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The hydrophobic effect' is the tendency of nonpolar 
species to aggregate in water solution so as to decrease 
the hydrocarbon-water interfacial area. It reflects in 
part the large cohesive energy of water, whose molecules 
would better bind to each other than to a hydrocarbon 
surface. A thermodynamic criterion is sometimes sug- 
gested, but hydrophobic aggregation can be driven by 
either entropy or enthalpy: an improved enthalpy of 
solvation of a substrate can come at  the expense of 
solvent restriction and entropy loss. 

The hydrophobic effect is a principal force deter- 
mining the structures of proteins and nucleic acids, the 
binding of substrates to enzymes, and the binding of 
antigens to antibodies. It causes the formation of mi- 
celles and bilayers. In enzyme model systems operating 
in water, substrate binding into cyclodextrin cavities 
and into other synthetic cavities is also driven by the 
hydrophobic effect. 

Although we have actively studied such enzyme 
models for a number of years: we will not discuss them 
here. Instead, we will describe our evidence that some 
rather simple organic reactions can show hydrophobic 
effects when they are carried out in water solution. 
Striking increases in rates and selectivities have been 
seen, furnishing evidence on the structures of the re- 
action transition states. However, simply seeing an 
increased rate of a reaction in water solution does not 
establish that a hydrophobic effect is involved. Better 
evidence for this comes from the use of special salt- 
ing-in and salting-out agents. 
The Diels-Alder Reaction in Water 

Some years ago we set out to determine whether cy- 
clodextrins could catalyze common Diels-Alder reac- 
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tions in water, by binding both the diene and the 
dienophile into the cyclodextrin cavity (Figure 1). 
Indeed we found striking examples of such ~atalysis .~ 
However, control reactions showed that the reactions 
were also accelerated, if less strongly, by water 
Water is a particularly polar solvent, but it quickly 
became clear that we were not seeing a simple polarity 
or hydrogen-bonding effect. For example, in the 
Diels-Alder reaction of cyclopentadiene with acrylo- 
nitrile (Figure 2), a change of solvent from isooctane to 
methanol accelerates the reaction by a factor of only 
2, so the reaction is not very sensitive to solvent polarity 
or hydrogen-bonding ability, but in water the reaction 
is an additional 15-fold faster than in methanol. The 
reaction of cyclopentadiene with butenone (Figure 3) 
is 12-fold faster in methanol than in isooctane, but in 
water the rate is 730-fold faster than in isooctane. It 
seemed unlikely that polarity differences could explain 
the remarkable rate accelerations in water. 

This was certainly clear in the Diels-Alder reaction 
of anthracene-9-carbinol with N-ethylmaleimide (Figure 
4). This reaction is actually over 2-fold slower in 
methanol than in isooctane, apparently because in the 
nonpolar solvent a hydrogen bond helps the dienophile 
bind to the diene. However, in water the reaction was 
65-fold faster than in methanol. A special effect was 
operating in water, and it seemed likely that it was the 
hydrophobic effect. In the transition state for a 
Diels-Alder reaction two hydrocarbon surfaces must 
come together, and this aggregation is favored in water. 

Additional evidence was seen from the effect of two 
special additives. The butenone reaction of Figure 3 
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was faster when lithium chloride was added to the water 
solvent, but slightly slower when guanidinium chloride 
was added.3 As will be discussed later, lithium chloride 
(LiC1) increases the hydrophobic effect while guanidi- 
nium chloride (GnCl) decreases it. We commonly apply 
this test to help distinguish between hydrophobic ef- 
fects and simple solvent polarity effects. For instance, 
the reaction of Figure 4 is 2.5 times faster when 4.86 
M LiCl is added, but 3 times slower on the addition of 
4.86 M GnC1.4 Such a contrast is expected if a hy- 
drophobic effect is involved. In the last section of this 
Account we will describe new evidence that a modifi- 
cation of the hydrophobic effect is indeed the cause of 
these rate changes. 

F 2  
+ 

Guanidinium ion 

Water as solvent had striking effecta on the selectivity 
of some Diels-Alder reactions, seen both in our work4p5 
and in that of GriecoS6 At  low concentrations where 
both components are in true solution, the butenone 
reaction of Figure 3 showed6 an endo/exo ratio of 25.0 
f 0.5 in water, while in cyclopentadiene the ratio is only 
3.85 and in ethanol, 8.5. Polar solvents can favor the 
endo transition state because secondary orbital inter- 
action in this conformation produces some extra charge 
separation, but the hydrophobic effect will also favor 
the more compact endo transition state. Evidence that 
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this makes some contribution is seen from the increase 
of the ratio to 28.0 when LiCl is added, but a decrease 
to 22.0 with GnC1.5 Interestingly, a high preference for 
endo addition was found even with suspensions in 
which the cyclopentadiene was over 90% undiss~lved.~ 
Apparently the preferred pathway is for it to enter the 
water and react with high selectivity, rather than just 
react less selectively in the neat separate phase. 

“Internal Pressure” and the Hydrophobic 
Effect 

Diels-Alder reactions are accelerated by external 
pressure, which. also alters their selectivity.’ Thus it 
has been suggested that the effect of water on these 
reactions can be thought of as reflecting the high 
“internal pressure” in a water solution because of the 
high cohesive energy of water. However, in contrast to 
externally applied pressure there is a limit to the extent 
of such internal pressure; at  a certain point, corre- 
sponding to the solubility limit, it will simply squeeze 
the solute out of solution. In thermodynamic terms, 
water increases the activity coefficient of the solute but 
cannot raise its thermodynamic activity above that of 
the neat solute in a separate phase. 

Conversion of the starting materials to the transi- 
tion-state complex will be favored even if the thermo- 
dynamic activity of all components is raised by the 
hydrophobic effect; the decreased exposure of hydro- 
carbon surfaces in the transition-state complex means 
that its activity will not be raised enough to compensate 
completely for the effects on the starting materials. 
However, since none of these thermodynamic activities 
can exceed that of the neat undissolved materials, one 
might think that the reactions could not be faster in 
water solution than they are without solvent. This is 
not the case. 

What a water solvent does is furnish the polar and 
other interactions needed to stabilize the transition 
state without causing a rate penalty because of dilution 
by solvent. The large activity coefficient of organic 

(7) Cf.: Dauben, W. G.; Gerdes, J. M.; Look, G. C. Synthesis 1986,7, 
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species produced by the hydrophobic effect means that 
even in fairly dilute water solution the reactants have 
a thermodynamic activity almost as high as that of the 
undiluted species, and with saturated solutions the 
thermodynamic activity of the solutes is just as high as 
for an undiluted reaction mixture. Thus the rate im- 
provement from solvation comes "free" of dilution cost. 

The Benzoin Condensation 
Reaction of two molecules of benzaldehyde, with ca- 

talysis by cyanide ion, affords benzoin (Figure 5). The 
mechanism under most conditions involves reversible 
formation of benzaldehyde cyanohydrin (1) and the 
rate-limiting reaction of its anion 2 with the second 
benzaldehyde molecule.a Loss of cyanide ion then 
affords benzoin. The expected geometry of this rate- 
determining addition reaction is shown in 3, in which 
the planar cyanohydrin anion moves toward tetrahedral 
as it bonds and the benzaldehyde is attacked along the 
lineg of the T* orbital. This geometry permits the two 
benzene rings to stack next to each other. If this is 
indeed the geometry of the transition state, it should 
be favored by a hydrophobic effect in water solvent. 
Water has not been the normal solvent for these reac- 
tions. 

We foundlo that the benzoin condensation of benz- 
aldehyde with CN- was ca. 200 times faster in water 
than in ethanol solution, but of course this does not 
establish that there is a hydrophobic effect. An ionic 
reaction like this could show large effects from polarity 
changes alone. Thus we examined the effect of special 
additives. 

As we mentioned earlier, compounds such as LiCl 
increase the hydrophobic effect, and they therefore 
decrease the solubility of hydrocarbons in water." 
Thus LiCl can be called a "salting-out" agent; NaCl is 
another example. However, some salts increase the 
water solubility of hydrocarbons such as butane or 
benzene;" for instance, guanidinium chloride does so.12 
Studies of these effects show that the cations and anions 
of such salts should be considered separately. Small 
ions such as Li+ and C1- decrease hydrocarbon solu- 
bility, while large ions such as Gn+, C104-, and I- in- 
crease solubility. Thus LiCl has two components that 
work in the same direction, but with GnCl the increased 
water solubility of hydrocarbons is seen because the 
Gn+ effect dominates the C1- effect. Guanidinium salts 
with large anions are even more effective at solubilizing 
hydrocarbons. 

We examined the use of the LiCl and GnCl contrast 
with the benzoin condensation, but abandoned it when 
it became clear that high concentrations of Gn+ were 
affecting the pH of the medium.'O The benzoin con- 
densation requires high pH. Thus we turned'O to a 
different contrast: LiCl vs LiC104. With 5.0 M LiCl 
the rate of the benzoin condensation in water showed 
an almost 4-fold increase, while with 5.0 M LiClO, the 
rate is almost 4-fold less than without the added salt. 
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Figure 6. Effects of added LiCl and LiCIOl on the psuedo- 
second-order (in benzaldehyde) rate constant for the cyanide- 
catalyzed benzoin condensation with 23 m M  KCN at 65 OC in 
water. 

Of course increased ionic strength may affect the rate, 
but it cannot explain the fact that one rate goes up and 
the other one down. A plotlo of the data (Figure 6) 
showed a smooth increase with LiCl concentration and 
a smooth decrease with LiC104. 

The conclusion was checked with results from other 
salts.l0 In contrast to the 400% rate increase with LiCl, 
LiBr with a larger anion gave only a 35% increase in 
rate, while LiI decreased the rate 5-fold. In the chloride 
series, KC1 gave a %fold, not a 4-fold, rate increase while 
CsCl gave only a 24% increase. Curiously, CsI with two 
large ions gave a rate increase; the cause of this ap- 
parent anomaly is under investigation. 

We also looked at the effect of LiCl and of LiC10, on 
the water solubility of benzaldehyde.l0 At 20 "C it is 
soluble to 60 mM in water; with 5 M LiCl this decreases 
to 27 mM, while with 5 M LiC104 it increases to 100 
mM. Benzaldehyde is of course not a simple hydro- 
carbon, but the cyanohydrin 1 and the transition state 
3 for reaction also combine polar and nonpolar seg- 
ments. The solubility of benzaldehyde was examined 
because it is one of the reactants and may mimic the 
behavior of the others. Again we saw the correlation 
of solubility effects of the additives with rate effects. 

The interpretation of salt effects on reaction rates can 
be complicated, but the correlation of rate effects with 
solubility effects suggests that the benzoin condensation 
indeed shows hydrophobic acceleration in water. The 
Li+ probably solvates and solubilizes the polar segments 
of all these species but the contrasting effects of C1- and 
C104- are expected if hydrophobicity is involved. The 
two benzene rings can pack in the transition state, so 
it has less hydrocarbon surface exposed to solvent than 
do the two reactants. The evidence supports the idea 
that the transition state is as shown in 3. 

Additional evidence for this comes from studies with 
cyclodextrins. We find that the benzoin condensation 
in water is accelerated by y-cyclodextrin, but slowed by 
j3-cyclodextrin.'o The two benzene rings of the tran- 
sition-state structure 3 can both fit into the large cavity 
of y-cyclodextrin (eight glucoses in a ring) but not into 
the smaller cavity of 0-cyclodextrin (seven glucoses). 
Catalysis by y-cyclodextrin is expected, since binding 
of the transition state will stabilize it. Inhibition by 
P-cyclodextrin probably reflects binding of the benz- 
aldehyde cyanohydrin 1 into the cavity, shielding it 
from further reaction. These findings were used to 
guide the synthesis of a catalyst for the benzoin con- 
densation that combines the y-cyclodextrin binding 
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with covalent catalysis by an attached thiazolium ring.13 

Why Do Some Additives Increase the 
Hydrophobic Effect, While Others Decrease It? 

Certain agents that increase hydrocarbon solubility, 
such as urea or guanidinium chloride, act as denatu- 
rants of proteins and nucleic acids. We find that they 
also decrease the rates of Diels-Alder reactions and 
benzoin condensations in water, while others that de- 
crease hydrocarbon solubility lead to an increase in 
those rates. This is consistent with the idea that the 
rate effects result from hydrophobic interactions. In 
principle, this correlation is valid whether or not one 
understands the reasons for the solubility effects. 
However, we decided to learn more about those reasons. 

The salting-out effect of NaC1, LiC1, etc. is quite well 
understood.14J5 When such salts dissolve in water there 
is a volume contraction, electrostriction, as water col- 
lapses around the ions to solvate them. Thus there is 
less empty space for hydrocarbon solutes, and the en- 
ergy cost to create space for the hydrocarbons is greater. 
This can be thought of as the energy cost for cavitation, 
producing a hydrocarbon-sized hole in the solvent. 
Electrostriction increases the energy cost of cavitation. 

The salting-in effect is more controversial. Most 
people have suggested that large ions (and the non-ionic 
molecule urea that is also a denaturant) break up the 
organized structue of water and make cavitation easi- 
er.16 However, the other choice is that salting-in ma- 
terials improve the solvation of hydrocarbons in some 
way. The effect of a solubility modifier on the solubility 
of a hydrocarbon in water can be expressed by eq 1, in 
which there are terms for its effect on the energy cost 
of cavitation and on the energy of hydrocarbon solva- 
tion.17 Which of these terms leads to the decrease in 
hydrophobic effects when salting-in materials are add- 
ed? 

effect of a solubility modifier = 
effect on the energy of cavitation + 

effect on the energy of solvation 

Breslow 

We first looked at  a simple question: Is water uni- 
que? Ethylene glycol and formamide are often con- 
sidered “water-like” solvents. Indeed we saw that sev- 
eral Diels-Alder reactions were very fast in these sol- 
vents, although not as fast as in water.18 Schneider has 
recently shown that a Diels-Alder reaction rate in a 
variety of solvents correlates with a soluophobicity 
parameter derived from hydrocarbon solubilities, not 
with the solvent p01arity.l~ Solvophobicity, a gener- 
alization of hydrophobicity, can also be seen in water- 
like solvents. We even saw that in such solvents the 
Diels-Alder reactions are accelerated by @-cyclodextrin 
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just as in water, because of solvophobic packing of the 
two components into the cyclodextrin cavity (Figure 
1).18 

It was not known whether the contrast between 
salting-in and salting-out agents extended to these 
solvents. We examined the solubility of benzene in 
formamide and in ethylene glycol, with and without 
additives.18 LiCl was still a salting-out agent, but now 
so were LiC104, GnC1, and even urea! Thus the addi- 
tives that had decreased the hydrophobic effect in water 
were now increasing the solvophobic effect in these 
“water-like” solvents. As expected from our correlation, 
all of these agents now increased the rate of the 
Diels-Alder reaction of cyclopentadiene with butenone 
(Figure 3) in formamide and in ethylene glycol.18 

Quaternary ammonium salts did not show this change 
in behavior. Although tetramethylammonium bromide 
(Me4N+Br-) had almost no effect on the rates or on 
benzene solubility, tetra-n-butylammonium bromide 
(Bu4N+ Br-) increased the benzene solubility and de- 
creased the reaction rates both in water and in the 
water-like solvents.18 

One would expect the Bu4N+ to assist the solvation 
of benzene in a polar solvent. The butyl groups could 
pack against the benzene ring, driven by solvophobic 
effects, and the resulting charged complex could then 
be further stabilized and solubilized by interaction with 
solvent dipoles. Since the other normally salting in 
agents (in water) reversed their effect in formamide and 
ethylene glycol, we thought it likely that they were not 
acting in this way, to solvate the hydrocarbon, but were 
instead breaking up water structure. If water structure 
were unique, and it we might understand why the 
effect was not seen in other solvents. However, further 
work showed that this obvious interpretation was too 
simple. 

We investigated the direct interaction of water with 
the salting-in and salting-out materials.17 As eq 1 shows, 
one possibility is that a salting-in additive makes cavity 
formation easier; this should show up in the effect of 
the additive on the surface tension of water. In fact, 
a common method for measuring surface tension, which 
is the method we used, involves measuring the pressue 
required to produce an air bubble at  a capillary im- 
mersed in the solvent. Such a bubble can be thought 
of as a large cavity. If salting-in agents make cavity 
formation easier, by breaking up water structure, one 
would expect them to lower surface tension. 

The effect was the opposite. The salting-in agents 
GnCl and LiC104 led to an increase in the surface 
tension of water just as the salting-out agent LiCl did, 
although the magnitude of the increase was larger with 
LiCl than with the others (large ions with dispersed 
charges are less electrostrictive). Similarly, both LiCl 
and GnCl increased the surface tension of formamide 
and of ethylene glycol. 

This shows that cavitation in water is not easier when 
GnCl or LiC10, is added; it had been shown earlier21 
that urea also increases the surface tension of water, but 
the implication for the mechanism of urea denaturation 
effects was not recognized. If these agents do not make 
cavitation easier, they must be contributing to the 

(20) Ben-Naim, A. Water and Aqueous Solutions; Plenum: New 

(21) Siskova, M.; Hejtamankova, J.; Bartovska, L. Collect. Czech. 
York, 1974. 

Chem. Commun. 1985,50, 1629-1635. 



Hydrophobic Effects 

solvation term in eq 1. They could act indirectly by 
somehow making the water a stronger solvater, but we 
believe that a better picture can be constructed if we 
assume that they interact directly with the hydro- 
carbon. Just as with Bu4N+ Br-, we proposed that they 
bind to the hydrocarbon solute and bridge between it 
and the water s01vent.l~ 

Does the surface tension measurement absolutely rule 
out the cavitation explanation for hydrocarbon solu- 
bilization? Intellectually, cavity formation involves 
creating a vacuum in the solvent (which is later filled 
with the hydrocarbon), while the bubbles in the surface 
tension measurement contain air and are not a vacuum. 
This would be a problem only in the unlikely possibility 
that air itself is solvated by water, and that this sol- 
vation is somehow decreased by GnCl or LiC104. 

However, the cavities we look at  with air bubbles are 
quite large, not of molecular size. The cavitation ex- 
planation of salting-in effects could survive if GnCl or 
LiC104 made it harder to produce large cavities, as 
observed, but somehow easier to produce small ones. 
It has been pointed out that the difference in curvature 
could mean that surface tension effeds in small cavities 
and in large cavities can be different in magnitude,22-2s 
but there is yet no evidence or argument that the effects 
will reverse. Unless they do reverse, we have ruled out 
water structure breaking, and the resulting easier cav- 
itation, as the explanation of salting-in behavior. 

Direct solvation interaction by salting-in agents also 
explains17 the otherwise curious findings in different 
solvents. Water has a very high cohesive energy and 
a very low polarizability, so even ions like Gn+ or C10, 
can solvate hydrocarbons better than the solvent can, 
and help them dissolve. Since these salts increase 
surface tension less effectively than does LiC1, for in- 
stance, the small cavitation effect in the wrong direction 
does not overwhelm the solvation effect. However, in 
more polar organic solvents like formamide and 
ethylene glycol, the solvent itself interacts better with 
a hydrocarbon than do these ions; Gnt and C104- now 
decrease hydrocarbon solubility by their normal, if 
small, electrostrictive effect. 

Like common detergents, Bu4N+ Br- decreases the 
surface tension of water. Thus it might be solubilizing 
hydrocarbons only by its effect on the cavitation term 
of eq 1. However, if ions like Gn+ solvate a hydro- 
carbon, surely Bu4N+ does as well. Thus it seems likely 
that its solubilizing effect on hydrocarbons involves both 
terms of eq 1. It is so nonpolar that it can contribute 
to hydrocarbon solvation even in the organic solvents 
formamide and ethylene glycol. 

Is There Another Explanation for the Special 
Salt Effects in the Diels-Alder Reaction? 

Water is a hydrogen-bond donor with its two protons, 
and a hydrogen-bond acceptor with its two unshared 
electron pairs. Symons has proposedm that some salt 
effeds in water solution can be explained by considering 
the balance between donor and acceptor properties. For 

(22) Tanford, C. h o c .  Natl. Acad. Sci. U.S.A. 1979, 76, 4175-4179. 
(23) Sinanoglu, 0. In Proceedings of the Internutionol Conference on 
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York, 1968. 

(24) Tolman, R. C. J. Chem. Phys. 1949,17, 333-337. 
(25) Defay, R.; Progogine, I.; Bellemans, A.; Everett, D. H. Surface 

Tension and Adsorption; Longmans: London, 1966. 
(26) Symons, M. C. R. Acc. Chem. Res. 1981,14, 179-187. 
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Table I. 
Second-Order Rate Constants for the Addition of 

N-Ethylmaleimide to Anthracene-9-carbinol (Figure 4) in 
Various Media at 45 O C  

solvent k2 X lo*, M-’ s-l k,l 
2,2,4-trimethylpentane’ 8.0 & 0.7 0.035 
methanol’ 3.4 & 0.3 0.015 
watef 226 f 7 1.OOO 
waterb 230 f 2 1.OOO 
water + LiCl (4.86 M)‘ 560 f 54 2.5 
water + LiCl (4.0 M)b 498 * 28 2.2 
water + GnCl (4.86 M)( 77 10 0.32 
water + GnCl (2.0 M)b 129 A 6 0.56 
water + LiClO, (4.0 M)b 157 * 3 0.68 
water + GnClO, (2.0 M)b 8 6 * 4  0.37 

’ Reference 3. Reference 28. All data are the average of a t  least 
three runs, in most cases of five runs. Reactions were carried to a t  
least 7 half-lives. ‘Reference 4 and Ph.D. Thesis of D. Rideout, 
Columbia University, 1982. 

example, Li+ is solvated by the electron pairs, producing 
an excess of hydrogen-bond-donor sites and thus 
“acidifying” the water, while C1- will solvate by coor- 
dinating with the protons of water and thus making the 
solvent more “basic”. Large dispersed ions are more 
weakly solvated by water, so a salt like Gnt C1- might 
make water more basic. By this theory, Li+ C104- would 
make water more acidic, the small lithium ion not being 
fully counterbalanced by the weakly solvating larger 
perchlorate ion. Could some of our salt effects on the 
Diels-Alder reaction be explained with these ideas? 

If the reaction of Figure 4 were accelerated by a hy- 
drogen-bonding effect of water, notwithstanding the 
methanol results, then Gn+ Cl- might slow it by binding 
the C1- to some water protons.27 We instead ascribe 
the slowing to the salting-in effect of the guanidinium 
cation. Luckily, it is easy to distinguish between these 
explanations. 

We have examined the effect of LiC104 and of 
GnC104 on the Diels-Alder reaction of Figure 4.% As 
the data in Table I show, LiC104 slows the reaction. 
This is as expected for the hydrophobic explanation, 
but the opposite of what would be expected if water 
acidity and basicity were involved. The large per- 
chlorate ion should slow the reaction by a salting-in 
effect that decreases hydrophobic packing, but the 
smaller chloride ion should have slowed the reaction if 
water basicity were involved. The slower rate with 
GnC104 than with GnCl (Table I) also indicates the 
same thing. 

The use of special salting-in agents can be valuable 
in diagnosing hydrophobic acceleration, but it is prob- 
ably well to use a variety of such agents, as in this case, 
to exclude other effects. 
Conclusions 

1. Even simple organic reactions in water solution 
can show hydrophobic effeds on rates and selectivities 
if nonpolar segments of the reactants are brought to- 
gether in the transition states. 

2. Supporting indications for the operation of such 
hydrophobic effects comes from the use of salting-in 
and salting-out agents, that change the magnitude of 
the hydrophobic effect. By use of a variety of such 
agents, other explanations can be excluded. 

(27) We thank Prof. William P. Dailey, (University of Pennsylvania) 
for pointing out this possibility, even though we have now excluded it. 
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3. Although salting-in agents, and other denaturants 
such as urea, are often described as water "structure 
breakers", our evidence is that they function not by 
making cavitation in water easier but instead by directly 
solvating the hydrocarbon species. This overcomes their 
tendency to make cavitation more difficult, as revealed 
in surface tension measurements. 

4. The special effects seen in water make it an at- 

Acc. Chem. Res. 1991,24, 164-170 

tractive possible solvent for many organic reactions, not 
just biochemical processes. These effects occur because 
of, not in spite of, the poor solubility of many organic 
compounds in water. 
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Electron paramagnetic resonance (EPR) techniques 
have long been a major tool in efforts to determine the 
structure and function of metalloenzyme active sites.' 
Much of the information EPR provides about the com- 
position, structure, and bonding of a paramagnetic 
metal center is obtained through the analysis of the 
hyperfine coupling constants that represent interactions 
between the spin of the unpaired electron(s) and the 
spins of nuclei associated with the metal center, en- 
dogenous ligands, or bound substratee2 These coupling 
constanta are calculated from splittings seen in the EPR 
spectrum, but for most metallobiomolecules, the split- 
tings are not resolvable and the information they carry 
is lost. Electron nuclear double resonance (ENDOR) 
spectroscopy recovers this inf~rmation.~ 

An ENDOR experiment provides an NMR spectrum 
of those nuclei that interact with the electron spin of 
the paramagnetic center, and the ENDOR frequencies 
directly give the electron-nuclear coupling constants. 
The Occurrence of a nuclear resonance transition is not 
detected directly, but rather as a change in the EPR 
signal intensity, hence the classifications as a double- 
resonance technique. As an NMR method the spectral 
resolution of ENDOR can be as much as 3 orders of 
magnitude better than that of conventional EPR, and 
this permits the detection and characterization of 
electron-nuclear hyperfine interactions for systems 
whose EPR spectra show no hyperfine splittings. 
Moreover, ENDOR spectroscopy is inherently broad- 
banded: It is comparably easy to detect ENDOR sig- 
nals from every type of nucleus. In our studies of 
biomolecules we have examined si nals from lH, 2H, 

nuclei that are present either as constitutive compo- 
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Table I. 
Representative Metalloenzyme Active Sites 
well-characterized "black boxes" 

blue copper proteins'O nitrogenasea 
heme  rotei ins^ Fe-hvdrozenase I. II" 
resting state reaction intermediates 

nitrogenase horseradish peroxidase, Cpd 1" 
Ni-hydrogenase (Ni A, B)13 
sulfite reductase1s. Ni-hydrogenase (Ni C)I3 
cytochrome oxidase, CuA1& 

cytochrome c peroxidase, ES'* 

sulfite reductase, doubly reduced16b 
cytochrome oxidase,  CUB'^^ 

active-site structure substrate interactions 

Fe-hydrogenase I, II" 

xanthine oxidase18 

nitrogenase6 aconitase- 
Rieske [2Fe-2S] centefl 
aconitase" CO dehydrogenase" 

nents of a metalloenzyme active site or as part of a 
bound ligand or substrate, with (*) indicating the first 
such investigation. This list shows that with proper 
isotopic labeling it is possible to characterize every type 
of atomic site associated with a paramagnetic center, 
as we have done in the study of a~onitase.~ With these 
benefits goes the additional virtue of selectiuity. Only 
nuclei that have a hyperfine interaction with the elec- 
tron-spin system being observed give an ENDOR signal. 
For example, unlike the case of Mossbauer spectros- 
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