the shorter value may be an artifact due to compositional 
disorder with an impurity (possibly [TpBUt]ZnOH), as described in Sec- 
tion VII. The Zn-C bond length in [TpBut]ZnMe [1.971(4) A3 may also be 
compared with the Mg-C bond length [2.118(11) A] in the isostructural 
magnesium derivative, [TpButlMgMe (64). As expected on the basis of 

TABLE V 

COMPARISON OF BOND LENGTHS AND ANGLES FOR [TpR,R]ZnMe COMPLEXES 

for [TpRR']ZnMe (1.95-1.98 f r  ) are close to, but slightly less than, the 

d(M-C)Ia d(M-N)IAlB' N-M-CI" Ref." 

[TpMe2]ZnMe 1.981(8) 2.053[10] 125[2] 1 
[TpPhlZnMe 1.950(4) 2.108[30] 126[2] 2 
[TpBu' IZnMe 1.971(4) 2.109[10] 125[2] 3 
[TpBU'z]ZnMe 1.98(2) 2.118(6) 125.0(2) 4 

"(1)  Looney, A., Han, R., Correll, I. B., Cornebise, M., Yoon, K., Parkin, G., and 
Rheingold, A. L., Orgunometullics 14,274 (1995); (2) Alsfasser, R., Powell, A. K., Trofi- 
menko, S., and Vahrenkamp, H., Chem. Ber. 126,685 (1993); (3) Yoon, K., and Parkin, 
G., J .  Am. Chem. SOC. 113, 8414 (1991); (4) Dowling, C., and Parkin, G., unpublished 
results (1995). 
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FIG. 26. ORTEP drawing of [BpBU']ZnBut. Reprinted with permission from Ref. (80). 
0 Copyright 1995 American Chemical Society. 

the respective covalent radii, the Zn-C bond is slightly shorter than 
the Mg-C bond. 

The molecular structure of the t-butyl derivative [BpBUtlZnBut has 
been determined by an x-ray diffraction study, which confirms a dis- 
torted trigonal planar coordination environment for zinc, as shown by 
the two views in Figs. 26 and 27 (80). In comparison to tetrahedral 
coordination, three-coordinate zinc alkyl complexes are rare (84). 

As with their beryllium and magnesium counterparts, the zinc alkyl 
derivatives [TpRR'lZnR and [BpBUtlZnR are soluble in hydrocarbon 

FIG. 27. Orthogonal view of [BpBU'lZnBu'. Reprinted with permission 
0 Copyright 1995 American Chemical Society. 

from Ref. (80). 
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solvents and are characterized in solution by well-defined 'H and 13C 
NMR spectra. For example, the complex [TpBUt]ZnMe is character- 
ized by resonances attributable to  the Zn-Me group at 6 0.54 ppm in 
the 'H NMR spectrum and at  6 -2.8 [q, lJC-H = 118 Hzl in the 
13C NMR spectrum. Similarly, three coordinate [BpButlZnMe exhibits 
resonances attributable to the Zn-Me group at 6 1.41 and 30.7 [q, 
lJc-H = 126 Hz] in the 'H and 13C NMR spectra, respectively. 

The reactivity of [TpBUt]ZnR towards a number of re- 
agents is summarized in Scheme 11. Halogens (X,) rapidly cleave the 
Zn-C bond to eliminate RX and give the halide complex [TpBUt]ZnX 
(X = C1, Br, I). Protic reagents (HX) also readily cleave the Zn-R bond 
in [TpButlZnR to eliminate RH, with the concomitant formation of the 
corresponding [TpBUt]ZnX derivative. For example, [TpBUt]ZnR reacts 
with hydrogen chloride, acetic acid, and phenylacetylene to give 
[TpBUt]ZnC1, [TpBut]Zn(r)'-02CMe), and [TpBut]ZnCCPh, respectively, 
while [TpPhlZnBut reacts with EtSH to give the monomeric thiolate 
derivative [TpPhlZnSEt (81). Moreover, HX (X = Br, I, CN, N,, NCS), 
generated in situ by the treatment of Me3SiX with H20, also reacts 
with [TpBUtlZnR to give [TpBUt]ZnX. Some of the complexes [TpButlZnX 
(X = C1, Br, I, CN, 02CMe, N3, NCS) have also been synthesized by 
metathesis of ZnX2 with either KITpButl or Tl[TpBUtl [Eq. (12)l (9,801. 

c.  Reactivity. 

M[TpBu'] + ZnXp - [TpBUt]ZnX +MX (12) 

PhCCH + [TpBu']Zn-CrC-Ph 

(X = CI, Br, I, CN, 
Ns, NCS, OAC) 

SCHEME 11. Reactivity of [TpBUtlZnR. 
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Furthermore, Vahrenkamp and Klaui have also used related meth- 
ods for the syntheses of [TpPhzlZnX and [TpArlZnX derivatives (81,85). 

The molecular structures of several tTpBUtlZnX derivatives have been 
determined by x-ray diffraction. For example, x-ray diffraction studies 
confirm that the acetate ligand in [TpButlZn(ql-OzCMe) is bound to zinc 
in a unidentate mode, similar to that proposed for [TpBut]Mg(q1-02CMe), 
but in contrast to the bidentate coordination proposed for the copper 
analogue lTpBUtlCu(q2-02CMe) (86,87). Such a change in coordination 
mode for copper and zinc derivatives is to be anticipated on the basis 
of structural studies on the nitrate derivatives [TpBUt]M(NO,) (M = Co, 
Ni, Cu, Zn), as described in Section V,B,2,e. The thioacetate [TpPh]- 
Zn(q'-SC(O)Me} (81), and cyanoacetate [TpPhlZn(q1-02CCH2CN) (88) 
derivatives also exhibit unidentate coordination. 

The reactivity of the zinc alkyl derivatives [TpBut1ZnR is typically 
lower than that of the corresponding magnesium derivatives (Section 
III,A,2,cJ. For example, whereas [TpButlMgMe undergoes insertion of 
CO, into the Mg-C bond at room temperature, no reaction is observed 
between [TpBut]ZnMe and CO, at 140°C. Similarly, whereas the magne- 
sium alkyl derivatives [TpBUtlMgR (R = Me, Et, Pri, But) react immedi- 
ately with 0, a t  room temperature to give alkylperoxo derivatives 
[TpBUtlMgOOR, solutions of the zinc derivative [TpBut]ZnEt are stable 
in the presence of 0, at 100°C. 

The less stericall demanding alkyl derivative [TpMezlZnMe is more 
reactive than [TpBu IZnMe towards a number of reagents, e.g., Br,, Iz, 
MeOH, PhOH, ButOOH, MeI, BrCN, and HC1. However, as a result of 
ligand redistribution, in each case the major product of the reaction is 
the six-coordinate sandwich complex [TpMezl,Zn [Eq. (13)l (80, 89). 

7 

+ dec. 
XY 

=""--lEg 
(XY = Brz, 12, MeOH, PhOH, But 02H, Mel, BrCN, HCI) (13) 

Moreover, the sandwich complexes [TpPh],Zn and [TpAr212Zn have also 
been observed to be products of the reactions of [TpRR'lZnX derivatives 
(81,85). 
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FIG. 28. Structures of [TpRR'12Zn derivatives. 

The structures of [TpMe212Zn (80) and [TpPh12Zn (85) have been deter- 
mined by x-ray diffraction (Fig. 28). Interestingly, [TpMe212Zn and 
[TpPh],Zn do not possess similar structures. Specifically, whereas the 
zinc center in [TpMe2],Zn is six-coordinate and octahedral, the zinc 
center in [TpPh],Zn is only four-coordinate and tetrahedral. Thus, the 
potentially tridentate [TpPhl ligand acts only as a bidentate ligand in 
[q2-TpPhI2Zn. However, it should be noted that the Fe in the related 
complex [TpPh],Fe is octahedrally coordinated (90). 

The reactivity of three-coordinate [BpBUtlZnR is summarized in 
Scheme 12. The Zn-C bonds of [BpBUt]ZnR are readily cleaved by H 2 0  
and MeC02H to give the hydroxo and acetato complexes {[BpButlZn(p- 
OH)}, and [BpBUt]Zn(q2-02CMe), respectively. The structure of 
{[BpBut]Zn(p-OH)},, determined by x-ray diffraction, is a cyclic trimer, 
with Zn-OH bond lengths in the range 1.89-1.99 (Fig. 29). The 

MeCOzH 
[BpBu' ]Zn(qz-02CMe) 

(HB(OCHR'z)(Butpz)2)ZnR 

0 
\ 

([BpBU']Zn(p-OH)), 
-RH 

SCHEME 12. Reactivity of [Bp'lZnR. 
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FIG. 29. ORTEP drawing of {IBpBu'lZn(p-OH)13. Reprinted with permission from Ref. 
(80). 0 Copyright 1995 American Chemical Society. 

[Zn(p-OH)I, moiety is also characterized by an absorption at 3611 cm- 
in the IR spectrum and a signal at 2.25 ppm in the 'H NMR spectrum. 

In addition to reactions at the Zn-C bond, the corn lexes [BpBut]ZnR 

aldehydes and ketones, (CH20),, MeCHO, and Me2C0, to  give 
{HB(OR')(3-Bu'pd2}ZnR (R' = Me, Et, Pr'), as a result of insertion into 
the B-H bond. In contrast, the tris(pyrazoly1)hydroborato complexes 
[TpButlZnR are inert towards B-H insertion under similar conditions. 

also exhibit reactivity at the B-H bond. Thus, [BpBu P IZnR reacts with 

2. Alkyl Derivatives of Cadmium 

a.  Syntheses. The cadmium analogues [TpBut,Me]CdMe (91) and 
[TpMe21CdR (R = Me, Et, Pr, Pri, Bu, Bu', Bus, But, Ph) (92) have been 
recently prepared by reaction of R2Cd with T1[TpRR'l [Eq. (1411. 

b. Structures and Spectroscopic Properties. The structure of the cad- 
mium complex [TpBUtgMelCdMe has been determined by x-ray diffrac- 
tion, thereby confirming the presence of a trigonally distorted tetrahe- 



DERIVATIVES OF s- AND p-BLOCK ELEMENTS 329 
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FIG. 30. 'H NMR spectrum of the Cd-CH3 moiety of [TpB"'~Me]CdMe. Reprinted with 
permission from Ref. (91 ). 0 Copyright 1994 American Chemical Society. 

dral cadmium center, with a Cd-CH, bond length of 2.07(2) A, close 
to the established range for other Cd-CH, bond lengths (2.09-2.11 A). 

The Cd-CH, groups of the cadmium derivative [TpBULMelCdMe is 
characterized by the observation of both l W d  ('JCd-H = 71 Hz) and 
'l3Cd (2Jcd-H = 74 Hz) satellites in the 'H NMR spectrum, as shown 
in Fig. 30. Similarly, 2JCd.H coupling constants for [TpMe2]CdR are ob- 
served in the range ca. 78-84 Hz, although these values were in- 
correctly reported in the literature as half their true values (92, 93). 
For comparison, the values of 'JCd.H for two-coordinate alkyls R&d are 
in the range 50-53 Hz (94), while tetrameric alkoxides [(R0)CdCH3l4 
are in the ran e 80-90 Hz (95). The 13C NMR signal of the Cd-CH, 
groups of [TpBu ,MelCdMe and [TpMe21CdMe are observed at 6 - 6.1 and 
- 18.0 ppm, respectively, and each with a lJC.H coupling constant of 
126 Hz. [TpMezlCdMe is also characterized by a 'Jcd-c coupling constant 
of 982 Hz (92, 93). The 13C NMR data for the complexes [TpMe2]CdR 
were also analyzed in order to determine the effect of the [TpMe21Cd 
moiety on the chemical shifts of the alkyl carbon atoms (92,96,97). 

c. Reactivity. The [TpMe21CdR derivatives have been reported to 
undergo ligand redistribution reactions analogous to those of the mag- 
nesium derivatives [cf. Eq. (613 (92). Furthermore, the alkyl ligands of 

9 
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[TpMe21CdR have been reported to exchange with the alkyl groups of 
R’,Cd, while alkyl exchange was also observed between [TpMe21CdEt 
and [MepzTpMelCdMe. However, since exchange was likewise observed 
between [TpMe21CdMe and [MepzTpMe],Cd (to give [MepzTpMe]CdMe), 
it was pointed out that the aforementioned exchange reactions do not 
necessarily have to be viewed as “alkyl” exchange reactions because 
the poly(pyrazoly1)borato ligands themselves may partake in exchange 
reactions. 

In contrast to the chemistry of the zinc complexes [TpRR]ZnR, 
the cadmium alkyl derivatives have not been used to prepare an ex- 
tensive series of half-sandwich [TpRR]CdX complexes. However, 
several [TpRR‘]CdX complexes supported by sterically demanding 
tris(pyrazoly1)hydroborato ligands, e.g., [TpBUtlCdC1 (98), [TpBUtlCdI 
(91 ), [Tp”’z]CdI (91), and [TpBUbMe]Cd(q2-02N0) (911, have been synthe- 
sized by metathesis between CdX2 and either KITpRR‘l or T1[TpRR‘l [Eq. 
(131. 

However, less sterically demanding derivatives, such as [TpMez]CdX 
(X = C1, I), have been prepared with only limited success because of 
contamination with the six-coordinate sandwich complex [TpMe2],Cd 
(89). The molecular structures of [Tp”’2lCdI (911, [TpBUtlCdC1 (99), 
[TpBUtlCdI (91 ), and [TpBUt,MelCd(q2-02NO) (91 ) have been determined 
by x-ray diffraction. Each of these complexes exhibits similar coordina- 
tion of the tris(pyrazoly1)hydroborato ligands, as evidenced by the, simi- 
lar average Cd-N bond lengths and N-Cd-N bond angles: [TpPr’2]CdI 
L2.22 A, 86.001, [TpBUtlCdC1 i2.24 A, 88.3’1, [TpBUtlCdI L2.25 A, 88.5’1, 
and [TpBut~Me]Cd(q2-0zNO) [2.24 A, 89.8”]. The Cd-N bond lengths in 
these complexes are shorter than those in the six-coordinate sandwich 
complexes [TpMez12Cd [2.36 A and 2.43 (89); 2.35 A (97)1, [pzTp12Cd 
[2.33 A], and [MepzTpMe12Cd [2.35 A1 (97). 

3. Alkyl Derivatives of Mercury 

a. Syntheses. The mercury derivatives [TPlHgMe (100) and 
[TpMe2]HgR (R = Me, Et, Pri, But, CHzPh, CH,CH=CHMe, Ph, p -  
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CsH4Me, CpFeC5H4) (89,101) have been prepared by the reactions of 
K[TpRR'] with MeHg(N03) and with RHgCl [Eqs. (16) and (17)l. 

MeHg(N03) + K[Tp] - [TplHgMe + KN03 (16) 

(17) RHgCl + K[TpMe21+ [TpMe2g-lgR + KCI 

b. Structures and Spectroscopic Properties. In contrast to  
[TpRR']ZnR and [TpRR']CdR, the [TpMe23 ligand of [TpMe21HgR has been 
proposed to coordinate to mercury via only one of its pyrazolyl groups 
so that the mercury center is two-coordinate and linear. The basis of 
this suggestion is the lack of observed Hg-H or Hg-C coupling to the 
pyrazolyl rings. However, this proposal has not been confirmed by an 
x-ray structure determination. Nevertheless, the structure of 
[pzTpIHgMe has been determined by x-ray diffraction, demonstrating 
that only two of the pyrazolyl groups were coordinated to Hg. Moreover, 
the coordinated pyrazolyl groups are bound in an asymmetric manner, 
with Hg-N bond lengths of 2.07(4) and 2.65(4) A (Fig. 31) (102). The 
coordination geometry about Hg may be described as "T-shaped," with 
C-Hg-N bond angles of 169(2)" and 112(l)"and a Hg-CH3 bond length 
of 2.05(4) A. In solution, the pyrazolyl groups of [q2-pzTplHgMe and 
[q2-Tp]HgMe are fluxional, and a structure corresponding to that in 
the solid state is not frozen out at  - 90°C. Such behavior is in contrast 
to the bidentate gold derivatives [q2-pzTp]AuMe, and [q2-Tp1AuMe2, 
for which the fluxionality is frozen out at  - 90°C (77, 78). 

The resonances associated with the Hg-R groups of [TpMe21HgR show 
coupling to lg9Hg in their 'H NMR spectra. For example, [TpMe21HgMe 
exhibits 2JHg.H = 225 Hz. The complexes [TpMe2]HgR are also character- 
ized by lg9Hg resonances in the range - 576 to - 1098 ppm (101). The 
lg9Hg NMR spectrum of the phenyl derivative [TpMezlHgPh has been 
reported as both (i) a signal at - 925 ppm (101,103) and (ii) two signals 
at 816 and 614 ppm at 5°C (relative to aqueous HgCl,) for a material 
of composition [TpMe2]HgPh.0.5KC1 (89). In the latter case, the sharp 

FIG. 31. Structure of [q2-pzTplHgMe. 
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FIG. 32. ORTEP drawing of [Tpa"'~MelHgI. 

resonance at 816 ppm dominates, but at - 60°C it is the broad resonance 
which shifts to 662 ppm that is dominant, and it was proposed that an 
equilibrium existed between the two species [TpMezlHgPh (6 614 ppm) 
and [HgPhl+ (6 816 ppm) in order to  account for the data. 

[TpMe2]HgPh [TpMe21 - + [HgPhl ' 

c. Reactivity. As with [TpRR']CdR, the reactivity of the mercury 
alkyl complexes [TpRR']HgR has not been studied in significant detail. 
However, a number of [TpMe2]HgX complexes have been prepared by the 
reaction of HgX2 with K[TpMe2]. Specific complexes include [TpMe212Hg, 
[TpMez]HgX (X = C1, Br, I, CNS, C02CH3), and the novel mercury(1) 
derivative [TpMe2I2Hg2 (1 04). The structure of [TpButsMelHgI has been 
determined by x-ray diffraction (Figure 32) (1051, confirming a pseudo- 
tetrahedral coordination environment, in contrast to the lower coordi- 
nate structures proposed for the alkyl derivatives. 

D. POLY(PYRAZ0LYL)BORATO ALKYL DERIVATIVES OF THE 
GROUP 13 ELEMENTS 

Poly(pyrazoly1)borato alkyl derivatives of the Group 13 elements (Al, 
Ga, In, T1) have been synthesized for all members with the exception 
of thallium. 
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1 .  Alkyl Derivatives of Aluminum 

The tris(pyrazoly1)hydroborato aluminum methyl derivatives [TpMe21- 
AlMe, and [TpBUtlA1Me2 may be prepared by metathesis of Me3A1 with 
K[TpMe2J and T1[TpButl, respectively (Scheme 13) (106). [TpBUtlA1Me2 
has been characterized by NMR spectroscopy as a four-coordinate 
complex with a bidentate tris(pyrazoly1)hydroborato ligand. For exam- 
ple, the 'H NMR spectrum at room temperature shows two sets of t- 
butylpyrazolyl groups in the ratio 2 : 1, and two inequivalent Al-Me 
groups in the ratio 1 : 1. 

In contrast to  [TpBUtlA1Me2, [TpMe21AlMe2 shows only one type of 
pyrazolyl and AI-Me group in the NMR spectrum a t  -9O"C, consis- 
tent with either a five-coordinate structure or a highly fluxional four- 
coordinate structure. A precedent for tridentate coordination of the 
[TpMe2J ligand to  aluminum is provided by the six-coordinate complex 
{[TpMe212A1}[A1C1,1 (1 07). 

The bis(3-t-butylpyrazolyl)hydroborato complex, [BpBut1A1Me2, has 
been synthesized by the reactions of either Me,A1 or Me2A1C1 with 
K[BpBUt] (Scheme 14). Similarly, [Et,Bp]AlEt, has been prepared by 
the reaction of Et2A1C1 with K[Et,Bp] (108). 

The methyl complex [BpButlAIMe, undergoes rearrangement upon 
heating at  ca. 100°C to give the more stable isomer, [v2-H2B(3-Bu$z)(5- 
Bu$z)]AlMe,, as shown in Eq. (18). 

$"I 

SCHEME 13. Syntheses of [Tpw]AlMe2 derivatives. 
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KIBpBU'l 

- [MeK] 
Me3AI 

K[BpBU'] / 
Me2AICI 

- KCI 

SCHEME 14. Syntheses of [Bpeu'lA1Me2. 

ca. 1OO'C . 

Kinetics studies have demonstrated that the isomerization is a first- 
order process, characterized by the activation parameters AHS = 
34.503) kcal mol-' and ASS = 6(2) e.u. Such rearrangements of poly- 
(pyrazoly1)borato ligands are not uncommon, and have also been ob- 
served for Cu and Co complexes of the tris(3-isopropylpyrazolyl)hydro- 
borato ligand system, i.e., [q3-HB(3-Pripz),]M + [q3-HB(3-Pripz),(5- 
Pripz)lM (32). 

2.  Alkyl Derivatives of Gallium 

The first gallium alkyl derivatives to be stabilized by poly(pyraz0- 
1yl)borato ligation were the four-coordinate complexes [BpIGaMe, and 
[Me,Bp]GaMe,, obtained by the reactions of Me2GaC1.0Et2 with K[Bpl 
and K[Me,Bpl, respectively [Eq. (19)l (109,110). 
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The gallium ethyl derivatives [R,Bp]GaEt, (R = Et, Ph, pz) have like- 
wise been synthesized (108). 

The structure of [Me,Bp]GaMe, has been obtained by x-ray diffrac- 
tion, and the Ga-Me bond lengths have been determined to be 1.962(7) 
A and 1.971(8) A (109). However, the first crystal structure determina- 
tion of [Me,Bp]GaMe, resulted in the derivation of an anomalously 
small equivalent isotropic thermal parameter for the carbon atom of 
one of the gallium methyl groups. It was concluded that the specific 
“methyl” group in question was in fact a hydroxy group, i.e., that the 
crystal was in fact the hydroxy complex [Me,BpIGaMe(OH). Refine- 
ment of the anomalous atom as oxygen resulted in a lower R value 
and a more reasonable thermal parameter (109). However, the derived 
Ga-C [1.957(8) A] and Ga-0 [2.033(5) A3 bond lengths are not consis- 
tent with the formulation [Me,BplGaMe(OH). Specifically, since the 
covalent radius of oxygen is smaller than that of carbon, a Ga-OH 
bond that is longer than a Ga-CH, bond is unexpected. An alternative 
explanation that accounts for both (i) an anomalous thermal parameter 
and (ii) a bond that is longer than that of Ga-CH, is that the dialkyl 
[Me,Bp]GaMe, is contaminated with a small amount of the chloride 
derivative [Me2BplGaMe(C1). Because it is likely that [Me,BplGaMez 
and [Me,Bp]GaMe(Cl) would be isostructural, it would not be unex- 
pected for the two complexes to cocrystallize and thereby result in an 
artificially elongated “Ga-C” bond (see Section VII). 

One of the Ga-Me bonds in the dimethyl derivative [BpIGaMe, is 
cleaved by MeC0,H to give the monoalkyl complex [BplGaMe(02CMe) 
(1 10). Other monoalkyl complexes of gallium include [BpIGaMe(Cl) 
and [BpI,GaMe, which have been obtained by the reactions of MeGaCl, 
with one and two equivalents of K[Bp], respectively (Scheme 15) (110, 
11 1 ). Related tris(pyrazoly1)hydroborato derivatives [TpRR’lGaMe(C1) 
and [TpRR’lGaMez have also been synthesized by the reactions of 
KITpRR’l with MeGaClz and Me,GaCl, respectively [Eq. (20)3. 

(X = CI, Me) 
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MeGaCI;! 

SCHEME 15. Syntheses of [BplGaMe(X). 

The structures of [TpMe2]GaMe(C1) and [TpMe2]GaMe2 have been deter- 
mined by x-ray diffraction (112). In the solid state, both [TpMe2]Ga- 
Me(C1) and [TpMe2]GaMe2 exhibit bidentate coordination of the tris(pyr- 
azoly1)hydroborato ligand, so that the gallium center adopts a distorted 
tetrahedral coordination environment. In solution, however, the com- 
plexes are fluxional, exhibiting only one set of pyrazolyl resonances 
in the 'H NMR spectrum at room temperature. The less sterically 
demanding K[Tp] and K[pzTpl derivatives (two equivalents), however, 
react further with MeGaC1, to give complexes of compositions 
[Tp12GaMe and [pzTp12GaMe [Eq. (2111 (112). 

d 
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The structure of [pzTpI,GaMe, determined by x-ray diffraction, demon- 
strates that the [pzTpl ligands adopt both bidentate and tridentate 
coordination. However, in solution, the complexes [Tp],GaMe and 
[pzTp],GaMe are fluxional on the NMR time scale at room temperature, 
exhibiting a single set of resonances for the pyrazolyl groups. 

3. Alkyl Derivatives of Indium 

Bis(pyrazoly1)hydroborato indium alkyl derivatives with both one 
and two [Bp] ligands, e.g., [Bp]InMe(Cl) and [BpIJnMe, have been 
prepared by the reactions of MeInC1, with one and two equivalents of 
K[Bp], respectively (Scheme 16) (113). Likewise, the dimethyl deriva- 
tive [BpIInMe, is prepared by the reaction of Me21nCl with K[Bpl [Eq. 
(22)l. 

MqlnCl (22) 

SCHEME 16. Syntheses of [Bp]InMe(X). 
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FIG. 33. Structure of {[~2-pzTplIn(Me)C1},. 

The x-ray structure of [BplInMez confirms that the complex is mono- 
meric with a distorted tetrahedral geometry at  indium and with In-Me 
bond lengths of 2.133(5) A and 2.138(6) A. In contrast, the chloride 
derivative [BpIInMe(Cl) exists as a weak dimer, with asymmetri- 
cally bridged chloride li ands (Fig. 33). The In-Cl bond lengths are 

Indium alkyl derivatives with one and two [pzTpl coligands have been 
prepared similarly. Thus, Me,InCl reacts with K[pzTpl to give 
[pzTpIInMe, [Eq. (23)l while MeInC1, reacts with two equivalents of 
K[pzTpl to give [pzTpl,InMe [Eq. (24)l (114). 

2.4100) A and 3.203(1) 1 , while the In-Me bond length is 2.091(5) A. 

[pzTplInMe, has been proposed to possess a four-coordinate structure 
with a bidentate [pzTpl ligand, while [pzTpIJnMe exhibits an octahe- 
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dral structure in which the [pzTpl ligands adopt both bidentate and 
tridentate coordination (114). 

E. POLY(PYRAZ0LYL)BORATO ALKYL DERIVATIVES OF THE 
GROUP 14 ELEMENTS 

Of the group 14 elements (Si, Ge, Sn and Pb), only tin is known to 
form a variety of poly(pyrazoly1)borato alkyl derivatives. For example, 
the reactions between K[pzTpl and the silicon derivatives Me,SiCl,- ,, 
(n = 1-3) have not given tractable products (115). Similarly, the reac- 
tion between K[pzTpl and Me2GeC12 gives a complex that has been 
spectroscopically characterized as [pzTp12GeMe2, but which readily de- 
composes. 

1 .  Alkyl Derivatives of Tin 

In contrast to the scarcity of stable poly(pyrazoly1)borato alkyl com- 
plexes of Si, Ge, and Pb, such derivatives are common for tin. The first 
poly(pyrazoly1)borato tin alkyl derivatives to be prepared were the 
parent derivatives, namely five-coordinate [Bp]SnMe,Cl, - , and six- 
coordinate [Tp]SnMe,C1,-, (n = 0-3), obtained by the reactions of 
Me,SnCl,-, with K[Bpl and K[Tp], respectively [Eqs. (25) and (26)l 
(116). 

Me,SnC14-, + K[Bp] [Bp]SnMenC13., + KCI (25) 

The five-coordinate [Bp]SnMe,Cl, - ,, complexes adopt a trigonal bipyra- 
mid geometry, with the [Bp] ligand occupying axial and equatorial 
coordination sites, while the six-coordinate [TpISnMe,Cl, - complexes 
adopt an octahedral geometry (Fig. 34). In solution, however, the com- 

Me I 
FIG. 34. Structures of [BplSnMe3 and [Tp]SnMe3. 
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plexes [TplSnMeC12 and [TplSnMe2C1 show only one type of pyrazolyl 
group in the 'H NMR spectrum, indicative of a fluxional octahedral 
structure. Similarly, only one type of pyrazolyl group is observed in the 
'H NMR spectrum for the five-coordinate complexes [BpISnMe,Cl, - ,. 

Other [BpRR']SnR,X3 - , and [TpRR']SnR,X3 - ,, complexes have also 
been synthesized by an analogous method. Specific examples include 
[Bp]SnC1(CH2CH2COOMe)2 (117), [TpISnR,X,-, (R = Me, Et, Bu, Ph; 
X = C1, Br; n = 0-2) (118), [Tp]SnX2(CH2CH2COOMe) (X = C1, NCS) 
(119), [TpM"2]SnR,X3-, (R = Me, Et, Bu, Ph; X = C1, Br; n = 0-2) 
(120), and [pzTp]SnR,X,-, (R = Me, Et, Bu, Ph; X = C1, Br; n = 0-2) 
(121,122). 

The six-coordinate [RTpISnR,Cl, - , derivatives are typically charac- 
terized by l19Sn NMR signals in the range - 195 to - 670 ppm (relative 
to Me,Sn) (115, 118, 120, 121), while five-coordinate [RBp]SnR,Cl, , 
complexes exhibit shifts to lower field in the range - 103 to - 182 ppm 
(115). For [TpRR']SnR,X3-, derivatives, the "'Sn chemical shift was 
also determined to be a linear function of n (120). 

In addition to tin alkyl derivatives with one poly(pyrazoly1)borato 
ligand, bis[(poly)pyrazolylborato] complexes of the types [Tp],SnR, and 
[&BpI2SnR2 have also been prepared (123, 124). 

IV. Terminal Hydride Derivatives of the s- and p-Block Metals Supported by 
Poly(pyrazoly1)borato Ligation 

By analogy with the alkyl derivatives described earlier, poly(pyraz0- 
1yl)hydroborato ligation may also be utilized to support monomeric 
terminal hydride derivatives [TpRR'lMH,. However, at present, the 
chemistry of such complexes is effectively restricted to that of four- 
coordinate derivatives of the type [TpBUtlMH. 

A. [TpButlBeH 

1. Synthesis 

The beryllium hydride derivative [TpButlBeH is obtained by metathe- 
sis of either [TpButlBeC1 or [TpButlBeBr with LiAlH, in Et20 at room 
temperature [Eq. (27)l (56). 

H- -X 
LiAIH4 

(X = CI, Br) 
e tt 

/Sic- 
"\ / 

*B"' 
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[TpBut]BeH is a well-defined example of a monomeric complex con- 
taining a terminal beryllium hydride ligand. In this regard, other 
than the cyclopentadienyl compounds (C,H,)BeH (9) and (C,Me,)BeH 
(1251, beryllium hydride complexes, e.g., [MeBe(OEt,)],(p-H), (1261, 
[PhBe(NMe,)],(p-H), (127), and [(Et,O)NaHBeEt,], (1281, are typically 
oligomeric with bridging hydride ligands (129). A notable exception, 
however, is [(p-q2-Me,NCH,CH2NMe)BeH12, the first terminal beryl- 
lium hydride complex to be studied by x-ray diffraction (130). 

2 .  Structure and Spectroscopic Properties 

The structure of [TpBUt]BeH has been determined by x-ray diffraction 
(Fig. 35). The Be-H bond length was found to be 1.23(7) A, close to 
the sum of the covalent radii (1.19 A) (571, but shorter than those 
observed for [(p-q2-Me2NCH2CH2NMe)BeH12 [1.39(2) A1 (130) and 
(C,H,)BeH [&Be-H) = 1.32(1) A] (131, 132). Theoretical calculations 
on a series of hypothetical beryllium hydride derivatives have esti- 
mated terminal Be-H bond lengths to be in the range 1.25-1.29 8, 
(133). 

The terminal Be-H moiety in [TpBUtlBeH is observed as a quadrupo- 
lar-broadened peak a t  6 5.0 ppm in the 'H NMR spectrum at room tem- 
perature, close to that for the B-H group at  6 4.5 ppm. At higher tem- 
peratures, however, quadrupolar relaxation is reduced and a 1 : 1 : 1 : 1 
quartet structure is observed for both the Be-H and B-H resonances 
(Fig. 36) (134), with 'Jgg,.H and lJllB.H coupling constants of 28 Hz and 
113 Hz, respectively (135). For comparison, the hydride ligands in 
(C,H,)Be(q2-H,BH,), which are fluxional at - 80°C, exhibit smaller 
coupling constants JgBe-H = 10.2 Hz and J 1 l g . H  = 84 Hz (JlOBSH = 

FIG. 35. ORTEP drawing of [TpeU'lBeH. Reprinted with permission from Ref. (56). 
0 Copyright 1992 American Chemical Society. 
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FIG. 36. Variable-temperature 'H NMR spectra of [TpB"'lBeH. Reprinted with permis- 
sion from Ref. (56). Q Copyright 1992 American Chemical Society. 
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FIG. 37. IR spectra of [TpBul]BeH and [TpBU1lBeD. Reprinted with permission from 
Ref. (56). 0 Copyright 1992 American Chemical Society. 

28 Hz) (135,136). [TpBUt]BeH is also characterized by a broad resonance 
(W1,B = 61 Hz) at 6 2.7 ppm in the 9Be NMR spectrum. 

The IR spectra of [TpButlBeH and [TpBut]BeD demonstrate that 
v(Be-H) is observed at 1865 cm-', shifting to 1410 cm-' (vH/vD = 1.32) 
upon deuterium substitution (Fig. 37). For comparison, v(Be-H) of 
(C,H,)BeH is observed at 2030 cm-' in the gas phase, with 
v(Be-D) = 1535 cm-' (vHIvD = 1.32). However, in the solid state the 
absorptions were observed at lower frequencies, with v(Be- 
H) = 1720 cm-' and v(Be-D) = 1275 cm-' (vHIvD = 1.351, indicative 
of some degree of intermolecular association (137). 
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\ Me1 or l2 

SCHEME 17. Reactivity of [TpBut]BeH. 

3. Reactivity 

The reactivity of [TpBUtlBeH is summarized in Scheme 17. The Be-H 
moiety is cleaved by both Me1 and I2 to give [TpBut1BeI, and by H2S to 
give [TpBUtlBeSH. Furthermore, [TpBut1BeSH is also obtained by the 
direct insertion of elemental sulfur into the Be-H bond. 

B. [TpBUtlZnH 

1 .  Synthesis 

The zinc hydride complex [TpBUtlZnH, the first metal hydride deriva- 
tive of the type [TpRR'lMH to be prepared, is readily synthesized by 
metathesis of ZnH2 with T1[TpButl [Eq. (2813 (80, 138). 

As with the reactions between MR, and T1[TpBUtl described earlier, the 
decomposition of putative [TlHI provides an effective driving force 
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for the reaction. Similar to beryllium hydride complexes, zinc hy- 
dride derivatives are rare and typically oligomeric (139). For example, 
some dimeric, trimeric, and tetrameric zinc hydride derivatives in- 
clude [HZnN(Me)CHzCH,NMe212 (140), [HZnO(CH2)2NMe212 (141), 
[RZnH(NC,H,)], (R = Et, Ph) (142), and [HZnOBut14 (1431, of which 
only [HZnN(Me)CH,CHzNMe,]z has been structurally characterized by 
x-ray diffraction. 

2. Structure and Spectroscopic Properties 

The structure of [TpBUt]ZnH has been determined by x-ray diffraction, 
although the hydride ligand was not located (Fig. 38). However, defini- 
tive evidence for the presence of the hydride ligand is provided by NMR 
and IR spectroscopies. Specifically, the hydride resonance is observed 
at  6 5.36 ppm in the 'H NMR spectrum, and v(Zn-H) is observed as a 
strong absorption at 1770 cm-' in the IR spectrum, which shifts to 
1270 cm-' (vHIvD = 1.39) upon deuterium substitution (Fig. 39). 

3. Reactivity 

The reactivity of the zinc hydride moiety in [TpBUtlZnH is illustrated 
in Scheme 18. Protic reagents (HX = H2S, Me,SiOH, MeCO,H, 
PhCeCH) react with the Zn-H bond to give [TpBut1ZnX and H,. Me- 
tathesis reactions are also observed with RI (R = Me, PhCH2), MeC- 
OCl, Me,SiX (X = C1, I), and I2 to give [TpBUt]ZnX (X = C1, I). Insertion 
of COz into the Zn-H bond is observed at 50°C to give the formato 
complex, [TpBut]Zn(q'-02CH), characterized as an 7'- rather than 7'- 
formato derivative on the basis of the observed u,,,(COz) [1655 cm-'] 

FIG. 38. ORTEP drawing of [TpeUt]ZnH (the zinc hydride ligand was not located, but 
is illustrated in the expected axial position). Reprinted with permission from Ref. (80). 
0 Copyright 1995 American Chemical Society. 
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FIG. 39. IR spectra of (a) [Tpsu'lZnH and (b) [TpBU'lZnD. Reprinted with permission 
from Ref. (80). 0 Copyright 1995 American Chemical Society. 
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and v,,(C02) [1290 cm-'1 absorptions in the IR spectrum (144). The 
reactivity of the Zn-H bond of [TpBUt]ZnH towards C02 contrasts with 
the inertness of the alkyl derivatives [TpBUt]ZnR towards C02. 

C. [TpBUtlCdH 

The cadmium hydride analogue [TpBUt]CdH of the aforementioned 
beryllium and zinc hydride derivatives has been synthesized by the 
reaction of CdC12 with KBH4 (or LiEt,BH), followed by addition of 
T1[TpButl (Scheme 19) (145). The Cd-H moiety in [TpBut]CdH is charac- 
terized by resonance at  6 6.30 ppm in the 'H NMR spectrum, with 
both '"Cd ( 9 C d . H  = 2411 Hz) and '13Cd ('JCd-H = 2522 Hz) satellites. 
Correspondingly, the Il3Cd NMR signal is also observed as a doublet. 

In contrast to  the formation of a cadmium hydride derivative, the 
related reaction of the less sterically demanding reagent T1[TpMe21 with 
[CdClz/LiEt3BHl gives the novel Cd-Cd bonded dimer {[TpMe21Cd}, 
(Scheme 19), characterized by a 111Cd-'13Cd coupling constant of 20,646 
Hz. Interestingly, the corresponding reaction using KBH., rather than 
LiEt3BH affords the q2-borohydride complex [TpMe2]Cd(q2-H2BH2) 
rather than either the dimer {[TpMe21Cd}, or the terminal hydride deriv- 
ative [TpMe21CdH (145). 

1 .  KBH4 or LiEt3BH 

2. TIITpBU'] 

I 1. KBH, * 
2. TIITpMezl 

I t  

SCHEME 19. Synthesis of [TpButlCdH and related derivatives. 
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V. Terminal Hydroxide Derivatives of the s- and p-Block Metals Supported by 
Poly(pyrazoly1)borato Ligation 

A. HYDROXIDE DERIVATIVES OF BERYLLIUM AND MAGNESIUM 

Addition of NaOH to a mixture of aqueous K[TpMe21 and Be2+ in 
hydrochloric acid results in precipitation of [TpMe2]BeOH, which has 
been proposed to be monomeric. However, x-ray diffraction studies on 
crystals obtained from Et20 indicate a trimeric structure, {[q2- 
TpMe2]Be(p-OH)},, in which the [TpMe2] ligands are bidentate (Scheme 
20) (146). The cyclic structure is similar to that observed in the zinc 
complex {[BpBUt]Zn(p-OH)}3 (80). The analogue {[q2-TplBe(p-OH)}3, pre- 
pared by a similar method involving extraction of an acidic solution 
of BeC1, and K[Tp] into dichloroethane, has also been structurally 

Be2'(,q) + 20H- + K[TpMe2] 

H- 

SCHEME 20. Syntheses of beryllium hydroxide derivatives. 
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characterized by x-ray diffraction (39c, 55,147). The [Be(p.-OH)l moi- 
eties of {[q2-Tp]Be(p-OH)}, and {[q2-TpMe21Be(p-0H)}, are characterized 
by signals in the 'H NMR spectra at 6 7.72 and 9.30 ppm, respectively, 
and OH-N hydrogen bonds have been proposed to be present between 
the hydroxide ligand and the uncoordinated pyrazolyl group. 

The magnesium hydroxide complex [TpAr21MgOH (Ar = p-C6H,But) 
has been obtained by the reaction of the methyl derivative [TpAnlMgMe 
with H20 [Eq. (2911, although it has not been confirmed that the product 
is monomeric, and a dimeric structure is possible (148). 

H20, -CH4 

The Mg-OH moiety has been characterized by IR and NMR spec- 
troscopies. For example, v ( ~ ~ )  is observed at 3735 cm-', shifting to 
2747 cm - ' for the isotopically substituted derivative [TpAr21MgOD. 

Related to terminal hydroxide complexes, hydrosulfido complexes 
of beryllium and magnesium have also been synthesized. Thus, the 
beryllium hydrosulfido complex [TpBUtlBeSH has been prepared by the 
reactions of [TpBUt]BeH and [TpBut]BeMe with H,S (52, 56), while the 
magnesium derivative [TpBUt]MgSH has been prepared by the reaction 
of [TpButlMgMe with H2S (64). The M-SH moieties of [TpBUtlBeSH and 
[TpButlMgSH are characterized by 'H NMR signals a t  6 -0.10 and 
- 1.02 ppm, respectively. The reactivity of the beryllium and magne- 
sium hydrosulfido complexes [TpRR']MSH (M = Be, Mg) has not been 
extensively studied. 
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B. HYDROXIDE DERIVATIVES OF ZINC AND CADMIUM 

1. Syntheses, Structures, and Spectroscopic Properties 

[TpBut,MelZnOH, the first monomeric terminal zinc hydroxide complex 
to be isolated, was prepared by the direct reaction between equimolar 
amounts of Zn(C104),.6H20, KITpBut~Mel, and KOH in methanol 
(Scheme 21) (149, 150). The derivative [TpAr'~MelZnOH (Ar' = p- 
C6H4Pri) has also been prepared by a similar procedure (35). In addition 
to this method, [TpRR'lZnOH complexes have been prepared by the 
metathesis of [TpRR'lZnX with a hydroxide reagent [MIOH (Scheme 
21). For example, (i) [TpBut-Me]ZnOH has also been prepared by the 
reaction of [TpBUt~MelZnI with Bun4NOH (151 ), analogous to the synthe- 
sis of the cobalt derivative [TpBUt~MelCoOH (152), (ii) [TpPri2]ZnOH has 
been synthesized by reactions of both [TpPri2IZn(N0J or [Tphi2]Zn- 
(0,CMe) with NaOH,,,, (151, 153); and (iii) [TpAr21ZnOH (Ar = p -  
C6H4But) has been prepared by the reaction of [TpAr21ZnI with NaOH,,,, 
and Bu",NOH (154). 

The structure of [TpBUt-MelZnOH has been determined by x-ray diffrac- 
tion, confirming the presence of a terminal zinc hydroxide functionality, 
with a Zn-OH bond length of 1.850(8) 8, (Fig. 40). The Zn-OH moiety 
has also been characterized by a variety of spectroscopic techniques, 
including IR, 'H, ,H, and 1 7 0  NMR spectroscopies, as summarized in 
Table VI. For example, the 'H NMR spectrum of [TpBut~Me]ZnOH, shown 
in Fig. 41, illustrates that the [Zn-OH1 moiety is observed as a sharp 
signal at 6 -0.07 ppm in C6D,. The importance of using a sterically 

n - X  I Bun NOH or NaOH 

(X = I, NO3, MeC02) 

SCHEME 21. Syntheses of "l'pRR'lZnOH. 
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FIG. 40. ORTEP drawing of [TpB"'*MelZnOH. Reprinted with permission from Ref. 
(149). 0 Copyright 1991 American Chemical Society. 

demanding tris(pyrazoly1)hydroborato ligand to stabilize a monomeric 
zinc hydroxide functionality can be appreciated when one considers 
that the related {[BpB"t]Zn(p-OH)}3 exists as a cyclic trimer (Section 
III,C,l,C). 

A cadmium hydroxide complex of composition "[TpMe2]Cd0H H20," 
obtained as an intractable material from the reactions of both 
(Et2NCH2CH2NEt2)CdC12 and (Ph,P),CdCl, with K[TpMe21 in acetone, 
has been reported (89). However, the complex is not well characterized. 

TABLE VI 

SPECTROSCOPIC DATA FOR [TpRR']ZnOH COMPLEXES 

u(O-H)/cm-' 'H/ppm "O/ppm Refs! 

[Tpeu,'~MelZnOH 3676 -0.07" -8 1, 2 
[Tp"'zlZnOH 3668 -0.29" -36 2,3 
[TphzlZnOH6 3558 4 
[Tp"rMelZnOHc 3647 5 

Confirmed by 'H NMR spectroscopy on the deuterated complexes [TpRR']ZnOD. 
* Ar = p-C6H4But. 

Ar' = p-CsH4Pr1. 
(1) Alsfasser, R., Trofimenko, S., Looney, A., Parkin, G., andvahrenkamp, H., Znorg. 

Chem. 30, 4098 (1991); (2) Looney, A., Han, R., McNeill, K., and Parkin, G., J .  Am. 
Chem. SOC. 115, 4690 (1993); (3) Kitajima, N., Hikichi, S., Tanaka, M., and Moro-oka, 
Y., J .  Am. Chem. SOC. 115,5496 (1993); (4) Yoon, K., Ghosh, P., Dowling, C., and Parkin, 
G., unpublished results (1995); (5) Ruf, M., Weis, K., and Vahrenkamp, H., J .  Chem. 
Soc., Chem. Commun., 135 (1994). 
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FIG. 41. 'H NMR spectrum of TpB"'~M'IZnOH. Reprinted with permission from Ref. 
(151 ). 0 Copyright 1993 American Chemical Society. 

Related to the zinc hydroxide complexes [TpRR'lZnOH, the hydrosul- 
fido complex [TpBUtlZnSH has been synthesized by the reaction of 
[TpBUt]ZnH with H2S (80). However, the corresponding hydrosulfido 
complex [TpPhlZnSH was not isolated from the reaction of the less 
sterically demanding derivative [TpPhlZnBut with H2S, which gave pref- 
erentially the sandwich complex [TpPh12Zn because of ligand redistribu- 
tion (81 b) .  

2 .  [TpRR'lZnOH Complexes as Models for Carbonic Anhydrase 

a. Introduction. Carbonic anhydrase is a ubiquitous zinc enzyme 
which catalyzes the reversible hydration of carbon dioxide [Eq. (30)] 
(155). 

COz + HzO HC03- + H+ (30) 

X-ray diffraction studies on several forms of the enzyme have demon- 
strated that the active site is composed of a pseudo-tetrahedral zinc 
center coordinated to three histidine imidazole groups and either a 
water molecule [ (H~S)~Z~-OH,]~+ (His = histidine), or a hydroxide 
anion [(His),Zn-OH]+, depending upon pH (156,157). On the basis of 
mechanistic studies, a number of details of the catalytic cycle for car- 
bonic anhydrase have been elucidated, as summarized in Scheme 22 
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SCHEME 22. Proposed catalytic cycle for carbonic anhydrase. 

(158). As with other enzymes, insight into the mechanism of action 
can be obtained by studying simplified structural and functional models 
of the enzyme. In this regard, the three nitrogen atom donors of the 
tris(pyrazoly1)hydroborato ligand bind to the zinc center of [TpRRIZnOH 
in a manner closely analogous to that of the histidine imidazole 
groups in carbonic anhydrase (Fig. 42). Indeed, the active site of car- 
bonic anhydrase has also been modeled by a variety of other ligand 
systems (159). A notable recent example is the hydroxide complex 
{[ 12]aneN3Zn(OH)}(C10,) described by Kimura (160, 161). Although 
this complex is a hydrogen-bonded trimer in the solid state, associated 
with a molecule of perchlosic acid, i.e., {[121aneN,Zn(OH)}3(C104)3~ 
(HClO,), it is water-soluble and an excellent functional model. 

The value of the tris(pyrazoly1)hydroborato complexes [TpRR'lZnOH 
is that they are rare examples of monomeric four-coordinate zinc com- 
plexes with a terminal hydroxide funtionality. Indeed, [TpBUtlZnOH 
is the first structurally characterized monomeric terminal hydroxide 
complex of zinc (149). As such, the monomeric zinc hydroxide complexes 
[TpRR']ZnOH may be expected to play valuable roles as both structural 
and functional models for the active site of carbonic anhydrase. Al- 
though a limitation of the [TpRR']ZnOH system resides with their poor 
solubility in water, studies on these complexes in organic solvents 

His 9 4 4  

His 9 4 \  

His 1 19&z'-H 

H 

FIG. 42. Comparison of the coordination environment about zinc in the active site of 
carbonic anhydrase in its deprotonated form with that of [TpRR'1ZnOH. Reprinted with 
permission from Ref. (151 ). 0 Copyright 1993 American Chemical Society. 
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have allowed the reactivity of the terminal Zn-OH functionality to be 
defined in an environment closely related to that in carbonic anhydrase. 

b. The Reactions of[TpRR'lZnOH with COP: Evidence for Bicarbonate 
Complexes. One of the most important proposed steps of the carbonic 
anhydrase catalytic cycle (Scheme 22) involves the reaction of a nucleo- 
philic zinc hydroxide group with carbon dioxide to give a bicarbonate 
intermediate. The reactions of [TpRR']ZnOH with C02 provide excellent 
precedents for this reaction. In particular, the zinc hydroxide complex 
[TpBut,Me]ZnOH reacts rapidly with C02 to give the bicarbonate deriva- 
tive [TpB"t~Me]Zn(OC02H) (Scheme 23). Evidence for the formation of 
[TpBUt~Me]Zn(OC02H) is provided by IR studies, which show two bands 
a t  1675 and 1302 cm-' that are assigned to the bicarbonate ligand. It 
is also proposed that, on the basis of the positions of these bands, 
and also the magnitude of their difference (Av = 373 cm-') (1621, the 
bicarbonate ligand is coordinated in a unidentate fashion. Structurally 
authenticated bicarbonate complexes are rare, but some examples in- 
clude (i) bidentate RhH2(PPri3),(q2-02COH) [ 1587 and 1338 cm- '; 
Au = 249 cm-'1 (163), and (ii) unidentate trans-Pd(CH3)(PEt3),(q1- 
OC02H) [1634 and 1353 cm-'; Au = 281 cm-'I (164), cis-Pd(dppe)(q'- 
OC02H)2 [1700, 1630, 1410, 1300 & 850 cm-'I (1651, and 
Rh(PPh3),(CO)(r)'-OCOzH) [ 1600,1500, and 1350 cm- 'l(166-168). Ad- 
ditional support for the proposed identity of [TpBut~MelZn(OC02H) as 
a unidentate bicarbonate complex is also provided by Vahrenkamp's 

J- H2O 

SCHEME 23. Reaction of [TpBu'*MelZnOH with COz 
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synthesis of the unidentate methylcarbonate derivative [TpBut~MelZn(O- 
COZMe) by the reaction of [TpBUt-MelZnOH with O(C02Me)z [Eq. (3113 
(150). 

t 

As expected, [TpBUt~MelZn(ql-OCOzMe) [1689 and 1280 cm-ll and 
[TpBut~Me]Zn(~l-OCOzH) [1675 and 1302 cm-'1 exhibit similar v (C0)  
stretching frequencies, indicative of similar binding modes for the 
(OC02H) and (OC02Me) ligands. 

Although the bicarbonate complex [TpBUt~MelZn(OCOzH) has been 
characterized spectroscopically, it has not been isolated because its 
formation is readily reversible, and removal of the COz atmosphere 
results in regeneration of the hydroxide [TpBUt~Me]ZnOH. Indeed, 'H 
NMR spectroscopy demonstrates that the reversible reaction betweeen 
[TpBut,Me]ZnOH and C02 is rapid on the NMR time scale. Specifically, 
the sharp resonance at  -0.06 ppm that is assigned to the hydroxy 
functionality of [TpBut~MelZnOH is both shifted and broadened substan- 
tially (into the base line) upon addition of COz, accompanied by small 
shifts of the resonances associated with the tris(pyrazoly1)hydroborato 
ligand. Significantly, upon the incremental removal of the COz atmo- 
sphere, the hydroxy resonance becomes sharper and eventually returns 
to the sharp resonance of [TpBUtsMe]ZnOH, as shown in Fig. 43. Evi- 
dently, the reversible reaction between [TpBUtlMe]ZnOH and COz is rapid 
on the NMR time scale at room temperature. Indeed, because the inter- 
conversion between [TpB"t~Me]Zn(OCOzH) and [TpBut~MelZnOH is facile, 
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FIG. 43. 'H NMR evidence that the reversible reaction between [TpB"'~MelZnOH and 
C02 is rapid on the NMR time scale (* = internal standard). Reprinted with permission 
from Ref. (I51 1. 0 Copyright 1993 American Chemical Society. 

complete NMR characterization of [TpBut~Me]Zn(OC02H) has proved 
difficult, and reliable 13C and 170 NMR data for the bicarbon- 
ate moiety have not been obtained (169). It has also not yet proven 
possible to isolate [TpBUt,Me]Zn(OC02H) in a pure crystalline form. 
For example, it is the bridging carbonate complex { [TpBut~MelZn},(p- 
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q1,q1-C03), rather than the bicarbonate derivative, that was crystal- 
lized from a solution of [TpBut~MelZnOH under an atmosphere of C02 
(Scheme 23) (1 70). Conceptually, the bridging carbonate complex 
{[TpBut~MelZn}2(~-q1,q1-C03) may be regarded as a product of the conden- 
sation of [TpBUt,Me]Zn(OC02H) and [TpBUtpMe]ZnOH. It is likely that the 
preferential crystallization of {[TpBut~Me]Zn}2(~-q1,q1-C03) is a conse- 
quence of its lower solubility: Once isolated, it reacts instantaneously 
with water to regenerate [TpBUtsMelZnOH [Eq. (32)l. 

I"'" = 0 *-=rH 
(32) 

X-ray diffraction studies on { [TpBUt,Me]Zn}2(~-q1,q1-C03) have identified 
that the bridging carbonate ligand is coordinated to each zinc center 
in a unidentate fashion ( I  71, 172), which thereby provides additional 
support for the presence of a unidentate, rather than bidentate, bicar- 
bonate ligand in [TpBut~Me]Zn(OC02H). The carbonate complex 
{[TpBUt,MelZn}2(p-q1,q1-C03) is also characterized by v ( C 0 )  absorptions 
at 1587 and 1311 cm-l in the IR spectrum (1731, and a 13C NMR signal 
at 6 164 ppm (in C6D6). 

The course of the reaction of [TpRR]ZnOH with C 0 2  is strongly influ- 
enced by the presence of different substituents on the pyrazolyl groups, 
and the reaction between [Tph'21ZnOH and C02  presents some interest- 
ing differences from that of the [TpBut:Me] system. 

Firstly, the reaction between [Tph'2]ZnOH and COz rapidly gives 
the dinuclear bridging carbonate complex {[TpPr'~lZn},(~-q1,q2- 
C03) (Scheme 24) (1531, so that the postulated bicarbonate complex 
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SCHEME 24. Reaction of [Tp"'z]ZnOH with COz. 

[Tp"'z]Zn(OCOzH) system must have only a fleeting existence. In con- 
trast, for the [TpBUtsMe] system, the bicarbonate complex [TpBUt~MelZn(O- 
C0,H) was sufficiently stable to be spectroscopically identified. 

Secondly, the molecular structure of {[TpPrL2]Zn},(~-q1,~z-C03), as 
determined by x-ray diffraction (151,1531, reveals that the carbonate 
ligand is coordinated in an asymmetric manner, with unidentate coordi- 
nation to one zinc center and bidentate coordination to the other zinc 
center, i.e., p-q1,q2-C03 (Scheme 24). Such coordination is noticeably 
distinct from that of {[TpBut~Me]Zn}2(~-q1,~1-CO~), in which the carbonate 
ligand bridges in a symmetric unidentate mode. 

Thirdly, it  is significant that the difference ,in coordination modes of 
the bridging carbonate ligands of { [ ~ " ' ~ l Z n } 2 ( ~ - ~ 1 , q z - C 0 3 ~  and 
{[TpBUt,Me]Zn}z(~-ql,ql-CO~) is manifested in their reactivity. Thus, 
whereas {[TpBut~Me]Zn}z(~-q1,q~-C03) reacts instantaneously with H,O 
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to give [TpBUt-Me]ZnOH, {[Tp~i21Zn}2(~-s',~2-C03) is stable to  H20 at 
room temperature. It has been suggested that the increased thermody- 
namic stability of {[Tp~'2]Zn}2(~-s1,s2-C03) towards H20 may be due 
to additional ground-state stabilization imparted by bidentate coordi- 
nation of the carbonate ligand at one of the zinc centers (151). 

c .  Substitution Reactions of [TflU'*MeIZnOH. Methanol solutions of 
the zinc hydroxide complex [TpBUtvMe]ZnOH react with a variety of 
anions, including C1-, CN-, and N3-, to give the corresponding 
[TpBUtrMe]ZnX (X = C1, CN, N3) derivatives (150). The relevance of these 
transformations derives from the observation that such anions are 
known to be inhibitors of carbonic anhydrase. 

d .  The Functional Equivalence of [Tfl"',Me]ZnOH. Evidence that 
[TpB"t*Me]ZnOH is a functional model for carbonic anhydrase has been 
provided by using 170 NMR spectroscopy to demonstrate the ability of 
[TpB"t*Me]ZnOH to catalyze oxygen atom transfer between C02 and 
H2170 [Eq. (33)l (174). 

cop + ~ ~ ' ~ 0 1  ~ 0 1 7 0  + H ~ O  (33) 

Thus, in the presence of [ T P ~ " ~ ~ ~ ~ I Z ~ O H ,  addition of excess COP to a 
solution of H2170 in benzene results in rapid exchange and the forma- 
tion of 170-enriched CO170, as illustrated in Fig. 44. It is important to 
emphasize that in the absence of the [TpB"fMe]ZnOH, samples prepared 
under similar conditions take several days to proceed to completion 
(1 75), thereby clearly demonstrating the catalytic efficiency of 
[TpBUt~Me]ZnOH. 

e. Metal -Substituted Carbonic Anhydrases: The Consequences of 
Unidentate us Bidentate Coordination. In addition to studies on the 
native zinc enzyme, metal-substituted (e.g., Mn, Co, Ni, Cu, Cd, Hg) 
carbonic anhydrases have also been actively investigated (1 76, 177). 
Such studies, which are in part a consequence of the lack of suitable 
spectroscopic probes for the diamagnetic d" Zn(I1) center of the native 
enzyme (178), have been pursued in order to provide information 
concerned with both enzyme structure and activity. For example, 
cadmium-substituted carbonic anhydrase has been studied by l13Cd 
NMR spectroscopy (1 79,180). However, of these metal-substituted car- 
bonic anhydrases, it is only the cobalt derivative which exhibits compa- 
rable activity (ca. 50%) to that of the zinc enzyme, and the order of 
activity decreases across the series Zn > Co %- Ni, Cu, Cd (155, 
181 -1 83). 
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Many factors (e.g., the pK, of the coordinated water and different 
coordination geometries) are undoubtedly responsible for the observed 
metal-substituted carbonic anhydrase activity series. One of the re- 
quirements for an efficient catalytic cycle for carbonic anhydrase 
(Scheme 22) is the rapid displacement of bicarbonate by water. The 
preceding studies on the carbonate complexes {[T~"'2]Zn}~(p-q~,q~-CO~) 
and {[TpB"t~MelZn}2(p-q1,q1-C03) demonstrate that the reactivity of a 
carbonate ligand may be dramatically influenced by its coordination 
mode. On the basis of this observation, it was suggested that if the 
same reasoning were to be applied to the corresponding bicarbonate 
derivatives, then the formation of a bidentate bicarbonate intermediate 
could inhibit a catalytic cycle. It was, therefore, of interest to determine 
how the coordination of a bicarbonate ligand would vary (i.e., uniden- 
tate vs bidentate) as a function of the metal in a related series of 
complexes, such as [TpRR]M(OC02H). However, as a result of the gen- 
eral instability of bicarbonate complexes, a series of complexes of the 
type L,M(OC02H) is not known. In view of the lack of such bicarbonate 
complexes, it was suggested that structural changes of the bicarbonate 
ligand across a series [TpRR']M(OCO,H) could be gleaned by observing 
the corresponding changes for the related isoelectronic nitrate deriva- 
tives [TpRR']M(N03) (184). It is important to note that this argument 
does not imply a direct correlation between the coordination mode of 
a nitrate ligand and that of a bicarbonate ligand to a given metal center 
(185), but is rather intended to indicate the trend as a function of the 
metal. Before analyzing the structures of the complexes [TpRR']M(N03), 
it  is worthwhile first to discuss the coordination modes that the nitrate 
ligand is known to adopt. The discussion is restricted to a single metal 
center. The nitrate ligand is known to bind by three different coordina- 
tion modes, namely (i) symmetric bidentate, (ii) anisobidentate 
(or asymmetric bidentate), and (iii) unidentate (186, 187). These dif- 
ferent coordination modes may be identified by some simple geo- 
metrical criteria, as illustrated in Fig. 45 and Table VII (186, 187). 
Specifically, complexes in which (i) the difference in M-0 bond lengths 
(d2 - d,) is greater than 0.6 A, and (ii) the difference in bond angles 

FIG. 44. 170 NMR evidence for the [TpBUt,Me]ZnOH-catalyzed exchange of oxygen atoms 
between COz and Hz170 in benzene. (a) 170 NMR spectrum of H2'70 in benzene. (b) I7O 
NMR spectrum of solution in (a) to which [TpB"t*Me13ZnOH has been added. Two resonances 
are observed, one due to H2I7O and one due to [TpBUt*Me]Zn170H produced by an exchange 
process. (c) 170 NMR spectrum of solution in (b) to which excess C02 has been added. 
The 170 label has been completely transferred from Hz'lO to C02 within a period of 
minutes at room temperature. Reprinted with permission from Ref. (151).  0 Copyright 
1993 American Chemical Society. 
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FIG. 45. Criteria for distinguishing nitrate coordination modes. 

at oxygen (0, - 0,) is greater than 28", are classified as unidentate. 
Correspondingly, complexes with (i) d2 - dl in the range 0.3 to 0.6 A, 
and (ii) O1 - O2 in the range 14-28", are classified as anisobidentate. 
Complexes for which d2 - dl < 0.3 A and - O2 < 14" are referred to 
as bidentate, and symmetric bidentate when dz = dl and O1 = O2 (186, 
187). 

The coordination modes of the nitrate ligand in the complexes 
[TpBut]M(NO,) (M = Cu, Ni, Co, Zn) are summarized in Fig. 46. (171, 
184). Evidently, the coordination mode varies from unidentate for Zn 
to symmetric bidentate for Ni and Cu, with the cobalt derivative exhib- 
iting an anisobidentate coordination mode. Moreover, the related cad- 
mium derivative [TpBUtpMe]Cd(N03) also exhibits bidentate coordination 
of the nitrate ligand, with Cd-0 bond lengths of 2.272(6) A and 2.295(7) 
A (91). Such symmetric bidentate coordination contrasts with the sig- 
nificantly different Zn-0 interactions [1.978(3) A and 2.581(3) A] in 
unidentate [TpBUt]Zn(NO3). The coordination modes for a variety of 
[TpRR']M(NO,) complexes are summarized in Table VIII. 

The structural variations observed for [TpRRlM(N03) (M = Co, Ni, 
Cu, Zn Cd) reveal that, for a given [Tpm'] ligand, the preference for 
bidentate coordination increases across the series Zn < Co + Cu, Ni, 
and Cd. Significantly, these structural preferences of the nitrate ligand 
correlate with the activity of the metal-substituted enzymes: Zinc, the 
metal with the greatest tendency to exhibit unidentate coordination 
of the nitrate ligand, is the most active, while nickel, copper, and 

TABLE VII 

CRITERIA FOR DISTINGUISHING NITRATE COORDINATION MODES 

Unidentate Anisobidentate Bidentate 

dz - dl (A) >0.6 0.3-0.6 ~ 0 . 3  
01 - 02 (") >28 14-28 < 14 
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FIG 46. Variation of nitrate coordination mode for the complexes [TpB"']M(NO,) (M = Co, Ni, Cu, Zn). Reprinted with 
permission from Ref. (184). 0 Copyright 1991 American Chemical Society. 
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TABLE VIII 

NITRATE COORDINATION MODES IN [TpRR']M(N03) COMPLEXES 

d2 - d, (A) 0,  - 0, (") Coordination mode Ref." 

"TplZn(N03) 0.42 18.7 anisobidentate 1 
[TpPh1Zn(NO3) 0.53 - anisobidentate 2 
"I'pBUtlZn(NOJ 0.60 29.6 unidentate 3 
"l'peUt1Co(NO3) 0.34 15.8 anisobidentate 3 
[TpBut]Ni(NO3) 0 0 bidentate 3 
[TpBUt1Cu(NO3) 0 0 bidentate 3 
[TpBUt-Me]Cd(N03) 0.02 1.8 bidentate 4 

a (1) Looney, A., and Parkin, G., Inorg. Chem. 33,1234 (1994); (2) Alsfasser, R., Powell, 
A. K.,  Trofimenko, S., and Vahrenkamp, H., Chem. Ber. 126, 685 (1993); (3) Han, R., 
Looney, A., McNeill, K., Parkin, G., Rheingold, A. L., and Haggerty, B. S., J .  Znorg. 
Biarhem. 49, 105 (1993); (4) Looney, A., Saleh, A., Zhang, Y., and Parkin, G., Inorg. 
Chem. 33, 1158 (1994). 

cadmium, the metals with the greatest tendency to exhibit bidentate 
coordination of the nitrate ligands, are least active. 

The ability of cobalt(II), nickel(II), and copper(I1) to exhibit a greater 
tendency than Zn(I1) towards bidentate coordination is further illus- 
trated by structural comparisons within a series of bridging carbonate 
complexes (188). For example, of the complexes {[Tp"'21M}2(pC03) 
(M = Mn, Fe, Co, Ni, Cu, Zn), only the zinc derivative does not exhibit 
bidentate coordination at both metal centers (151,153). Furthermore, 
the carbonate ligand in the complexes {[Tp"'21M}2(p-C03) (M = Mn, 
Fe, Co, Ni, Cu) also exhibits varying degrees of asymmetry that closely 
parallel the series of nitrate complexes described earlier (Fig. 47 and 
Table 1x1. 

The correlation of coordination mode of nitrate and carbonate ligands 
with the activity of metal-substituted carbonic anhydrases suggests 
that such structural changes may provide an indication of the relative 
preferences for unidentate vs bidentate coordination for the bicarbonate 
intermediates in the catalytic cycles of metal-substituted carbonic an- 
hydrases (151, 184). Thus, a progressive ground-state stabilization 
of the bicarbonate ligand would be expected for the sequence 
Zn < Co < Cu, Ni, and Cd (189). Indeed, the x-ray structure of the 
nitrate derivative of human carbonic anhydrase I1 has shown that the 
nitrate ligand is coordinated to the zinc center via only one of its oxygen 
atoms (190). Stronger binding of the bicarbonate ligand across the 
series Zn < Co < Cu, Ni, and Cd may result in slower displacement of 
the bicarbonate ligand by H20,  and thereby prevent a catalytic cycle 
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FIG. 47. Variation of carbonate coordination mode for the complexes {"TpM21M}2(p- 
C03) (M = Mn, Fe, Co, Ni, Cu). 

TABLE IX 

METRICAL DATA FOR THE BRIDGING CARBONATE MOIETIES 
IN I"l'p"''IM)z(pCO~)' 

I[TpP''2lM1~(~-C0~) d(M1-O*)IA d(M2-O*)IA 

Ni 2.047(2) 2.050(2) 
c u  2.019(4) 2.028(4) 
Fe 2.085(5) 2.270(5) 
c o  2.055(4) 2.271(4) 
Zn 1.979(9) [1.957(9)Ib 2.618(9) [2.625(9)Ib 

Data taken from Kitajima, N., Hikichi, S., Tanaka, M., and Moro-oka, Y., 
J .  Am. Chem. SOC. 115,5496 (1993). 

* Data for two independent molecules in asymmetric unit. 
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operating for Cu and Ni derivatives, as a result of product inhibition. 
Therefore, a critical requirement for carbonic anhydrase activity may 
be the accessibility of a unidentate, rather than a bidentate, bicarbon- 
ate intermediate (191). Recent kinetic studies by van Eldik have dem- 
onstrated that [{[l2laneN,)ZnOHlt is a more active catalyst than 
[{[121aneN3}ZnOHl+ for the hydration of C02, a result that has also 
been attributed to the greater tendency of the former to form a uniden- 
tate, rather than bidentate, bicarbonate intermediate (192). 

The preceding studies demonstrate the manner in which the coordi- 
nation mode of a nitrate or bicarbonate ligand may be altered by the 
electronic configuration of a metal center. It is also likely that the 
coordination mode would be influenced by steric factors, such that a 
less sterically demanding ligand would promote bidentate coordina- 
tion. For example, the carbonate ligand in “TpBUt~MelZn12(pq1, q1-C03) 
bridges in a symmetric unidentate fashion, whereas in the less steri- 
cally demanding derivative {[Tph’21Zn}2(p$, q2-C03), the carbonate 
ligand exhibits unidentate coordination to one zinc center and bidentate 
to the other. In order to address the importance of steric effects in 
influencing unidentate vs bidentate coordination to a zinc center, the 
structure of the unsubstituted tris(pyrazoly1)hydroborato derivative 
[TpIZn(NO,) was compared with that of [TpBut1Zn(NO3) (193). Applica- 
tion of the coordination criteria described earlier to  [Tp]Zn(NO,) indi- 
cates that the nitrate ligand in [TpIZn(NO,) is best described as anisobi- 
dentate, in contrast to the unidentate coordination in [TpBut1Zn(NO3) 
(see Table VIII). Thus, the secondary Zn. e . 0  interaction in [TpIZn(NO,) 
[2.399(3) A] is much shorter than that in the more sterically demanding 
derivative [TpBUt1Zn(NO3) [2.581(3) I$]. Furthermore, the nitrate coordi- 
nation mode in [TpPh]Zn(N03) (194) is intermediate between those in 
[TpBut1Zn(NO3) and those in [TplZn(N03), so that the degree of interac- 
tion of the nitrate ligand with the zinc center in these complexes clearly 
correlates with the steric demands of the substituent (H < Ph < But) 
at  the 3-position of the tris(pyrazoly1)hydroborato ligand. 

Theoretical calculations designed specifically to  compare the ligat- 
ing abilities of nitrate and bicarbonate have been carried out on 
[TpRR’lZn(N03) and [TpRR’1Zn(OCO2H) derivatives (195). Although 
there was general agreement between the theoretical and experimental 
structures, the structure of [Tp]Zn(NO,) obtained by theoretical calcu- 
lations differs from the experimentally determined structure by its 
inability to reflect the fact that the coordination mode is not uniden- 
tate. For example, the theoretical values of (i) d2 - dl = 1.25 and 
(ii) O1 - O2 = 58” very strongly indicate a unidentate coordination 
mode, whereas the true coordination mode is anisobidentate according 
to the criteria described earlier. 
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f. Spectroscopic Models. The existence of a series of well-defined 
and structurally characterized [TpRR']MX complexes is of interest for 
providing spectroscopic models that would allow comparisons to be 
made with metal-substituted carbonic anhydrases. Moreover, tailoring 
the steric environment, while still maintaining a common N,-ligation 
mode of the tris(pyrazoly1)hydroborato ligand, allows the effects of sub- 
tle changes in coordination on the electronic spectra to  be studied. 
Thus, spectroscopic studies on these complexes may provide useful data 
for the assignment of the coordination environments of the active sites 
of metalloenzymes. Specifically, the electronic spectra of four-, five-, and 
six-coordinate tris(pyrazoly1)hydroborato complexes have been studied 
with regard to metal-substituted carbonic anhydrases. 

For example, the electronic spectrum of the blue four-coordinate 
chloride derivative [TpBUt]CoC1 exhibits a band in the range 547- 
659 nm with an absorption coefficient E = 496 M-' cm-' (171), consis- 
tent with the proposal that the high pH form of cobalt(I1)-carbonic 
anhydrase (A = 553 nm, E > 300 M-l cm-') exhibits a pseudo- 
tetrahedral coordination geometry. Similarly, comparison of the 
electronic spectra of the four-, five-, and six- coordinate nickel com- 
plexes, purple [TpButlNiC1, yellow [TpBut1Ni(q2-O2NO), and green 
[TpMe2INi(q2-O2NO)(THF), with the electronic spectrum of nickel(I1) 
carbonic anhydrase supports the notion that nickel is six-coordinate 
in the enzyme at neutral pH. Finally, copper(I1) carbonic anhydrase has 
been proposed to contain either a pseudo-tetrahedral or five-coordinate 
Cu(I1) center. However, comparison of the electronic spectrum of 
Cu(I1)-carbonic anhydrase with those of the four- and five-coordinate 
complexes [TpBUtlCuC1 and [TpBut1Cu(q2-O2NO) indicates a greater sim- 
ilarity to the five-coordinate structure. 

g .  [TpRR'lZnOH Complexes of Relevance to Esterase, Peptidase, and 
Phosphatase Activity. In addition to modeling the function of carbonic 
anhydrase, mononuclear [TpRR'lZnOH complexes have also been shown 
to have relevance to other hydrolytic transformations that are catalyzed 
by divalent metal ions, such as ester, amide, and phosphate hydroly- 
ses (196). For example, Kitajima has reported a sequence of stoichio- 
metric reactions between [TpP"2]ZnOH and the phosphate esters 
(RO),(HO),,P(O) ( x  = 1, 2, 3; R = p-C6H4N02) (197). Several prod- 
ucts are observed during the course of the reaction between excess 
[TpPr'21ZnOH and tris( p-nitropheny1)phosphate (RO),P(O) and may 
be rationalized according to Scheme 25. Thus, the reaction between 
an excess of [Tph'21ZnOH ,(5 equiv.) and (RO),P(O) gives initially the 
phenoxy derivative [Tph'2]ZnOR, releasing bis(p-nitropheny1)phos- 
phate (RO),(HO)P(O). Subsequent reaction between the liberated 
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SCHEME 25. Reactions of [Tp"'zlZnOH with the phosphate esters (RO),(HO),,P(O) 
( X  = 1, 2, 3; R = p-CsHhNO2). 

(RO),(HO)P(O) and excess [TpfiizlZnOH gives [TpPri21ZnOP(0)(OR)2 
and H20. The zinc phosphate derivative [Tp~21ZnOP(0)(OR)2 reacts 
further with excess [Tpfi'2]ZnOH to give [TpPr'~lZnOP(0)(OR)(OH) and 
[Tp"'z]ZnOR. Finally, reaction between [Tpk'21ZnOP(0)(OR)(OH) and 
[TpPr'2]ZnOH releases water to  give the phosphate-bridged dinuclear 
complex {[Tp"'2]ZnO},P)O)(OR). As expected from such a scheme, the 
phosphate-bridged complex { [TpPr'21ZnO}zP(0)(OR) may be also directly 
obtained by the reaction of [Tph'z]ZnOH with 0.5 equiv. of mono(p- 
nitropheny1)phosphate. 

Vahrenkamp has also reported that [TpAr'pMelZnOH (Ar' = p -  
C6H4Pri) reacts with the less reactive aliphatic phosphate H(Me0)2P(0) 
and diphosphates [(RO)zP(0)lzO (R = Et, Ph) to  give [TpAr'~Me]ZnO- 
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SCHEME 26. Reactions of [TpA"*MellZnOH (Ar' = p-C6H4Pr') with H(Me0)2P(0) and 
[(R0)2P(0)120 (R = Et, Ph). 

P(O)(OMe)H and [TpAr'~MelZnOP(0)(OR)z, respectively (Scheme 26) 
(35). In addition, [TpAr'~MelZnOH also cleaves activated esters and am- 
ides in a stoichiometric fashion, as illustrated in Scheme 27. Kitajima 
has described a similar amide cleavage reaction between the copper 
and nickel hydroxide complexes {[TpR'2]M(OH)), (M = Ni, Cu) and 
p-nitroacetanilide to  give [Tp"i~lM{~2-MeC(0)NC6H4N02} [Eq. (34)l 
(1 98). 

However, the corresponding zinc, cobalt, and manganese hydroxo com- 
plexes were unreactive towards p-nitroacetanilide, an inertness that 
was proposed to be associated with a different coordination mode for 
the [MeC(0)NC6H4N0,] ligand. Specifically, it was suggested that since 
copper and nickel exhibit a greater tendency than zinc, cobalt, and 
manganese to coordinate ligands in a bidentate fashion, then the forma- 
tion of strongly bound bidentate complexes for the nickel and copper 
systems [Tp"'z1M{q2-MeC(O)NC6H4NO2} (M = Ni, Cu) would promote 
the specific reaction for these derivatives. 
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SCHEME 27. Reactions of [Tpw-Me]ZnOH (Ar' = p-CGH4P+) with RCOzX and RCONHX. 

VI. Anion Coordination by Protonated Tris(pyrazoly1)hydroborato Derivatives 

As illustrated in the previous sections, the uninegative poly(pyraz0- 
1yl)borato ligands provide a versatile system for coordination to cationic 
centers. However, in their triprotonated form, such ligands offer poten- 
tial for acting as receptors for anions (Scheme 28). Indeed, since the 
coordination chemistry of anions (199) is significantly less developed 
than that of cations, protonated poly(pyrazoly1)borato ligands offer po- 
tential for exploring the chemistry of such systems. 

It has long been recognized that anionic poly(pyrazoly1)borato deriva- 
tives may be readily monoprotonated to give the neutral acids ( I b ) .  
For example, [pzTpIH, [TpIH, and [BplH derivatives can be obtained 
by acidification of the appropriate potassium derivative with glacial 
acetic acid. (1b, 123,200). Similarly, [BplH has also been obtained by 
acidification of K[Bpl with HCl(,,,. The structures of [(Me2pz)TpMe21H 
(201) and [BpIH (11 7) have been determined by x-ray diffraction. Mono- 
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SCHEME 28. Modification of a tris(pyrazoly1)hydroborato ligand to a receptor for bind- 
ing anions. 

protonated poly(pyrazoly1)borato derivatives are also known to coordi- 
nate to metal centers, e.g., [TpCyHlCuC12, (202), {[TpHIAuMe,}+ and 
{[pzTpHlAuMe,} + (78, 100). Diprotonated bis(pyrazoly1)hydroborato 
derivatives, e.g., {[BpMe2]H,}+, have also been prepared as the I -  deriva- 
tive, but the nature of the interaction has not been described (203). 

The first report of a structurally characterized triprotonated poly- 
(pyrazo1yl)borato complex was that of the host-guest complex 
{[TpBUtH31C1}+, in which a chloride anion substrate was bound to a 
triprotonated tris(3-t-butylpyrazolyl)hydroborato receptor (204). Thus, 
the cation {[TpBUtH3]C1}+ is readily obtained from the reaction of 
T1[TpBut1 with HCl,,,, and may be isolated as the [AlCl,]- derivative 
{[TpBUtH31C1}{A1C14} upon addition of AlCl, [Eq. (3511. 

L A (35) 

The molecular structure of {[TpBUtH3]C1){A1Cl4} has been determined 
by x-ray diffraction, demonstrating that the chloride anion substrate 
is bound to the N-H groups of the [TpBUtH3l2+ receptor by three almost 
linear (173-175') hydrogen bonds (Figure 48). The distances between 
C1 and N for each of the three N-H...Cl interactions i3.07-3.09 A1 are 
significantly less than the sum of the N and C1 van der Waals radii 
(3.30&, so that each N-H.. .C1 interaction represents a strong hydrogen 
bond (205). Furthermore, one of the most interesting features of the 
triprotonated tris(3-t-butylpyrazolyl)hydroborato receptor is that it is 
only capable of binding to one face of the chloride substrate, in contrast 
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FIG. 48. ORTEP drawing of the cation {[TpBu1H3]Cl}+. Reprinted with permission from 
Ref. (204).  0 Copyright 1991 American Chemical Society. 

FIG. 49. Structure of "l'pMe21Pb(3,5-Me2pzH)aC1. 

to  other receptor molecules, which effectively encapsulate the bound 
anions (206). It is, however, interesting to note that a similar structural 
motif has recently been observed for the complex [TpMezlPb(3,5- 
Me2pzH),C1 (Fig. 49), which has been obtained in low yield as a decom- 
position product in the reaction of Pb(NO3I2, P(0)(3,5-MeZpz),, and 
K[TpMe2] in the presence of HC1 (207). The hydrogen-bonded N...Cl 
distance in [TpMe21Pb(3,5-Me2pzH)3C1 is 3.16 A, with a N-H...Cl bond 
angle of 163(5)", comparable to the values observed for {[TpButH31C1}+. 

VII. Controlled Crystallographic Disorder in [TpRR']MX Complexes: Bond 
Length Artifacts as Determined by Single Crystal X-Ray Diffraction 

A. INTRODUCTION 

Single crystal x-ray diffraction is, without doubt, one of the most 
important techniques for the determination of molecular structures in 
the solid state. The technique is also pivotal to the determination of 
accurate bond lengths in molecules. However, the analysis of x-ray 
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diffraction data does not always provide definitive answers with regard 
to either molecular structure or bond length (208). In particular, crys- 
tallographic disorder in which a site is occupied by different atoms can 
result in the incorrect determination of both bond lengths and molecu- 
lar structures. For example, because of disorder between ethylidyne 
and methyl ligands, the molecular structure of the ethylidyne complex 
W(PMe3),(CH3)(CCH3) was originally incorrectly assigned as the di- 
methyl derivative W(PMe3)4(CH3)2 (209). A more common occurrence 
involves disorder of groups that have similar steric requirements, 
such as pairs of atoms. Disorder of this type is frequently a result of 
cocrystallization of structurally related, but different, molecules. Such 
compositional disorder may be extremely deceptive, as illustrated by 
the original reports of “distortional” or “bond-stretch” isomerism (210, 
211). Specifically, the observation of blue and green “isomers” of cis- 
mer-Mo0Cl2(PMe2Ph),, whose significant difference resided only in 
the lengths of the Mo=O bonds, was demonstrated to be a result of 
cocrystallization of the blue 0x0 complex with small quantities of the 
isostructural yellow trichloride complex mer-MoC13(PMe2Ph), (212). 
Partial occupancy of the 0x0 site by a chloride ligand resulted in an 
apparent increase of the “Mo=O” bond length, since the disordered 
chloride ligand is located at a much greater distance from the molybde- 
num center. 

One of the most common examples of crystallographic disorder is 
derived from packing equivalent molecules in different orientations in 
the crystal. Although it is not possible to  control such disorder in a 
defined manner, it is possible to  control disorder at a crystallographic 
site by doping a crystal with structurally similar molecules, i.e., compo- 
sitional disorder. The tris(pyrazoly1)hydroborato system [TpBUt]ZnX has 
been shown to be excellent for allowing controlled crystallographic 
disorder in a series of solid solutions of pairs of the structurally related 
complexes, namely [TpBUtlZnX (X = C1, Br, I, CH,, CN) (213). Such a 
series of structurally related complexes has provided a well-defined 
system that has allowed the effect of impurities upon observed apparent 
bond lengths to be quantified. 

B. DISORDER BETWEEN STRUCTURALLY SIMILAR GROUPS 

In order to study the effect of disorder between two atoms, single 
crystals composed of pairs of the complexes [TpBUt]ZnC1, [TpBUtlZnI, and 
[TpBut]ZnMe, over a range of compositions, were studied. In each case, 
only a single “atom” was observed at the disordered site, and the Zn-X 
bond length that was measured corresponded to a composite for the 



374 GERARD PARKIN 

pair of complexes concerned. The relationships between the observed 
apparent bond length and composition are illustrated in Fig. 50, which 
indicates that the relationships are not linear, but are weighted by the 
relative scattering powers of the disordered groups. Because heavy 
atoms scatter x-rays strongly, small quantities of such impurities, e.g., 
I, have a profound effect on observed apparent bond lengths. 
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FIG. 50. Variation in apparent bond lengths for [TpBU']ZnX complexes as a function 

of composition. Reprinted with permission from Ref. (83). 0 Copyright 1991 American 
Chemical Society. 
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Although the presence of impurities in a single crystal is often sig- 
naled by the observation of abnormal temperature factors, it was noted 
that reasonable thermal parameters can be observed at impurity levels 
that are sufficient to  result in a significant apparent change in the true 
bond length. For example, the thermal parameters derived for the 
series of complexes [TpBUt]ZnC1, -,I,, when the disordered site is refined 
as (i) C1 only, (ii) I only, and (iii) a composite atom (L = Cl1-,In), 
are shown in Fig. 51. For reference, the thermal parameters for pure 
[TpBUtlZnC1 and [TpButlZnI are also included. Examination of Fig. 51 
reveals the expected shrinking of the thermal ellipsoid when the disor- 
dered site is refined as C1 and the iodide content at the disordered site 
increases. Conversely, refining the disordered site as I results in the 
expected expansion of the thermal ellipsoid as the iodide content de- 
creases. It is evident that unacceptable thermal parameters are ob- 
tained at the extremes of these refinement procedures, i.e., when either 
(i) the composition is iodide-rich and the site is refined as C1, or 
(ii) the composition is chloride-rich and the site is refined as I. However, 
it is also evident that reasonable thermal parameters can be observed 
at impurity levels that are low. Furthermore, although the impurity 
level may be sufficiently low so that reasonable thermal parameters 
may be obtained for such structures, it may be significant enough to 
result in deviation of the apparent bond length from the true bond 
length. Thus, the observation of “normal” thermal parameters is not 
necessarily a good indicator that the crystal is pure, and consequently 
that the observed bond length is correct, even though it  may be deter- 
mined with high precision and apparently high accuracy. Moreover, it 
was also noted that expansion of the thermal ellipsoid along the bond 
vector was not observed for the [TpBUt]ZnCl1-,I, system. Since such 
expansion may have been expected because the disordered atoms are 
located at different positions along this vector, this observation further 
emphasizes that the observation of “normal” thermal parameters is 
not necessarily a good indicator that an observed bond length is correct. 
A good illustration is provided by refining the disordered site of the 
crystal of composition [TpButlZnClo~510, as bromine (Fig. 521, from which 
it is evident that a perfectly plausible structure can be obtained for 
the complex [TpBUtlZnBr, even though the crystal studied contained no 
bromine. For reference purposes, Fig. 52 also includes the ORTEP 
drawing for authentic [TpButlZnBr, indicating the extremely close simi- 
larity with the “artificial” bromide [TpBUtlZnClo~510,,. Indeed, without 
prior knowledge, it would be difficult to  distinguish which one of the 
structures shown in Fig. 52 actually corresponds to the authentic com- 
pound [TpBUt]ZnBr. 



2.163(2) A 

2.198(1) A 2.261 (1 ) A 2 . ~ 1 )  A 2.421(1) A 2.446(1) A 2.494(1) A 
FIG 51. Thermal ellipsoids for the series [TpBUt]ZnC1,_,I, as the result of refining as ( i )  C1 (upper row), ( i i )  I (lower row), and ( i i i )  a 

composite atom (middle row). Reprinted with permission from Ref. (83). G Copyright 1991 American Chemical Society. 
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N12 

dZn-Brl- 2.421 11 1 A 

LZnBr 

FIG. 52. Comparisqn of thermal parameters of the disor9ered structure [TpBU'lZnClo J0 

when refined as  [TpBU lZnBr, with that of authentic [TpBu IZnBr. Reprinted with permis- 
sion from Ref. (83).  0 Copyright 1991 American Chemical Society. 

C. DISORDER BETWEEN STRUCTURALLY DISPARATE GROUPS 

In addition to disorder between pairs of atoms, disorder between 
groups that are not isostructural is also common. Examples of such 
disorder have been observed between (i) CO and other ligands (e.g., 
halide) (214), (ii) N, and C1(215), and (iii) C=CH and CH3 (209). The 
tris(pyrazoly1)hydroborato ligand system has also been used to study 
disorder between structurally inequivalent groups. In particular, the 
effect of partial occupancy by a halide ligand (X = C1, Br, I) on the 
structure of the cyanide derivative [TpBUt]ZnCN has been studied. Im- 
portantly, the location of the disordered atom with respect to the C=N 
group could be varied by changing the halide ligand from chloride to 
bromide to iodide. 

For crystals of composition [TpBUt]Zn(CN)o,sC1o~, and [TpBUtlZn- 
(CN)0,95Br0,05, disorder between the halide and cyanide groups was not 
resolved. The partial ORTEP drawings shown in Figs. 53 and 54 illus- 
trate the results of performing two different refinement procedures on 
both [TpB"tlZn(CN)o.eClo,z and [TpBut]Zn(CN)o,5Bro~05. The drawings on 
the left-hand sides of Figs. 53 and 54 illustrate the results of refinement 
procedure assuming the crystal to be pure [TpBUt]Zn(CN), while the 
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N22 22' 

~ 

nr2 

N2 22' 

N12 

FIG. 53. Partial ORTEP drawings for "I'pB"'1Zn(CN), &lo 2 .  Left: disordered site refined 
as CN only. Right: disordered site refined as (CN~076,11C1024111, where L = Co76,1,C1,12411, 
and N = No,,,l1. Reprinted with permission from Ref. (213). C Copyright 1992 American 
Chemical Society. 

drawings on the right-hand sides correspond to a refinement procedure 
in which the disordered site was modeled as a composite of CN and X 
(X = C1, Br). For reference, the ORTEP drawing of pure [TpBut]ZnCN 
is shown in Fig. 55. Although it is evident that the ORTEP draw- 
ing for [TpButlZn(CN),,,C1,,,, in the absence of a disorder model, is 

N22 N22' N22 N22' 

N12 N12 

FIG. 54. Partial ORTEP drawings for [TpBU'lZn(CN)o 95Br0 05. Left: disordered site re- 
fined as CN only. Right: disordered site refined as (CN)o,,l,Br,04,11, where L = 

C,,~111Br004111 and N = No96,11. Reprinted with permission from Ref. (213). 0 Copyright 
1992 American Chemical Society. 
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FIG. 55. Partial ORTEP drawing for [TpB"'lZnCN. Reprinted with permission from 
Ref. (213). Q Copyright 1992 American Chemical Society. 

not particularly satisfactory, the corresponding ORTEP drawing 
for [TpBUt]Zn(CN)o,95Bro,05 is reasonable. However, even though the 
ORTEP drawing appears to be reasonable, the bond lengths asso- 
ciated with the CN ligand are incorrect, with a long Zn-C bond 
length [2.018(5) A] and a short C=N bond length [1.040(8) A], com- 
pared to the values of 1.962(6) A and 1.117(9) & respectively, for the 
pure compound. 

In contrast to the difficulty in resolving the disorder present in 
the chloride- and bromide-doped crystals [TpButlZn(CN)o~,C1o,, and 
[TpB"tlZn(CN)o,95Bro,05, the disorder between CN and I in [TpButlZn- 
(CN)o,gIo,l was readily apparent, and the individual groups could be 
refined (Fig. 56). However, despite this apparent success, the bond 
lengths obtained from the disordered structure were also observed to 
be incorrect, as judged by comparison with data for the pure structures. 
Thus, the Zn-I bond length of 2.469(8) for the disordered structure 
is slightly shorter than that observed for pure [TpButlZnI [2.518(1) A]; 
the C-N bond length of 1.178(15) A is longer than that in [TpBUt]ZnCN 
[1.117(9) A]; and the Zn-C bond length of 1.932(12) A is slightly shorter 
than that in [TpBUtlZnCN [1.962(6) A]. 

Finally, the tris(pyrazoly1)hydroborato ligand system has also pro- 
vided an interesting example in which a crystallographic site is disor- 
dered between a vacancy and a chain of three atoms. Thus, the x- 
ray structure of the cobalt complex [TpAntlCoNCS (Ant = 9-anthryl) 
revealed the presence of the cocrystallized thallium derivative 
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N12 N12 N12 

FIG. 56. Partial ORTEP drawings for ITpB"LlZn(CN)0910 with disordered site refined 
as  (CN)0906(4J0094(4). Center: superposition of CN and I groups at the disordered site. Left 
and right: disordered site separated into composite molecules. Reprinted with permission 
from Ref. (213). 0 Copyright 1992 American Chemical Society. 

[TpAnt]T1, and that the composition of the crystal studied was approxi- 
mately [TpAntl(CoNCS)o,srTlo,os. As a consequence of the cocrystalliza- 
tion, the crystallographic "site" occupied by the CoNCS moiety was 
disordered with a thallium atom (Fig. 57). The ability of [TpAntlCoNCS 
and [Tpht]T1, which differ substantially in the number of atoms at  the 
disordered site, to  cocrystallize is presumably due to the fact that the 
disordered site is enclosed within the pocket that is provided by the 
tris(pyrazoly1)hydroborato ligand. 

FIG. 57. Cocrystallized [TpAntlCoNCS and [TpAnt]Tl. Reprinted from Polyhedron, 14, 
Han, R., Parkin, G., and Trofimenko, S., The tris[3-(9-anthryl)pyrazol-l-yllhydroborato 
ligand, [TpAntl: Compositional disorder between a vacancy and a chain of three atoms, 
p. 387,O copyright 1995, with kind permission from Elsevier Science Ltd, The Boulevard, 
Langford Lane, Kidlington OX5 lGB, UK. 
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In summary, tris(pyrazoly1)hydroborato complexes have provided a 
well-defined system that has allowed crystallographic disorder to be 
studied in a controlled manner. The results of this study serve to empha- 
size the importance of crystal purity in the determination of correct 
bond lengths, and also provide further examples which indicate the 
generality of the phenomenon. Furthermore, although satisfactory re- 
finement of a disordered structure may be taken as good evidence 
for the nature of the disorder, and therefore a good indication of the 
molecular structure, attempts to  extract the true bond lengths from 
such a structure must be treated with caution. 

VIII. Summary 

The thrust of this review has been to describe the role of poly(pyraz0- 
lyllborato ligation in supporting well-defined monomeric terminal al- 
kyl, hydride and hydroxide derivatives [TpRR’]MX (X = H, R, OH) of 
the s- and p-block elements. Specific emphasis has been given to the 
use of sterically demanding tris(pyrazoly1)hydroborato ligands, such 
as the “tetrahedral enforcer” ligand [TpBut1. However, it is important 
to emphasize that the structures, stabilities, and reactivities of these 
complexes are all a sensitive function of the alkyl substituents in both 
the 3- and the 5-positions, and it is therefore anticipated that the 
application of tailored [TpRR’] and [BpRR’l ligands will generate new 
and interesting chemistry for other systems. 
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Aluminum 

studies, 24 
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Cadmium, see also Poly(pyrazoly1)borato 
ligation, hydroxide derivatives 

poly(pyrazoly1)borat.a alkyl derivatives, 
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Calcium, binding sites, 113-114 
Calmodulin, calcium binding sites, 

113-114 
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Carbonate 
coordination mode, 364-366 
moieties, bridging, 364-365 

Carbon dioxide, reactions with 
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activation, 9 
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Dimethypropyleneurea, 75 
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ligand substitution, 64-66 
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Dual basicity equation, 96 
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Eigen-Wilkins mechanism, 5 
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Fe& cluster, electron shift within, 117 
Fluorosilanes, hydrolysis, 156 
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studies, 25 
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derivatives, 334-337 
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derivatives, 320-321 
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Halosilanes, hydrolysis, 156-166 
Heats of protonation, gas phase of bases, 

Hexaaquaruthenium( I1 ), solvent 
92, 95 

exchange and ligand substitution, 
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Hexamethylphosphoramide, 77 
(HOMe2Si)4C, hydrogen bonding, 226-227 
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Hydrolysis 
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alkyl, alkenyl, and aryl compounds, 
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chlorosilanes, 156-122 
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silyl cyanates, 171 
silyl perchlorates, 170-171 
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synthesis, 160 
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173 
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Indium 
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3 3 7 - 3 3 9 

solvent exchange and ligand 
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strain energy variation with M-0 

bond length, 126-127, 129 
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dual basicity equation, 96 
EAICA ratio, 99-100 
ionicity parameter, 97-98, 100 
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soft, zinc-containing metalloenzymes, 
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101 
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complex formation energies, gas phase, 
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Mg-R bond metathesis, 313 
competitive alkyl exchange and 

coupling, 319-320 
Mg-C bond lengths, 313,315 
reactions with 

COz and Me,CO, 316 
02,316-318 

reactivity, 315-320 
toward HX, 319 
toward XY, 319-320 

structures and spectroscopic 
properties, 3 13-3 15 

syntheses, 311-313 
solvent exchange and ligand 

substitution, 18-19, 21 
[MezBplGaMez, 335 
MezCO, reactions with [TpBu'lMgMe, 316 
Mercaptoethanol, formation constants, 

Mercury, poly(pyrazoly1)borato alkyl 
137-138 

derivatives, 330-332 

Me2SiClz, hydrolysis, 157 
(Me&W3CSiF(OH),, 236-237 
(Me3Si)3CSiHzI, hydrolysis, 164 
(Me3Si)3CSiMezOSiMe3, hydrolysis, 169 
(Me3Si3CSiMezX, hydrolysis, 159 
(Me3Si)3CSi(OH),, 244-245 
(Me3SiI3CSiPhHI, hydrolysis, 164-165 
(Me3Si),CSiPhZI, hydrolysis, 165-166 
(Me,Si),CSiPhOMeOH, 192 
[(Me3Si)2(HOMe2Si)ClzZn, 224 
(Me3Si),SiSi(0Hl3, 244-245, 247 
[rne~~Si(F)0]~[HI[Et,Nl, 197-198 
Metal complexes, formation, 4-6 
Metal ions 

classification of mechanisms, 6-8 
dioxouranium(VI), 64-66 
formation of complexes, 4-6 
interaction with a simple unidentate 

ligand exchange processes, 10-11 
main group metal, 14-25 

A13+, Ga3+, In3+, and Sc3+, 22-25 
beryllium( I1 ), 14-2 1 
characteristics, 14 
magnesium(II), 18-19, 21 

main group metal ions, 2-3 
molybdenum and tungsten cluster 

complexes, 66-72 
outer-sphere complexes, 7 
solvated, 1-78 
solvent molecule exchange rate 

transition metal, 3-4, 25-56 

ligand, 90 

constant, 15 

aquapentammine complexes, 

characteristics, 25-27 
divalent square-planar, 49-56 
hexaaquaruthenium(I1) and related 

complexes, 34-37 
ligand substitution, 30-32 
nonleaving ligand effect of lability, 

octahedral trivalent, 37-42 
oxometal ions, 47-49 
solvent exchange, 27-30 

trivalent lanthanides, 4, 56-64 
aqueous solution, 56-60 
dimethylformamide, 61-63 
lower coordination number species, 

43-47 

32-34 

63-64 
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polyaminocarboxylate ligand effect 
on water exchange, 60-61 

volume of activation, 9-14 
water exchange, 2-3, 10 

Metalloenzymes, zinc-containing, hard 
and soft acid-base behavior, 
103-109 

Metallothioneins, 137-139 
Methane monooxygenase, 264 

component interactions, 269-275 
catalytic activity, 269 
product distributions, 272-273 
reduction potentials of hydroxylase, 

270-272 
yields and rate constants, single 

turnover reactions, 273-275 
hydroxylase 

mixed-dent, 267-268 
oxidized, 265-267 
physical properties, 266 
reduced, 268-269 
reduction potentials, 270-272 

reactions with nitrobenzene, 272 
Methylchlorosilanes, hydrolysis, 

endo-3-Methyl-exo-3-hydroxy-3- 
silabicyclo-[3~2~lloctane, 204 

Methyl methylphenylphospinate, 77 
[M(H20)6]Et, volumes of activation for 

[Mn(HzO)6]2t, ligand substitution, 31 
Molybdenum, solvent exchange and 

ligand substitution, 66-72 
Monensin, 119-120 
[ M O , O ~ ( H ~ O ) ~ ] ~ ~ ,  solution exchange and 

ligand substitution, 67-70 
(2-Morpholinoethyl)diphenylsilanol, 

149-150,157 

water exchange, 12-13 

193-194 

N 

(l-Naphthyl),SiOH.2p-xylene, 196-197 
Nickel(I1) complexes, lability of 

NiCp' complexes, complex formation 

Nitrate coordination modes, 361-364 
Nitrobenzene, reactions with methane 

monooxygenase, 272 
Nitrogen donor, 133-137 

coordinated water, 32-33 

enthalpies, 94, 96 

170 NMR, [Tpeut]MgOOR, 316-317 
Norbornylsiloxane, 226, 228 

0 

0-BISTREN complex, 140-142 
a,w-Oligosilanediols, 220-222 
Organosilanols, 147-251; see also 

Silanols 
intramolecular hydrogen bonding 

polysiloxanes, 149-150 
silica surfaces, 148-149 
sol-gel processes, 151 
synthesis, 15 1 - 187 

interactions, 177, 184 

addition of water to Si multiple 

from alkoxy and d o x y  silanes, 

hydrolysis of halosilanes, 156-166 
hydrolysis of Si-C bonds, 172-173 
hydrolysis of Si-N functions, 

miscellaneous methods, 175-176 
from Si-H compounds, 152-155 

bonds, 174-175 

166-170 

171-172 

hydrolysis, 155 
oxidation, 152-154 

from silanethiols and silyl sulfides, 

from silyl cyanates, 171 
from silyl-metal compounds, 173 
from silyl perchlorates, 170-171 
from silyl sulfates, 171 
from silyl triflates, 170 

[OsC1(CO)(PPh3)2Si(OH~2120, 239 
OS[S~(OH)~]C~(CO)(PP~~)~, 241 
Oxidation, organosilanols, from Si-H 

compounds, 152-154 
Oxotitanium( IV), solvent exchange and 

ligand substitution, 47-48 
Oxovandium(IV), solvent exchange and 

ligand substitution, 47-49 
Oxygen, reactions with "I'pe"'1MgR, 

Oxygen donor 

171 

types, 147-148 

316-318 

negative, 131-133 
neutral, 119-131 

buckled, half-buckled, and planar 
forms, 126, 128 
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complex stability, 121-123 
crown ethers, 124-126 
destabilized complexes, 123-124 
potassium ion channel permeability 

to univalent metal ions, 
129-130 

selectivity, 119, 121 
strain energy variation with M-0 

bond length, 126-127, 129 

P 

Paladium(III), solvent exchange and 
ligand substitution, 49-54 

Parvalbumin, calcium binding sites, 

Pearson's hardness parameter, 101-102 
N, N, N ', N", N"-Pentaethyldiethylenetri- 

amine, 76 
E '-Pentamethylcyclopentadienyl, 

236-237 
N, N, N ', N", N"-Pentamethyldiethylenetri- 

amine, 77 
Peptidase, activity, [TpRR'lZnOH 

complexes, relevance, 367-370 
Ph,COH, interaction with ketones, 

176-177 
Phenylmethylsilanediol, synthesis, 155 
Phenylsilanetriol, monosodium salts, 169 
Ph2(fluorenyl)SiOH, 197 
(PhMe2Si),CSiHzOH, 244-245, 248 
(PhMe2W3CSiMeH(OH), 191 
Phosphatase, activity, [TpRR'lZnOH 

complexes, relevance, 367-370 
Ph2Si(OH)2, 233-234 
Ph,SiOH 

113-114 

interaction with ketones, 176-177 
structure, 194-197 

(3-Piperidinopropyl)diphenylsilanol, 193 
Platinum(III), solvent exchange and 

ligand substitution, 49-54 
Polyaminocarboxylate ligands, effect on 

water exchange, trivalent lanthides, 
60-61 

oxygen donors, 131-132 

alkyl derivatives, 309-340 

Polydentate ligands, with negative 

Poly(pyrazoly1)borato ligation, 291-381 

aluminum, 333-334 
beryllium, 309-312 
cadmium, 328-329 

gallium, 334-337 
gold, 320-321 
indium, 337-339 
magnesium, 311-320 

reactivity, 315-320 
structures and spectroscopic 

properties, 3 13-315 
syntheses, 311-313 

mercury, 330-332 
tin, 339-340 
zinc, 321-328 

reactivity, 325-328 
structures and spectroscopic 

properties, 322-325 
syntheses, 321-322 

coordination modes, 293 
hydroxide derivatives 

beryllium and magnesium, 348-349 
zinc and cadmium, 350-370 

functional equivalence of 

metal-substituted carbonic 

spectroscopic models, 367 
substitution reactions of 

synthesis, structures, and 

[TpBU',MelZnOH, 359-360 

anhydrases, 359, 361-366 

[TpB"',"']ZnOH, 359 

spectroscopic properties, 

[TpRR'lZnOH complexes, relevance 
to esterase, peptidase, and 
phosphatase activity, 367-370 

354-359 

350-352 

[TpRR']ZnOH reactions with COB, 

[TpB"'lBeH, 340-344 
[TpB"'lCdH, 347 
[TpButlZnH, 344-347 

abbreviations, 294-295 
bond angles and lengths, 298-299 
copper coordination environments, 

electronic properties, 307-308 
intraligand interactions, 306 
MIBpRR'l and M[RTpRR'] derivatives, 

structures, 296-302 
steric demands of R and R', 295-296 
substitution 

Poly(pyrazoly1)hydroborato ligands, 294-308 

306-307 

3-position, 302-305 
5-position, 305-307 

syntheses, 295-296 
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Polysiloxanes, 149-150 
Porphyrin 

complex stability, 135-137 
ruffling, metal ion size effect, 136 

Potassium ion channels, permeability to 
univalent metal ions, 129-130 

1,3-PropyIenediaminetetraacetate, 78 
Protonation constants, methyl- 

substituted amines and phosphines, 
93-94 

truns-Pyridine-2-azo( p-dimethylaniline), 
77 

([~-pzTplIn(Me)Cl}~, 338 

R 

Reduction potentials, methane 
monooxygenase hydroxylase, 
2 7 0 - 2 7 2 

Reverse chelate effect, 140-143 
R2Si(OH),, 234-236 
[Ru(Hz0),12+, solvent exchange and 

ligand substitution, 34-37 
[Ru(HzO),l3+, solvent exchange, 39 
Ruthenium(I1) complexes, solvent 

exchange, 34-35 

S 

Scandium(III), solvent exchange and 

Schlenk equilibrium, 308 
Si-C bonds, hydrolysis, 172-173 
Sila drugs, structure, 193-194 
Silanethiols, hydrolysis, 171 
Silanetriols, 240-241, 244-249 
Silanols, 148-149 

ligand substitution, 22-25 

acidity, 176-186 
basicity, 186-187 
benzylic, synthesis, 160-161 
containing (Me,Si),C group, synthesis, 

di-t-butyl-substituted, 201 
gas phase acidities, 185 
infrared spectroscopic data 

164 

complexes with bases, 177-183 
complexes with phenol, 186-187 
in various solvents, 177, 184 

sterically hindered, synthesis, 165 

structural studies, 187-249 
aryl silanols and adducts, 194-198 
calculations, 188-190 
compounds containing 

four Si-OH groups, 225-232 
one Si-OH group, 205-225 
three Si-OH groups, 225-226, 

two Si-OH groups, 205,212-225, 

two Si(OH)* groups, 239-243 

229-232 

229-232 

disiloxanes, 205, 212-218 
highly sterically hindered, 190-192 
a,w-oligosilanediols, 220-222 
sila drugs, 193-194 
silanediols, 227-228, 233-239, 

silanetriols, 240-241, 244-249 
Si-0, bond lengths, 189-190 
tert-butyl substituted, 198-202 
transition metal silyl, 202-203 
trisiloxanes, 218 

with two hydrogen-bonding sites, 
structural units, 249-250 

242-243 

Silica surfaces, 148-149 
Silicones, see Polysiloxanes 
Siloxy silanes, hydrolysis, 166-170 
Siloxysilanols, synthesis, 161 
Silsesquioxane, silylation, 219-220 
Silyl bromides, hydrolysis, 162-163 
Silyl carboxylic acids, hydrolysis, 173 
Silyl cyanates, hydrolysis, 171 
Silyl iodide, hydrolysis, 163-165 
Silyl-metal compounds, organosilanols 

Silyl perchlorates, hydrolysis, 170-171 
Silyl sulfates, hydrolysis, 171 
Silyl sulfides, hydrolysis, 171 
Silyl triflates, hydrolysis, 170 
Si-N bond, hydrolysis, organosilanols 

synthesis, 171-172 
Si-0, bond lengths, 189-190 
Sol-gel processes, 151 
Soluble methane monooxygenase protein 

synthesis, 173 

system, 263-286 

catalytic cycle, 281 
diiron(II1) peroxide, 277-278 
Hred reaction with dioxygen, 

mechanisms, 281-282 

hydroxylation 

275-281 
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Mossbauer spectrum, 276-277 
0-0 bond cleavage, 279-280 
Q reaction with substrate, 281-285 
spectroscopic and kinetic 

parameters, 276 
Solvent exchange equation, 15 
Strain energy, variation with M-0 bond 

length, 126-127 
Sulfur donors. 137-139 

T 

a-Terpineol, silicon derivative, 167-168 
2,2',2"-Terpyridine, 78 
1,4,7,1O-Tetraazacyclododecane, 74 
1,4,7,10-Tetraazacyclododecane- 

N,N ',N",N"'-tetraacetate, 75 
1,4,8,11-Tetraazacyclotetradecane, 77 
1,1,5,5-Tetrakis(hydroxydimethylsiloxy)- 

3,3,7,7-tetraphenylcyclotetrasilox- 
ane, 226, 228 

Tetrakis(pyrazo1yl)borato ligands, 292 
1,1,5,5-Tetrapheny1-3,3,7,7-tetrahydroxy- 

cyclotetrasiloxane, 239, 241 
Tetrasilylmethanes, hydrolysis, 163 
Tetrasulfophenylporphyrin, stability, 135 
[Ti(Hz0),J3+, ligand substitution, 40 
Tin, poly(pyrazoly1)borato alkyl 

derivatives, 339-340 
TIIBpBU1~Me], structure, 296-298 
TI[TpBUt2], structure, 299-300 
[TpAntlCoNCS, 379-380 
[TpAn'lT1, 380 
[TpBUtlBeH, 340-344 

reactivity, 344 
structure and spectroscopic properties, 

synthesis, 340-341 
341-343 

[TpB"'lBeMe, 309-3 1 1 , 3  10-3 12 
[TpBu'lCdH, 347 
[TpButlCuCI, 306-307 
{[TpButH31Cl}+, 371-372 
[TpB"'~MelCuC1, 306-307 
[TpBu'.Me]HgI, 332 
{[TpBU'~MelZn}2(~-~1,~1-C03), 356-358, 

361,366 
[TpR"'~MelZn(OC02H), 355-357 
[TpB"',MelZnOH, 350-352 
[TpBU'lMgMe, reactivity, 319-320 
[TpBUtlMgPrl, 3 13-3 14 

[TpB"'lZnBr, thermal parameters, 375, 

"I'pR"'1ZnClI-,, I,,, thermal parameters, 

I TpB": IZnCN, 378-379 
[TpBU lZn(CN), 95Br0 O j r  377-378 
LTpBU:lZn(CN),, &lo 2 ,  377-378 
[TpB" lZn(CN)0910 I ,  379-380 
[TpBU'lZnH, 344-347 
[TpBUt2]ZnMe, 322-323 
[TpButlZnX complexes, bond length 

variation, 374-375 
[TpMe21MgCH2SiMe3, 313-314 
[TpMe21Pb(3,5-Me2pzH)3C1, 372 
[TpRR'lAIMe2, 333 
[TpRR'IAuMe2, 321 
{[TpRR'ICu}, derivatives, structures, 

[TpRR'1M(NO3) complexes, nitrate 
coordination modes, 361-364 

[TpRR'lZnOH complexes, 352 

377 

375-376 

304-305 

coordination modes, 361-364 
functional equivalence, 359-360 
reactions with CO,, 354-359 
relevance to esterase, peptidase, and 

spectroscopic data, 350-351 
spectroscopic models, 367 
substitution reactions, 359 

phosphatase activity, 367-370 

[TpISnMe,, 339 
Transition metal ions, see Metal ions 
Transition oxometal ions, solvent 

exchange and ligand substitution, 
47-49 

2,2',2"-Triaminotriethylamine, 78 
Triethylenetetraamine, 78 
Trimethylphosphate, 78 
Tri(1-naphthyl)silanol, 196 
2,2',2"-Tri(N,N-dimethylamino)triethyl- 

Triphenylsilanol, 195-196 
Tris(pyrazoly1)borato ligands, 292, 294 
Tris(pyrazoly1)hydroborato derivatives, 

protonated, anion coordination, 

amine, 77 

370-381 
disorder between structurally 

disparate groups, 377-381 
similar groups, 373-377 

Tris(pyrazo1yl)hydroborato ligand, 
modification, receptor for binding 
anions, 370-371 
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Tris(pyrazoly1)hydroborato ligands, cone 

TsiSi(OH)202CCF3, 237-238 
TsiSiPh(OH),, 238 
Tungsten cluster complexes, solvent 

and wedge angles, 302-303 

exchange and ligand substitution, 
66-72 

V 

Valinomycin, 120-121 
[V(H20@+, ligand substitution, 31 
Volume of activation, 9-14 

bond-making and -breaking 
contributions, 12-13 

W 

Water 
addition to Si multiple bonds, 174-175 

lifetime in first coordination sphere of 
metal ions, 2-3 

Z 

Zinc, see also Poly(pyrazoly1)borato 
ligation, hydroxide derivatives 

coordination environment, carbonic 
anhydrase active site, 353 

poly(pyrazoly1)borato alkyl derivatives, 
321-328 

bond lengths and angles, 323 
reactivity, 325-328 
structures and spectroscopic 

properties, 322-325 
syntheses, 321-322 

Zinc(II), Lewis acidity, entatic state, 
107-108 
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