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FOREWORD 
The A D V A N C E S I N C H E M I S T R Y S E R I E S was founded in 1949 by 

the American Chemical Society as an outlet for symposia and 
collections of data in special areas of topical interest that could 
not be accommodated in the Society's journals. It provides a 
medium for symposia that would otherwise be fragmented 
because their papers would be distributed among several 
journals or not published at all. Papers are reviewed critically 
according to A C S editorial standards and receive the careful 
attention and processing characteristic of A C S publications. 
Volumes in the ADVANCES IN CHEMISTRY SERIES maintain the 
integrity of the symposia on which they are based; however, 
verbatim reproductions of previously published papers are 
not accepted. Papers may include reports of research as well 
as reviews, because symposia may embrace both types of 
presentation. 
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PREFACE 

OUR U N D E R S T A N D I N G O F T H E R E A C T I O N S of popular reagents dates 
back to the early 1920s, when Lewis, Lowry, and Br0nsted began 
developing their acid-base theories. Shortly thereafter, Lapworth, who 
had pioneered the study of carbonyl addition reaction mechanisms in the 
early 1900s, proposed the classification of polar reagents into the classes 
we know today as electrophiles and nucleophiles. 

In the early 1930s, Ingold proposed that nucleophilic displacement 
reactions be divided into S N 1 and S N 2 types. Could he have known how 
broadly these classifications might apply? Consider the novel gas-phase 
displacement by a hydride ion of benzene from a chromium center: 

H + C 6 H 6 C r ( C O ) 3 — • H C r ( C O ) 3 + C 6 H 6 

Squires and Lane recently found that this reaction may be similar to a 
simple S N 2 reaction. 

The present book is the outgrowth of a symposium on nucleophilicity 
held in Chicago in September 1985. The chapters were contributed by 
symposium participants. Although it is impossible to cover the topic 
completely in this format, we attempted to arrange the symposium and 
solicit chapters so as to cover the major areas of endeavor. We apologize 
to those whose interests or works may have been slighted. 

This book and the symposium upon which it is based were made 
possible by the financial support of the ACS Division of Organic 
Chemistry, the U.S. Army Research Office, and the Petroleum Research 
Fund, administered by the American Chemical Society. We gratefully 
acknowledge this support. Also, we thank the contributors to this book for 
their timely submission of manuscripts. 

J. MILTON HARRIS 
SAMUEL P. M C M A N U S 
Department of Chemistry 
University of Alabama in Huntsville 
Huntsville, AL 35899 

September 1985 
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1 
Introduction to Nucleophilic Reactivity 

J. Milton Harris and Samuel P. McManus 

Department of Chemistry, University of Alabama in Huntsville, Huntsville AL 
35899 

The purpose of this chapter is to give an introduction to the subject of 
nucleophilicity. The chapters of the present volume are collected into 
five groups: (1) Marcus theory, methyl transfers, and gas-phase 
reactions; (2) Brønsted equation, hard-soft acid-base theory, and 
factors determining nucleophilicity; (3) linear free-energy relation
ships for solvent nucleophilicity; (4) complex nucleophilic reactions; 
and (5) enhancement of nucleophilicity. The present chapter is di
vided in the same way, giving an introduction to each of the five 
topics followed by a description of key points in each chapter as they 
relate to current studies of nucleophilicity and the other chapters of 
the book. 

THE F I E L D O F N U C L E O P H I L I C I T Y is briefly surveyed in this chapter, and 
the contents of this volume as they relate to the general subject of nu
cleophilicity are briefly described. First, we must ask, what is a nucleophile? 
In an article published 60 years ago, Lapworth (I) recognized that polar 
reagents fall into two classes that he termed "cationoid" and "anionoid." 
Ingold (2, 3) later proposed that the two classes be designated "elec-
trophilic," defined as electron seeking, and "nucleophilic," defined as nu
cleus seeking. Bunnett (4) has suggested that the term nucleophile be 
restricted to reagents that supply a pair of electrons to form a new bond with 
another atom. In its modern form, nucleophilicity is restricted to kinetic 
phenomena, referring to the kinetic ability of a nucleophile in a substitution 
or combination process. Basicity, on the other hand, is a thermodynamic 
term, referring to the ability of an electron-rich species to displace an 
equilibrium. The term basicity, given alone, usually refers to hydrogen 
basicity; that is, the thermodynamic ability of a Br0nsted base to remove a 
proton from a proton donor (a Br0nsted acid). If reference is made to reaction 
of a base with some element other than hydrogen, that element is named for 
the sake of clarity (e.g., carbon basicity). Similarly, the term nucleophilicity 

0065-2393/87/0215-0001$06.50/0 
$ 1987 American Chemical Society 
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2 N U C L E O P H I L I C I T Y 

is frequently used in reference to attack on carbon, although the term is 
certainly not so restricted. Again, for clarity, reference should be made to the 
element attacked (e.g., hydrogen nucleophilicity). 

The following chapters of this book are concerned with elucidating those 
factors determining and affecting reactions of nucleophiles. Not surprisingly 
the various authors have common interests such as solvent effects, nu
cleophilicity scales, relationships between kinetics and thermodynamics, 
transition-state structure, Marcus theory, and the Br0nsted equation. De
tailed discussion of these specific subjects will be given later, but inter
estingly, the concerns of the present group of authors are similar to those of 
earlier years. In a 1963 review of nucleophilicity, Bunnett (4) listed 17 factors 
contributing to nucleophilic reactivity for which he found a sound experi
mental or theoretical precedent. These factors are (1) geometrical factors, 
including steric hindrance, steric acceleration from initial state compression, 
and entropie advantages of intramolecular reactions; (2) solvation; (3) ion 
aggregation; (4) thermodynamic affinity of the nucleophile for the elec-
trophilic center; (5) capacity of Ζ in : Z - C - X to facilitate expulsion of a leaving 
group, X ; and (6) negative potential at the nucleophilic center, Y; (7) bond 
strength of the new bond formed, M - Y ; (8) ease of release of electrons from 
the nucleophilic atom; (9) recession of electrons toward the backside of the 
entering nucleophilic atom, Y; (10) π bonding between Y and M of the p - d π 
type; (11) London attraction between Y and M ; (12) London attraction 
between Y and substrate substituents; (13) attraction between a substrate 
dipole and a dipole induced in Y; (14) acid catalysis or hydrogen bonding by 
protic sites on the nucleophile; (15) aggregation of large, nonpolar groups 
from nucleophile and substrate; (16) the α effect; and (17) base-catalyzed 
removal of a hydrogen from a neutral substrate of type Y - H , which leads to 
assisted expulsion of the leaving group. 

As the individual chapters will show, our understanding of many of 
these 17 factors has advanced dramatically in the past 20 years. For example, 
separation of thermodynamic factors from nucleophilicity is now possible and 
complicating solvent effects can be avoided in gas-phase reactions and in 
reactions in aprotic solvents. On the other hand, many old problems remain. 
For example, the α effect is still not understood. Also, it is informative to 
recall the challenging pessimism expressed by Pearson et al. (5) in 1968 when 
they stated that "at present it is not possible to predict quantitatively the 
rates of nucleophilic displacement reactions when a number of substrates of 
widely varying properties are considered." In 1986, we still have no single 
equation, theoretical, empirical, or semiempirical, with which to refute this 
assessment, although some methods approach this goal (6). 

Many of the leading figures in physical organic chemistry have made 
contributions to the study of nucleophilic reactivity. The present volume 
should serve to present these contributions and to summarize accomplish
ments and challenges for the future. 
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1. HARRIS AND MCMANUS Introduction to Nucleophilic Reactivity 3 

In the remainder of this chapter, we review the current study of nu
cleophilicity by describing the other chapters of this volume and giving a 
brief survey of the literature leading up to these works. These chapters are 
interrelated in many ways, so that any grouping of them must be somewhat 
arbitrary. Nonetheless, we have placed the chapters in one of five categories 
to facilitate discussion. Also, the chapters are not reviews, but rather are 
reports of ongoing investigations with substantial review sections and exten
sive references to earlier work. 

Marcus Theory, Methyl Transfers, and Gas-Phase Reactions 

As Bunnett has noted (4), the kinetic barrier to nucleophilic attack is affected 
by the thermodynamics of the reaction. If this thermodynamic contribution 
could be removed, then intrinsic nucleophilicities for substitution reactions 
could be obtained that would be independent of the leaving group. Pioneer
ing work by Albery and Kreevoy (7), Pellerite and Brauman (8), and Lewis et 
al. (9) has shown that Marcus theory can be applied to methyl-transfer 
reactions to separate thermodynamic and kinetic contributions and provide 
intrinsic barriers to nucleophilic attack. One expression of Marcus theory is 
given in equation 1, where ΔΕ* is the activation energy, ΔΕ° is the heat of 
reaction, and ΔΕ 0 * is the "intrinsic" activation energy or the barrier to 
reaction in the absence of any thermodynamic driving force. 

ΔΕ* = (ΔΕ°) 2/16ΔΕ 0* + ΔΕ 0 * + lA ΔΕ° (1) 

Brauman and his co-workers have applied Marcus theory to gas-phase 
reactions of anions with methyl halides (using ion cyclotron resonance) to 
obtain intrinsic nucleophilicities. This work is reviewed in Chapter 2 by 
Brauman et al. Interestingly, some supposedly good nucleophiles (such as 
alkoxide) are not good nucleophiles, by this definition, but owe their reac
tivity to thermodynamics. These workers argue that solvent effects generally 
will not overwhelm these basic energy factors, so the gas-phase results can 
be used to make solution-phase predictions (discussed later). Brauman et al. 
also note that linear-free energy relationships (LFERs) are only expected 
when the intrinsic barrier is constant, as is generally the case for family-type 
correlations. Finally, these workers observe a rather good correlation be
tween carbon and proton basicity; several of the other authors in this volume 
have observed similar relationships, and a consensus exists that such relation
ships are key to correlations such as the Br0nsted equation. 

The contention that solvent effects will not overwhelm the basic energy 
factors revealed by Marcus analysis is supported in Chapter 3 by the solu
tion-phase study of Lewis et al. of methyl-transfer reactions. These workers 
measure identity rates, fcxx, for C H 3 X + X ~ and equilibrium constants, K X r , 
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4 N U C L E O P H I L I C I T Y 

for reactions of the methylating agents with the reference nucleophile 
C 6 H 5 S 0 3 ~ . Use of these data in the Marcus equations permits calculation of 
other nonidentity rates, which agree well with observed rates. 

Lewis and co-workers also are concerned with the reactivity-selectivity 
postulate (RSP), which can also be derived from the Marcus expression. In 
the examples given here, selectivity does not vary with reactivity, in appar
ent contradiction to Marcus theory. This result can be explained on the basis 
that the intrinsic barriers are not constant and by assuming that the quadratic 
term of the Marcus equation contributes very little when the identity bar
riers are high (as they are when rates are well below diffusion control). Other 
important contributions to understanding the RSP have been made recently 
(9a, 9b). 

Assuming that the Marcus quadratic term can be ignored, Lewis and co
workers then show the Marcus equation reduces to a simple equation for the 
rate of substitution fcYX of X " on C H 3 Y : 

log fcYX = M Y + Nx 

where M Y is a property of C H 3 Y and N x is a property of the nucleophile X : 

M Y = Vfc log fcYY/KYr 

N x = V2 log k^/KXr 

Tables of M Y and Nx values are given that permit calculation of a large 
number of reaction rates. The relationship of this expression to the formally 
similar, but empirical, Swain-Scott and Br0nsted equations is of much 
interest. 

In Chapter 4, McDonald et al. present a three-part gas-phase study 
(using a flowing afterglow apparatus) of nucleophilic substitution in the gas 
phase. In the first part, rates are measured for reaction of 0 2 ~ with methyl 
bromide and chloride. These reactions are less exothermic than those stud
ied by Brauman and according to Marcus theory must have unusually low 
intrinsic barriers. McDonald and co-workers consequently refer to 0 2 ~ as a 
"supernucleophile". In the second section, these workers use an ingenious 
technique to study nucleophilic addition to carbonyl groups. Study of these 
reactions in the gas phase is normally prevented by the ready reversibility of 
the reaction. However, by use of "hypovalent" anion radicals (such as 
C 6 H 5 N , _ ) as nucleophiles, reversibility is prevented by subsequent β frag
mentation. By use of this approach, a series of reaction rates are obtained for 
several different carbonyl derivatives and an intrinsic scale of carbonyl reac
tivity is derived. Finally, McDonald and co-workers examine reactions of 
( C H 3 0 ) 2 P O ~ with methyl halides and find the rates to be very low. Surpris
ingly, however, reactions of this nucleophile with C F 3 I and C F 3 B r are fast. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
7 

| d
oi

: 1
0.

10
21

/b
a-

19
87

-0
21

5.
ch

00
1

In Nucleophilicity; Harris, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1987. 



1. HARRIS AND MCMANUS Introduction to Nucleophilic Reactivity 5 

Apparently, an electron-transfer reaction is occurring. This reaction can 
therefore be used as a model for the first step of the S R N 1 mechanism. This 
competition between nucleophilic substitution and electron transfer is a 
subject of general interest. 

The study of gas-phase reactions has obviously been of much assistance 
in understanding solution-phase reactions. Sometimes, however, this rela
tionship breaks down because the reactants give a different reaction in the 
gas phase than in the solution phase. Caserio and Kim present such an 
example in Chapter 5, a thorough study of gas-phase reactions (ion cyclotron 
resonance) of alcohol nucleophiles with protonated carboxylates, carbonates, 
and phosphates. The goal of this work is to understand solvent and coun-
terion effects on acid-catalyzed esterification. The gas-phase reaction path
ways, however, turn out to be different from those in solution phase. 

Much interest has been shown in studying the region between the gas 
and solution phases in which a few solvent molecules are bound to reactants. 
In Chapter 6, Henchman et al. describe gas-phase studies of methyl-transfer 
reactions that differ from those already described in that beam apparatus 
(providing translational energies) and a flow reactor (providing temperature 
control) are used. In addition, the solvated nucleophiles (OH)"(H 2 0) n and 
( C H 3 0 ) " ( C H 3 O H ) n with η = 1-3 are used. These unique experiments 
provide information on the transition from gas phase to solution phase. One 
interesting point is that the double well potential surface normally seen for 
gas-phase reactions is observed in this transition region as well. 

The study of methyl-transfer reactions has been key to application of 
Marcus theory to nucleophilic reactions. In Chapter 7, Ando et al. present a 
careful examination of transition-state (TS) variation in methyl-transfer reac
tions with nitrogen nucleophiles using carbon, hydrogen, and nitrogen ki
netic isotope effects (KIEs) as experimental probes. Interestingly, the C 
KIEs did not show the bell-shaped trend with variation in bond breaking and 
bond making seen earlier for benzyl transfers. The authors conclude that 
little variation in the TS structure occurs for the methyl transfers; this 
conclusion is pertinent to Lewis' observation of invariant selectivity for 
methyl transfers. Ando and co-workers have also begun to use KIEs to 
investigate the effects of small amounts of water on the TS structure. In the 
preliminary study reported here, the effects of small amounts of water on H 
KIEs are measured for anion displacement on 2-octyl p-nitrobenzenesulfo-
nate in chlorobenzene. Little variation of the K I E is seen under wet and dry 
conditions, and the conclusion is drawn that TS changes resulting from 
hydration are nonexistent or not of a type that can be detected by the H K I E . 

One of the key goals of physical organic chemistry is to understand 
variation in reaction barriers resulting from reactant and solvent variation. In 
Chapter 8, Bernasconi uses his intriguing "principle of imperfect syn
chronization" to explain trends in intrinsic barriers resulting from substituent 
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6 N U C L E O P H I L I C I T Y 

and solvent effects. According to this theory, product-stabilizing factors that 
develop late increase the barrier while reactant-stabilizing factors that are 
lost late decrease the barrier; the converse holds for early development or 
loss. For example, evidence exists that resonance stabilization of carbanions 
is late in developing, and as predicted, an increase in the intrinsic barrier to 
carbanion formation is observed. This approach presents the exciting pos
sibility of using our well-developed concepts of resonance, solvation, steric, 
and electrostatic effects in combination with Marcus theory to predict 
changes in nucleophilic reactivity. 

Some Comments on Theory 

The symposium upon which this book is based included contributions from 
several leading theorists because of the obvious impact that theory (es
pecially molecular orbital theory) has had on the study of nucleophilic 
reactions. Pioneering contributions in this area have come from Klopman 
(10b) and Hudson (11), and Hudson has reviewed his work in Chapter 13. 
These theoretical works are especially pertinent to the studies introduced in 
the present section because most of the theoretical studies have been for the 
gas phase and reproduce many of the key features described here. Unfortu
nately, several of the theorists participating in the symposium were not able 
to contribute to this volume, so we provide here a brief introduction to the 
recent literature in this area. 

A number of groups have employed ab initio or semiempirical molecular 
orbital methods to compute energy surfaces of gas-phase S N2 reactions; 
references 12-14 contain extensive references to this literature. These cal
culations verify the double-well energy profile observed in the gas-phase 
experiments described in several of the preceding chapters, and these cal
culations provide insight into transition-state structure and the role of sol
vent. For example, Chandrasekhar and Jorgensen (14) have performed ab 
initio and Monte Carlo calculations on the simple identity reaction of chlo
ride ion with methyl chloride in the gas phase, in aqueous solution, and in 
dimethylformamide solution. Their results reproduce experimental data re
markably well and show that solvation can cause disappearance of the dou
ble-well potential profile. Shaik (6) and Pross (15) have published a series of 
papers on a novel application of valence bond theory (the configuration 
mixing model and the state correlation diagram model) to nucleophilic 
substitution reactions. This approach has permitted explanation of several 
poorly understood features of these reactions; in particular, the nature of the 
reaction barrier and the transition state has been clarified (14), the complex 
behavior of the RSP has been examined, and the concept that these polar 
reactions actually involve a single-electron shift has been forcefully pre
sented (see also the discussion of the chapter by Pross). 
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1. HARRIS AND MCMANUS Introduction to Nucleophilic Reactivity 7 

Br0nsted Equation, Hard-Soft Acid-Base (HSAB) Theory, and 
Factors Determining Nucleophilicity 

Quantitative study of nucleophilicity can be said to have begun with the work 
in 1924 of Br0nsted and Pederson (16), who noted a correlation of rates of 
nitramide decomposition by bases (B~) and strength (pK H B ) of the basic 
catalysts: 

log kB~ = p K H B + C 

This implied relationship between hydrogen basicity and hydrogen nu
cleophilicity (and its extended form involving other atomic centers) has been 
a major concern of physical organic chemists and is discussed in several of the 
chapters of this volume. 

A single-parameter L F E R for correlating nucleophilicity was presented 
by Swain and Scott in 1953 (17): 

log (k/k°) = sn 

where the nucleophilicity constants η are defined by the reaction rate of 
methyl bromide (s = 1) relative to that of water. This relationship implies 
that nucleophiles have the same relationship toward all reactive sites, but 
now ample evidence exists that this situation is not the case. The Br0nsted 
relationship exhibited a similar problem in that nucleophiles with different 
attacking atoms (e.g., oxygen, carbon, and nitrogen bases) gave separate 
correlations. Several workers had pointed out that nucleophiles with high 
polarizabilities were more nucleophilic than expected on the basis of their 
basicities (17, 18). In view of these difficulties, a single-parameter equation 
wil l not provide a correlation of all nucleophiles with all centers; the 
Br0nsted and Swain-Scott equations are, however, of much use nonetheless. 

In an attempt to avoid the limitations of the one-parameter equations, 
Edwards (19, 20) in 1954 added polarizability (as measured by the oxidation 
potential of oxidative dimerization of nucleophiles, E°) as a second parameter 
to get a modified Br0nsted equation: 

log (k/k0) = CLEx + β Η χ 

where k/k0 is the rate constant for the reaction of a substrate with a reagent X 
relative to that for reaction with water, and 

Hx = P K H X + 1.74 

£ x = £°(X 2) + 2.60 
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8 N U C L E O P H I L I C I T Y 

Use of this equation permitted correlation of a fair amount of data (5, 21, 22) 
and led Edwards and Pearson (22) to discover the much-discussed α effect 
(enhanced reactivity for nucleophiles having an unshared pair of electrons on 
the atom adjacent to the nucleophilic atom) as yet a third factor controlling 
nucleophilicity. Subsequently, Pearson et al. (5) compared Swain-Scott η 
values for methyl iodide and rrans-Pt(py) 2Cl 2 reacting with a diverse set of 
nucleophiles and found no relationship between the η values. Attempts to 
use the Edwards and related equations to correlate the results also failed, 
and the conclusion was made that present understanding was inadequate to 
permit quantitative prediction of rates for a wide variety of substrates. This 
pessimistic conclusion still holds, but work continues in the search for the 
key physiochemical properties controlling nucleophilic reactivity (23). 

Although Pearson et al. were pessimistic about quantitative prediction 
of nucleophilicity, "reasonable estimates" of nucleophilicity were quite possi
ble to make. Such a qualitative approach is epitomized by Pearson s principle 
of hard and soft acids and bases (24-26a). This approach sprang from the 
Edwards equation in the sense that nucleophiles could be classified as 
polarizable, "soft", or nonpolarizable, "hard"; α is large for soft nucleophiles 
and β is large for hard nucleophiles. Similarly, Pearson noted that elec-
trophiles or "acids" could be classified as responsive to soft nucleophiles 
(those exhibiting β values approaching unity) or responsive to hard nu
cleophiles (those exhibiting α values approaching unity). So the basic idea is 
that hard acids (electrophiles) prefer to bind to hard bases (nucleophiles) and 
soft acids prefer to bind to soft bases. The approach has proven to be 
extremely useful (see Chapter 15). 

In Chapter 9, Bordwell et al. examine the ability of the Br0nsted 
equation to predict S N 2 and E2 reactivity of carbon, sulfur, nitrogen, and 
oxygen nucleophiles in (CH 3 ) 2 SO. The main point of this work is that the 
Br0nsted relationship would not be expected to work in hydroxylic solvents 
because solvation of the nucleophile (showing leveling effects and varying 
with nucleophile size, charge, electron-pair derealization, nature of the 
donor atom, etc.) is too complex to permit design of a single correlating 
equation. Employing (CH 3 ) 2 SO as the solvent, Bordwell and co-workers find 
excellent fit to the Br0nsted equation for a large set of nucleophiles varying 
over 10 pK units (10 times the range in water); the different donor atom 
families do fit on separate correlations. Thus, under these circumstances, 
nucleophilicity depends only on two factors: basicity and sensitivity of the 
particular reaction to basicity (i.e., β). This observation constitutes one of the 
key advances in the study of nucleophilic reactivity and should be of im
mense use in determining those physiochemical factors affecting nu
cleophilicity. 

These workers also note that carbon nucleophiles are more reactive 
toward carbon (SN2) than toward hydrogen (E2). A calculation of carbon 
basicities places carbon on top of the thermodynamic order (C~ > N ~ , S~ > 
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1. HARRIS AND MCMANUS Introduction to Nucleophilic Reactivity 9 

O"), as it is with experimental hydrogen basicities; this finding suggests that 
the high solution reactivity of carbon nucleophiles toward carbon has a 
thermodynamic origin. The correlation between carbon and hydrogen 
basicity leads to the suggestion that this correlation is central to the operation 
of the Br0nsted equation. 

The Marcus equation is also examined in Chapter 9. As discussed 
previously regarding the Lewis chapter, the quadratic term of the Marcus 
equation leads to a dependency of rate on the square of pK f l, so that Br0nsted 
plots would be expected to be curved. Bordwell and co-workers observe 
curvature in some of their Br0nsted plots but conclude that the curvature is 
too large to be a Marcus effect and actually results from a solvation effect for 
some heteroatom substituents. These workers suggest that the curvature 
observed for Br0nsted plots in water results from differential solvation. 

Several workers have discussed the relationship between nucleophilicity 
and oxidation potential (see Chapters 3, 11, and 16). Bordwell and co-workers 
also examine this relationship and find a correlation that is described as "not 
precise". 

The role of solvation in promoting curvature in Br0nsted plots is also 
examined by Jencks in Chapter 10. Plots for reactions of alkoxide and 
phenoxide ions with esters and with C - H bonds are curved, with a decrease 
in β for the more basic alkoxide ions. Jencks contends that this curvature is 
caused by a difference in the nature of solvation for alkoxide and phenoxide 
(not by a difference in TSs). Alkoxide ions are said to have three waters of 
solvation, one of which must be removed for nucleophilic reaction. For the 
phenoxide, little solvation occurs initially, and nucleophilic attack can occur 
with little loss of solvation energy. In support of this position, Jencks looks at 
two more reactions. Amines reacting with phosphate esters show low or zero 
β despite clear-cut evidence that the displacement is a bimolecular, con
certed process; quinuclidines actually give a negative β for this reaction. 
Jencks explanation for this finding is that observed β is the sum for two 
processes, the first being nucleophilic attack with a large, positive β and the 
second being desolvation of the nucleophile with a negative β. The other 
supporting case comes from reaction of anionic nucleophiles with carbo-
cations (ArCH+CH 3 ) . Here, Jencks finds slow rates for oxygen nucleophiles, 
which is consistent with the importance of desolvation for these strong bases. 

One of the most intriguing reactions of nucleophiles is the simple (on 
paper) combination of cations and nucleophiles. In Chapter 11, Ritchie 
continues his study of rates and equilibria for these electrophile-nucleophile 
combination (ENC) reactions. Ritchie s determination of rates and equilibria 
for a wide range of nucleophilic reactions (particularly E N C reactions) has 
provided a fundamental set of data for evaluating key concepts of physical 
organic chemistry in general and of nucleophilicity in particular. The present 
work examines a correlation, observed previously (see also Chapters 3, 9, and 
16), between one-electron oxidation potential and nucleophilicity. Here the 
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10 N U C L E O P H I L I C I T Y 

data set is expanded to include hydrazine in water and some other nu
cleophiles in (CH 3 ) 2 SO, and a correlation is not observed. Many points fit for 
water, but not all, and all (CH 3 ) 2 SO points are off the correlation line. No 
explanation for this result is apparent, and Ritchie concludes that as yet no 
firm grip exists on the physiochemical characteristics of a nucleophile that 
determine its reactivity. 

A major contribution of Ritchie's has been his observation that a large 
number of nucleophiles show a constant selectivity toward a variety of 
electrophiles. In L F E R terms, the reactivity of the nucleophile can be given 
by a single parameter with no selectivity coefficient (such as Br0nsted β or 
Swain-Scott s) (26b): 

log (k/k0) = N+ 

In Chapter 12, Hoz examines the idea that two kinds of substrates occur in 
nucleophilic reactions: those that fit the Ritchie equation and those that do 
not but fit the Swain-Scott equation. Hoz contends that the distinction 
between these two types of substrates is that the Ritchie types all have a low-
energy lowest occupied molecular orbital (LUMO), which is usually a ττ* 
orbital, while the Swain-Scott types are typically S N2 substrates where the 
L U Μ Ο is of high energy and is usually a σ* orbital. Typical substrates fitting 
the Ritchie equation are E N C reactions of cations, carbonyls, and activated 
C = C , and Ritchie pointed out that the distinction between the two sub
strate types may simply be the presence or absence of a leaving group. Hoz, 
however, notes that he has found an E N C reaction that requires a selectivity 
parameter and a substitution reaction that gives the N+ order of nu
cleophilicity. Hoz extends the low L U M O - h i g h L U Μ Ο distinction by pro
posing that the l o w -LU M O substrates proceed through a "diradicaloid" TS 
(an argument similar to that of Pross, Chapter 23) while the h igh-LUMO 
substrates, being solvolyses, typically proceed through rate-determining ion-
pair interconversion (in other words, these substrates are not diradicaloid). 

The usefulness of the diradicaloid concept is further illustrated in Chap
ter 12 by application to two long-standing problems in nucleophilicity: (1) 
correlations of ionization potential and nucleophilicity (see also Chapter 11); 
and (2) the α effect (the familiar orbital-splitting argument is given a new 
twist). 

Most of the chapters of the present volume consider equations designed 
to predict nucleophilicity. In Chapter 13, Hudson presents a derivation of a 
general, semiempirical equation relating nucleophilic reactivity to four pa
rameters: solvation energy, electron affinity of the nucleophile, dissociation 
energy of the bond formed, and extent of bond formation in the TS. A test of 
validity of the equation, and illustration of its breadth, is that the equation 
reduces to the Br0nsted and Swain-Scott equations under limiting condi
tions. Explanation of the α effect has long been a concern of Hudson's, and 
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1. HARRIS AND MCMANUS Introduction to Nucleophilic Reactivity 11 

he continues this investigation in this chapter, concentrating on three points. 
First, he notes that a scheme for a TS effect must not produce a correspond
ing reactant (pKe) effect. As illustration, Hudson notes that his orbital split
ting explanation (i.e., two filled orbitals, for the nucleophilic electron pair 
and the adjacent electron pair, split into filled orbitals of higher and lower 
energy) will not explain the α effect because both the TS and the reactant are 
increased in energy. Second, he presents an argument for a proportionality 
between the magnitude of the α effect and the extent of bond formation in 
the TS as given by the Br0nsted β, and he gives experimental evidence that 
the α effect is maximum at β = 1. Finally, he concludes on the basis of a 
molecular orbital analysis that the α effect results from abnormally high 
affinity of non-α nucleophiles for hydrogen and consequent relatively high 
affinity (based on pK e ) of α nucleophiles for carbon. 

In Chapter 14, Menger explores the consequences of his proposal that 
nucleophile and electrophile must be within a "critical distance" for reaction 
to occur. The focus here is on intramolecular and enzymatic reactions, both of 
which constitute major areas of the unexplained; in fact, Menger claims that 
the large set of known intramolecular-intermolecular rate ratios constitutes 
"the largest and most variant body of unexplained data in physical organic 
chemistry." Certain intramolecular and enzymatic reactions are said to be 
fast because a carbon framework or a protein structure enforces residency at a 
critical distance. This apparently simple proposal is shown to be quite 
powerful by predicting reactivity of a large number of cases and explaining 
aspects of the role of solvent. Interestingly, the dogma that entropy can 
account for large intramolecular-intermolecular rate ratios is disputed. 

The Η SAB theory of Pearson has been one of the key organizing 
concepts in the study of nucleophiles. This theory is applied and examined in 
Chapters 15 and 16. In Chapter 15, Fuji applies the HSAB principles to 
design nucleophilic reagents for cleaving C - X bonds. Fuji notes that all 
bonds are made of a combination of Lewis acid and Lewis base and have 
hard-soft dissymmetry; for the typical C - X bond, the carbon is a soft acid 
and the X is a hard base. Thus, in accord with the HSAB principles, a soft 
base (the nucleophile) and a hard acid are required to cleave this bond 
selectively. Applying these ideas, Fuji then shows the utility of several soft 
base-hard acid reagents for cleaving various C - X bonds in complex mole
cules. 

Transition metal complexes are often very good nucleophiles and qualify 
as being supersoft under Pearson s HSAB classification; for example, reaction 
with soft methyl iodide can be as much as 3 Χ 105 times faster than the 
reaction with hard methyl tosylate. Because soft nucleophiles are those with 
large α values in the Edwards equation, that rates for the transition metal 
nucleophiles are effectively correlated with oxidation potentials is not sur
prising. In the last chapter in this section, Chapter 16, Pearson uses recently 
obtained values of pKa for transition metal complexes to test the full Edwards 
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12 N U C L E O P H I L I C I T Y 

equation for these nucleophiles. Interestingly, the rates are also correlated 
by pKa alone. Thus, the two parameters of the Edwards equation are not 
independent for transition metal nucleophiles. Pearson then explores this 
question for other nucleophiles and finds this same interdependence be
tween oxidation potential and basicity for second-row nucleophiles (C, N , O, 
or F as donor atoms). However, for heavy nonmetal nucleophiles, the inter
dependence is broken, and at least two parameters are needed to achieve 
correlation. Pearson suggests that this second parameter may be the homo-
lytic bond energy rather than the usual oxidation potential. 

LFER for Solvent Nucleophilicity 

Solvent effects on nucleophilic substitution reactions have long been of 
interest (28b), and L F E R s have been a major tool in studying these effects. 
Probably the best known such L F E R is that of Grunwald and Winstein (29): 

where k is the rate in some solvent, k0 is the rate in 80% aqueous ethanol, m 
is the substrate response to a change in solvent "ionizing power" Y, and Y is 
determined from solvolysis of tert-butyl chloride for which m is defined as 
unity. tert-Butyl chloride was chosen as a model because it was thought to be 
a model SN1 substrate, reacting without any nucleophilic solvent assistance 
(for a discussion of this assumption, see Chapters 17-19). S N2 substrates, 
reacting with significant nucleophilic involvement, proceed through a TS in 
which more dispersal of charge occurs than in an SN1 TS. Consequently, S N2 
substrates give Grunwald-Winstein plots with slopes (m values) of less than 
1. Thus, the m value provides a qualitative measure of the extent of nu
cleophilic involvement (30, 31). 

Swain et al. (32) were the first (1955) to use an L F E R to quantify solvent 
nucleophilicity. Their approach was to extend the Grunwald-Winstein equa
tion to include a second term for solvent nucleophilicity. 

The c coefficients measure the substrate response to nucleophilicity, dx, and 
electrophilicity, d2. Again, 80% aqueous ethanol was chosen as the standard 
solvent, and a set of c values was chosen in accord with supposed mechanistic 
behavior of model substrates: cx = 3c 2 for methyl bromide, cl = c2 for tert-
butyl chloride, and 3cj = c2 for ( C 6 H 5 ) 3 C F . This approach was largely 
unsuccessful, probably in large part because terf-butyl chloride is assumed 
to be equally sensitive to nucleophilicity and ionizing power (29). The 
equation predicts, for example, that tertiary, benzhydryl, and bridgehead 
substrates are more sensitive to solvent nucleophilicity than typical primary 
and secondary S N 2 substrates (31). 

log (k/k0) = mY (2) 

log (k/k0) = Cj dY + c2d2 (3) 
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1. HARRIS AND McMANUS Introduction to Nucleophilic Reactivity 13 

This basic approach was reexamined by Peterson et al. (33) and Bentley 
et al. (34), using refined mechanistic information to define more appropriate 
model compounds. According to the Bentley et al. equation 

where 80% ethanol is the standard solvent and I and m measure substrate 
response to solvent nucleophilicity Ν and solvent ionizing power Y. The 
solvent parameters are defined by setting m = 1 and I = 0 for 2-adamantyl 
tosylate (or a 1-adamantyl derivative) and / = 1 and m = 0.3 for methyl 
tosylate. Peterson et al. (33) used tetramethylenechloronium or iodonium 
salts reacting with nucleophiles (anionic or neutral) in water or sulfur dioxide 
to measure nucleophilicities. Also, they altered the model assumptions for 
the Swain et al. equation and derived more reasonable results from this 
extensive data set; a comparison of Swain-Scott, Peterson et al., Bentley et 
al., and Swain-Mosely-Bown nucleophilicity parameters is given in this 
work (33). Work with equation 4 has been extremely valuable in analyzing 
important phenomena such as substrate sensitivity to nucleophilicity. The 
contributions in this section continue this discussion. 

Of course, the study of medium effects is one of the major concerns of 
chemistry, and an extensive review (35) of the subject would be inappropriate 
here. However, two recent contributions are particularly pertinent to the 
foregoing discussion of solvent nucleophilicity; these contributions are the 
work of Swain et al. (36) and the work of Tait et al. (37). In these studies, the 
goal is to correlate all available medium-dependent phenomena, not just 
nucleophilic reactions, with a single L F E R ; parameters that may be related 
to solvent nucleophilicities are produced. 

Swain et al. (36) have recently presented a new L F E R , which super
ficially resembles equations 3 and 4, for evaluating medium effects: 

tion i and solvent j; a and b are reaction or substrate sensitivities to solvent 
change; A is "anion-solvating tendency" or "acity" of the solvent, and Β is 
"cation-solvating tendency" or "basity" of the solvent. So that A and Β could 
be evaluated, data for 77 phenomena in 61 solvents were subjected to 
regression analysis. These 77 phenomena include reaction rates; equilibria; 
and N M R , IR, ESR, and electronic spectra. Many fascinating and controver
sial conclusions are drawn in this work. For example, both tert-butyl chloride 
and 2-adamantyl tosylate solvolyses are said to involve significant nu
cleophilic solvent assistance that is in fact greater than that received by 
methyl bromide solvolysis! Obviously, this work has generated much heated 
discussion (38-41). 

log (k/k0) = IN + mY (4) 
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14 N U C L E O P H I L I C I T Y 

Several solvent properties could be included in an L F E R for medium 
effects (31). However, the general approach, as shown previously, has been to 
restrict treatment to two parameters, either because of the difficulty in 
assessing the significance of the additional parameters (31) or, as in the Swain 
work (36), because it is believed that only two parameters are required. 
Certainly, additional parameters will give better fit to experimental data, but 
can this improved fit be attributed to a physical dependence on the new 
parameter or simply to an additional degree of adjustment? In a series of 
recent papers, Taft et al. (37) have adopted the approach of including as 
parameters in an L F E R all those solvent characteristics for which evidence of 
involvement in medium effects exists; they reasoned that modern computa
tional methods will permit statistical evaluation of parameter significance. At 
present, the equation in use for kinetic phenomena has four parameters: 

log (k/k0) = aa + &β + 57Γ* + <%/100 (6) 

where α is solvent hydrogen bond donor ability (or electrophilicity), β is 
solvent hydrogen bond acceptor ability (or nucleophilicity), IT* is solvent 
dipolarity-polarizability, and hH is the Hildebrand solubility parameter, 
which is thought to provide a measure of the energy required to make a 
cavity in a solvent for a molecule or TS. The approach is referred to as the 
solvatochromic method because all the parameters except bH were initially 
evaluated from solvent effects on U V - v i s i b l e absorptions. The solv
atochromic equation has been used to correlate a number of processes 
ranging from chromatographic retention times to rates of Menshutkin reac
tions. This method, and those discussed previously, are considered in the 
following chapters of this section. 

In Chapter 17, Harris et al. apply the solvatochromic method of Taft et 
al. to solvolyses. The goal of this work is to determine if solvent elec
trophilicity (as expressed by a) is an important variable in solvolyses even 
when the leaving group is unchanged. One reason this question is important 
is that many methods for assessing nucleophilic solvent assistance assume 
that electrophilic solvent assistance does not vary with the substrate as long 
as the leaving group is the same. Therefore, any rate difference between 
some substrate and a model is assumed to be the result of variation in 
nucleophilic solvent assistance; obviously, if electrophilic solvent assistance 
is varying, these methods are flawed. In this work, a values (sensitivities to 
solvent electrophilicity) are measured, and electrophilic solvent assistance is 
determined to be substrate-dependent. Statistically significant correlations 
with equation 6 were found, and the conclusion was made that the Taft et al. 
approach is justified i f large amounts of data are available. 

In Chapter 18, Bentley reviews development of scales of solvent nu
cleophilicity and applies the Bentley-Schleyer equation to determine Ν and 
Y values for sulfuric acid. Also, Bentley examines here the validity of the Taft 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
7 

| d
oi

: 1
0.

10
21

/b
a-

19
87

-0
21

5.
ch

00
1

In Nucleophilicity; Harris, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1987. 



1. HARRIS AND McMANUS Introduction to Nucleophilic Reactivity 15 

et al. assumption (Chapter 17) that solvent ionizing power (as defined by 
Bentley et al.) contains contributions from electrophilicity (i.e., solvent 
hydrogen bond donor ability a) and ionizing power (i.e., solvent di-
polarity-polarizability IT*) that are not covariant; in other words, Bentley 
does not question the importance of these solvent properties, but rather 
questions whether or not an increase in one property is accompanied by an 
increase in the other property. An experimental test of this question is 
provided by plotting a series of Y values for different leaving groups against 
each other. Linear plots are found, even for solvents having large α values. 
Bentley contends that if Y included noncovariant electrophilicity and ioniz
ing power, then nonlinear plots should have been observed. Bentley also 
criticizes the assumption of Harris et al. (in Chapter 17) that β values provide 
a measure of solvent nucleophilicity; Bentley notes that trifluoroethanol and 
hexafluoroisopropyl alcohol always give different Ν values, yet the β values 
for both are zero. 

In Chapter 19, Kevill et al. describe their work evaluating solvent 
parameters by replacing the usual alkyl halides and arenesulfonates with 
sulfonium salts [such as 1-Ad-S(CH 3 ) 2

+ ] . Solvolyses with neutral leaving 
groups have the advantage that the effects of solvent ionizing power and 
solvent electrophilicity (as defined in Chapter 17) are small so that other 
effects, such as those from solvent nucleophilicity, are more readily revealed; 
for example, the rate for the 1-adamantyl sulfonium salt, for which no 
sensitivity to nucleophilicity occurs, varies only by a factor of 7 for a wide 
range of solvents that would have produced a variation of thousands for an 
anionic leaving group. 

Kevill and co-workers first address the much-debated issue of nu
cleophilic involvement in solvolysis of tert-butyl derivatives. Interestingly, 
the tert-butyl sulfonium salt shows more rate variation with solvent changes 
than does the 1-adamantyl salt. In particular, the tert-butyl salt shows a rate 
increase in aqueous T F E s (where both Y and Ν increase) that is not found for 
1-adamantyl. Because a variation in Y cannot explain the result, Kevill argues 
that the tert-buty\ derivative is receiving nucleophilic solvent assistance. On 
the basis of the available evidence, Harris et al. (Chapter 17) propose that 
tert-butyl chloride is inaccurately indicated by some probes to receive nu
cleophilic solvent assistance because the model system (1-adamantyl chlo
ride) has a different susceptibility to solvent electrophilicity. Kevill and co
workers disagree with this proposal, noting that essentially the same tert-
butyl to 1-adamantyl rate ratio is found for the chlorides and the sulfonium 
salts; if solvent electrophilicity were important in one case but not the other, 
then the rate ratio should vary. 

In the final section of Chapter 19, Kevill and co-workers use reactions of 
sulfonium and oxonium salts with both neutral and anionic nucleophiles to 
derive a scale of nucleophilicities that can be compared with other scales 
such as the Swain-Scott scale. 
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16 N U C L E O P H I L I C I T Y 

In Chapter 20, Fàrca§iu derives a novel measure of solvent nu
cleophilicities. First, protonation equilibria of benzene derivatives are used 
to measure acidity of a set of acids. Then, by measurement of the effect of 
weakly basic solvents (such as trifluoroacetic acid) on these equilibria, 
basicities of the solvents are calculated. Interestingly, these solvent basicities 
compare quite well with the solvent nucleophilicities calculated by Peterson 
(discussed previously). Fàrca§iu also considers the anion-solvating ability of 
hydrogen-bonding solvents and concludes, in agreement with Chapter 17 
and in disagreement with Chapters 18 and 19, that solvent electrophilicity 
must be considered as a separate variable. 

In Peterson et al. s 1977 work (32), they showed that the early equation 
of Swain et al. (31), equation 3, could be recast in terms comparable to those 
of the Ν-Ύ equation, equation 4. In Chapter 21, Peterson applies similar 
techniques to show that the A and Β values of the recent Swain L F E R , 
equation 5, can also be converted to Ν and Y values. Some interesting 
conclusions result from this investigation. By use of the Swain data, the 
advantages of the statistical approach are extended to the more narrowly 
defined Ν and Y values. A major criticism of the Swain approach is that most 
of the A and Β parameters appear, from this work, to be artifacts that arise 
from the extraction of two parameters from data sets that need only one 
solvent parameter for correlation; for most solvents, the A and Β values are 
proportional. Only for hydroxylic and amine solvents are the A and Β 
parameters shown to be meaningful. Peterson concludes that the A-B values 
represent two independent sets of data, one set that can be converted into Ν 
and Y, and another set that appears to be meaningless. For Swain s rebuttal 
to related arguments, see reference 40a. 

In a study as complex as that of the origins of nucleophilic reactivity, 
well-understood reactions with which to test theories are critical. One of the 
most important and most studied of these model reactions is the solvolysis 
reaction of alkyl halides and esters. Although fewer researchers are continu
ing investigation of this reaction than in its heyday of the 1950s and 1960s, 
novel contributions of general significance to physical organic chemistry 
continue to be made; a particularly important example is the recent work of 
Richard et al. (40b) on solvolysis of 1-phenylethyl derivatives, in which 
improved understanding is gained of how and why reactions change mecha
nism. In Chapter 22, Allen et al. describe their work on kinetic and ster
eochemical studies of solvolysis of 1-arylethyl tosylates having electron-
withdrawing substituents on the 2-carbon or the aryl ring. This system was 
chosen because it is in the borderline region (between SN1 and SN2) and thus 
presents the possibility of gaining insight into the manner in which the 
mechanistic transition is made and into the possibility of the SN2-intermedi-
ate mechanism in which a pentavalent intermediate is formed. An impressive 
variation in stereochemistry is found for the trifluoromethyl derivatives, all 
the way from inversion in nucleophilic solvents to racemization and even 
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1. HARRIS AND MCMANUS Introduction to Nucleophilic Reactivity 17 

retention in less nucleophilic fluorinated solvents. These workers conclude 
that the rate-determining step is nucleophilic attack on tight ion pair, and 
they find no evidence for the much-discussed pentavalent intermediate. 

Complex Nucleophilic Reactions 

In the discussion thus far, an attempt has been made to understand nu
cleophilicity by use of relatively well understood model reactions (e.g., 
methyl transfer) or by use of reaction conditions that reduce the number of 
variables affecting nucleophilicity (e.g., gas-phase reactions or reactions in 
nonhydroxylic solvents). In this section, we survey a group of chapters 
describing work with systems that could be described as being more "com
plex" than the preceding ones, not in the sense that the preceding studies 
are not at times dauntingly complex, but in the sense that the present studies 
deal with nucleophilic reactions that have never been observed before or that 
have an added element of complexity such as involvement of free radicals. 
Ultimately, supposedly, our theories should be powerful enough to permit 
prediction, before the fact, of properties of such complex systems. This group 
of authors is exploring new frontiers where these second-generation tests can 
be made. 

Polar nucleophilic reactions, such as those we have been discussing so 
far, often compete with an alternative single-electron-transfer mechanism. 
This competition is discussed in Chapters 23 and 24 (see also Chapter 12). In 
Chapter 23, Pross examines the matter from a theoretical point of view. First, 
he argues that the polar mechanism does not involve the transfer of a pair of 
electrons as generally assumed, but rather involves the synchronous "shift" 
of a single electron from nucleophile to leaving group and a pairing of 
electrons between nucleophile and reactive carbon. The essential difference 
between the polar reaction (and its single-electron "shift") and a single-
electron-transfer mechanism is said not to be the number of electrons shifted 
(one in both cases), but rather that the former process results in a pair of 
coupled electrons while the latter process gives a radical; note that the words 
shift and transfer are used differently. Pross then uses these ideas to examine 
the competition between the two reaction types by considering those factors 
that will favor or inhibit coupling of the two odd electrons after the single-
electron shift. Also, the observed resistance of cation radicals to nucleophilic 
attack is explained. 

In Chapter 24, Paradisi and Scorrano present their results on the effect 
of reaction conditions on the competition between nucleophilic substitution 
and single electron transfer for reaction of alkoxides with p-nitro-
chlorobenzene. The substitution pathway is favored by excluding oxygen and 
by adding a crown ether. The authors suggest that the crown enhances 
reactivity of the alkoxide by removing ion association and giving a free 
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18 N U C L E O P H I L I C I T Y 

alkoxide. Interestingly, alkoxide reactivity follows the order of basicity when 
crown is present, but not when crown is absent. Single-electron transfer is 
favored by ion association, and thus the best yields are found in the absence 
of crown ether. Oxygen also disfavors this pathway, apparently by trapping 
the anion radical of the benzene reactant. 

In Chapter 25, Russell and Khanna examine a novel class of nucleophilic 
reactions, reaction with radicals. The specific reaction is that of unsaturated 
anions (e.g., R 2 C — C O ~ C 6 H 5 ) with radicals to give relatively stable anion 
radicals. Rates are obtained for the reactions, and some novel substituent 
effects are observed. The reactions of electron-rich ( C H 3 ) 3 C are especially 
interesting in that here the more basic nucleophiles are actually the slower to 
react. On the other hand, more "normal" nucleophilic behavior is seen for 
electron-deficient radicals (such as C 6 H 5 C O C H 2 ' ) , where an increase in 
basicity of the anion leads to an increase in rate. 

Phenoxide and aniline have long been included in the standard lists of 
nucleophiles. In Chapter 26, Buncel et al. show that these familiar reagents 
can behave in some unfamiliar ways when combined with highly elec
trophilic nitroaromatics (such as 4,6-dinitrobenzofuroxan) that yield excep
tionally stable σ complexes upon nucleophile-electrophile combination. 
Under these conditions, the nucleophiles become subject to attack at ring 
carbon as well as at the more usual nitrogen or oxygen. Interestingly, 
adherence to the RSP is observed. This finding is somewhat surprising 
because these reactions appear to be much like those of Ritchie's (26b) in 
which an absence of selectivity variation with reactivity occurs. 

In Chapter 27, King et al. present their work on determining reaction 
mechanisms for reaction of nucleophiles with sulfonyl chlorides. Many of the 
same phenomena observed for the more familiar nucleophilic attack at 
carbon are seen. Evidence is presented for pentavalent intermediates, direct 
displacement, elimination-addition (through sulfenes, C = S0 2 ), neighbor
ing-group participation (through a β-sultone), and return processes. 

The final chapter of this section is by Rappoport and is concerned with 
nucleophilic reactions at vinylic carbon. Two reaction types are considered, 
those of neutral vinyl derivatives and those of vinyl cations. Correlation of 
rates for these reactions with both Ritchie and Swain-Scott equations was 
attempted without success. Rappoport concludes that these reactions are 
subject to a complex blend of polar, steric, and symbiotic effects and that "a 
quantitative nucleophilicity scale toward vinylic carbon cannot be con
structed". This conclusion is reminiscent of the earlier observation of Pear
son (see the introduction to the section on the Br0nsted equation) and the 
later observation of Ritchie (Chapter 11) regarding the difficulty of correlat
ing nucleophilic reactivity with a single equation. Rappoport finds another 
familiar situation when he explores the relationship between reactivity and 
selectivity for the vinyl substrates; sometimes the RSP is obeyed and some
times it is not. 
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1. HARRIS AND MCMANUS Introduction to Nucleophilic Reactivity 19 

Enhancement of Nucleophilicity 

Recent years have seen impressive advances in the techniques of enhancing 
nucleophilic reactivity by use of host-guest complexes, phase-transfer cata
lysis, micelles, microemulsions, and related phenomena (42-45). An intro
duction to aspects of this work is provided in the final three chapters of this 
volume. 

In Chapter 29, Bunton presents a brief review of micellar effects on 
nucleophilicity, and he describes recent work of his own in this area. A major 
contribution of Bunton s has been his development of a quantitative model 
for calculating nucleophile concentration in the pseudophase of the micelle; 
thus, calculation of rate constants in the micelle is possible. Using this 
model, Bunton finds that the reaction rates in micelles are very similar to 
those in water. Thus, micellar accelerations result from reactant concentra
tion. Bunton notes that this conclusion also applies to microemulsions, 
vesicles, and inverse micelles. A second important contribution of this 
chapter is a summary of the large amount of experimental work on the 
contrasting effects of cationic and anionic micelles on reactions of anionic and 
neutral nucleophiles and on hydrolyses. 

Workers in the field of phase-transfer catalysis have spent a great deal of 
effort elucidating the relationship between relative sizes of crown cavity and 
nucleophile and the strength of binding in the complex. This relationship is 
placed on much firmer ground by Gokels use of stability constants to 
measure complex stability. In Chapter 30, Gokel et al. review this work and 
show how it has revealed that much of previous theory about hole-size 
relationships is incorrect. Also, the fascinating ability of crown "arms" (such 
as in "lariat ethers") to augment cation binding is reviewed. 

The goal of much activity in synthesis of host-guest complexes is to 
mimic the selectivity and catalytic activity of enzymes. In Chapter 31, 
Schneider et al. examine the use of intramolecular inclusion complexes for 
catalysis of nucleophilic displacement reactions. The main emphasis here is 
on macrocyclic ammonium ions as hosts. 
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Intrinsic Nucleophilicity 

John I. Brauman, James A. Dodd, and Chau-Chung Han 

Department of Chemistry, Stanford University, Stanford, CA 94305 

Nucleophilic displacement reactions of anions with neutral alkyl 
halides were studied in the gas phase by using mass spectrometric 
techniques. Analysis of the rates of the reactions leads to a model of 
the potential surface, which has a double minimum. The energetics 
associated with the surface can be obtained and with the use of 
Marcus theory leads to an estimate of the energy of the self-exchange 
reaction, Y- + CH3Y —> CH3Y + Y-. The energies for self-exchange 
are suggested as a measure of the intrinsic nucleophilicity of Y-. The 
relationship of proton affinity and methyl cation affinity (carbon 
basicity) is analyzed. 

1SIUCLEOPHILIC D I S P L A C E M E N T R E A C T I O N S occupy a unique place in 
organic chemistry. These reactions are among the most studied and have 
played a critical role in numerous models of reaction chemistry such as steric 
effects, polar effects, solvent effects, and structure-reactivity correlations. 
Nucleophilic displacement reactions have been prominent in the develop
ment of paradigms for studying stereochemistry as well. In some sense, the 
nucleophilic displacement reaction is also among the best understood of 
chemical reactions, and this reaction occupies a critical place in the pedagogy 
of elementary organic chemistry. Nevertheless, the area still has major 
conceptual problems associated with it, as evidenced by the papers pre
sented in the symposium upon which this book is based. 

In fact, why some reactions are fast and others slow is often difficult to 
explain in simple terms, and prediction of the rates of reactions is essentially 
impossible without either an elaborate quantum calculation or the use of a 
complex set of empirical parameters. Our work in studying simple S N2 
reactions in the gas phase has been aimed at developing a view of these 
reactions that can be understood in relatively elementary terms. By remov
ing the effects of solvation, we hope to discern the important factors involved 
in determining reaction rates. Although our efforts are far from complete, we 
believe that the reactions can now be understood, at least in the first 
approximation (1-8). 

0065-2393/87/0215-0023$06.00/0 
© 1987 American Chemical Society 
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24 N U C L E O P H I L I C I T Y 

Analysis of Gas-Phase Dynamics 

Ionic reactions in the gas phase are usually carried out in mass spec
trometers, often at rather low pressures, for example, 10" 5 torr. Under these 
circumstances, reactive complexes that may be formed do not undergo 
collisions prior to decomposition. Thus, their energy distributions are not 
Boltzmann, and the reactions cannot be treated in terms of the Arrhenius 
equation. We have discussed this problem previously (9,10), and appropriate 
recipes are well documented (11, 12). 

Our kinetic studies were carried out at low pressure in an ion cyclotron 
resonance spectrometer. In general, the results obtained are reproducible 
and in reasonably good agreement with results obtained in other laboratories 
using different experimental techniques (13,14). In some cases, the numbers 
differ modestly (the origin of these differences is not known), but the conclu
sions drawn from the results are not at all dependent on these differences. 

A model of the potential surface is needed to understand why an S N2 
reaction is slow. The double minimum surface shown in Figure 1 can accom
modate the experimental results for this system (1-7). Although the central 
barrier is at a lower energy than that of the reactants, the reaction proceeds 
slowly because the transition state associated with the central barrier is 
"tight" and the sum of states associated with it is smaller than that associated 
with the "loose" transition state for decomposition back to reactants. The rate 
constant for the reaction is given by the rate constant for formation of the 
complex multiplied by the fraction of complexes that go on to products. This 
branching fraction is the ratio of the forward step over the sum of the forward 
and back steps and can be related to the efficiency, which is the reaction rate 
divided by the collision rate. 

Using Rice-Ramsperger-Kassel-Marcus (RRKM) theory (11, 12), we 
can model the rates of these reactions as a function of the energy difference 
separating the two transition states. The result of the analysis is an estimate 

Figure 1. Double-minimum potential surface. ΔΕ*, ΔΕ°Γχη, and ΔΕ° are the 
energies of activation, overall reaction, and well-to-well reaction, 

respectively. ΔΕ° Γ χ η and ΔΕ° are often set equal to each other for purposes 
of simplicity. 

A E r x r I 
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2. BRAUMAN ET AL. Intrinsic Nucleophilicity 25 

of the energy of the transition state. The procedure is analogous to estimating 
an activation energy for a high-pressure reaction by measuring the rate 
constant and estimating the A factor. The only difference in the low-pressure 
case is that the energy distribution function is that of a chemically activated 
complex rather than a Boltzmann distribution. Our analysis requires the 
frequencies and moments of inertia of the transition states; published work 
(1-3) details the choice and rationale for choosing these parameters. How
ever, the analysis is rather insensitive to the choice of the parameters. 

If the energy of the transition state is known, the activation energy from 
the well to the transition state can be determined if the well depth is known. 
In many cases, the equilibrium has been measured; in others, the well depth 
can be estimated fairly accurately. The rate of the reaction is not dependent 
on the well depth, so that the depth cannot be determined by studying the 
kinetics at low pressure. The well depth determines the lifetime of the 
complex, but this depth does not affect the reaction efficiency. 

Marcus Theory 

Many reactions exhibit effects of thermodynamics on reaction rates. Embod
ied in the Bell-Evans-Polanyi principle and extended and modified by 
many critical chemists in a variety of interesting ways, the idea can be 
expressed quantitatively in its simplest form as the Marcus theory (15-18). 
Murdoch (19) showed some time ago how the Marcus equation can be 
derived from simple concepts based on the Hammond-Leffler postulate 
(20-22). Further, in this context, the equation is expected to be applicable to 
a wide range of reactions rather than only the electron-transfer processes for 
which it was originally developed and is generally used. Other more elabo
rate theories may be more correct (for instance, in terms of the physical 
aspects of the assumptions involving continuity). For the present, our discus
sion is in terms of Marcus theory, in part because of its simplicity and clear 
presentation of concepts and in part because our data are not sufficiently 
reliable to choose anything else. We do have sufficient data to show that 
Marcus theory cannot explain all of the results, but we view these deviations 
as fairly minor. 

The essence of the Marcus theory is that a reaction can be thought of as 
having an "intrinsic" activation energy, ΔΕ 0 *, which is the barrier that it 
would have in the absence of any thermodynamic driving force. The actual 
activation energy, ΔΕ*, is given by equations l a and lb . The derivative with 
respect to ΔΕ°, the well-to-well energy change, gives the slope of a linear 
free energy plot, for example, a Br0nsted plot. 

ΔΕ* = (ΔΕ°) 2/16ΔΕ 0* + ΔΕ 0 * + 1/2ΔΕ° (la) 

άΔΕ*/άΔΕ° = α = ΔΕ°Ι8ΔΕ0* + 1/2 (lb) 
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Inspection of equations l a and l b shows that ΔΕ 0 * can be derived for 
any reaction if ΔΕ* and ΔΕ° are known. One uniquely interesting aspect of 
the intrinsic activation energy is that it is equal for the forward and back 
directions. Thus, ΔΕ 0 * for X " + C H 3 Y is identical with ΔΕ 0 * for Y " + 
C H 3 X . Immediately, the distinction between nucleophile and leaving group 
in nucleophilic displacement reactions is removed. This consequence of the 
theory is one of the most powerful and useful. 

A further assumption usually made in applying Marcus theory is that 
the intrinsic barrier for a cross-reaction is the mean of those for the two 
identity reactions. ΔΕ 0 * can therefore be calculated for an identity reaction if 
its value is known for a particular cross-reaction and the other identity 
reaction. 

ΔΕ* was determined experimentally for a number of reactions, and 
when the values of ΔΕ° for these reactions are used, values of ΔΕ 0 * can be 
derived from them. With the estimate of ΔΕ* = Δ £ 0 * for the reaction of CI" 
+ CH3CI, values of ΔΕ 0 * were derived for a number of identity reactions 
(intrinsic nucleophilicities [Y~, ΔΕ 0*(Υ" + C H 3 Y ) (kcal/mol)]: CI, 10; C H 3 S , 
24; F, 26; RO, 28; C N , 35; H C C , 41). In general, these values cannot be 
measured directly, because the reactions are too slow. Nevertheless, given 
the assumptions of the theory, these values represent the best estimate of 
what the activation energy would be. (The same issue arises in solution as 
well; a number of reactions cannot be studied simply because their activation 
energies are too high.) 

We called ΔΕ 0 * for the identity reactions a measure of the intrinsic 
nucleophilicity of the reagent Y " toward methyl centers. This definition has 
the advantage, as stated previously, of removing the distinction between 
entering group and leaving group. Moreover, only one number exists for each 
nucleophile (in contrast to other schemes), and within the assumptions of the 
Marcus theory, the set allows us to predict the intrinsic barriers for all 
combinations of entering and leaving groups. Finally, if the exothermicity of 
a given reaction is known, its overall rate constant can be predicted. 

Our predictions were tested within the limited set of data available. In 
fact, most displacement reactions do not go at measurable rates, so we were 
forced to use the reactions that do go at measurable rates to derive our values 
of ΔΕ 0 *. We can predict, however, that a number of very exothermic reac
tions should not occur at measurable rates, and indeed, a number of reac
tions do not. A list of reactions that are too slow to be measured is given in 
Table I. 

Some quite interesting conclusions can be drawn from these values. The 
major conclusion is that many ions that are usually thought to be "good" 
nucleophiles are poor by this definition. For example, RO~ reacts readily 
because its reactions are usually very exothermic (especially with CH 3 Br) . As 
in solution, R O " cannot undergo reversible displacement in the gas phase. 
Thus, the inertness of ethers to displacement reactions is a consequence of 
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2. B R A U M A N E T A L . Intrinsic Nucleophilicity 27 

Table I. Predicted Slow Reactions 

Reaction ΔΗ° (kcal/mol) Ref 

D - + C H 4 • H - + C H 3 D 0 31 
CD3O- + CH3OCH3 • CH3O- + CH3OCD3 0 1 
C D 3 S - + CH3SCH3- • C H 3 S - + CH3SCD3 0 3 
(CH 3 ) 3 CO- + C H 3 F - > F - + CH 3 OC(CH 3 ) 3 - 7 3 
H C C - + C H 3 F F" + C H 3 C C H -24 13 
C N - + C H 3 F > F - + C H 3 C N - 5 13 
O H - + CH3OCH3 • CH3O- + CH3OH - 6 a 
N H 2 - + CH3OCH3 • CH3O- + C H 3 N H 2 -19 a 
a DePuy, C . H . ; Bierbaum, V. M . , personal communication. 

the intrinsically high barrier associated with R O " coupled with the corre
sponding reaction not being very exothermic. The Williamson ether syn
thesis works because halides have intrinsically low Δ £ 0 * values and reactions 
of alkoxides with them are very favorable thermodynamically. A corollary of 
this is that neither the solvent nor solvation effects control the inertness of 
ethers. Of course, solvent effects can be quite dramatic in determining 
relative reactivity, but they will not generally overwhelm the basic energy 
factors given here. Indeed, Albery and Kreevoy (23, 24) and Lewis and H u 
(25) have shown that a similar approach to that given here works quite well 
for solution S N 2 reactions. (That work was done independently and at the 
same time as ours.) A second interesting feature is that thiolates are not 
especially reactive. Indeed, with the exception of C l " and Br" , almost none 
of the nucleophiles can be said to be good. Again, reversible self-exchange 
does not occur in general for most compounds in solution. 

Finally, theoretical studies, particularly by Wolfe et al. (26) and more 
recently by Evleth and co-workers (27), provided some additional justifica
tion for our analysis. Quantum calculations of barriers for cross-reactions are 
in agreement with values that would have been derived from a Marcus 
theory analysis of other calculated barriers. Jorgensen and co-workers (28, 
29) carried this analysis further using statistical mechanics simulations that 
show that the gas phase potential surface indeed translates into the solution 
surface in the way that we predicted. (For a dicussion of an alternative way to 
apply Marcus theory to double-minimum surfaces, as well as a note on C l " + 
CH3CI, see reference 29a.) 

Correlations 

Inasmuch as we obtained activation energies for a variety of S N 2 reactions, 
we now try to determine whether these activation energies can be under
stood in terms of other thermochemical quantities. The most obvious test is 
to choose a system in which the intrinsic barrier remains constant. If this 
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28 N U C L E O P H I L I C I T Y 

barrier does remain constant, then a good linear free energy plot should 
result. Indeed, when we measured the reaction rates for some substituted 
benzyl anions reacting with methyl bromide (5), all had ΔΕ 0 * values of about 
23 kcal/mol, while ΔΕ° ranged from - 4 8 to - 6 0 kcal/mol. In accordance 
with this result, we found a good Marcus-Br0nsted plot with a slope of 0.2, 
as predicted (Figure 2). 

Figure 2. Marcus-Br0nsted plot: ΔΕ* vs. AE°/or the reaction of 
substituted benzyl anions with methyl bromide. 

An attempt to correlate a wider range of data in this way, however, is 
expected to fail. Indeed, if we plot ΔΕ* versus ΔΕ° (or equivalently, ΔΗ°) for 
a set of nucleophiles reacting with CH 3 C1, we do not expect a very good 
correlation, and our expectations are fulfilled (Figure 3). Clearly, a trend in 
the data exists, because, to the extent that Marcus theory is a correct 
description, ΔΕ* contains a substantial contribution from ΔΕ°. On the other 
hand, ΔΕ 0 * is different for each of these nucleophiles, so that not much more 
than a trend should be expected. The typical practice of attempting to 
correlate log k with AG° can be seen to be completely inappropriate unless 
ΔΕ 0 * is constant. Typically, the linear free-energy plots are "saved" by 
grouping the reactants into families—an exercise that is generally equivalent 
to choosing sets with constant intrinsic barriers. 

For any sort of linear free-energy correlation, a very interesting issue to 
explore is that of using the pK of the nucleophile rather than the reaction 
exothermicity itself Not untypically, discussions of nucleophilicity (a kinetic 
quantity) versus basicity or proton affinity (a thermodynamic quantity) re
sult. In principle, no reason exists to use the pK of the nucleophile rather 
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Figure 3. Activation energy vs. exothermicity (ΔΕ* vs. ΔΗ°) for reactions of 
varying intrinsic barriers. Each point represents a (nucleophile, leaving 

group) combination for the SN2 reaction at a methyl center. 

than the (correct) free-energy change for the S N 2 reaction. The pK values are 
often thought to be more readily available, but this is not generally true. 

The relationship of proton basicity to carbon basicity was explored 
extensively in the past, especially in a comprehensive paper by Hine and 
Weimar (30). These authors concluded that these quantities are not well 
correlated and are rather structurally dependent. As a consequence, plots of 
S N 2 activation energy where the intrinsic barrier is constant might be ex
pected not to correlate well with proton affinity of the nucleophile. Afi
cionados of these correlations recognize, however, that this situation is not 
the case. In fact, when correlations with AG° are good, plots with pK are 
usually also good. The reason is actually quite clear. A plot of methyl cation 
affinity (ΔΗ0 for C H 3 Y — CH 3 + + Y") against proton affinity (ΔΗ° for H Y — 
H + + Y~) is surprisingly linear (Figure 4). Even this result is not surprising if 
thermochemical cycles in Scheme I are considered. If the difference be
tween the bond dissociation energy for H Y [D°(HY)] and the bond dissocia
tion energy for C H 3 Y [D°(CH 3Y)] were constant, then the methyl cation 
affinity would correlate with the proton affinity with unit slope. In fact, the 
bond energies for H Y and C H 3 Y are fairly well correlated but with a slope of 
0.86. The slope so close to unity results in a pretty good correlation for the 
ionic quantities. An equivalent way of looking at the problem makes the 
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30 N U C L E O P H I L I C I T Y 

correlation even more obvious. Consideration of the same kind of cycle 
shows that the only quantities that matter are the heats of formation of H Y 
and C H 3 Y . Identically with the bond energy plot, these quantities correlate 
remarkably well (Figure 5). Moreover, the differences in heat of formation are 
proportional to the values of heat of formation, so that the plot is linear 
although it does not have unit slope. Small differences do, of course, occur, 
but these differences are fairly minor on the total scale. To repeat, because 
the slope is 0.86, close to unity, we anticipate the correlation of proton 
affinity and methyl cation affinity. Hine called attention primarily to the 
deviations from the line of unit slope. He was aware of the correlation, but he 
presumably felt it to be less good than we do. 

C H 3 Y —• C H 3 + Y D°(CH 3Y) 
C H 3 - CH 3 + 7F(CH 3) 
Y + e + —• Y~ - EA(Y) 

C H 3 Y C H 3

+ + Y " methyl cation affinity 

H Y —• H + Y D°(HY) 
H —* H + IF(H) 
Y - + e + Y+ -EA(Y) 

Η Y — H " + Y " proton affinity 

Scheme I 

The effect of solvation on such plots is surprising. The same arguments 
made for gas-phase reactions also apply to solution. The only relevant quan
tities are the heats (or free energies) of formation of H Y and CH 3 Y. However, 
because the gas-phase ionization potential (IP) of C H 3 is lower than that of H 
but the solution stability of C H 3

+ is poorer than that of H + , the intercept of 
the methyl cation affinity-proton affinity plot changes. In the gas phase, 
proton affinities are greater than methyl cation affinities; in solution, methyl 
cation affinities are greater. Beyond this, to the extent that H Y and C H 3 Y are 
solvated differently, we might expect our correlation to become worse. 
Indeed, we can predict that species that are strongly hydrogen bonded or 
solvated will have higher dissociation energies and thus fall off the line. For 
instance, good candidates for such problems are the hydrogen halides and 
phenols (30). In spite of such effects, the overall correlations do not appear to 
be significantly worse. Thus, although the methyl cation affinity remains the 
variable of choice for correlations, even in solution the proton affinity is 
surprisingly good. 

Finally, a very interesting, nonobvious correlation discussed previously 
(3) exists. If our intrinsic nucleophilicites (Δ£ 0*) are plotted for a series of 
nucleophiles, the best correlation is with the methyl cation affinity of the 
nucleophile. That is, those nucleophiles for which the energy for C H 3 Y —• 
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ΔΗ°(ΗΥ-Η ++Υ ) 

Figure 4. Methyl cation affinity vs. proton affinity. 

kcal/mole 

ΔΗ^(Η-Υ) kcal/mole 

Figure 5. Heat of formation of HY vs. heat of formation of CH3Y. 
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32 N U C L E O P H I L I C I T Y 

C H 3

+ + Y~ is lowest have the lowest ΔΕ 0 * for the self-exchange reaction. No 
obvious theoretical reason exists to believe that such a correlation should be 
found, but the evidence that it exists is unequivocal. The suggestion is 
strong, then, that at least for these reactions the transition state may have 
some substantial charge-separated character. The resemblance to the corre
sponding proton-transfer processes becomes even more intriguing. 
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3 
A Quantitative Measure of Nucleophilic 
Character 

Edward S. Lewis, Thomas A. Douglas, and Mark L. McLaughlin 

Department of Chemistry, Rice University, Houston, TX 77251 

The rate constants of the reaction CH3Y + X- CH3X + Y- in 
sulfolane solution are described by the Marcus equation; the quad
ratic term contributes very little. The Marcus equation then reduces 
to the expression log kYX = MY + NX, where MY is a property of 
CH3Y only and NX is a property of CG3X only. Each term includes 
only the identity rates and the equilibria for methylation of a refer
ence nucleophile. The two terms are determined independently of 
unsymmetric rate measurements, in contrast to the Swain-Scott 
equation. Short tables of both terms are presented. Extension to 
other solvents and to other reactions including group transfers is 
discussed. With other alkyl groups, the simple expression may cover 
the continuum from elimination-addition to addition-elimination 
and may also cover other group transfers. 

Î̂UCLEOPHILES CAN BE DESCRIBED qualitatively by their reactions with 
various electrophiles, but a single quantitative definition is not straightfor
ward. Possible methods involve measurements of rates of reaction with 
electrophiles such as proton acids, Lewis acids, and alkyl halides or of the 
equilibria of such reactions. Unfortunately, to the extent that information is 
available, different methods give not only different numbers but also even 
different orders. In this chapter, both rate and equilibrium results are given 
on one series of reactions, namely, the methyl transfers or S N 2 reactions of 
C H 3 Y , mostly restricted to the cases m = η = 0 or 1 

X m - 1 + C H 3 y n ^ X C H 3

m + Y " " 1 (1) 

An advantage of this approach is that in such a reversible reaction the 
attacking nucleophile and the leaving group have exactly the same status, 
and the forward rate constant, the reverse rate constant, and the equlibrium 

0065-2393/87/0215-0035$06.00/0 
© 1987 American Chemical Society 
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36 NUCLEOPHILICITY 

constant are not independent; any two determine the third. This approach 
thus treats nucleophiles and leaving groups equally. 

The restriction to methyl transfers was originally chosen to reduce and 
make nearly constant steric effects and to avoid mechanistic complexities 
such as S N1 processes, elimination reactions, and addition-elimination path
ways. Limiting the scope is necessary just to make a reasonably sized 
experimental project. Similarly, the solvent is limited to sulfolane where 
possible, because sulfolane is a cheap, high dielectric, and relatively nontoxic 
solvent. Although sulfolane has the rather high melting point of 30 °C, lower 
temperatures can be attained by depressing the melting point with di-
methylsulfone, which has no rate effects within our precision. 

Earlier work (la) on rates of S N 2 reactions in a variety of solvents in the 
literature abounds. In hydroxylic solvents, some classic and valuable data are 
available on various nucleophiles with methyl bromide, used as a basis for 
measuring nucleophilic character (lb). Another valuable and relevant study 
compares dipolar aprotic solvents with hydroxylic solvents (2). Finally, nu
merous systematic studies (la, 3a-3d) of solvolysis reactions have been 
made. 

The first application of the Marcus equation (3e) to methyl transfers was 
the study by Albery and Kreevoy (4, 5) based on data in solutions. In this 
study, the thermodynamic data of Abraham and McLennan (6) were used, 
and the identity barriers were more or less treated as adjustable parameters. 
The treatment was qualitatively plausible, but the quantitative identity 
barriers were not completely convincing. An important study (7) showed the 
application of the Marcus equation to methyl transfer in the gas phase. 

At about the same time, we (8) made some equilibrium measurements 
in sulfolane, augmenting the earlier data of Jackman and co-workers (9), and 
new rate measurements allowed us to estimate one identity rate (that for 
PhSMe 2

+ ) by a linear free energy relationship (LFER) extrapolation. Assum
ing that the quadratic term in the Marcus equation was negligible, we 
estimated identity barriers for a number of other leaving groups. 

Many identity rates, k^, now have been measured by more direct 
methods, and these rates are listed in Tables I and II, together with the 
equilibrium constants, K X r , for the reactions of the methylating agents with a 
reference benzenesulfonate ion. Table I is for neutral methylating agents; 
Table II is for cationic methylating agents, and the relative equilibrium 
values are believed to be as reliable as those in Table I, but the absolute 
values with respect to the benzenesulfonate nucleophile are less solid, 
because the measurement of these equilibria, such as reaction 2 (an example 
of reaction 1 with η ^ m), is subject to substantial salt effects. The absolute 
values are based on quite dilute solutions but cannot be considered extrapo
lated to infinitely dilute solution of zero ionic strength. These equilibria and 
identity rates were collected over several years by a variety of methods 
(10-12), and some further examples may be found in these references. No 
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3. LEWIS ET AL. A Quantitative Measure of Nucleophilic Character 37 

Table I. Equilibrium Constants for Methylation of 
Benzenesulfonate Ion (KXr) and Identity Rates (k^) for 

Neutral Methylation Agents in Sulfolane at 35 °C 

Reagent K X r

a k ^ ( M - 1 s - 1) 

F3CS03CH3 2.7 X 106 1.3 X 10-2 
F S 0 3 C H 3 1.7 X 106 (1.1 X 10-2) b 
C 6

F 5 S 0 3 ^ H 3 6.1 X 105 (7.3 X 10-3) b 
C H 3 O S O 3 C H 3 1.2 X 102 1.7 X 10-4 

p - C l C 6 H 4 S 0 3 C H 3 6.0 3.2 X 10-5 
C 6 H 5 S 0 3 C H 3 1.0 2.3 X 10-5 
C H 3 S O 3 C H 3 2.9 X 10-1 1.2 X 10-5 
ICH3 5.4 X 10-3 2.6 
a These numbers are collected from the previous papers of this series 
and from Jackman and co-workers (9). 
b These identity rates are estimated from the measured methyl triflate 
value and the correlation log &χχ = 0.4 log K X r + constant. The value 
0.4 appears better for these powerful aklylating agents than the earlier 
arenesulfonate value (10) of 0.2. 

Table II. Equilibrium Constants (for Methylation of Benzenesulfonate Ion) (KXr) 
and Identity Rates (k^) for Cationic Methylating Agents 

Reagent K X r k ^ Solvent 
(CH3)30+ 1.6 x 107 <1 « sulfolane (35 °C) 
p-ClC 6H 4SPhCH 3+ b 8.7 x 10-5 sulfolane (100 °C) 
(C 6H 5) 2SCH 3+ b 2.4 x 10-5 sulfolane (100 °C) 
(C 6H 5) 2SCH 3+ 4.5 x 103 2.8 x 10-8 sulfolane (35 °C) 
(C6H5)2S(CH3)2+ 2.4 x 10-1 2.5 x 10-8 sulfolane (35 °C) 
C 5 H 5 NCH 3 + c 3.3 x IO-11 — acetonitrile** (35 °C) 
2-ClC 5 H 4 NCH 3 + * 1.1 x 10-4 — acetonitrile** (35 °C) 
3-ClC 6H 4NCH 33+ 9.2 x 10-4 — nitrobenzene^ (35 °C) 
3-0 2NC 6H 4N(CH 3) 3+ 8.5 x 10-3 — nitrobenzene^ (35 °C) 

a This value is an upper limit based on the absence of perceptible line broadening in a solution 
containing both trimethyl oxonium ion and dimethyl ether. 
b Not determined. 
c iV-Methylpyridinium ion. 
d Solvent differences make these values of little quantitative value; solvents are included to show 
that quaternary ammonium ions do have measurable equilibria. The numbers are corrected 
from the data of Arnett and Reich (13) and of Matsui and Tokura (14) to the reference 
benzenesulfonate from their iodide values by using the iodide entry in Table I. 
e 2-Chloro-iV-methylpyridinium ion. 

identity rates in sulfolane are available from other sources, nor are there 
equilibrium data in this solvent, except that Jackman and co-workers' table 
(9) contains a number of entries not reproduced in Table I or II. However, 
our experience is that no gross differences exist between sulfolane and 
acetonitrile for rates of the charge types of reaction 1 with η = m, and so we 
have included some of the equilibrium data of Arnett and Reich (13) on N-
methylpyridinium ions as well as some of that of Matsui and Tokura (14) on 
dimethylanilinium ions in nitrobenzene, both of which can be related 
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38 NUCLEOPHILICITY 

roughly to Tables I and II by the common nucleophile I". However, such 
equilibria for η Φ m can be expected to show major solvent effects, so 
inclusion of N-methylpyridinium ions and Ν,Ν,Ν-trimethylanilinium ions 
mostly shows that the equilibria can be measured. 

C 6 H 5 S ( C H 3 ) 2

+ + C 6 H 5 S 0 3 - î=t C 6 H 5 S M e + C 6 H 5 S 0 3 C H 3 ( 2 ) 

K X r = 0.24 

The equilibrium and rate constants of Table I and a value of the Marcus 
work term for approach of the reagents to the reaction complex, υβ, of 1.5 
kcal/mol (estimated following Albery and Kreevoys method for water solu
tion) can be used to calculate a number of reaction rates that can also be 
measured. Figure 1 shows a plot of calculated versus observed rates for cases 
with both equilibria and identity rates known. Figure 1 includes some 
experimental identity rates, which of course fit perfectly on the drawn line of 
slope 1, just to show how the experimental range of nonidentity reactions 
compares with that for the identity reactions. Not enough rate data on 
cationic cases are yet available to make a significant plot from the data of 
Table II. 

Although the fit to this plot is very good, a few situations are difficult to 
account for. An example is the relative reactivity of dimethyl sulfate and 
methyl iodide. The observation (15) is that with first-row nucleophiles di
methyl sulfate reacts slightly more rapidly than methyl iodide, whereas with 
all later-row nucleophiles studied, methyl iodide is faster, usually by a small 

-4.0 -2.0 0 2.0 

' ^ M a r c u s * 

Figure 1. Comparison of measured rates of some methyl transfers compared 
to those calculated from the Marcus equation (closed circles). Open circles 
are some experimental identity rates used in the Marcus calculation that 

necessarily fit the line of unit slope. 
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3. LEWIS ET AL. A Quantitative Measure of Nucleophilic Character 39 

factor, but in one case [the nucleophile HFe(CO) 4~] by a factor of 400. 
Because neither equilibrium nor identity data are available on these nu
cleophiles, which methylating agent is out of line cannot be determined. 
However, the effect is consonant with Pearsons hard-soft acid-base (HSAB) 
principle (16). Examples are shown in the figure for hard-hard and hard-soft 
cases, with only minor deviation. This inversion is also possibly explicable in 
terms of Shaiks valence-bond approach (17), which allows some related 
inversions. 

Inspection of Table I (and Table II) shows that no general correlation of 
intuitive nucleophilic character seems to occur with either kxx, the identity 
rate, or K X r , the equilibrium methylating power of C H 3 X , although methyl 
iodide is the major discrepancy. A correlation of with KXr occurs, as noted 
previously; again methyl iodide deviates strikingly. In other work (12), meth-
ylsulfonium ions and aryldimethylselenonium ions also do not fit this correla
tion. 

In early work on methyl transfers (18, 19), we searched for the ap
plicability of the reactivity-selectivity principle (RSP). Initially, small effects 
in this direction were found. However, with more data, counterexamples of 
comparable magnitude appeared (20). The only conspicuous loss of selec
tivity appeared in a reaction of ( C H 3 ) 3 0 + with C 6 H 5 S " , which was believed 
to be to some extent diffusionally limited (19). Thus, no convincing evidence 
was found for the RSP. 

We interpreted the constancy of ρ for the reaction of substituted aro
matic nucleophiles with methylating agents of varying reactivity as evidence 
of lack of curvature in a log k versus log Κ plot and hence an invariability of α 
(the slope of this plot) with reactivity of the methylating agent. Two entirely 
different factors may result in this: one factor is an inherent part of the 
Marcus treatment, and the other is a problem of the relation between the 
position of the transition state along the reaction coordinate and the slope of 
L F E R s , such as used to define the Hammett p. 

In the first factor, as reaction rate increases with increasing ther
modynamic driving force, the Marcus equation predicts an ultimate drop in 
α with very large K Y X only if the intrinsic barrier is constant. One effect is 
that the range of free energy change is not very large compared with typical 
intrinsic barriers. Furthermore, the identity barriers for the different meth
ylating agents are quite variable (as shown in Table I). The identity rates for a 
series of thiophenoxides or phenoxides are not expected to be constant, 
although these rates have not been measured, because the correlation of the 
identity rates of benzenesulfonate nucleophiles with kXr (p = +0.6) is very 
likely general for other nucleophiles. The consequences of an increasing 
barrier for better nucleophiles on the shape of a log &Y X versus log K Y X plot 
that follows the Marcus equation were shown (11). The effect is that even for 
quite large log Κ values, the ever increasing intrinsic barriers keep the slope, 
a, nearly constant. 
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40 NUCLEOPHILICITY 

The second factor is contained in the assumption of a relation between 
the Hammett ρ and the position of the transition state along the reaction 
coordinate. Conventionally (for example, in the methylation of a series of 
substitued thiophenoxides), the Hammett ρ is assumed to measure the 
extent to which the negative charge on the thiophenoxide is neutralized in 
the transition state, especially when normalized by dividing by p e q which 
measures the substituent effect on the complete conversion of thiophenoxide 
to methyl phenyl sulfide. Possibly, charge change does not measure the 
productlike character! This possibility was suggested by Pross and Shaik (21), 
whose treatment shows that the charge distribution of reaction 1, with η = 
m = 0, is independent of X and Y. This striking conclusion may explain some 
of the remarkable constancies of selectivity, but this finding does not vitiate 
our conclusions that these transition states for methyl transfers are not very 
unsymmetrical anyway. 

The Marcus equation, because of its quadratic term, leads to complete 
loss of selectivity when AG° (standard free energy) is four times the intrinsic 
barrier and is therefore compatible with the RSP. When certain plausible 
assumptions about the work terms (i.e., wR = wp = constant for all X and Y, 
for reaction 1, η = m, where w? corresponds to wR for the reverse reaction) 
are made (10), the Marcus equation reduces to the almost experimentally 
verifiable form of equation 3, in which all the AGh are from experimentally 
measured rates (of reaction 1 and the identity reactions), AG°YX is from 
experimentally measured equilibria, and wR is unknown, but probably not 
large. The absence of experimental evidence for the RSP suggested either 
that the Marcus equation was inapplicable or that the quadratic term was not 
significant, even for the most extreme cases. This latter suggestion was 
shown to be the case for methyl transfers, for which the identity barriers are 
so high in cases so far found that only with unreasonably large work terms 
(wR) and very large negative values of AG° can significant curvature in a plot 
of A G * Y X versus AG°YX be expected. 

AG\X = lMAG\x + AG* Y Y ) + 1 / 2 AG° Y X + 

AG° Y X

2 /[8(AG* X X + A G * Y Y - wR)] (3) 

Some interesting consequences of the neglect of the quadratic term 
result. The equation then becomes equation 4, and when equilibrium con
stants KXr and K Y r with a reference nucleophile (such as benzenesulfonate ion 
in Table I) are available, we can write 

log kYX = 1/2(log kYX + log ^χχ) + y 2 log K, ΎΧ (4) 

Κγχ - Κγ/Κ; Xr (5) 
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3. LEWIS ET AL. A Quantitative Measure of Nucleophilic Character 41 

Now taking the logarithm of both sides of equation 5 and reordering the 
terms, we obtain 

log kYX = y 2 log (* Y Y K Y r ) + *4 log (*χχ/ΚΧ Γ) (6) 

log kYX = M Y + Nx (7) 

The first term in equation 6 is a property (MY) only of the methylating agent 
C H 3 Y , and the second term is a property only of the nucleophile X " (N x). 
Although the values of M Y and Nx depend on the choice of reference 
nucleophile for the equilibria, the calculated rate constant kYX is indepen
dent of the reference; this rate constant only requires the same reference for 
C H 3 X and C H 3 Y . 

The values of M Y and Nx can be calculated from tables such as I and II 
and are shown in Tables III and IV. No fitting is required if the data are 
available, and the equation can be expected to apply in every case if the 
reaction rate in the spontaneous direction is substantially less than that of 
diffusion control. 

Another consequence of equation 7 is that a known methylating agent 
with nucleophile X " for which neither K X r nor kxx is known can be used. A 
measurement of the rate then gives N x , which should be the same for all 
methylating agents, C H 3 Y , used. Values of Nx are presented in Table III; 
those calculated by using equation 7 are identified, and the uncertainties are 
based upon results with at least three methylating agents. The order is in 
accord with generally understood "nucleophilicities". Values of Nx calculated 

Table III. Nucleophilic Power (JVX = Vfe log k^lK^) 
in Sulfolane at 35 °C 

x - N x 
Source 

CF3S03- -4.2 direct0 

F S 0 3 - -4.1b direct 
C 6 F 5 S 0 3 - -4.1^ direct 
C H 3 O S 0 3 - -2.9 direct 
P-C1C 6 H 4 S0 3 - -2.6 direct 
C 6 H 5 S 0 3 - -2.3 direct 
CH3SO3- -2.2 direct 
p - 0 2 N C 6 H 4 0 " 0.7 ± 0.6 *XY 
i - 1.3 direct 
p - 0 2 N C 6 H 4 S " 2.5 ± 0.3 X̂Y 
p -CH 3 C 6 H 4 S- 5.4 ± 0.6 X̂Y 

a Direct is the calculation from Table I values. 
b Estimated. 
c Nx was calculated by equation 7 from at least three measured rates, 
which agree within the standard deviations indicated. 
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42 NUCLEOPHILICITY 

Table IV. Kinetic Methylating Power [M Y = H(log ^ΚΎτ)] 
in Sulfolane at 35 °C from Values in Table I 

CH3Y My 
F3CSO3CH3 

F S O 3 C H 3 
2.28 
2.14° 
1.82° 
-0.84 
-0.92 
-1.86 
-2.32 
-2.73 

CgFtjS O 3 C H 3 

CH3OSO3CH3 
C H 3 I 
P - C 1 C 6 H 4 S 0 3 C H 3 

C 6 H 5 S 0 3 C H 3 

CH3SO3CH3 

a Estimated. 

by equation 7 cannot be broken down into the equilibrium and identity rate 
parts [an attempt to separately determine and K X r by solving simul
taneous equations including the quadratic term failed (12); this failure 
showed again that this term contributes very little]. If either component 
could be measured for some X ~ , then the other could be calculated. Unfortu
nately, for most good anionic nucleophiles, the equilibrium constant K X r is 
apparently very small, and the identity rate is very slow. For example, in 
aqueous ethanol, the 35 °C identity rate for X ~ = C 6 H 5 S " was calculated to 
be 10~ 1 2 M - 1 s"1 based on very slow reactions near 200 °C (22, 11). 

A possibility, not yet well explored, is to measure ΔΗ° (standard en
thalpy) calorimetrically. If we can get an idea of the entropy, we can then 
calculate AG°. From reference 8, both A G and AH can be found in a few 
cases. From these few cases, for reaction 1 with η = m = 0, AS is small, and 
if the data were available and were justified in generalizing this conclusion, 
AG° « ΔΗ°, and the calorimetry would allow a separation of K X r and k^. For 
the few cases established with η = 0 and m = 1, AS° = — 35 eu (presumably 
a consequence of solvent organization around the product ions); clearly, to 
try to use such data in this way would be foolhardy. We have made very few 
calorimetric measurements beyond those already published. A rather large 
body of data in other solvents on the heat of reaction of methyl fluorosulfo-
nate with various nucleophiles was collected by R. Alder (unpublished 
results). Almost none of these overlap enough with our cases to allow a direct 
comparison, yet the principle has some potential. 

Some further comments on equation 7 are appropriate. The form of the 
equation is reminiscent of the Swain-Scott (2) equation 8, where log k0 can 
be identified with M Y and sn with N. However, in the equation 8 applied 

log (k/k0) = sn (8) 

to nucleophilic substitution, s is considered a property of the reaction type 
studied, specifically a property of C H 3 Y . When the Swain-Scott equation is 
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3. LEWIS ET AL. A Quantitative Measure of Nucleophilic Character 43 

applied to methyl transfers in sulfolane, although their η values cannot be 
used because of solvent difference, the constant selectivity among different 
C H 3 Y s implies a constant s; thus, the further identification of equations 7 and 
8 is satisfactory. We differ from Swain and Scott in that the only kinetic input 
into equation 7 is the identity rates. 

Equation 7 is also related to the Ritchie equation 9, applied to nu-
cleophile-electrophile bond-forming reactions. The formal similarity and 
the apparently unusual constant selectivity common to both suggest the 
possibility of a closer relation. However, our Nx values are in principle 
related to identity rates, which as pointed out by Ritchie et al. (23) do not 
exist for these one-bond-forming reactions and cannot be a part of his N+ 

values. 

As shown earlier, the systematic variation in identity rate with equi
librium methylating power could be used to estimate the charge on the 
methyl group in the transition state. In that case, because p x x > 0, a net 
positive charge was assigned to the methyl group. This result was also 
observed in a few other cases. In both phenyldimethylsulfonium ion and di-
phenylmethylsulfonium ion, an increase in apparently occurs with chlo
rine substitution; a real but very small p x x > 0 also is seen with aryldimethyl-
selenonium ion. However, unfortunately at a much different temperature 
and solvent, the p x x for methylation by aryl methyl sulfides is zero within 
experimental error (22). The corresponding value for aryl methyl selenides is 
now under investigation (T. A. Douglas, unpublished results). 

Another approach to the determination of the charge on the transferred 
group in the transition state, not requiring measurement of kxx, is the 
following. 

A consequence of the applicability of equation 7 is that if an L F E R 
occurs for methylation of a series of nucleophiles by different methylating 
agents, the slope of this L F E R is given only by the substituent dependence 
of Nx. The value of the Hammett p Y X for reaction 1 with a variable X " is the 
same for all C H 3 Y s , as observed. Using the earlier treatment (10) and taking 
account of the direction of the KXr in the tables, which reverses the sign of 
the equilibrium p, we can write equation 10. In our cases, p x x for the 
identity rate is >0 but smaller in absolute magnitude than the equilibrium p, 
written as p e q X r ; we therefore expect inequality 11. Naturally, if neither 
identity rates nor equilibria are known, the validity of this inequality is 
difficult to check. Nevertheless, an approximate route is open. 

log (k/k0) = N. + (9) 

PYX = (PXX ~ P e q X r V 2 
(10) 

0 > P Y X > - p e q x r / 2 (ID 
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44 NUCLEOPHILICITY 

The effect of structural change in a nucleophile on its equilibrium 
properties can be estimated without knowing KXr itself by assuming that K X r 

varies with substituent in much the same way that KHX

a does. Thus, we can 
put pK X r equal to ρ for the ionization of the acid, H X , which is often well-
known (although less often in the solvent used for kinetics). Alternatively, the 
slope of a plot of log kYX versus pKHX

a, called β η υ ο , is an approximation of the 
slope of the plot of log kYX versus - log K X r , that is, β η υ ε = - ρ Χχ/ρ β ςχ Γ · Many 
such plots of methylation rates have been attempted, and the agreement of 
these rates with the inequality 11, that is, β η ι 1 0 < 0.5, is impressive. Thus, for 
thiolate ions with methyl benzenesulfonate (24), β η υ ο = 0.234; for a series of 
oxygen nucleophiles with C H 3 0 3 S C 6 H 5 , C H 3 0 3 N , C H 3 0 4 C 1 , the values of 
β η ι κ ί are 0.236, 0.223, and 0.235, respectively (25). Several other β η υ ο values, 
involving several other alkyl transfers as well as methyl, all between 0 and lA, 
are summarized by Hudson (26a) whose discussion of nucleophilic character 
is very detailed. The parallelism between KHX

a and KXr is considered by 
Hudson and by others (26b, 26c). Some of the most convincing quantitative 
comparisons of butyl transfer rates and proton transfer equilibria are those of 
Bordwell (27), who measured both rates and basicities of a variety of sulfone 
anions with butyl bromide and chloride in the same solvent [(CH 3) 2SO]. The 
measured β η ι κ , was 0.40. 

We previously identified Ρχχ/PeqXr as the charge on the methyl group in 
the transition state. Using equation 10, we might then write equation 12, 
which could be used for cases for which the Hammett equation is inapplica
ble. 

Pxx/Peqxr = 1 " 2 β η ι κ ; (12) 

However, because of the approximations involved, we can only say that 
this calculation is in agreement in both sign and magnitude with the earlier 
direct measurements. 

The successful quantitative classifications of nucleophiles and leaving 
groups in methyl transfers in sulfolane is interesting, but rather limited. We 
shall in the following be concerned with possible extensions of both the 
quantitative results and the general method to a variety of other reactions, 
starting with systems that probably are susceptible to almost unmodified 
applications, proceeding to less direct applications, and then listing some 
nucleophilic and leaving group examples about which virtually nothing can 
be said, except that correlation with methyl transfers is expected to be poor. 

The smallest change that appears to be of some interest is isotopic 
substitution in the methyl group. The interest is in the isotope effect (for 
example, for C D 3 transfer) to mesh our identity rate work with Schowen and 
co-workers' (28) isotope effect criterion of transition-state looseness. Clearly, 
the error of the fit to the Marcus treatment (as shown in Figure 1) is well 
outside any conceivable isotope effect, but isotope effects should nev-
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3. LEWIS ET AL. A Quantitative Measure of Nucleophilic Character 45 

ertheless be measurable on the identity reactions, with only minor effects on 
the equilibria. 

The change from methyl transfer to the transfer of other alkyl groups 
could be of great utility. The identity rates are quite sensitive to the nature of 
the alkyl group; for example, in acetone, the identity rate for methyl iodide is 
about 104 greater than that for 2-iodooctane (29, 30). Nevertheless, we can 
expect (except for steric effects) to find a very similar sequence of identity 
rates for primary and secondary alkyl groups. Thus, Streitwieser (la) sug
gested long ago that in S N 2 reactions, different alkyl groups might have a 
constant rate ratio, with (averaged over several temperatures, solvents, nu
cleophiles, and leaving groups) ethyl slower than methyl by a factor of about 
30. To the extent that this finding is general, at least when limited to a single 
solvent, charge type, and temperature, this result would apply to identity 
reactions. Thus, identity reactions for any alkyl group can be roughly esti
mated, given the value for methyl identity rate with the same leaving group. 
However, possibly the Marcus equation will not work as well with the larger 
steric interactions of some alkyl groups. 

The equilibria listed in Tables I and II can be expected to hold fairly well 
for other alkyl groups. The independence of alkyl group R of these equi
librium constants is equivalent to assuming Κ = 1 for equation 13. This 
assumption is plausible if X is attached to an sp3-hybridized carbon in R, so 
that no major resonance interaction occurs. Deviations from unity may be 
induced by electronegativity, steric (especially F-strain effects), and other 
differences, but perhaps not very serious ones. 

R X + C H 3 0 3 S C 6 H 5 +=± R 0 3 S C 6 H 5 + C H 3 X (13) 

Thus, possibly identity rates and equilibrium constants can be esti
mated well enough to permit the estimation of rates for any S N 2 reaction in 
sulfolane at 35 °C. Enough temperature dependencies are available so that 
correction to some other nearby temperature should not be too difficult. 

Solvent changes also introduce important effects. As long as only reac
tions involving no charge change (equation 1, m = η) are used, solvent 
effects can be small. Thus, rates in acetonitrile and sulfolane are similar. 
Hydrogen-bonding effects in protic solvents may produce major effects, 
although the ions in Table I do not include those ions (like "OR, C l ~ , F") 
that are most notoriously influenced by the change to protic solvents (3). 

We expect that equations analogous to equation 7 will be useful for S N 2 
reactions in most solvents and for most R groups if new tables of equilibria 
and identity rates are determined. Even now such tables can be roughly 
estimated. 

Similarly, we can expect the Marcus equation with similar simplifica
tions to apply to other group transfers occurring in a single step, for in these 
identity reactions group transfers exist. The S N1 reaction, elimination reac-
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tions, and nucleophilic attack on carbonyls, which are alike in that no 
identity reaction occurs, are discussed next. 

The S N1 reaction of RY is believed to have a rate-determining ionization 
of RY, equation 14, and the transition state is believed to be very productlike. 
Thus, a close parallelism occurs between rate and stability of the product 
ions, although this statement is generally made with respect to variation in R 
rather than in Y. 

RY τ^=± R + + Y " (14) 

Product stability can refer to the equilibrium constant K 1 4 , and for 
variation in Y as discussed, Kl4 diners from K Y r by a constant factor and the 
variation in rate can be expected to follow K Y r from Table I. 

This kl4-KYr parellelism implies a constant k_l4 (perhaps diffusion-
controlled). However, Ritchie (31a) found many much slower reactions be
tween various R + with various Y~ , and the rates of these correlate very 
poorly with the equilibrium constants. The present approach can therefore 
say nothing about these fascinating and puzzling reactions, and we cannot 
expect wide applicability to the rate equilibrium reactions for the forward 
process. We also neglect the intermediacy in the SN1 of ion pairs and the fact 
that the S N1 does not really take place at all with sulfolane or other aprotic 
solvents of low nucleophilie character. 

The literature (31b, 31c) on aliphatic nucleophilic substitution has 
drifted from pure S N1 and S N 2 to a consideration of borderline mechanisms. 
Interestingly equation 7 contains within itself the elements needed to cover 
this borderline region. 

When an alkyl group is able to stabilize a positive charge much better 
than a methyl group, this ability should show up in the dependence of the 
identity rates on the structure of the leaving group or the attacking group. 
Thus, if log kYX correlates with log K Y r , with a slope greater than lA 

log kYY = a log KYr + b (15) 

where 0 < a < 1, and we can substitute in equation 6 to give 

log kYX = V2(b + a log K Y r ) + lAKYr + lA(b + a log K X r ) - ιΑΚΧτ (16) 

= b/2 + (log K Y r ) ( l + a)/2 + b/2 + (a - l)(log K X r )/2 

= b + (a + l)/2 log KYr + (a - l)/2 log KXr (17) 

In the limit of unit charge on the alkyl group, a = 1, equation 17 reduces to 
equation 18, in which the rate is independent of X . 
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3. L E W I S E T A L . Λ Quantitative Measure of Nucleophilic Character 47 

log kYX = b + log K Y r (18) 

In the limit of a = — 1, equation 17 now reduces to an as yet unobserved 
case, in which the rate reduces to equation 19, in which the rate is indepen
dent of Y 

log kYX = b - log KXr (19) 

an effect reminiscent of the "element effect" seen in activated nucleophilic 
aromatic substitution. The parallel is imperfect, because the aromatic sub
stitution is considered a two-step process via the Meisenheimer intermedi
ate. 

Thus, the borderline cases with a substantial but not quite +1 value of a 
are clearly contained within the treatment, and the intuitive position of the 
borderline is contained within the a parameter. 

The leaving group sequence in the E2 reaction would appear to be 
complex. The sequence is not expected to correlate with M Y , or the equi
librium tables, because the coupling with a proton loss presumably makes 
the rate dependent on the acid-strenthening effect of the β-Υ. Furthermore, 
although a sort of intrinsic barrier to the departure of Y may exist, this barrier 
cannot be rigorously associated with the methyl-transfer identity rates, nor 
indeed to any other identity rate. The only present data that seem to have a 
probable relation to E2 reactions are the equilibrium constants of Tables I 
and II; these constants become more and more relevant as the mechanism 
approaches the E l limit. 

The well-known failure of eliminations rates to correlate with S N 2 leav-
ing-group properties is especially conspicuous in the 1,2 eliminations stud
ied by Stirling and co-workers (32), as well as 1,3 eliminations (33), which 
mostly follow the E l c B mechanism. Apparently, the loss of the leaving 
groups from the conjugate base is fast and very exothermic so that the 
constant selectivity that is associated with reactions well below the diffusion 
controlled rate is no longer always applicable. Thus, groups can be lost that 
are virtually never lost in methyl transfers. Except for the special charge type 
of E l c B mechanisms, cases are imaginable in which the equilibrium order of 
leaving groups would be followed, as in the SN1 mechanism mentioned, but 
they appear to be well outside the range of current experience. 

The rates of addition of nucleophiles to carbonyl groups and the rates of 
elimination from the tetrahedral intermediates constitute another class, 
probably similar to the activated aromatic nucleophilic substitution. The 
carbonyl group is an electrophile, and no obvious source of any barrier exists, 
outside of desolvation. Therefore, a resemblance to Ritchie's systems is 
found. No obvious relation between our kinetic nucleophilic characters (IVX) 
and the additions occurs, but a possible parallel to the equilibrium methylat
ing powers, KYX (in Tables I and II), of the conjugate methylating agent of the 
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nucleophile exists, in that the transition state may strongly resemble the 
product and the product at least has carbon bonded to the nucleophile. The 
rates of loss of leaving groups from the tetrahedral intermediate do not 
appear to be simply correlated to any methyl-transfer factors; indeed, the 
loss of groups like "OR, " C C 1 3 , and enolate ions (as in the reverse Claisen) 
has no S N 2 precedent. 

Little can be said about nucleophilic substitution, attack, or leaving 
groups on other elements except the one-step substitution reactions, in 
which cases identity reactions can exist. Some analogies to the carbon cases 
may occur, but a parallel cannot be expected. 
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Nucleophilic Reactivity in Gas-Phase 
Anion-Molecule Reactions 
Richard N . McDonald, A. K. Chowdhury, W. Y. Gung, and K. D. DeWitt 

Department of Chemistry, Kansas State University, Manhattan, KS 66506 

Three different topics of nucleophilic anions reacting with neutral 
molecules are discussed. (1) O2.- is established intrinsically and 
kinetically as a super nucleophile in SN2 reactions with CH3X mole
cules. (2) The intrinsic reactivity scale of nucleophilic additions to 
carbonyl centers is developed by using C6H5N.- as the nucleophile 
and can be extended with (C6H5)2C.-. (3) The phosphoryl anion 
(CH3O)2PO- is shown to be a poor nucleophile in SN2 reactions with 
CH3X molecules but reacts rapidly with ICF3 and BrCF3 by initial 
electron transfer; mainly (CH3O)(X)P2- negative ions result. 

T O P I C S O F T H E G E N E R A L A R E A O F N U C L E O P H I L I C R E A C T I O N S O F A N I O N S 

with neutral substrates in the gas phase included in this chapter are (1) the 
nucleophilicity of 0 2* in S N 2 reactions, (2) development of an intrinsic 
reactivity scale for nucleophilic reactions with organic carbonyl-containing 
molecules, and (3) investigations of ( C H 3 0 ) 2 P O ~ in S N2 reactions with C H 3 X 
reactants and electron-transfer processes with X C F 3 molecules. 

Experimental Section 

Experiments were carried out in a previously described (1, 2) flowing afterglow 
(FA) apparatus at 298 Κ (see Figure 1). Briefly, the ion of interest is produced 
continuously in a fast flow of helium buffer gas in the upstream end of the flow tube 
by electron impact on small concentrations of added reagents via inlets 1-5. The fast 
flow (v = 80 m/s, P H e = 0.5 torr) is maintained by a large, fast pumping system. 
Following thermalization of the ion of interest by collisions with the buffer gas in the 
next 20-45 cm of the flow tube, neutral reactant molecules are added via the inlet 
located about halfway down the flow tube, and the ion-molecule reaction occurs in 
the final 65 cm of the flow tube. The flow is sampled into a differentially pumped 
compartment (10"7 torr) containing the quadrupole mass filter and electron multi
plier, which continuously monitor the ion composition of the flow. Kinetics of these 
bimolecular ion-molecule reactions are determined under pseudo-first-order condi
tions with the concentration of the added neutral reactant in large excess compared to 
the ion concentration by methods already given (1). 

0065-2393/87/0215-0051$06.00/0 
© 1987 American Chemical Society 
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4. M C D O N A L D E T A L . Gas-Phase Anion-Molecule Reactions 53 

02' as a Super SN2 Nucleophile 

Ion Generation. The generation of 0 2 · ~ in the FA involved the se
quence of reactions (3, 4) 

where k = 2.5 X 10 1 0 cm 3 molecule 1 s 1 , reaction efficiency equals 0.43, 
and ΔΗ° = - 1 4 ± 5 kcal/mol, and 

where k = 3.0 X 10~ 1 0 cm 3 molecule - 1 s - 1 , reaction efficiency equals 0.43, 
and ΔΗ° = —1.4 ± 0.7 kcal/mol (5, 6). Rate constants, reaction efficiencies 
(defined as kohsd/kco] where kcol is the calculated collision limited rate con
stant), and reaction exothermicities are given (3-6). Ammonia was added via 
inlet 1, propene via inlet 2, and dioxygen via inlet 4 in Figure 1. 

S N2 Reactions of 0 2 · ~ with C H 3 X Molecules. Bohme and co-workers 
(7) established a kinetic nucleophilicity scale for gas-phase anions in S N 2 
reactions based on their rates of reaction with C H 3 X (X = Br, C l , or F). For 
this comparison, the reactions of 0 2 · ~ with C H 3 B r and CH 3 C1 (Table I) were 
used because the displacement of F " from C H 3 F by 0 2 · ~ is strongly endo-
thermic. Both of these reactions occurred at close to the collision limit; thus, 
0 2 · ~ is placed in the category of gas-phase anions of high nucleophilicity. 
Other members are H " , F~, C H 3 0 ~ , H O " , and H 2 N ~ . However, the 
considerably lower exothermicities for these two 0 2 · ~ reactions distinguish it 
from the other high nucleophilic anions in that all of them have much larger 
reaction exothermicities with these two C H 3 X molecules. 

From the Pellerite and Brauman (8) application of Marcus theory to S N 2 
methyl-transfer reactions, the kinetic barrier is made up of an intrinsic 
barrier for the reaction that is decreased by the magnitude of the reaction 
exothermicity. Because the exothermicities of the reactions with 0 2 · are the 
lowest (by upward of 20 kcal/mol) compared to the other anions of high 
kinetic nucleophilicity, the intrinsic barriers for these S N2 reactions with 
0 2 · are the smallest. Thus, 0 2 · ~ can be called a super S N2 nucleophile. 

The remaining reactions of 0 2 · ~ with C H 3 X substrates in Table I occur 
primarily or exclusively by S N 2 displacement. Their rates given as reaction 
efficiencies vary from reaction occurring on essentially every collision with 
C F 3 C 0 2 C H 3 to C H 3 C 0 2 C H 3 where 2 out of every 1000 collisions, on the 
average, yield C H 3 C 0 2 ~ . In accordance with the S N 2 mechanism for their 
reactions, the reaction efficiencies are correlated with the reaction exother
micities and by the anionic leaving group ability as modeled by the proton 
affinity of the departing anion. 

N H 3 + e" -> H 2 N " + - H 

H 2 N " + C H 3 C H = C H 2 - > C 3 H 5 " + N H 3 

(D 

(2) 

C 3 H 5 " + 0 2 -> Ο, ·" + C 3 H 5 - - (3) 
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54 N U C L E O P H I L I C I T Y 

Table I. Kinetic and Thermochemical Data for Reactions of 02

,_with CH 3X Molecules 

Reaction 
SN2 

Channel 
ΔΗ° 

(kcal/mol) 

ΔΗ°^ (HA) 

(kcal/mol)h 

o,- + CF3C02CH3 -> CF3C02- + CH302-- 0.97 -32.5 0.92 323 
o 2 - + CH3Br - » Br" + CH302-" 1.00 -24.9 0.76 324 
o 2 - + CH3C1 Cl" + CH302-- 1.00 -17.0 0.39 333 
o 2- + HC02CH3 -* HC02~ + CH302 " 0.90 -12.1 0.05 345 
Q r + H2C==CHC02CH3-> H2C = CHC02- + 

CH302-- 1.00 —c 0.03 —c 

o,- + CH3C02CH3 -• CH3C02- + CH302-- 0.79 - 7.7 0.002 349 
a ^obsd^coi equals reaction efficiency (£„„) . 
b Reference 12; errors are ±2 kcal/mol. c Ap (H2C = CHC02-) is unknown. 

Intrinsic Reactivity Scale for Nucleophilic Addition Reactions at 
Carbonyl Centers 

The intrinsic reactivity scale is a topic that led us to begin studies of gas-
phase reactions in 1978. However, the problem of reversibility of the nu
cleophilic addition from the tetrahedral intermediate is even more severe in 
the gas-phase pressure regimes than it is in solution. 

Our approach to this problem involved generation of a new class of 
reactive intermediates called hypovalent anion radicals. Hypovalent anion 
radicals contain less than the normal number of substituents attached to the 
central atom found in the corresponding neutral free radical, and these anion 
radicals have both the electron pair of the anion and the spin unpaired 
electron of the radical formally located on the central atom. Phenylnitrene 
anion radical ( C 6 H 5 N e ~ ) is a member of this class of nitrogen-centered 
species and is readily formed from C 6 H 5 N 3 added at inlet 1 (Figure 1) by 
dissociative electron attachment (equation 4) (9). The idea was to shut down 
the reverse of the nucleophilic addition to the carbonyl group from the 
tetrahedral intermediate by allowing the faster follow-up chemical reaction of 
radical β fragmentation to occur; the acylanilide anions plus the radicals R x 

or R 2 are obtained: 

C 6 H 5 N 3 + e" C 6 H 5 N - -
mlz 91 

+ N , (4) 

Ο 

PhN-~ + R i - C - R j — -

ο -
Ι 

P h N — C - R . 
I 
R, 

*-*• PhN=C(0")R â + -R, 

I— PhN=C(0")R, + -R2 

(5) 
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4. M C D O N A L D E T A L . Gas-Phase Anion—Molecule Reactions 55 

We examined the reactions of C 6 H 5 Ν · " with the series of carbonyl-
containing molecules listed in Table II (10). Because H + transfer is a compet
ing reaction channel in some of these reactions, we factored out of the total 
rate constants that part due to carbonyl addition and radical fragmentation, 
and these rate constants were made relative to that for acetone; these fcreiC=0 

values are given in the middle column of Table II. 

Table II. Relative Rate Constants and Reaction 
Exothermicities of Carbonyl Addition-Radical 

Fragmentation of Carbonyl-Containing Molecules 
with C 6 H 5 N -

Substrate 
c = o 

k a 

Krel 

ΔΗ 0 

(kcal/mol) 
C H 3 C O C H 3 1 -19 
C H 3 C O C 2 H 5 4 -22 
Cyclobutanone 11 b 
C H 3 C O C F 3 80 -22 
C F 3 C O C F 3 83 -31 
C H 3 C H O 12 -16 
C 2 H 5 C H O 31 -18 
(CH 3 ) 3 CCHO 67 -24 
H C 0 2 C H 3 0.2 - 6 
CH3CO2CH3 0.02 - 4 
C F 3 C 0 2 C H 3 157 -15 
C H 3 C O C O C H 3 108 -32 
C H 3 C O C 0 2 C H 3 113 b 
a These relative rate constants are & t o t a l (sum of the fractions of those 

channels yielding addition adducts or acylanilide anions) with each 
substrate relative to k c = ° for acetone. 

h Not determined. 

Three observations from these data are noteworthy. (1) The range of 
fcrel

c=° is about 8,000, which is nearly the full range of kinetic reactivity 
available in our F A experiments, from reactions occurring on every collision 
(kohsd = fccol) to those occurring in one out of 104 collisions. (2) We observe that 
for "normal" substituents on the carbonyl center, the order of reactivity is 
aldehydes ( C H 3 C H O ) > ketones [ ( C H 3 ) 2 C = 0 ] > esters ( C h 3 C 0 2 C H 3 ) . This 
reactivity difference holds for the intramolecular comparison with methyl 
pyruvate where the total reaction occurred on every other collision, but 7 
times more addition-fragmentation occurred at the keto C O than at the ester 
C O (10). (3) No correlation was observed between the kre]

c=0 values and the 
overall reaction exothermicity in forming the acylanilide anion and the 
radical (see equation 5). This latter point is most clearly seen by comparing 
the slow reaction of C 6 H 5 N ·" with acetone, which is 19 kcal/mol exothermic, 
with the very fast reaction of C 6 H 5 N * ~ while C F 3 C 0 2 C H 3 is only 15 kcal/mol 
exothermic. 
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Point 3 and certain other results suggest that the potential energy versus 
reaction coordinate diagram for these carbonyl addition-radical fragmenta
tion reactions with C 6 H 5 N ·" occur by the triple minimum surface shown in 
Figure 2. The interaction of C 6 H 5 N * ~ with a dipolar carbonyl-containing 
substrate molecule is attractive even at rather long distances and leads to 
formation of loose collision complexes given as a in Figure 2. Such complexes 
are held together by ion-dipole and ion-induced dipole forces with well 
depths of 10-20 kcal/mol. Closer approach of the complex components is 
repulsive until net bonding takes over with formation of the tetrahedral 
intermediate (b). Radical β-fragmentation is considered to have a lower 

Figure 2. Proposed triple-minimum potential energy vs. reaction coordinate 
diagram for the reactions of PhN*~ with carbonyl-containing molecules. 

Reproduced from reference 10. Copyright 1983 
American Chemical Society. 

barrier than that of nucleophilic addition and leads to the loose complex (c), 
which separates, primarily due to entropie forces, to yield the observed 
reaction products. This model can be viewed simply in terms of the conver
sion of reaction a —• reaction b being rate-limiting. Because this barrier and 
the rate of nucleophilic addition have little to do with the overall reaction 
exothermicity, no correlation between & r e i c = ° values and - Δ Η ° is observed 
(or expected) (10). 

One problem with the reactions of C 6 H 5 N e with organic carbonyl 
containing molecules was that the carbonyl group reactivity scale could not 
be extended past the simple esters H C 0 2 C H 3 and C H 3 C 0 2 C H 3 because 
their rates were already at the lower limit of determination in the FA. To get 
around this limitation, we examined other hypovalent species such as 
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4. M C D O N A L D E T A L . Gas-Phase Anion—Molecule Reactions 57 

(C 6 H 5 ) 2 C-~, which is cleanly generated from ( C 6 H 5 ) 2 C = N 2 added at inlet 1 
(Figure 1) by dissociative electron attachment: 

( C 6 H 5 ) 2 C = N 2 + e" - (C6H5)20- + N 2 (6) 
ml z 166 

Our first efforts were directed toward determination of the proton 
affinity (Ap) of ( C 6 H 5 ) 2 0 ~ (11). This determination is accomplished by using 
the bracketing method. Potential proton donors of known gas-phase acidity 
(Table III) are added to the flow containing ( C 6 H 5 ) 2 0 " until H + transfer is no 
longer observed with the weaker acids; H + transfer is judged to occur by 
attenuation of the ( C 6 H 5 ) 2 0 ~ signal and observation of the signal for the 
conjugate base of the acid. This transition occurs between C H 3 C = C H and 
p-xylene; assignment of Ap [(C 6 H 5 ) 2 C-~] = 382 ± 2 kcal/mol results (for Ap 

values of other organic anions, see reference 12). Because ( C 6 H 5 ) 2 C H * is the 
product of protonation and A H / [ ( C 6 H 5 ) 2 C H - ] = 69 ± 2 kcal/mol (13), 
AH/[ (C 6 H 5 ) 2 C-~] can be calculated to be 358 ± 2 kcal/mol. The Ap of 
(C 6 H 5 ) 2 C-~ is similar to that of C H 3 0 " (Ap = 379 ± 2 kcal/mol) (12), and 
( C 6 H 5 ) 2 0 ~ is a stronger base than the corresponding carbanion ( C 6 H 5 ) 2 C H ~ 
(Ap = 364.5 ± 2 kcal/mol) (12) by 18 kcal/mol.' 

Table III. Data for Bracketing AJ(C 6 H 5 ) 2 C ·-] in H+-
Transfer Reactions with HA Molecules 

Δ Η 0 ^ (HA)" 
HA H+ Transfer (kcal/mol) 

C 6 H 5 C H 3 yes 381.2 
C H 3 O H yes 381.4 
C H 3 O ^ C H yes 381.8 
p - C H 3 C 6 H 4 C H 3 no 382.7 
C H 3 C H — C H 2 no 390.0 
H 2 0 no 390.8 
"Reference 12; errors are ±2 kcal/mol. 

The reactions of ( C 6 H 5 ) 2 C - " with C H 3 B r and CH 3 C1 were studied to 
determine the kinetic nucleophilicity of (C 6 H 5 ) 2 C-~ in S N 2 displacements: 

( C 6 H 5 ) 2 C - - + C H 3 B r Br" + ( C 6 H 5 ) 2 C C H 3 (7) 

where k = 3.9 Χ 10" 1 0 cm 3 molecule - 1 s"1, reaction efficiency equals 0.35, 
and ΔΗ° = —65.5 kcal/mol, and 

1 For a similar relationship in the Ap values of c - C 5 H 4 ' ~ and c - C 5 H 5

_ , see reference 1. 
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58 N U C L E O P H I L I C I T Y 

(C 6 H 5 ) 2 C CH3CI C l " + ( C 6 H 5 ) 2 C C H 3 (8) 

where k = 3.2 Χ 1 0 - 1 1 cm 3 molecule - 1 s"1, reaction efficiency equals 0.03, 
and Δ / Γ = - 6 0 . 0 kcal/mol. These results show that (C 6 H 5 ) 2 C-" is of 
medium kinetic S N 2 nucleophilicity (7). 

The reaction of ( C 6 H 5 ) 2 0 - with C F 3 C 0 2 C H 3 was examined to deter
mine the kinetic nucleophilicity of P H 2 0 - toward carbonyl addition in 
competition with the highly exothermic S N 2 methyl transfer: 

Ph 2 C~+ 

C F 3 C 0 2 C H 3 H 

O" 

P h 2 C - C - O C H 3 

C F , 

0 81 
Γ ~ " Ph 2C=C(CT)CF 3 + O C H 3 (9) 

L ^ P h 2 C = C ( C T ) O C H 3 + - C F 3 (10) 
0.14 

1— C F 3 C ( Y + P h 2 C C H 3 

0.05 
(Π) 

where k = 1.0 x 10 9 cm 3 molecule - 1 s - 1 , reaction efficiency equals 0.71, 
ΔΗ°(9) = - 2 5 kcal/mol, ΔΗ°(10) = - 2 3 kcal/mol, and ΔΗ°(11) = -72 .5 
kcal/mol. Carbonyl addition-radical fragmentation wins out over S N 2 dis
placement by a factor of 19 to 1 in this very fast reaction. The favored radical 
fragmentation pathway from the tetrahedral intermediate formed by nu
cleophilic addition to the carbonyl center is that of loss of the more weakly 
bound C H 3 0 compared to the F 3 C*. 

The reaction of (C 6 H 5 ) 2 C*~ with H C 0 2 C H 3 occurred exclusively by the 
addition-fragmentation pathway: 

(C 6 H 5 ) 2 ( I I C 0 2 C H 3 ( C 6 H 5 ) 2 C = C ( 0 - ) H (12) 

where k = 1.6 Χ 1 0 - 1 0 cm 3 molecule - 1 s"1, reaction efficiency equals 0.11, 
and ΔΗ°(12) = - 12.0 kcal/mol. The intriguing result of this reaction is not 
only the fact of the exclusivity of the addition-fragmentation channel but also 
that the rate constant is >10 2 faster than that of the reaction of C 6 H 5 N * ~ with 
H C 0 2 C H 3 (10). Thus, the kinetic reactivity scale of carbonyl centers can be 
readily extended beyond that of the simple esters by using (C 6 H 5 ) 2 C* and 
other hypovalent anion radicals presently under investigation. 

Proton Affinity, AHf°, and Reactions of(CH30)2PO~ 

Substitution reactions by anions at carbon are also known to occur by initial 
electron transfer. The mechanism of such transformations was first charac
terized by Russell and Danen (14) and Kornblum et al. (15), and Bunnett (16) 
significantly developed its applications and named it the S R N 1 reaction; an 
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4. M C D O N A L D E T A L . Gas-Phase Anion—Molecule Reactions 59 

example of aromatic substitution is given in equation 13 (17). Following a 
discussion with Jim Swartz of Grinnell College concerning these aromatic 
substitution reactions involving the phosphoryl anion (e.g., equation 13), we 
determined the thermochemical properties and gas-phase reactions of the 
phosphoryl anion. 

A r l + (EtO) 2 PO- K + ArP(=0)(OEt) 2 + KI (13) 

Gene ra t ion and The rmochemica l Propert ies of ( C H 3 0 ) 2 P O ~ 
(18a). For our studies, dimethyl phosphonate [ (CH 3 0) 2 P(=0)H] was se
lected as our reagent because it is more volatile than the diethyl ester. The 
phosphonate structure was shown to be 6.5 kcal/mol more stable than that of 
its trivalent tautomer, (CH 3 0) 2 P(OH) (18b). A variety of gas-phase anionic 
bases can be used to remove a proton from the phosphonate ester forming 
the phosphoryl anion (mlz 109), but the use of C 6 H 5 N * ~ as the base produces 
no other primary product negative ions: 

( C H 3 0 ) 2 P ( = 0 ) H + C 6 H 5 N - " — ( C H 3 0 ) 2 P O - + C 6 H 5 N H - (14) 
mlz 109 

Our initial studies were directed toward determination of the Ap of mlz 
109. The bracketing method previously described was employed for determi
nation of A p [ (C 6 H 5 ) 2 C*"] (Table IV). The transition from yes to no for ob
served proton transfer to mlz 109 occurred with C 2 H 5 S H and C H 3 N 0 2 . 
Although proton transfer did not occur from C H 3 N 0 2 , slow formation of a 
cluster ion ( C H 3 0 ) 2 P O " - C H 3 N 0 2 was observed, which is probably the 
hydrogen-bonded complex negative ion; similar cluster ions are formed 
when C H 3 S H and C F 3 C H 2 O H are added to the flow containing mlz 109. 
Thus, A p [ (CH 3 0) 2 PO~] = 358 ± 2 kcal/mol; if proton transfer is assumed to 
occur at phosphorus, AH° a c i d [ (CH 3 0) 2 P(=0)H] = A p [ ( C H 3 0 ) 2 P O ] . 

Using Benson's tables (19), we calculated Δ Η / [ (CH 3 0) 2 P(=0)H] = 
—198.1 kcal/mol. From the equation for ionization of (CH 3 0) 2 PO~ in equa-

Table IV. Data for Bracketing A p [ (CH 3 0) 2 PO] in H+-Transfer 
Reactions with HA Molecules 

HA H+ Transfer (kcallmol) 
c-C 5 H 6 yes 356.1 
C 2HgSH yes 357.4 
C H 2 N 0 2 no 358.7 
CH 3 SH no 359.0 
C F 3 C H 2 O H no 364.4 
Reference 12; errors are ±2 kcal/mol. 
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tion 15, we calculated Δ Η / [ (CH 3 0) 2 PO-] = -207.3 ± 2 kcal/mol. This 
value can be used to calculate ΔΗ° for various reactions of the phosphoryl 
anion. 

Δ//° 
( C H 3 0 ) 2 P ( = 0 ) H ( C H 3 0 ) 2 P O - + H + (15) 

S N 2 Nucleophilicity of ( C H 3 0 ) 2 P O ~ . To determine the intrinsic S N 2 
kinetic nucleophilicity of ( C H 3 0 ) 2 P O ~ , we investigated the reactions of the 
anion with the series of C H 3 X molecules listed in Table V. The rates of these 
reactions vary from modest with the most reactive C H 3 I molecules to slow 
with C H 3 B r to no observed reaction with CH 3 C1. From the results, we 
conclude that the phosphoryl anion is kinetically a poor nucleophile in S N 2 
displacement reactions. 

Table V. Kinetic and Thermochemical Data for SN2 Displacement Reactions of 
(CH30)2PO- with CH3X Molecules 

Δ Η ° Kbsd (<™3 

Reaction (kcal/mol) molecule'1 s~l) ^obsd^col 

( C H 3 0 ) 2 P O - + C H 3 I - • I- + ( C H 3 0 ) 2 P ( = 0 ) C H 3 -52 .2 6.7 x 10"1 1 a 

( C H 3 0 ) 2 P O - + C H 3 I I- + ( C H 3 0 ) 3 P - 9 . 3 a 0.06 
( C H 3 0 ) 2 P O - + C H 3 B r — B r - + (CH 3 0) 2 P( = =0)CH 3 -45.6 1.8 X 10- 1 2 a 

( C H 3 0 ) 2 P O - + C H 3 B r —• Br" + (Ch 3 0) 3 P - 2 . 7 a 0.002 
( C H 3 0 ) 2 P O - + C H 3 C 1 C l - + (CH 3 0) 2 P( = = 0 ) C H 3 - 3 7 . 7 <10~ 1 3 a 

( C H 3 0 ) 2 P O - + C H 3 C 1 C l " + ( C H 3 0 ) 3 P 5.2 a a 

û Not determined. 

The phosphoryl anion is an ambident species and the calculated ΔΗ^° 
values (19) of the tautomers ( C H 3 0 ) 2 P ( = 0 ) C H 3 (-210.2 kcal/mol) and 
( C H 3 0 ) 3 P (-167.6 kcal/mol) differ by 43 kcal/mol. Whether methyl transfer 
occurs to phosphorus of the anion (thermodynamic control) where a large 
intrinsic barrier exists or at oxygen under kinetic control with a smaller 
intrinsic barrier is not clear at this time; a much lower reaction exothermicity 
exists in this latter mode. 

Reactions Involving Electron Transfer. To model the first step in the 
S R N 1 mechanism of electron transfer from the anion to the neutral substrate, 
we examined the reactions of the phosphoryl anion with the X C F 3 molecules 
where X = I, Br, or C l : 

(CH 3 0) 2 PCr +ICF3 
mlz 109 

0.85 

0.09 

0.06 

(CH 3 0)(I )P(V + CF3CH3 
Γ + ( C H 3 0 ) 2 P O + -CF 3 

adduct 

(16) 
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4. M C D O N A L D E T A L . Gas-Phase Anion—Molecule Reactions 61 

where k = 6.4 X 10" 1 0 cm 3 molecule - 1 s - 1 and reaction efficiency equals 
0.70. The fast reaction with I C F 3 (equation 16) occurring in 7 out of every 10 
collisions yields mainly the anion mlz 221. This ion is the product of iodine 
transfer to and loss of C H 3 from mlz 109. The minor negative ion products are 
9% I - and 6% of an adduct mlz 305; one possible structure for the adduct 
may be the four-coordinate anion, (CH 3 0) 2 P(I )OCF 3 " . 

The reaction of mlz 109 with B r C F 3 was almost as fast with >99% of the 
product channels giving the isotopic doublet at mlz 173 and 175 for the 
product of bromine transfer and dimethylation (equation 17) along with a 
trace of Br" . No reaction was observed between ( C H 3 0 ) 2 P O " and C1CF 3 ; 
this finding indicates that the rate constant is less than our lower limit, 
>10" 1 3 cm 3 molecule" 1 s - 1 . 

The dramatic change in the rate constants in this series of reactions 
between B r C F 3 and C1CF 3 is not in keeping with the simple halogen atom 
transfer because the C - X and P - X bond energies should exhibit a closer 
parallel relationship. However, this sudden break would be expected if the 
reaction mechanism involves initial electron transfer and the electron affinity 
(Ae) of C1CF 3 is too small to allow this step to occur. We suggest that this 
is the correct explanation and that the reactions of the phosphoryl anion 
w i t h I C F 3 and B r C F 3 y i e l d e i ther [ ( C H 3 0 ) 2 P ( = 0 ) · Χ " / · C F 3 ] or 
[ (CH 3 0) 2 P(=0)7 e - X C F 3 ] as collision complexes following electron transfer 
(/ is the termolecular, and / — the bimolecular ion-dipole complex in the gas 
phase). The dimethyl phosphoryl radical could undergo radical β-fragmenta-
tion with loss of a methyl radical; methyl metaphosphate ( C H 3 O P 0 2 ) is 
produced to which I" or Br~ add to yield the major product ions. 

(CH 3 0) 2 PO" + BrCF3-H 

~(CH 30)(Br)P0 2~ 
(m/z 173,175) 

+ C F , C H , 

(17) 

-Br-h ( C H 3 0 ) 2 P O + -CF 3 

The results and this interpretation suggest that electron transfer to I C F 3 

(Ae = 1.57 ± 0.2 eV) (5) from ( C H 3 0 ) 2 P O " is thermoneutral or slightly 
exothermic and thus may occur at a relatively longer distance of approach 
than is present in the collision complex. Such would account for the larger 
amount of I" observed in this reaction. This result would require that 
electron transfer from ( C H 3 0 ) 2 P O " to B r C F 3 (Ae = 0.91 ± 0.2 eV) (5) is 
endothermic and would be allowed only in the attractive anion-neutral 
collision complex, which would have a well depth of 10-20 kcal/mol. The 
follow-up reactions of Br~ transfer and dimethylation must then be suffi
ciently exothermic to allow for the observed products in an overall fast 
reaction. That these processes, including the electron transfer, may only 
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62 N U C L E O P H I L I C I T Y 

occur in the collision complex would account for the fact that only a trace of 
Br~ is observed. Although the Ae of C1CF 3 has not been reported, A e ( O C F 3 ) 
must be below the lower limit for endothermic electron transfer to occur 
within its collision complex with ( C H 3 0 ) 2 P O ~ . 

Conclusions 

The results of this research produce the following conclusions. 
1. 0 2 · " is kinetically and intrinsically a powerful S N 2 nucleophile in its 

reactions with C H 3 X molecules. In most respects, this conclusion 
agrees with studies of S N 2 reactions with 0 2 · ~ in the condensed 
phase (20). 

2. An intrinsic scale of the reactions of carbonyl centers of organic 
molecules with nucleophiles has been established through the use of 
C 6 H 5 N - ~ . Although the lower limit with C 6 H 5 N * ~ is the simple 
esters, H C 0 2 C H 3 and C H 3 C 0 2 C H 3 , this finding can now be ex
tended to less reactive carbonyl centers by using other hypovalent 
anion radicals including ( C 6 H 5 ) 2 0 " . 

3. The dimethyl phosphoryl anion [(CH 3 0) 2 PO~] was readily prepared 
by H + transfer from ( C H 3 0 ) 2 P ( = 0 ) H to a number of anionic bases. 
A p [ (CH 3 0) 2 PO~] = 358 ± 2 kcal/mol was determined. If protonation 
at phosphorus of the anion by H + donors was assumed, 
A t f / [ ( C H 3 0 ) 2 P O ] = -207.3 ± 2 kcal/mol was calculated. A l 
though ( C H 3 0 ) 2 P O " is kinetically a poor S N2 nucleophile with C H 3 X 
molecules, ( C H 3 0 ) 2 P O ~ reacts rapidly with X C F 3 where X = I and 
Br to form principally (CH 3 0)(X)P0 2 ~ negative ions. No reaction was 
observed with C1CF 3 . The reactions with I C F 3 and B r C F 3 are con
sidered to involve initial electron transfer between the phosphoryl 
anion and the neutral substrate. The Ae (C1CF3) must be too low to 
allow electron transfer to occur. 
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5 
Comparative Behavior of Nucleophiles 
in Gas and Solution Phase: Acylation, 
Alkylation, and Phosphorylation 

Marjorie C. Caserio and Jhong K. Kim 

Department of Chemistry, University of California, Irvine, CA 92717 

The present study describes the reactions of neutral alcohols with 
protonated carboxylic, carbonate, and organophosphorus acids or 
derivatives generated as gaseous ions under ion cyclotron resonance 
conditions. Evidence is presented on the mechanisms of these gas
-phase ion-molecule reactions, which formally resemble acid-cata
lyzed acylation and phosphorylation commonly observed in solution. 
Gas-phase acylation appears to be a displacement process involving 
acylium ion transfer. Phosphorylation was not observed as such, but 
ions corresponding to dimethyl metaphosphate reacted rapidly with 
methanol in an exchange process. 

/ \ C Y L A T I O N AND PHOSPHORYLATION OF NUCLEOPHILES are among the 

most important and widely studied reactions in chemistry. Formation and 
hydrolysis of phosphate esters and carboxylic acid derivatives are of great 
importance in both organic and bioorganic processes and, in fact, are vital to 
the functioning of living systems. The focus of this paper is on the behavior of 
neutral nucleophiles, mostly alcohols, with gaseous cations derived from 
oxyacids of carbon and phosphorus in reactions that resemble, at least 
superficially, esterification and hydrolysis commonly observed in condensed 
phase. The objective of studying such reactions in the gas phase is to 
compare them wherever possible to the corresponding processes in solution; 
thereby, something is learned about the role of solvent and counterions in 
moderating the reactions of ions with neutral molecules. 

Generation of Ions 

In this study, gaseous organic cations were generated by the technique of ion 
cyclotron resonance (ICR) spectroscopy, which is a form of mass spectroscopy 

0065-2393/87/0215-0065$06.00/0 
© 1987 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
7 

| d
oi

: 1
0.

10
21

/b
a-

19
87

-0
21

5.
ch

00
5

In Nucleophilicity; Harris, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1987. 



66 N U C L E O P H I L I C I T Y 

(1-5). Ions are produced by electron impact (from a heated filament) on a 
neutral sample at low pressure (10~7 torr). The ions enter the ICR cell under 
the influence of external electric and magnetic fields, which constrain them 
to move in circular orbits with a cyclotron frequency ω that is dependent on 
the mass (m) and charge (z) of the ion and on the strength of the applied 
magnetic field H: 

ω = zH/mc (1) 

The ions are trapped within the cell by applying appropriate voltages to 
the cell plates: thereby, reactive encounters can occur between ions and 
neutral molecules: 

X+ + M —• Y + + Ν (2) 

Both reactant and product ions can be detected in a manner resembling 
the detection of magnetic nuclei in an N M R experiment. The ions are 
exposed to a radiofrequency field a)rf from an external oscillator, and while 
sweeping the magnetic field H, the ions absorb energy from the applied field 
when the resonance condition of equation 1 is satisfied (i.e., ω = a>rf). 

The progress of reaction can be monitored as a function of time and ion 
intensity (Figures 1-3) or as a mass spectrum at a particular time interval 
(Figure 4-6). The technique is limited to the detection of ions only, and 
because of the low sample pressures, reactions that are endothermic or have 
high activation energies are not generally observed. 

Acylation 

Proton transfers are among the most rapid of ion-molecule reactions in the 
gas phase. Depending on the relative proton affinities of thé reactant and 
product neutrals (M and A in equation 3), an acidic fragment cation com
monly transfers a proton to the neutral parent to form M H + . 

eV 
M • A H + primary fragment ions 

A H + + M —• M H + + A secondary ions 

As an example, acetyl derivatives usually fragment under electron impact to 
produce acetylium ions, C H 3 C O + , which, in turn, react with the neutral 
parent: 

CH3COX?X C H 3 C O + C H 3 C Q X

) [ C H 3 C O X ] H + + C H 2 = C = Q (4) 
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5. CASERio A N D K I M Acylation, Alkylation, and Phosphorylation 69 

Figure 3. Time plot of the 19-eV ICR spectrum of trimethyl 
phosphate. The horizontal scale is 200 ms. Only the major ions are 

shown. 

The question of interest is whether the ions produced in this manner behave 
like their counterparts in solution, which are the conjugate acids of the 
parent carboxyl derivative. In particular, do they react with added nu
cleophiles to transfer the acyl group in a manner related to acid-catalyzed 
acyl transfer commonly observed in condensed phase? 

The most prevalent pathway for acyl transfer catalyzed by acids, bases, 
or enzymes in condensed phase is an addition-elimination sequence involv
ing the formation of tetrahedral intermediates, I (Scheme I) (6). A similar 

AcXH 

I 
Scheme I. Acyl transfer. 
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Figure 4. ICR mass spectrum of trimethyl phosphate in the presence 
of MeI8OH (top) and CD3OD (bottom). 
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M 
124 

(MeO) 3 Ρ 

14 eV 

6 x 10**7 torr 
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93 

63 7 | 9 

109 

94 
MH 
125 

Figure 5. ICR mass spectrum of trimethyl phosphite. 

process has been found in the gas-phase acylation of anionic nucleophiles 
(7-9), but the acylation of neutral neucleophiles by gaseous cations appears 
to take a different pathway (10-14). 

Thus, in the course of studying the reactions of acetyl derivatives with 
various nucleophiles under ICR conditions, in no instance have we observed 
cleavage of the carbonyl C - O bond (10, 11). This finding is surprising 
because, if a tetrahedral intermediate I is formed, it would be expected to 
partition among possible routes corresponding to C - O , C - X , and C - N u 
cleavage in proportion to the relative energies of the products, yet only C - X 
or C - N u cleavage occurs even when C - O cleavage is energetically favored. 

Take, for example, the reaction of methanol or methanethiol with proto-
nated thiolacetic acid (Scheme II). The observed product of acyl transfer is II 
corresponding to loss of H 2 S . If II is formed by way of an addition intermedi
ate, then formation of the intermediate by an independent route should give 
the same product II. However, reaction of the thionic ester III with water 
failed to give II or any product that could be ascribed to the intervention of a 
tetrahedral addition intermediate I (15). 
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5. CASERio A N D K I M Acylation, Alkylation, and Phosphorylation 73 

SH 

(CH3CSH)H* 
MeXH 

CH XMe 
OH 

H + 
-H 2S 

(CH3CXMe)H+ 

II 
lb x = o,s 

ι H 20 

S 
II 

(CH3CXMe)H+ 

III 
Scheme II 

Acylation of sulfide and ether nucleophiles by protonated acyl deriva
tives is uncommon in condensed phase; but, in the gas phase, ions of 
composition A c + X M e 2 are readily formed. For example, vinyl and iso-
propenyl acetates acylate ethers under ICR conditions (11): 

- * Ό ; Η C H 2 

M e ' C s O ' C s R 

• C + -

Me 

C H , 
- 0 = C 

R 
(5) 

IV 

R 2 O C ; 
Me 

The product ions have the oxonium ion structure IV based on the 
observation that they acylate the parent neutral and because the alternative 
dialkoxy structure VI, when generated independently, as in the EI cleavage 
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74 N U C L E O P H I L I C I T Y 

of orthoesters or protonation of ketene acetals, does not acylate added 
nucleophiles: 

e v + i-r 
MeC(OMe)3 • MeC(OMe)2 ^ CH2=C(OMe)2 

VI 

f ^ 0 (6) 

No product observed 

On thermodynamic grounds, acylation by way of I is considered unlikely 
because the addition step is estimated to be endothermic by about 20 kcal/ 
mol. However, acylation by a displacement pathway involving an acylium ion 
complex V appears energetically favorable because of energy gained by 
association of the acylium ion with two nucleophilic "solvent" molecules. The 
association energy may be as high as 20-40 kcal/mol. This combined with the 
experimental fact that gaseous acylation preserves the integrity of the acyl 
C - O bond leads us to conclude that acylation does not occur by an addi
tion-elimination sequence but rather by a displacement route involving 
acylium ion complexes of the type R 2 Y · · · A c + · · · X R 2 . 

Carbonate Esters 

The chemistry of neutral nucleophiles with protonated carbonate esters 
differs in interesting ways from that of related carboxylate esters. In the first 
place, acyl transfer of methoxycarbonyl, M e O C O + , to added nucleophiles 
does not occur (16): 

MeO 

V C H , 

-co, 

59 R = Η 
73 R = Me 

R 2 0 

\ 
C 

/ Î ° = \ 
OMe R 

CH^ 

Not Observed 
R 2 0 -

• 

OMe 

(7) 
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5. CASERio A N D K I M Acylation, Alkylation, and Phosphorylation 75 

The dominant product ions from mixtures of methanol with methyl vinyl 
carbonate, methyl isopropenyl carbonate, and methyl tert-butyl carbonate 
are mlz 59, 73, and 73, respectively. In the case of the vinylic esters, ions mlz 
59 and mlz 73 are each formed by two independent routes, decarboxylation 
and condensation of the protonated ester with methanol. Using deuterium 
and O-18-labeled methanol, we were able to unravel the reaction pathways 
involved. 

To illustrate, Figure 1 shows the change in ion intensity for the reaction 
of 98% O-18-labeled methanol with isopropenyl acetate. The appearance of 
mlz 75 means that the oxygen from the alcohol is incorporated in the product 
ion—the precursor ion being the protonated ester mlz 117. Yet, an abun
dance of the unlabeled ion mlz 73 exists that is clearly formed at a faster rate 
by a pathway that is different from that producing the O-18-labeled ion, mlz 
75. The key to both processes is a step involving proton transfer to the vinylic 
carbon of the ester; mlz 73 arises from dissociation of the C-protonated ester 
(Scheme III), and mlz 78 arises from the condensation of the C-protonated 
ester with methanol (Scheme IV). 

+ 0 C H 0 

II II 
/ \ / \ 

MeO Ο Me 

\ 
Ο C H 9 

II I 
/ x / \ 

MeO Ο 
+ 

Me 

CH^ 
Ο 

II 

MeO Me 
+ 

+o ^ Ο Me 

Me 
m/z 73 

Scheme III. Isopropenyl methyl carbonate: pathways to mlz 73. 

Support for Schemes III and IV comes from the reaction of isopropenyl 
acetate with C D 3 O D (Figure 2). The major product ions, besides M H + and 
M D + , are mlz 73, 74, 76, and 77, corresponding respectively to decarboxyla
tion of M H + (mlz 117) and M D + (mlz 118) and condensation of C D 3 O D with 
M H + and M D + . 
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MeO 

Ο 

II 
o= 
+ 

F C 

Me 

\ 
1 

\ 
Me 

R 

Me Me 

ν 
II 

R 

rf8#H 75 

C D 3 O D 76,77 

Scheme IV. Pathways to mlz 73, 75, 76, and 77. 

Moreover, when the C-protonated ester mlz 117 is generated indepen
dently by EI cleavage of terf-butyl methyl carbonate in the presence of 
CD3OD, mlz 73 and 76 are formed, as expected, from independent decar
boxylation and condensation reactions (Scheme V). 

As mentioned, carbonate esters, unlike acetate esters, do not acylate 
neutral nucleophiles to form ions of the type A c N u + . Some additional 
differences between the ion chemistry of methyl acetate and dimethyl car
bonate are noteworthy. Acyl cations R C O + are major fragment ions from both 

Ο Ο 

Me 

Me 
I 

Ο—Ç—Me 

Me 

-» Me 0 = C 
+ \ 

Me 

MeO 
Me 

Me 

Me 
m / z l l 7 

CD3OD 

CD3O 
Me 

Me 

m/z 73 m/z 76 

Scheme V. tert-Butyl methylcarbonate cleavage. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
7 

| d
oi

: 1
0.

10
21

/b
a-

19
87

-0
21

5.
ch

00
5

In Nucleophilicity; Harris, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1987. 



5. CASERio A N D K I M Acylation, Alkylation, and Phosphorylation 77 

esters; but, the acetylium ion (R = Me) from acetates is acidic and rapidly 
protonates the parent ester whereas the methoxycarbonyl ion (R = MeO) 
from dimethyl carbonate is a methylating agent that reacts with the parent 
ester to form M C H 3

+ (m/z 105): 

( M e O ) 2 C = 0 —+ M e O C = 0 
mlz 59 (8) 

M e O C = 0 + ( M e O ) 2 C = 0 -> (MeO) 3

+ + C 0 2 

mlz 105 

Another methylation product is M e 3 0 + , mlz 61. Formation of mlz 61 is best 
explained as the result of methyl transfer to the ether oxygen of the parent 
ester, rather than to the carbonyl oxygen. The ion-molecule complex thus 
formed may be expected to decarboxylate to give m/z 61 (see also Scheme 
III): 

Ο Ο -
n . (MeO)2C=0 I -f- il 1 
C . y — • M e O Ô = 0 • ΜβοΟΌΌΜθ 

^ O M f i L J M e O ^ '~OMe m/z 59 m/z 105 
(9) 

-CO? Γ + Ί 
Me 3 0 + ^ I M e 2 0 — M e O C = 0 

m/z 61 XI 

To our knowledge, comparable methylation reactions of methyl carbonate 
esters in condensed phase have not been reported (17, 18). 

Phosphorylation 

The two major pathways for phosphorylation reactions in condensed phase 
are strikingly similar to those for the corresponding acylation reactions (19). 
One pathway is an addition-elimination process whereby a nucleophile adds 
to the phosphoryl group to give a pentacoordinate intermediate that col
lapses to product by elimination of a nucleophile (mechanism A, Scheme VI). 
The other pathway is a displacement process in which the phosphoryl group 
is transferred as tricoordinate metaphosphate to the attacking nucleophile 
(mechanism B, Scheme VI). Numerous studies have documented the inter
vention of metaphosphate in phosphorylation reactions in condensed phase, 
although metaphosphate has eluded direct detection (19-24). The purpose of 
the ICR study reported here was to see if gas-phase phosphorylation can be 
achieved and whether metaphosphate intermediates are involved. 
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78 N U C L E O P H I L I C I T Y 

MECHANISM A 

(RO) eP=0 + R'OH 

J OH 

OR 

(RO)^P = 0 + ROH 

I 
OR' 

MECHANISM Β 

(RO)jP = 0 + R O H 
I 

OH 

\ 
... ρ 

Η 
/ Λ \ 

RO Ο 

\ 
Η 

METAPHOSPHATE 

R O — Ρ — O H + ROH 

I 
OR 

Scheme VI. Phosphoryl transfer. 
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5. CASERio A N D K I M Acylation, Alkylation, and Phosphorylation 79 

ICR studies of phosphorus esters have been reported (25-27). However, 
phosphorylation of neutral nucleophiles is not well documented. Accord
ingly, we examined the positive-ion chemistry of alcohols with phosphorus 
esters. 

The dominant chemistry of trimethyl phosphate under ICR conditions 
is the formation of M H + (m/z 141) by proton transfer to the parent ester from 
the fragment ion m/z 110 (Figure 3). In the presence of 98% O-18-labeled 
methanol, no products were formed that could be ascribed to methanol-
exchange phosphorylation of the type 

( M e O ) 3 P = O H + + MeO*H -> (MeO) 2 P(0*Me)=OH + + M e O H 

However, a minor fragment ion mlz 109 underwent rapid methoxyl exchange 
as evidenced by the appearance of mlz 111 (from O-18-labeled methanol), 
and mlz 112 (from C D 3 O D ) after only 15 ms. At longer reaction times, 
methyl transfer to M gave mlz 155 (from mlz 109 and 111), and mlz 158 (from 
mlz 112) (Figure 4). These results suggest that mlz 109 is the tricoordinate 
dimethyl metaphosphate cation VII that reacts according to Schemes VII and 
VIII. 

MeO)3P=0 
eV MeO 

MeO 
m/z 109 

XII 

MeOH M e 0

S + 
»• P=0 

MeO' 
rrVz 111 

MeOH 

Scheme VII 

MeO 

/ 
MeO 7 

MeO 
CDsOD \ + 

P ~ 0 
/ 

+ MeOD 

CD30 

109 112 

M M 

+ 

(MeO)4P 

1W 

(MeO)3P —OCDs 

158 
Scheme VIII 
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80 N U C L E O P H I L I C I T Y 

On the basis of thermochemical calculations (28, 29) addition of meth
anol to dimethyl metaphosphate is likely to be exothermic by at least 26 kcal/ 
mol, but addition is unlikely to lead to a stable adduct under the low-
pressure conditions of the ICR experiment. Indeed, no adduct was ob
served, and its formation can only be inferred from the appearance of 
dissociation products of O M e exchange (Scheme VI). 

Me 
\ 

H 

P+ 

A 
Me OMe 

109 VII 

109 111 

26 kcal 

+ 
OH 
// 

Me* - Ρ 
Λ 

OMe 
MeO 

1 

TRMETHYL PHOSPHATE 

Ο Me 
ll / 
p+ ο 

\ 
OMe Η 

Me* 

111 

Scheme VI. Addition of methanol to dimethyl metaphosphate. 

So that the methanol exchange reaction of Schemes VII and VIII could 
be verified, a source of mlz 109 in greater abundance was needed. Attempts 
to generate mlz 109 by E I cleavage of dimethyl chlorophosphonate, 
(MeO) 2 P(0)Cl, and dimethyl hydrogen phosphonate, (MeO) 2P(0)H, were 
unsuccessful. However, mlz 109 is formed in significant abundance from 
fragmentation of trimethyl phosphite (equation 10) (Figure 5) (27). 

( M e O ) 2 P - O M e — (MeO) 2 P + =0 
mlz 109 (10) 

Reassuringly, mlz 109 from the phosphite ester behaved in a similar 
manner to mlz 109 from the phosphate ester. In the presence of 
O-18-labeled methanol, the fragment ion mlz 109 rapidly produced mlz 111 
(Figure 6), and both ions were consumed within 85 ms by subsequent 
reactions (methyl transfer). 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
7 

| d
oi

: 1
0.

10
21

/b
a-

19
87

-0
21

5.
ch

00
5

In Nucleophilicity; Harris, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1987. 



5. C A S E R I O A N D K I M Acylation, Alkylation, and Phosphorylation 81 

That mlz 109 reacts rapidly with methanol whereas the structurally 
related ion mlz 110 is unreactive (except in proton transfer) may appear to be 
surprising. However, mlz 110 is a radical cation, and after analysis of the 
exchange process in terms of single electron shifts according to the method of 
Pross (30), group coupling to form a bond to phosphorus is favorable only 
with mlz 109. 

If our interpretation of the results is correct, it is amusing to reflect on 
the contrast between gas-phase and solution-phase phosphorylation. In solu
tion, the observables are tetracoordinate orthophosphates with metaphos
phate as an inferred intermediate. In the gas phase under ICR conditions, 
the reverse is true: metaphosphates are the observables, and orthophosphate 
is the intermediate. 

Alkylation 

Certain alcohols, notably tertiary alcohols, are not readily acylated or phos-
phorylated in the condensed phase under conditions that normally succeed 
for primary alcohols. Likewise, tertiary alcohols or thiols are not acylated or 
phosphorylated in the gas phase. Alkylation is the more general reaction. For 
example, tert-butyl alcohol under ICR conditions condenses with protonated 
carbonyl and phosphoryl compounds to produce ions of the type X = 0 + B u t , 
where X = C or P. The process has been described previously as a displace
ment reaction of the type shown in equation 11 (10, 16). 

However, tert-butylation of phosphoryl oxygen is notably slower than butyla-
tion of carbonyl oxygen. 
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6 
Nucleophilic Displacement 
in the Gas Phase as a Function 
of Temperature, Translational Energy, 
and Solvation Number 
Michael Henchman1, Peter M . Hierl2, and John F. Paulson 

Air Force Geophysics Laboratory, Hanscom Air Force Base, MA 01731 

Nucleophilic displacement reactions X- + CH3Y —> CH3 X + Y
-were studied in the gas phase [X- = OH-(H2O)n or 
CH3O-(CH3OH)n; Y = Cl or Br] under conditions of variable tem
perature (200-500 K) in a flow reactor and of variable translational 
energy in a beam apparatus. In both cases, the solvation number of 
the ionic reactant was varied: 0 ≤ n ≤ 3. Topics treated include the 
competition between nucleophilic displacement and proton transfer, 
the use of solvate as a stereochemical marker to probe mechanism, 
and the comparison between the gas phase and the solution of the 
reaction thermodynamics and kinetics. 

l^îuCLEOPHILIC DISPLACEMENT OFFERS EXCITING OPPORTUNITIES to re
late reactivity in the gas phase to reactivity in solution—perhaps to a greater 
extent than any other reaction type (1-4). The nature of that relationship, and 
the reasons for it, are developed in this and several other chapters in this 
volume, for example, by Brauman, Caserio, and McDonald. Exploring the 
relationship is not just an academic exercise: this relationship is clearly 
fundamental to any general treatment of reactivity. Reaction in the gas phase 
reveals intrinsic or solvent-free reactivity (5). In different solutions, this 
intrinsic reactivity is variously transformed, through the differing action of 
the solvents. Viewed thus, the intrinsic reactivity is the element common to 
each, and as such, it plays the central role. 

Study of organic reactions in the gas phase should therefore reveal much 
of interest to the organic chemist working in solution. This aim has guided 
our own studies. Unfortunately, relating the gas-phase chemistry to solutions 

1 AFSC-URRP Visiting Professor, 1984-1986. Current address: Department of Chemistry, 
Brandeis University, Waltham MA 02254. 

2 SCEEE Fe l low/AFOSR Summer Faculty Research Associate (1984). Current address: 
Department of Chemistry, University of Kansas, Lawrence KS 66045. 

0065-2393/87/0215-0083$06.00/0 
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84 N U C L E O P H I L I C I T Y 

is not always straightforward. One deterrent for the solution chemist is the 
complexity and unfamiliarity of the techniques used in the gas phase—and 
that is most certainly true of the beam and flow-reactor techniques used in 
our laboratory. Actually, the techniques do not have to be understood, and 
even though they may require a decade to develop, the details are really only 
of interest to the users. Solution chemists, interested solely in results, 
simply need to appreciate what it is that is measured and why it is measured. 
In general, new techniques are developed to achieve better control over an 
increasing number of important variables. In our beam studies, we vary 
translational energy and we therefore study the effect of translational energy 
on reactivity. In the flow reactor, we vary temperature and study its effect on 
reactivity. For both the beam and flow reactor techniques, we vary the 
solvation number of the reactant to explore its influence on reactivity. The 
apparatus appears complicated because of the need to control s imu l t 
aneously translational energy, temperature, and solvation number. What is 
gained is the ability to control variables that cannot be varied systematically 
in solution—solvation number and translational energy. 

What are the principal features and advantages of these two techniques? 
In the flow reactor (6), the solvent of a solution is replaced by a bath of inert 
gas (typically helium) (Figure 1). The bath gas cannot of course solvate the 
reactants: what the bath gas does is to undergo many millions of collisions 
with the reactants; thus, the reactants are at the bath temperature. This bath 
temperature can be varied (typically from 100 to 500 K) to measure rate 
constants as a function of temperature. Because the flow reactor succeeds in 
defining the temperature unambiguously, it offers advantages over ion 
cyclotron resonance techniques. 

In the beam technique (7, 8), one reactant is accelerated to a particular 
translational energy and fired at a second reactant (Figure 2). Only one 
collision is allowed to occur. What is then measured is the reaction proba
bility per collision as a function of translational energy. (The reaction proba
bility, or cross section, may also be expressed in terms of an effective rate 
constant.) The translational energy range for these experiments spans the 
range of chemical bond energies, extending to —200 kcal/mol (corresponding 
to —10 eV or translational temperatures of— 100,000 K). From measurement 
of the lowest translational energy at which chemical reactions occur (the 
threshold energy), the energy barriers of chemical reactions can be deter
mined. 

What distinguishes the gas phase from solution is the absence of solvent 
and solvation. Study of selectively solvated reactants in the gas phase offers 
the opportunity of relating the reactivity in the two phases (9). For both of 
our gas-phase techniques, we are, however, able to solvate one reactant with 
up to three solvate molecules. We can therefore begin to simulate in small 
part—with solvate but without bulk solvent—some of the conditions prevail
ing in solution. Thus, in the beam experiments, we can simultaneously vary 
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86 N U C L E O P H I L I C I T Y 

translational energy and solvation number, whereas in the flow reactor, we 
can vary temperature and solvation number. 

In the experiments to be described here, we have been interested in a 
number of basic questions: (1) When is a nucleophile nucleophilic? Under 
what conditions does a Lewis base act as a Br0nsted base and under what 
conditions does it act as a nucleophile? (2) If a nucleophile is "tagged" with 
one or two solvate molecules, can these "tags" be used as stereochemical 
markers to probe the mechanism? (3) What relationship does reaction in the 
gas phase, conducted with solvate but no bulk solvent, bear to reaction, 
conducted with both, in solution? 

The choice of system deserves a few comments. Hydroxide ion and 
methyl halides were chosen for the present study. Nucleophilic displace
ment reactions have already been studied extensively in the gas phase (for 
reviews, see references 1 and 9-13); and current techniques are limited to 
reactions where only one of the two reactants is charged—substrate or 
nucleophile. Reactions with a negatively charged nucleophile offer an attrac
tive choice because they have been investigated so extensively in solution. 
Methyl halides are the substrates of choice because elimination is not a 
possible pathway (4). Hydroxyl is a convenient nucleophile because its large 
hydration energies (14) minimize decomposition of the hydrated ions during 
their preparation and reaction. 

Experimental Section 

Because the techniques used are unfamiliar, a brief general description is given, 
indicating what properties are measured and how these may be interpreted. 

Both techniques use the same ion source to prepare the negatively charged 
nucleophile: O H " , OH~(H 20), and O H _ ( H 2 0 ) 2 (Figures 1 and 2). The ion source is a 
metal box in which water vapor, at a pressure of ~1 torr, is ionized by electrons. 
Negative ions are extracted through a slit in the box by an electric field. While the 
ions are in the box, they undergo sufficient collisions to form hydrated ions, for 
example 

O H " + H 2 0 = O H ( H 2 0 ) 

O H ( H 2 0 ) + H 2 0 = OH-(H 2 0) 2 

Once out of the box, the negative ions are focused, as a beam, through a mass filter, 
which will only transmit ions of a particular mass-to-charge ratio. In the experiments 
described here, the mass filter selects either O H - or OH _ (H 2 0) or OH _ (H 2 0) 2 to be 
the reactant—for either the beam technique or the flow reactor. 

Beam Technique. In the beam technique, the beam of sorted reactant ions 
(e.g., O H - ) is injected into a tiny collision chamber, containing the neutral reactant 
(e.g., methyl bromide) at a pressure of ~1 mtorr (Figure 2). The collision chamber is 
so thin (~2 mm) that no ion undergoes more than one collision and both reactant and 
product ions escape through an exit slit—to be analyzed, again by mass in another 
mass filter, and counted in a particle counter. In the illustrative example, unreacted 
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88 N U C L E O P H I L I C I T Y 

reactant OH~ and the product Br" formed via O H " + CH 3 Br — C H 3 O H + Br~ 
would be measured (see Figure 3 and the following discussion). The attenuation of the 
O H - beam by reaction can be visualized as the methyl bromide molecules present
ing an effective "hitting area" to the O H - projectiles. This effective "hitting area" is 
the reaction cross section, σ. σ provides a measure of the reaction probability, and in 
these experiments, it reaches a maximum value of — 100 Â2. (As a consequence of the 
powerful electrostatic forces drawing together the reactants—ion and polarizable 
molecule—these cross sections are 10 times larger than geometric cross sections.) 
The cross section σ can also be expressed as an effective rate constant k by the 
expression k = ot>r, where vr is the relative velocity. 

In the beam experiments, the reaction cross sections are measured as a function 
of £ T , the relative translational energy, which is that part of the translational energy 
that is available to drive chemical reactions. (Some of the translational energy is 
"unavailable" because of the kinematic requirement to conserve momentum.) The 
parameter that controls the translational energy of the ions, E, is the potential 
difference applied between the ion source and the collision chamber. The relative 
energy, £ T , is then calculated from the translational energy, £, by using conservation 
of energy and momentum: EjJE = mass target/(mass target + massion). 

Flow Reactor. In the flow reactor (Figure 1), the selected reactant ion beam is 
injected into a gas stream that is flowing rapidly down a tube (15). (This is another 
application of the Venturi effect, familiar to bench chemists in the action of the water 
pump or aspirator.) Speeds of —104 cm/s along a tube of 1-m length give residence 
times in the flow tube of —10 ms. The substrate is introduced into the tube 
downstream, and an aliquot of the flowing gas is sampled through a pinhole at the far 
end of the flow tube. Again, this sample is analyzed in the same way as in the beam 
experiment. From the known flow rate of the substrate and from the reaction time 
derived from the flow characteristics, a rate constant can be derived appropriate to 
the temperature of the reactor. As mentioned previously, the temperature is variable 
(100-500 K). 

Br0nsted Base or Nucleophile? Ambivalence in the Lewis Base 

The system 

is a representative example of a Lewis base in competing roles of Br0nsted 
base and nucleophile. We consider first the thermodynamic properties of the 
two channels, in the gas phase and in solution. Our interest then is in the 
competition between the two channels—as a kinetic probe of basicity versus 
nucleophilicity. 

Thermodynamics. No mystery surrounds the reaction between O H _ 

and C H 3 B r in solution. The pKa is so much larger for C H 3 B r than for water 
that hydroxide acts not as a Br0nsted base but as a nucleophile. Displace-

H^O + C H 2 B r " 

C H 3 O H + Br" 

proton transfer (1) 

nucleophilic displacement (2) 
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Figure 3. Dependence of the reaction cross section (reaction probability) 
upon relative translational energy, Ev for the products indicated (20). The 

reactants are as indicated: OH~ + CH^Br and ΟΗ~Ή90 + CH7Br. 

ment prevails in the competition between proton transfer and nucleophilic 
displacement. In thermodynamic terms, the barrier to reaction is lower for 
nucleophilic displacement than for proton transfer. Quantitative data are 
given in Figure 4. 

The barrier height (Arrhenius activation energy) for displacement is 23 
kcal/mol (16), and a lower bound on the barrier height for proton transfer is 
set by its free energy change, AG° ~ + 40 kcal/mol [derived by estimating 
pK f l [CH 3 Br] ~ 45 (17)]. However, even though displacement occurs with a 
large free-energy decrease, AG° = - 2 3 kcal/mol (18), the large activation 
energy reduces the rate constant at 300 Κ by a factor of 10" 1 7 . Proton transfer 
does not compete because the activation energy of the displacement reaction 
is, in equivalent terms, much smaller than the ΔρΚ α for the proton-transfer 
reaction. 

The thermodynamics are very different in the gas phase (Figure 4). 
Proton transfer is much less endothermic (ΔΗ° = +6 kcal/mol, see under 
Kinetics); nucleophilic displacement is much more exothermic (ΔΗ° = — 56 
kcal/mol) (J), and the measured rate constant demonstrates that the barrier 
must be low. 

Why do the thermodynamics differ so markedly for the two phases? 
Consider first the proton-transfer reaction. In the gas phase, the heats of 
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PROTON 
TRANSFER 

-56 NUCLEOPHILIC 
DISPLACEMENT 

REACTANTS 

PROTON 
TRANSFER 

Ea=23 

^ • 4 0 

VNUCLEOPHILIC _ „ 
DISPLACEMENT ά ό 

GAS PHASE AQUEOUS SOLUTION 

Figure 4. A comparison between the gas phase and solution for the 
reactants OH~ + CH3Br undergoing proton transfer and nucleophilic 

displacement. The vertical scale (not shown) is in kcal/mol, relative to the 
reactants. The gas-phase values are enthalpies, ΔΗ°, and the solution values 
free energies, AG°. Because the entropy changes are small, the enthalpies 

and the free energies may be compared. 

deprotonation of H 2 0 [Δ/Γ = 391 kcal/mol (19)] and of C H 3 B r [ΔΗ° = 397 
kcal/mol (20)] are rather similar; in solution, the corresponding pKa values 
(16 and —45, respectively) reflect the low hydration energy of C H 2 B r ~ 
compared to that of O H - . Now consider the nucleophilic displacement 
reaction—most conveniently, consider it as a member of the homologous 
series O H " + C H 3 X —• C H 3 O H + X " , where X is a halogen. The reaction 
may be viewed as a sequence of steps—breaking the C - X bond, transferring 
the electron from O H to X , and forming the C - O H bond—so that the 
reaction enthalpy is the sum of the differences of the bond energies and the 
electron affinities. Table I shows why, in the gas phase, the displacement 
reactions become increasingly exothermic as X changes from fluorine to 
iodine. The thermodynamics differ in solution, the exothermicity being less 
and effectively constant throughout the series. Significant differences in the 
intrinsic thermodynamic driving force (gas phase) are thus effectively 
quenched in solution. In the series X = F —• I, the increasing exothermicity 
in the gas phase appears to be offset in solution by the decreasing solvation 
energy of X - . 
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6. H E N C H M A N E T A L . Nucleophilic Displacement in the Gas Phase 91 

Table I. Thermodynamic Properties of the 
Reaction O H " + MeX — MeOH + X " 

ΔΗ ° e A G o / 

X O(Me-X)* (X)b ABDE C A(EA)d (gas phase) (solution) 
F 109 78 18 -36 -18 -22 
Cl 84 83 - 7 -41 -48 -22 
Br 70 77 -21 -35 -55 -23 
I 56 71 -35 -29 -64 -21 

N O T E : A l l values in kcal/mol. D ( M e - X ) is the bond energy; EA(X) is the electron affinity. 
a Reference 21. 
^ Reference 22 
c ABDE = D ( M e - X ) - D ( M e - O H ) where D ( M e - O H ) = 91 (21). 
d Δ ( Ε Α ) = E A ( O H ) — E A ( X ) where E A ( O H ) = 43 (23). 
e ΔΗ° = Δ ( Ε Α ) — A ( B D E ) . The numbers here differ from those in the text by 1-2 kcal/mol, 

being based on reference 21. This is a measure of the uncertainty. 
/ Aqueous solution (18). The entropy changes are small, so ΔΗ° = AG° . 

Kinetics. We now explore the kinetics of the competition. In general, 
in solution only one channel can be seen—the channel with the lowest 
barrier. A l l the other channels, with significantly higher barriers, are ex
cluded by the Maxwell-Boltzmann energy distribution. In the gas phase, 
the translational energy can be varied (Figure 2) to examine the reactivity of 
all the channels throughout the entire energy range. 

The competition between reactions 1 and 2 in the gas phase is shown in 
Figure 3a, as a function of relative energy. At the lowest energy, only 
displacement is observed. (This result is what is expected from experiments 
at thermal energy using the flow reactor.) When the energy is increased to 
—0.3 eV (—7 kcal/mol or a translational temperature of —3000 K), proton 
transfer begins to compete (Figure 4). (From this measured energy thresh
old, the enthalpy change ΔΗ° = +6 kcal/mol is derived for reaction 1.) The 
fractional yields of the proton-transfer channel are shown in Figure 5, as a 
function of relative energy. The remarkable kinetic result is that the endo-
thermic channel (reaction 1) prevails over the highly exothermic channel 
(reaction 2) even though reaction 2 occurs on nearly every collision at 
thermal energies. 

When the hydroxide is hydrated with a water molecule, the displace
ment channel is unchanged but the proton-transfer channel is reduced by 
one order of magnitude (Figure 3b compared with Figure 3a). Hydration 
suppresses the competition of endothermic proton transfer with exothermic 
nucleophilic displacement (Figure 5). These two results—a competition that 
is contrary to the thermodynamics and the suppression of this competition 
by one water of hydration—are summarized in Figure 5 and have been 
explained in terms of the relative energies of the reaction intermediates (24). 

Considerable evidence now exists that reactions such as 1 or 2 proceed 
via two intermediates in the gas phase. [The reaction energy profile shows 
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Figure 5. Fraction of proton transfer measured as a function of the relative 

translational energy, E T , for the reactants OH~ + CH3Br and 
OH-Ή ρ + CH3Br. 

two minima separated by a low barrier (see, for example, reference 1, Figure 
1).] For the proton-transfer reaction (1), the two intermediates, II and III, 
can be written as 

H O " + CHoBr H O - C H 3 B r ; 

II 

H O H - C H 2 B r -

III 

H 2 0 + C H 2 B r ~ (3) 

IV 

Analysis of the reaction energetics shows that, even though the overall 
reaction (I —• IV) is endothermic, transfer of the proton within the reaction 
intermediate (I —* III) is exothermic. The overall reaction is only endother
mic because of the energy needed to separate the products (III —• IV). In 
marked contrast, when the O H " is hydrated, both processes (I —* IV) and 
(I —• III) are endothermic. Translational energy is then needed both to drive 
the proton-transfer reaction and to separate the products: when unhydrated, 
translational energy is needed simply to separate products that are already 
formed. The energetics can thus provide a possible explanation for the 
unusual competition between reactions 1 and 2, shown in Figure 5. 
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6. H E N C H M A N E T A L . Nucleophilic Displacement in the Gas Phase 93 

These results extend our knowledge of the competition between basicity 
and nucleophilicity. In solution, proton transfer preempts nucleophilic dis
placement wherever it is possible thermodynamically. This situation is the 
simple consequence of low barriers for the former and high barriers for the 
latter. In the gas phase, proton transfer also preempts nucleophilic displace
ment. Here, there are no barriers for proton transfer—reaction occurs on 
every collision—and low barriers for nucleophilic displacement. [The rela
tionship between the barriers in the two phases has been explored in a series 
of important papers by Brauman and co-workers and reviewed (25, 26).] 
What has therefore been established in the gas phase is that proton transfer 
always wins when it is exothermic and that nucleophilic displacement is only 
efficient when proton transfer is endothermic (10). What is added here is that 
endothermic proton transfer can still win, when energy is available. If the 
explanation advanced is correct, this situation is only possible where the 
actual proton transfer remains exothermic. 

Chemistry as a Function of Solvation Number 

Beam techniques may be used to probe energy barriers and chemistry 
driven by translational energy: the flow reactor is used to study rates and 
mechanisms at thermal energies. Rates studied as a function of temperature 
reveal barriers to reaction. Rates studied as a function of solvation number 
reveal the kinetic role of solvate, in the absence of bulk solvent. We illustrate 
this behavior for the nucleophilic displacement reaction 

O H " + C H 3 C 1 —• C H 3 O H + C l " ΔΗ° = - 5 0 kcal/mol (4) 

The substrate C H 3 C 1 differs from C H 3 B r in a slightly different exothermicity 
(Table I). The data presented here for C H 3 C 1 extend our published data for 
the C H 3 B r system (27). 

Rates. Rate data for reaction 4 are shown in Figure 6. What is plotted 
is not a rate constant for the reaction but a reaction efficiency per collision. 
Analysis shows that the rate constant for an ion and a polar molecule simply 
to collide is itself temperature-dependent (28). What is of chemical interest is 
the property plotted—the fraction of the collisions that actually result in 
reaction. This reaction efficiency per collision is the ratio of the experimental 
rate constant to the calculated collision rate constant (29). 

Although reaction 4 is exceedingly exothermic, it does not occur on 
every collision, and the efficiency decreases with increasing temperature 
(Figure 6). This finding is characteristic of a reaction where the potential 
surface shows two wells (i.e., two intermediates, as in reaction 3) (4). With 
modeling, these data may be used to derive intrinsic nucleophilicities (5) 
although we have yet to do this for reaction 4. 
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Figure 6. Temperature dependence of the reaction efficiency per collision for 
the reactions of OD~ + CH3Cl (open circles), OD~D20 + CHjCl (filled 

circles), and OD~(D20)2 + CH3Cl (half-filled circles). The reaction 
efficiency per collision is the experimental rate constant divided by the 

calculated collision rate constant, calculated by Clary using the adiabatic 
capture centrifugal sudden approximation (ACCSA) (28). For experimental 

reasons (29), the measurements were made with completely deuterated 

Adding one water of hydration to the O H - reactant has two effects: the 
reaction efficiency is decreased by half an order of magnitude and the 
temperature dependence is increased (Figure 6). Adding two waters de
creases the efficiency by two orders of magnitude, and it may, within the 
limits of scattered data, increase the temperature dependence further. These 
findings agree with the results previously obtained by Bohme at 300 Κ (2). 
The parallelism between the decrease in the reaction efficiency, on the one 
hand, and the magnitude of the temperature dependence, on the other, is 
again qualitatively consistent with the two-well potential model (29). 

Product Distributions. When the reactant ion is hydrated, different 
reaction channels are possible because different numbers of waters may 
hydrate the product ion. For example, the reactant Ο Η ~ · Η 2 0 in reaction 4 
can form either C l - or C l " · H 2 0 . One channel is available for the unhydrated 
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6. H E N C H M A N E T A L . Nucleophilic Displacement in the Gas Phase 95 

reactant, two for the singly hydrated, three for the doubly hydrated, and so 
on. The possible channels are shown in Figure 7, together with their 
enthalpy changes. 

Figure 7 also shows the experimental product distributions that were 
observed in the flow reactor. A consistent pattern emerges. However hy
drated the reactant, the predominant product ion is C l " without hydration. 
Forming C1~*H 2 0 is apparently a very unlikely process (collision efficiencies 
of <1%), and C 1 " ' ( H 2 0 ) 2 is not observed at all. 

Why no reaction is found for the triply hydrated reactant is now appar
ent. If the product ion has to be C l " , this channel is now endothermic by 6 
kcal/mol. The more hydrated the reactant ion, the more endothermic will be 
the reaction channel leading to the C l " product. Hydration quenches the 
reaction if the reactant has more than two waters of hydration. When the 
reactant has only one or two waters, Figure 7 suggests why the reactivity 
decreases as shown in Figure 6. Addition of the two waters successively 
decreases the exothermicity: this result, in turn, raises the barrier for nu
cleophilic displacement—through application of Marcus theory (24, 25). 

Formation of Hydrated Products. According to the enthalpies shown 
in Figure 7, the most exothermic channel would transfer all the hydration 
from reactant to product. That channel also has the greatest free energy 
decrease. Paradoxically, experiment shows the dominant channel to be the 
one least favored thermodynamically. Is the experimental result an artifact of 

Figure 7. Enthalpy diagram showing the relative enthalpies of reactants and 
products, relative to the enthalpy of the dehydrated reactants OD~ + 

CH3Cl. In each case the label indicates only the ionic reactant or product. 
Thermochemical values are for undeuterated species from references 2 

and 14. 
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the technique? Could it be that the waters do transfer efficiently but then 
"boil off' (30), because the reaction is so exothermic? For example, for the 
singly hydrated reacant, could reactions 5 and 6 occur sequentially, in 85% of 
the collisions that result in reaction? 

Ο Η - · Η 2 0 + C H 3 C l - ^ C H 3 O H + C 1 - H 2 0 ΔΗ° = - 3 9 kcal/mol (5) 

No definitive answer can be given to these questions at the present time 
(2). Circumstantial evidence, however, suggests strongly that solvate does not 
transfer from reactant to product, that reaction 5 does not occur. First, the 
experimental data are reliable: product distributions, measured with the 
beam technique, extrapolate to those, measured in the flow reactor, in the 
limit of thermal energies (Figure 8). [The same agreement is found with 
C H 3 B r as the substrate (27), and the raw beam data are shown in Figure 3.] 
Second, if the mechanism indeed were reactions 5 and 6, the product 
distribution would be expected to show a greater dependence on transla
tional energy than is shown in Figure 8 (see also reference 27). Third, if the 
sequential mechanism 5 and 6 were operating, why is no doubly hydrated 
product seen for the doubly and triply hydrated reactants? Finally, when 
methoxide is used as the nucleophile and is solvated with methanol, similar 
product distributions are found. The reaction enthalpies of the various 
channels for Ο Η ~ · Η 2 0 as nucleophile differ from those for C H 3 0 ~ * C H 3 O H 
as the nucleophile. With these constraints, it is hard to see how the "boil-off" 
mechanism, 5 and 6, could yield similar product distributions for the two 
different nucleophiles. 

C 1 - H 2 0 — C l " + H 2 0 ΔΗ° = +14 kcal/mol (6) 

SIFT 
Ο 0.2 
+ 

Ο 
CVJ 

U 
< 0. 
ο 
ο 

I 
υ 

Figure 8. Fraction of Cl~-hydrated product, as Cl~'H20, as a function of 
Ev relative energy, for the reactants ΟΗ~Ή20 + CH3Cl. Open circles: 

beam measurements. Filled circles: flow reactor measurements. 
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6. H E N C H M A N E T A L . Nucleophilic Displacement in the Gas Phase 97 

Reaction Mechanism: Gas Phase and Solution. What mechanistic 
information is provided by the solvated-ion experiments in the gas phase? If 
thermodynamic control should yield solvated products, what is the nature of 
the kinetic control that apparently yields unsolvated ones? 

We have argued (27) that a nucleophilic displacement between 
Ο Η _ · Η 2 0 and C H 3 C 1 could involve two steps—Walden inversion of the 
methyl group as the O H - nucleophile displaces the C l - leaving group and 
hydrate transfer from the nucleophile to the leaving group. Three mecha
nisms are then possible, depending on the sequence of the two steps. These 
mechanisms are shown in Figure 9, which is drawn in the configuration of a 
More O'Ferrall plot, as used for S N 2 reactions in solution (31). One mecha
nism consists of hydrate transfer followed by inversion (V —• VI —+ VII), 
another of the reverse sequence, inversion and hydrate transfer (V—• VIII—• 
VII), and the third of both concerted (V —• VII). By considering the heights 
of the barriers for these mechanisms, we have eliminated the first and we 

VI VII 

HO-H 'Hp • CH 3 OH 

O H ' H ^ • CHTJI 

OH 
Η 

H0"-H3CC1 

INVERSION 

V 

OH 
Η 

HOCH, 

VIII 

> C 1 - * H 2 0 • CH 3 OH 

Figure 9. A schematic More O'Ferrall plot for the SN2 reaction ΟΗ~·Η20 
+ CH3Cl —> CH3OH + Cl~'H20, with reactants at the lower left and 
products at the upper right. The mechanism is resolved into two steps: 

inversion (horizontal axis) and hydrate transfer from nucleophile to leaving 
group (vertical axis). The horizontal and vertical dashed lines show the two 
sequential mechanisms; the diagonal line shows the concerted mechanism. 
The mechanism observed—inversion + desolvation—is shown by the solid 

line. 
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98 N U C L E O P H I L I C I T Y 

have argued that the second would be favored over the third (27). Our 
conclusion, therefore, is that the first step would be inversion (V —• VI), 
which would liberate —50 kqal/mol from the reaction exothermicity. With 
this much excitation energy, the intermediate V I would simply desolvate and 
yield C l " . 

Central to this description is the idea that hydrate does not transfer from 
nucleophile to leaving group because the transition state IX is unfavorable— 
unfavorable energetically and unfavorable entropically. 

IX X 

Nevertheless, for this reaction of Ο Η ~ · Η 2 0 + CH 3 C1, some 15% of the 
hydrated product C 1 ~ ' H 2 0 is formed. We consider the hydrated product 
unlikely to be formed via the transition state IX, because in the analogous 
reaction C H 3 0 - C H 3 O H + C H 3 C 1 , the yield of solvated product 
C l " - C H 3 O H is remarkably similar (—20%). In the methoxide reaction, the 
corresponding transition state X cannot provide a route for solvate transfer. 
The binding energies of methyl groups to anions are too low (32) to form a 
solvate bridge. Water can form two hydrogen bonds to bridge; methanol can 
only form one. 

How the minor yield of solvated product is formed remains an interest
ing question. If mechanisms involving inversion and solvate transfer are 
excluded, attention turns to direct mechanisms involving frontside attack 
(33). Ample precedent for such processes can be found in neutral chemistry, 
but at higher energies and not for solvated reactants (34). 

Finally, we consider the relevance of these solvated-ion studies in the 
gas phase to the corresponding reactions in solution. In the gas phase, the 
products are predominantly unsolvated: in solution, they are completely 
solvated. In the gas phase, reaction 4 is apparently quenched by solvating 
the reactant with more than two solvate molecules: in solution, the reaction 
proceeds when the reactants are infinitely solvated. This highlights the 
importance of the bulk solvent in solution. A l l pervasive, the bulk solvent 
can always enable the concerted desolvation of the nucleophile and solvation 
of the leaving group. In contrast, in the gas phase, the same solvate mole
cules that are released in the desolvation must be used in the solvation; and if 
the solvate does not transfer, solvation must stop the reaction. In the gas 
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6. H E N C H M A N E T A L . Nucleophilic Displacement in the Gas Phase 99 

phase, solvate molecules, unconstrained by the presence of bulk solvent, 
have much greater maneuverability and hence a greater opportunity to 
participate in chemical reaction. In the reactions discussed here, ironically, 
this enhanced capability is not useful. Instead, it serves to emphasize the key 
kinetic role played in solution by the bulk solvent. 

Conclusions 

Beam techniques, which have not been applied extensively to physical 
organic chemistry, are used here (1) to explore higher-energy pathways, (2) to 
measure energy barriers, and (3) to probe mechanisms through varying 
translational energy. Specifically, (1) the role of translational energy has been 
explored in influencing the competition between nucleophilicity and 
basicity; (2) some basic thermochemistry has been determined; and (3) 
certain products were identified as being primary rather than secondary in 
origin. It should be clear that beam experiments of this type have a signifi
cant role to play in physical organic chemistry, for example, in the direct 
measurement of intrinsic nucleophilicity and for testing directly the validity 
of the Marcus postulates (5). As shown in Figures 3 and 7, it is important in 
these beam experiments to be able to work at the lowest possible energies 
(—0.2 eV). Unfortunately, such measurements at low energy present the 
greatest experimental difficulties, and the thermal-energy measurements in 
the flow reactor provide an important check (Figure 8). 

The rate measurements in the flow reactor, as a function of temperature 
and solvation number, provide new data to support the current picture of 
nucleophilic displacement in the gas phase, characterized by a potential 
surface with two wells, and the system undergoing Walden inversion in 
passing from the first intermediate to the second. The extent of solvate 
transfer reveals new information about the geometry of the transition state. If 
solvate is to pass from reactant ion to product ion, it must be able to track the 
moving charge. Pathways where the solvate and charge are separated must 
have a higher energy and be less favored; this is true for nucleophilic 
displacement. As the charge moves from nucleophile to leaving group, down 
the backbone of the intermediate, the solvate can only follow by circum
navigating the perimeter, and it doesn't. [A striking contrast is provided in 
proton transfer reactions where the different geometry of the transition state 
allows efficient solvate transfer (34)]. 

Both techniques provide insights into the relationship between reac
tivity in the gas phase and reactivity in solution (3). Beam techniques in the 
gas phase explore the reactions that are not seen at thermal energies and 
provide a basis of understanding (Figure 4). In the flow reactor at thermal 
energies, chemistry studied as a function of solvation number allows some 
distinction to be made between the roles of solvate and bulk solvent in 
solution. 
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Variation in the Transition-State 
Structure of Aliphatic Nucleophilic 
Substitution 

Takashi Ando1, Takahide Kimura2, and Hiroshi Yamataka2 

1Department of Chemistry, Shiga University of Medical Science, 
Seta Tsukinowa, Otsu, Shiga 520-21, Japan 
2The Institute of Scientific and Industrial Research, Osaka University, 
Mihogaoka, Ibaraki, Osaka 567, Japan 

Carbon kinetic isotope effects in two series of methyl transfers 
(methyl brosylate with substituted Ν,Ν-dimethylanilines and methyl 
iodide with substituted pyridines) were all large and did not show the 
bell-shaped behavior previously observed in benzyl transfers. This 
finding indicates the importance of the Walden inversion motion in 
methyl transfers in which transition states hold total bonding con
stant. Nitrogen kinetic isotope effects in several reactions of benzyl 
benzenesulfonates with Ν,Ν-dimethylanilines were all small and al
most constant. Thus, the early-late characters of the transition states 
were difficult to distinguish. Hydration of nucleophilic anions (Cl-, 
Br-, I-, SCN-, and N3-) in the reaction with n-octyl p-nitro-
benzenesulfonate altered the kinetic parameters but not the α-deu-
terium isotope effects. Dehydration during activation without signifi
cant change in the transition-state structure was proposed. 

/ V L I P H A T I C N U C L E O P H I L I C S U B S T I T U T I O N played a central role in the re
cent debate on variable transition states (TS) (1-20). In previous papers 
(1-4), we successfully interpreted the variation in the TS structure of the 
Menschutkin-type reaction of benzyl benzenesulfonates with Ν,Ν-di
methylanilines (equation 1), by the extensive use of carbon-14 and tritium 
isotope effects. 

0065-2393/87/0215-0103$06.00/0 
© 1987 American Chemical Society 
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N ( C H 3 ) 2 + 

35°C 

A c e t o n e 

C H 2 0 S 0 2 

N ( C H 3 ) 2 C H 2 

(D 

- o s o 2 

Qualitative rules used to link the variation in the TS and that in the experi
mentally observed kinetic isotope effect (KIE) are as follows: (1) The car
bon-14 K I E becomes maximum when the TS is symmetrical in terms of the 
force constants, / C _ N and/ c_Q, of the two reacting bonds and decreases when 
the TS becomes reactant-like or product-like upon changing X, Y, and Z. (2) 
As a general trend, the α-tritium K I E increases when the TS becomes loose 
and decreases when it becomes tight (Figure 1). The bell-shaped plots of the 
carbon-14 K I E , observed for several series with varied X or Y, have been 
attributed to TS variations crossing the diagonal connecting the C + and C~ 
corners in Figure 1; this diagonal corresponds to symmetrical TS structure. 
Concurrent observation of a small and monotonie change in the α-tritium 
K I E has been regarded as an indication of a variation along the tight-loose 
direction. A l l the variations have been discussed in terms of Thorntons rules 

C + P r o d u c t 

' C - O 

R e a c t a n t 
•C -N 

Figure 1. More O'Ferrall diagram of the Menschutkin-type reaction. 
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7. A N D O E T A L . Variation in the Transition-State Structure 105 

(21) and More O'Ferrall-type analysis. Our previous work (1-4), however, 
raised the following questions: (1) Is the bell-shaped behavior of the carbon 
K I E limited only to the benzyl system? (2) Does any experimental evidence 
distinguish between reactant-like and product-like TSs, both of which show 
smaller than maximum carbon KIE? (3) What is the role of solvent molecules 
and how do they behave in the TS of an S N 2 reaction? This chapter describes 
our recent studies aimed at answering these questions. 

Kinetic Isotope Effects in Methyl-Transfer Reactions 

The simplest S N 2 reaction involves methyl transfer between heteroatoms; 
thus, the possibility of bell-shaped behavior of the carbon K I E for such a 
substitution reaction was explored. No systematic measurements of KIEs for 
a series of multilabeled compounds were previously reported for methyl 
transfer. Carbon-14 and α-deuterium KIEs for reactions of methyl- i 4C brosy-
late and methyl-d 3 brosylate with substituted Ν,Ν-dimethylanilines (equa
tion 2; Y = p - C H 3 0 , p - C H 3 , H , p-Br, and ra-Br) were measured. Reactions 
were carried out in acetonitrile at 55 °C with 0.05 mol L _ i of methyl 
brosylate and 0.10 mol L - 1 of nucleophiles. Reactions showed good second-
order rate plots (r > 0.999) through at least 70% reaction. Carbon-14 KIEs 

N ( C H 3 ) 2 + C H 3 0 S 0 2 ( ( ) ) B r 

55°C 

C H 3 C N 
N ( C H 3 ) 2 C H 3 -OSOc B r (2) 

Y = £ - C H 3 0 , £ - C H 3 > H , p_-Br , m -Br 

Table I. Rate Constants and KIEs in the Reaction of 
Methyl Brosylate with Y-Substituted JV,iV-Dimethylanilines 

10*k2 

Y (L mol~l s-*) Hk/Dk" 12k/"k 
P - C H 3 0 37.40 ± 0.5 0.983 ± 0.010 1.149 0.001** 
P - C H 3 18.80 ± 0.2 0.971 0.009 1.152 ± 0.002* 
H 6.91 ± 0.02 0.971 ± 0.010 1.162 ± 0.003* 
p-Br 1.71 ± 0.02 0.953 ± 0.002 1.162 0.009' 
ra-Br 0.965 ± 0.028 0.958 ± 0.011 1.163 ± 0.001' 

N O T E : 0.05 mol Lr 1 in methyl brosylate and 0.10 mol L _ 1 in nucleophile in acetonitrile at 55.00 
± 0.02 °C. 

α Average of two or three runs. 
b For uncertainties, see reference 22. 
c Average of two runs. 
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7 μ 

6 h 

CVJ 

en 
o 

o 

m-Br p-Br 

1 4 C KIE 

H p -CH 3 p-CH 3 0 

α-D KIE 

o 

en o 

CVJ 

o 

- 1 . 0 - 0 . 5 0 0.5 
log k Y / kH 

1.0 

Figure 2. Carbon-14 and α-deuterium KIEs for the reaction of methyl 
brosylate with substituted Ν,Ν-dimethylanilines plotted against 

relative rates. 

were determined by the standard method (22). Accurate radioactivities were 
measured by liquid scintillation counting of methyl brosylate recovered at 
various stages of reaction. Results are shown in Table I, and KIEs are plotted 
against relative rates in Figure 2. Deuterium KIEs are all smaller than unity, 
showing the typical S N 2 character of the methyl system, and decrease as the 
reaction rates decrease. Carbon-14 KIEs are all large, and the value of 1.163 
at 55 °C is the largest ever reported. Apparently, a bell-shaped variation of 
the carbon KIEs is not observed; instead, the value increases and then levels 
at about 1.16 as the nucleophilicity of the aniline decreases. This observation 
may indicate that bell-shaped behavior is only inherent in the benzyl sys
tems. However, the measurement of carbon KIEs for the methyl system has 
not been as extensive as for the benzyl one. Second-order rate constants 
varied by about 190 times for the benzyl derivatives but only 40 times for 
methyl brosylate. 

Harris et al. reported (11) a large variation of the deuterium K I E in the 
Menschutkin reaction of methyl iodide with substituted pyridines (equation 
3; X and Y = C H 3 , H , and Cl). Because this large variation seems to be good 
evidence for a change of TS in this series of reactions, the carbon K I E was 
measured. Reactions were carried out under the same conditions as reported 
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7. A N D O E T A L . Variation in the Transition-State Structure 107 

Î3 
Ν + C H 3 I 

2 - P r N 0 2 

X , Y = C H 3 > H , C l 

2 5 ° C 
Q H - C H 3 Ι - Ο) 

previously (II, 13) by using both methyl iodide enriched with 99% 1 3 C and 
normal methyl iodide. Conductometric determination of rate constants gave 
the results shown in Table II and plotted in Figure 3 together with Harris et 
al. s results (II). 

Figure 3 shows that variation in the carbon K I E observed for reaction 3 
is quite similar to that for reaction 2. Carbon-13 KIEs are all large, and the 
value slightly increases as the nucleophilicity of the pyridine decreases. 
Again, no maximum is observed in spite of the large variation in the rate 
constants (340-fold) and the concomitant large variation in the α-deuterium 
K I E . Although the similarity between the behavior of the carbon KIEs in the 
two series might be coincidental, possibly large and rather flat carbon KIEs 
are general for methyl transfer. The question then remains as to how the 
difference between the benzyl and methyl derivatives can be explained. 

Model Calculation of Kinetic Isotope Effects 

We quantitatively demonstrated previously (23) that, in the model calcula
tions of KIEs for the benzyl derivatives, large carbon-14 KIEs (up to 1.16 at 
35 °C) cannot be obtained with a simple symmetrical model (24) but can only 
be obtained with a modified model in which the Walden inversion motion 
was explicitly included as part of the reaction coordinate. Heavy-atom KIEs 
are approximated as a product of two factors: the temperature-independent 
imaginary frequency factor and the temperature-dependent zero-point en
ergy factor. The previous calculations showed that the ratio of the imaginary 
frequencies (v 1 L*/v 2 L*) describing transmission over the TS barrier must be 
large. Furthermore, so that the large variation in the carbon K I E of the 
benzyl derivatives could be simulated, the contribution of the Walden inver
sion was varied with the relative strength of the two reacting bonds. The 
reaction-coordinate frequency should be largest when the TS is symmetrical 
and rapidly decrease when the TS becomes unsymmetrical. In contrast to 
the benzyl system, the large and rather flat carbon KIEs of the methyl 
derivatives suggest that the contribution of the Walden inversion is impor
tant throughout the series. As the Walden inversion motion is an essential 
part of the S N 2 reaction, methyl transfer, as a representative of S N2, is 
probably always accompanied by the large Walden inversion contribution. 

Model calculations of K I E for reactions 2 and 3 were carried out by use 
of the program B E B O V I B - I V (25) in the same manner as for reaction 1 (23). 
TS structures able to simulate the experimentally observed carbon and 
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Table II. Rate Constants and KIEs in the Reaction of 
Methyl Iodide with 3-X-5-Y-Substituted Pyridines 

(io*y% 
X Y (L mol-1 s-1)0 (L mot1 s-1)0 12k/13kb H k / D k c 

C H 3 C H 3 4.247 ± 0 . 0 0 9 3.994 ± 0.013 1.063 ± 0.004 0.908 
C H 3 H 2.394 ± 0.001 2.254 ± 0.005 1.062 ± 0.002 0.851 
Η H 1.620 ± 0.003 1.520 ± 0.006 1.066 ± 0.005 0.850 
C l H 0.1174 ± 0.0001 0.1093 ± 0.0002 1.074 ± 0.002 0.835 
C l C l 0.01249 ± 0.00012 0.01161 ± 0.00013 1.076 ± 0.016 0.810 

N O T E : In 2-nitropropane at 25.00 ± 0.01 ° C ; 0.09-0.22 mol L - 1 in pyridines, 0.0771 mol L " 1 in 
methyl iodide, and 0.0766 mol L - 1 in methyl iodide (99%, K O R and MSD) . 

a Average of at least three runs. 
b Calculated by taking account of the 1 3 C content (99%). 
c Reference 11. 
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Figure 3. Carbon-13 and α-deuterium KIEs for reactions of methyl iodide 
with substituted pyridines plotted against relative rates. 

hydrogen KIEs for the three reactions are mapped on the More O'Ferrall 
diagram in Figure 4. The conclusions obtained from this type of calculation 
are barely quantitative, but their semiquantitative conclusions demonstrated 
visually are quite informative. Figure 4 shows that (1) TSs for the benzyl 
derivatives are in the cationic region and looser than those for the methyl 
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7. ANDO ET AL. Variation in the Transition-State Structure 109 

C + P r o d u c t 

B e n z y l 

M e t h y l I 

R e a c t a n t „ C " 
n C - N 

Figure 4. Transition-state regions for benzyl and methyl transfers. 

derivatives, (2) TSs for the methyl derivatives are along the diagonal with 
constant total bonding and not in the anionic region as proposed by Harris et 
al. (11\ and (3) variation in the TS structures shown by the shaded areas is 
greater for the benzyl derivatives than for the methyl ones. This variation 
indicates that the TS for benzyl transfer is more flexible than that for methyl 
transfer, presumably because of the greater polarizability of the phenyl group 
compared with that of hydrogen. 

TS areas for the two methyl series overlap with each other in spite of the 
apparent difference in the deuterium KIEs; the KIEs are much smaller and 
more variable for reaction 3 than for reaction 2. These results are rationalized 
with the idea that secondary α-deuterium KIEs in S N 2 are primarily deter
mined by the H / D fractionation factors of the reactant and the product 
(26-28). The much larger increase in the H / D fractionation factor for the I —• 
Ν methyl transfer than for the Ο —• Ν methyl transfer inevitably results in 
the observed behavior for similar TS structures. 

These calculations were carried out with the TS model in which the 
contribution of the Walden inversion is varied with the symmetry of the TS. 
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110 n u c l e o p h i l i c i t y 

For methyl-transfer reactions, the calculations could be performed with 
another TS model incorporating the constant contribution of the inversion 
motion. These latter calculations for reactions 2 and 3 produced somewhat 
longer TS regions extended into the reactant corner. Which model is most 
appropriate is difficult to determine, but the qualitative conclusion is the 
same: that is, a large inversion motion always accompanies methyl transfer 
but is important only for strictly symmetrical TSs in benzyl transfer. In other 
words, marked bell-shaped behavior of carbon KIEs may be characteristic of 
reactions in which TSs are shifted away from the diagonal of constant total 
bonding. 

Nitrogen-15 Kinetic Isotope Effects 

As an experimental method to answer question 2 (does any experimental 
evidence distinguish between reactant-like and product-like TSs), measure
ments of KIEs for atoms in the leaving group or the nucleophile may be 
promising. Thus, nitrogen-15 KIEs were measured for several substrates 
with varying X , Y, and Ζ in reaction 1 (29) (Table III). 

Table HI. Nitrogen-15 KIEs in the Reaction of 
Z-Benzyl X-Benzenesulfonates with Ν,ΛΓ-Dimethyl-Y-anilines 

X Y Ζ "k/ ' 5 k 
J 0 * k 2 

(L mol-1 s-1) 

p-CH 3 o P - C H 3 Η 1 . 0 0 2 8 ± 0 . 0 0 0 4 2 . 3 6 

Η P - C H 3 Η 1 . 0 0 2 8 ± 0 . 0 0 0 4 7 . 8 2 

p - C l P - C H 3 Η 1 . 0 0 2 7 ± 0 . 0 0 0 2 2 7 . 2 

p - C l p-Br Η 1 . 0 0 3 8 ± 0 . 0 0 0 3 3 . 8 8 

p - C l P-CH3O Η 1 . 0 0 1 9 ± 0 . 0 0 0 3 6 2 . 6 

p - C l P - C H 3 m-Br 1 . 0 0 2 0 ± 0 . 0 0 0 4 1 6 . 3 

N O T E : In acetone at 3 5 . 0 0 ± 0 . 0 2 ° C ; 0 . 0 0 8 - 0 . 0 1 5 mol L " 1 in ester and 0 . 0 1 6 - 0 . 0 6 0 mol L - 1 in 
nucleophiles. 

These results were not previously discussed in detail because the KIEs 
are all close to unity and the variation in them is small. The variations in the 
K I E for nucleophiles and leaving groups, in several series of S N2 reactions, 
are all much smaller than expected (6, 15-20) and a large change in the 
nitrogen nucleophile K I E once reported (16) was later admitted to be in 
error (J.L. Kurz, personal communication). In our previous paper (29), the 
imaginary frequency factor (1.01) times the zero-point energy factor (0.99) 
produced a K I E close to unity. The only detectable difference outside the 
error limit was observed for varied Y with fixed X (p-Cl) and Ζ (H); a smaller 
isotope effect was obtained for an electron-donating substituent ( p - C H 3 0 < 
p - C H 3 < p-Br). As the TS becomes product-like, the zero-point energy 
factor should decrease because of an increasing bonding and the imaginary 
frequency factor is claimed to decrease to unity (30, 31). Thus, this trend in 
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7. A N D O E T A L . Variation in the Transition-State Structure 111 

the nitrogen-15 K I E may be an indication of a later TS for a more electron-
donating substituent, which is the so-called "anti-Hammond" behavior. 

If this conclusion is correct, all the TS maps that we proposed so far 
should be reversed in the early-late character. However, possibly the ob
served, small variation in the nitrogen K I E could be consistent with the 
Hammond behavior. 

In benzyl-transfer reactions, the TS is located in the cationic region 
because of the stability of the hypothetical intermediate, benzyl cation. In 
these reactions, the C - O bond breaking and N - C bond forming are not 
synchronous; the reaction coordinate for a reactant-like TS would be largely a 
change in the C - O bonding while that for a product-like TS would be largely 
a change in the N - C bonding (Figure 5) (32). If this idea is correct, then the 
imaginary frequency factor of the nitrogen K I E might be small for a reactant-
like TS and large for a product-like TS, which is opposite to the previous 
estimation. Compensation by change in the zero-point energy factor might 
produce a difflerenee-of^mly 0.002. This difference is observed only on 
varying Y because substituent Y on the nucleophile has the strongest influ
ence in determining the TS, as was seen by the sharp variation in the carbon 
K I E on varying Y ( i , 3). Thus, we should wait, to answer question 2, until 
accurate KIEs for nucleophiles and leaving groups in various alkyl transfers 
are accumulated. 

r+ P roduc t 

'C-O 

Reactan t 
'C-N 

Figure 5. Schematic reaction coordinate for benzyl transfer. 
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112 NUCLEOPHILICITY 

Solvation Effects on Transition States 

Because aliphatic nucleophilic substitution is ionic by nature, solvent mole
cules must play an important role as reactants proceed to TSs. In K I E studies 
on nucleophilic substitutions, however, solvent molecules have only been 
taken into consideration in a few cases. Solvation to the leaving chlorine atom 
in the TS of the solvolysis of tert-butyl chloride (33) and solvation to the β-
hydrogens in the TS of the borderline solvolysis of an isopropyl ester (34) are 
typical examples. Kurz et al. (35) described methyl-transfer reactions by a 
two-dimensional diagram (one axis corresponds to changes in internal struc
ture and the other to changes in solvent polarization) to interpret the 
deuterium K I E of deuterated hydroxylic solvents. Italian researchers (36) 
clearly demonstrated that hydration of nucleophilic anions by a small num
ber of water molecules, under phase-transfer catalysis conditions in nonpolar 
solvent, causes a decrease of their reactivity in aliphatic nucleophilic sub
stitution. To obtain some information on the possibility that hydration to 
nucleophiles may cause changes in the internal structure of the TS and that 
possible reorganization of hydrating water molecules during activation may 
correlate with the decreased reactivity, we measured α-deuterium KIEs for 
reaction 4 under hydrated (wet) and unhydrated (dry) conditions. 

where Q + = n - C 1 6 H 3 3 P + ( C 4 H 9 ) 3 and Y " = S C N " , I", Br" , C l " , or N 3 " . 
Reactions were carried out in chlorobenzene at 50 °C, with 3 X 10" 1 mol L " 1 

of ester and (6-10) Χ 10" 3 mol L " 1 of nucleophiles, and followed by 
spectrophotometry. For wet conditions, the chlorobenzene solutions of 
Q + Y ~ were equalibrated with 4 mol L - 1 of aqueous solution of KY before use 
(Table IV). 

The data in Table IV show that α-deuterium KIEs under dry and wet 
conditions are almost the same (37). Although the values for S C N ~ show 
some difference, the result from wet conditions contains a large uncertainty. 
These constant KIEs show that any change of the TS by hydration, if it 
occurs, is not of a type that can be detected by α-deuterium KIEs. Because 
the TS of this reaction has a delocalized negative charge, nucleophilic 
hydration to α-hydrogens may be unimportant. The tight-loose character of 
the TS is not affected by hydration. 

Activation parameters under dry and wet conditions in cyclohexane 
were also measured for reaction 4 (Table V). Reactions were carried out at 

(4) 
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7. ANDO ET AL. Variation in the Transition-State Structure 113 

20-40 °C with 2 Χ 10" 4 mol L 1 of ester and 2 Χ 10" 3 mol L " 1 of 
nucleophiles. Wet conditions were prepared by adding (6-8) X 10~3 mol L " 1 

of water to the cyclohexane solution. The results indicate that the decreased 
reactivities under wet conditions are attributed to the increase in activation 
enthalpies, even though activation entropies increase by hydration. This 
tendency is more noticeable as the nucleophile becomes harder, that is, 
I < Br < CI. These observations are consistent with the idea that the 
activation process under wet conditions includes desolvation or reorganiza
tion of hydrated water molecules. 

Our study on the solvation to the TS of aliphatic nucleophilic substitu
tion is now in its infancy, and the results are only preliminary. We hope that 
measurements of KIEs will also be effective in this study, as they were in our 
previous studies. 

Table IV. Rate Constants and α-Deuterium KIEs in the Reaction of 
ii-Octyl p-Nitrobenzenesulfonate with Quaternary Phosphonium Salts 

in Dry and Wet Chlorobenzene at 50 °C 

k2 (dry) k2 (wet) 

x- (L mol'1 s-1) (L mol~ Hk/Dk (dry) Hk/Dk (wet) 
S C N 0.02062 ± 0.00013 0.01477 ± 0.00014 1.090 ± 0.007 1.066 ± 0.031 

I 0.1009 ± 0.0010 0.0840 ± 0.0002 1.141 ± 0.018 1.154 ± 0.018 
Br 0.2407 ± 0.0024 0.1425 ± 0.0002 1.106 ± 0.012 1.095 ± 0.002 
CI 0.5494 ± 0.0001 0.1387 ± 0.0009 1.087 ± 0.010 1.082 ± 0.012 
N 3 

1.549 ± 0.018 0.805 ± 0.007 1.070 ± 0.019 1.059 ± 0.012 

Table V. Activation Parameters in the Reaction of n-Octyl p-Nitrobenzene sulfonate 
with Quaternary Phosphonium Halides in Dry and Wet Cyclohexane 

Parameter 

dry wet 

Parameter ci- Br~ / - ΟΖ Br~ Ζ-

fc2*(at 30 ° C ; L mol" 1 s"1 1.0607 0.6123 0.3073 Ο. 549 0.344 0.249 
Δ Η * (kcal mol") 14.3 15.1 16.0 16.5 16.3 16.5 
AS* (cal deg - 1 mol"1) - 1 0 . 5 - 9 . 8 - 8 . 1 - 5 . 0 - 6 . 8 - 7 . 0 
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8 
Nonperfect Synchronization 
in Nucleophilic Additions 
to Carbon-Carbon Double Bonds 

Claude F. Bernasconi 

Thimann Laboratories of the University of California, Santa Cruz, CA 95064 

The principle of nonperfect synchronization states that any product
-stabilizing factor that develops late along the reaction coordinate, or 
any reactant-stabilizing factor that is lost early along the reaction 
coordinate, has the effect of increasing the intrinsic barrier of a 
reaction. Much of the structure-reactivity behavior in nucleophilic 
additions to activated C=C double bonds can be understood as the 
manifestation of this principle. This behavior includes the effect of 
resonance by substituents adjacent to the site of negative charge 
development (or its disappearance) and the effect of remote substi
tuents, the solvent, steric crowding, intramolecular hydrogen bond
ing, and intramolecular electrostatic stabilization. 

JL H E NATURE OF T H E INTERACTION MECHANISMS that stabilize the carb-
anion profoundly influences the rates of reactions that lead to the generation 
of carbanions. For the most thoroughly studied carbanion-forming reactions, 
the ionization of carbon acids, this fact has been recognized for a long time 
and discussed in a number of reviews (1-7). 

X 

R C H X Y + B ^ R C ( - + Β Η ϋ + 1 (1) 

Y 

One characteristic feature of these reactions is that k0, the intrinsic rate 
constant,1 tends to become smaller [or the intrinsic barrier1 increases] as X 

1 The intrinsic rate constant, k0, is usually defined as k1 = k-1 when pKaBH = pKaCH, 
although sometimes statistical factors are included, k0 = k1/q = k-1/p when pKaBH = pKaCH + 
log (p/q). This intrinsic barrier, ΔG0‡, is ΔG1‡ = ΔG-1‡ for ΔG° = 0 or its statistically corrected 
counterpart. 

0065-2393/87/0215-0115$06.50/0 
© 1987 American Chemical Society 
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116 NUCLEOPHILICITY 

Table I. log k0 for Deprotonation of CH 2 XY by Amines and 
for Amine Addition to H 5 C 6 C H = C X Y in 50% 

(CH3)2SO-50% Water at 20 °C 

X 
< log^C-H) logko(C=C) 

Y 

< C N 

CN 
-7.00* 4.94* 

CN 
< 

C e H 4 -4-N0 2 

3.95< 3.35<* 

< C N 

C 6H 3-2,4-(N0 2) 2 

2.90̂  2.65<* 

C O C H -
< 

C O C H 3 

2.75* 0.30f 

H 
< 

N 0 2 

0.73g 2.55* 

^ C 6 H 5 

N 0 2 

-0.25s 1.42» 

N O T E : Amines are piperidine and morpholine. 
a Estimated from Hibberts (5) data. 
b Reference 28. 
c Reference 32. 
d Reference 29. 
e Reference 15. 
/ C. Ε Bernasconi and A. Kanavarioti, unpublished results. 
e C. Ε Bernasconi, A. Mul l in , and D . Kliner, unpublished results. 
h Reference 30. 
' C. Ε Bernasconi and R. A . Renfrow, unpublished results. 

and Y become better π acceptors (Table I). This trend in k0 has generally 
been attributed to a greater need for structural and solvational reorganization 
that accompanies the formation of a resonance-stabilized ion (1-7), factors 
that presumably enhance the intrinsic barrier. The poorer hydrogen-bonding 
capabilities of carbon acids and of the carbanionic carbon when X and Y 
become better ττ acceptors have also frequently been suggested as additional 
important factors (1-7). However, this feature has more often been invoked 
to explain why carbon acids as a class are ionized more slowly than normal 
acids rather than to rationalize differences among different types of carbon 
acids. We shall return to this point. 
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8. BERNASCONi Nucleophilic Additions to Carbon-Carbon Double Bonds 117 

Another striking feature of these reactions actually helps us visualize 
how this need for reorganization can contribute to the intrinsic barrier. This 
feature is the disparity or imbalance in measured structure-reactivity coeffi
cients such as Br0nsted α and β values. Indeed, the Br0nsted α values 
obtained by varying a remote substituent in the carbon acid, for example, Ζ 
in I (equation 2), are usually larger than the Br0nsted β values obtained by 
varying the base, that is, 7 = α - β > 0 (Table II). 

Table II. α and β Values in Proton Transfers 

C-H Acid Base α β I = α - β 

ArCH2(CN)2« RCOO- 0.98 1.00 -0.00 

ArCH2CH(COCH3)2« RCOO- 0.58 0.44 0.14 

ArCH 2CH(COCH 3)COOCH 2CH 3« RCOO- 0.76 0.44 0.32 

ArCH 2C 6H 3-2,4-(N0 2) 2* R 2 NH 0.87 0.45 0.42 

ArCH(CH 3 )NO/ R 2 NH 1.29 0.55 0.74 
N O T E : In water at 2 5 ° C unless stated otherwise. 
a Reference 31. 
b In 5 0 % ( C H 3 ) 2 S O - 5 0 % water at 2 0 ° C ; reference 33. 
c Reference 41. 

These imbalances can be interpreted in terms of a transition state (II) in 
which derealization of the negative charge into X and Y and concomitant 
solvation (equation 2) have made little progress compared to the degree of 
proton transfer. The low intrinsic rate constants for the formation of strongly 
resonance-stabilized carbanions thus seem to be a consequence of a transi
tion state that is of high energy compared to the product (III), because the 
transition state is not able to benefit from the resonance stabilization and 
solvation of III. 

I l l 
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118 NUCLEOPHILICITY 

In searching for a (semi)quantitative formalism to describe these obser
vations, we expressed (8) the decrease in k0 that arises from the late develop
ment of resonance by 

δ log V e s ( C ~ ) = (a r e s

c ~ - β)δ log Kr(C~) (3) 

where δ log fc0

res(C") is the change in log k0 relative to a (hypothetical) 
reaction in which no resonance stabilization of the carbanion by X and Y 
occurs, δ log K 1

r e s (C~) is the increase in the equilibrium constant of reaction 
1 induced by the resonance effect, again relative to the case where X and Y 
have no IT acceptor capabilities, β is the experimental Br0nsted coefficient 
obtained by varying the base, while a r e s

c n o t to be confused with the 
Br0nsted a, is a parameter that measures the progress of resonance stabiliza
tion in the transition state. a r e s

c " , which is not experimentally accessible, is 
defined (8) by 

a r e s

c " = δ log k^s(C-)/b log K^(C-) (4) 

where δ log fc^^C") is the increase in the rate constants, klf of reaction 1 
induced by the resonance effect. 

If resonance development is retarded relative to what is being measured 
by β (presumably the charge change + δ on the base), that is, a r e s

c ~ < β, the 
intrinsic rate consant is reduced because δ log K ^ C " ) > 0 (equation 3). On 
the other hand, if resonance development were synchronous with charge 
change (a r e s

c ~ = β), no effect on k0 would occur; if resonance development 
were ahead (a r e s

c ~ > β), k0 would be higher than that in the reference 
reaction. 

If a r e s

c — β does not vary greatly from one system to another, then, 
according to equation 3, the lower intrinsic rate constants for carbon acids 
with better π acceptors are a consequence of a larger δ log K 1

r e s (C~) . 
Equation 3 can be generalized to apply to any factor (f) that affects the 

free energy of reactants or products, δ log kj and δ log K/ describe the 
change induced by f compared to a reference reaction where/ is absent. I f f 
is in the product, admeasures the progress in the development of the factor 
in the transition state; i f f is in the reactant, a^is a measure of how much of it 
has been lost in the transition state. 

δ log kj = (af - β)δ log K/ (5) 

On the basis of equation 5, we (8) formulated the principle of nonperfect 
synchronization (PNS) 2 as follows: A product-stabilizing factor (δ log K/ > 0) 
always lowers k0 if it develops late (ar < β) but increases k0 if it develops early 

2 In reference 9, we called it the principle of imperfect synchronization. 
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8. BERNASCONi Nucleophilic Additions to Carbon-Carbon Double Bonds 119 

(ay > β). A reactant-stabilizing factor (δ log K/ < 0) always lowers k0 if it is 
lost early (α^ > β) but increases k0 if it is lost late (ay < β). For product- and 
reactant-destabilizing factors, the opposite relations hold. 

Besides resonance stabilization of the carbanion, solvation has a major 
effect on k0 of proton-transfer reactions. In a first approximation, we only 
consider the solvation of ionic species. For the solvation of the carbanion, 
equation 5 takes on the form 

δ log V ' ( C - ) = (a s o , c - - β)δ log Kj s o l (C") (6) 

For the solvation of B H U + 1 with ν = 0 

δ log V ° ' ( B H + ) = K i B H + - β)δ log K^\BH+) (7) 

while for the desolvation of B c with ν = — 1, equation 5 becomes 

δ log V e s ( B " ) = («des8" - β)δ log Κ ^ ( Β - ) (8) 

A growing body of evidence indicates that solvation lags behind (desol
vation is ahead of) bond changes (7-16). Hence, each of these solvational 
factors depresses k0 [a s o l

c ~ < β, δ log K ^ C " ) > 0; a s o l

B H + < β, δ log 
Κ^ ο 1 (ΒΗ + ) > 0; and a d e s

B " > β, δ log K * * ( B - ) < 0]. 

Nucleophilic Addition to C=C Double Bonds 

Another important carbanion forming process is the addition of a nucleophile 
to an activated olefin. 

X X 

C = C + N u u T=^- — C — C V.- (9) 
/ \ * - i I \ r 

Y N u y + 1 Y 

In view of the similarity between the carbanions formed in reactions 9 
and 1, reaction 9 might be expected to show similar reactivity patterns as 
reaction 1. However, an important difference between the two reactions is 
that in the nucleophilic addition the procarbanionic carbon is sp 2 hybridized 
while in reaction 1 it is sp 3 hybridized. This difference is likely to bring about 
some modifications in the reactivity pattern of the nucleophilic additions. 
Also, as will become apparent, several factors not observed in proton trans
fers play an important role in nucleophilic addition reactions. These factors 
can also be understood in the context of the PNS. 
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120 NUCLEOPHILICITY 

Intrinsic Rate Constants as a Function of X and Y. The largest set of 
data obtained under comparable conditions refers to the addition of 
piperidine and morpholine to benzylidene-type substrates in 50% 
(CH 3 ) 2 SO-50% water at 20 °C. 

IV V 

k0 for these reactions was obtained as k0 = kx = k_x by interpolation or 
extrapolation of plots of log fcj (or log k_l) versus log K x to log K x = 0 3 . Table I 
lists log k0 values along with data for the corresponding proton transfers. 
Figure 1 shows a plot of log k0 for reaction 10 versus log k0 for reaction 1 in 
which R' = H . 

Except for the strongly deviating point for benzylideneacetylacetone to 
be discussed, a remarkably good correlation between log fc0(C=C) and log 
fc0(C-H) exists: X and Y indeed affect the intrinsic rate constants for both 
reactions in a qualitatively similar way. 

Two different lines are present in Figure 1. One line is the best least-
squares line through all points except that for benzylideneacetylacetone. 
This line has a slope of 0.45 ± 0.06 and is based on the notion that the 
deviations from the correlation are random or caused by poorly understood 
factors. 

The second line is through the points for benzylidenemalononitrile and 
β-nitrostyrene only. This line has a slope of 0.38 and is based on the 
hypothesis that all other points deviate negatively because of a steric effect 
that lowers log fc0(C=C). 

Regardless of which line is preferred, the small slopes show that the 
effect of X and Y on reaction 10 is strongly attenuated compared to that on 
proton transfers. 

Similar conclusions are reached when comparing the reactivity of ben
zylidene-type substrates, IV, with respect to attack by hydroxide ion. If 
adjustments for the dependence of the equilibrium constants on X and Y are 
made (18, 19), the relative intrinsic rate constants can be estimated (Table 
III). As with the amine reactions, the k0 values follow the same order as for 

3 This definition of ko creates a problem of units because &χ is in units of M - 1 s - 1 and k_l in 
s - 1 . A possible solution to the problem was suggested by Hine (17) but this solution suffers from 
the disadvantage of having to assume the same equilibrium constant for encounter complex 
formation between nucleophile and electrophile in all reactions. In terms of relative k^ values, 
little difference exists between our and Hine s definitions. 
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6 h 
< C N 

C N 

< N0 2 

Ph • < C O C H J 

C O C H J 0 
-2 0 2 4 6 8 

log k 0 ( C - H ) 

Figure 1. Plot of intrinsic rate constants for piperidine and morpholine 
addition to C6H5CH=CXY versus intrinsic rate constants for deprotonation 

of CH2XY by piperidine and morpholine. The data are from Table I. The 
solid circle corresponds to XY = (COCH3)2. 

proton transfers, and a correlation of log [ f c 0

( C N ) 2 / f c 0 X X Y ] c = c versus log 
[fc 0(C N) 2/fc 0

X Y] c_H ( n o t shown) yields a slope of 0.57 ± 0.06; this slope shows 
again the attenuation of the effect of X and Y. However, the attenuation 
appears to be significantly less than in the amine reactions (slope of 0.45 ± 
0.06 or 0.38). In a later section, we shall argue that the smaller slope for the 
amine reactions can be attributed to internal stabilization of V by an elec
trostatic effect. 

Further examples demonstrating the reactivity pattern fc0(CN)2 » fc0

(N°2)H 

were recently provided by Hoz (20, 21) in the reactions of various nu
cleophiles with activated 9-methylenefluorenes. 

Imbalance as a Function of X and Y. Nucleophilic additions to olefins 
also show imbalances in the structure-reactivity coefficients. In analogy to 
the proton transfers, / = a n u c

n — β η ι κ , η is defined as a measure of the 
imbalance: β η ι ι ε

η is the normalized β η ι ι ε value; 4 for a n u c

n (measure of negative 
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L22 NUCLEOPHILICITY 

Table III. Relative Intrinsic Rate Constants for O H -

Addition to H 5 C 6 C H = CXY and for Deprotonation of 
C H 2 X Y Expressed as log [k0(CN)2/k0XY] 

X 
< 

Y C-H C=C 

CN 
< 

CN 
0 0 

COO C H , " 

< X 
COO C H 3 

-3.4 -2.2 

C O ^ ^ 
-3.9 -1.9 

< 
N 0 2 

-7.3 -4.2 

N O T E : Reproduced from reference 19. Copyright 1985 American 
Chemical Society. 
a In water at 25 °C . 
h In 50% ( C H 3 ) 2 S O - 5 0 % water at 20 ° C . 

charge development), p n, which is the normalized ρ value obtained by 
varying Ζ in substrates like IV or V I , can be used in some cases. 

PhCH=C 

VI 

However, in reactions where the nucleophile is an amine, the developing 
positive charge on the nitrogen leads to an exalted p n value, which overesti
mates a n u c

n (22). In such cases, a n u c

n is equated with p n(C"), which is the 
component of p n that can be attributed to the negative charge (22). 

Examples of a n u c

n and β η ι ι ε

η values are summarized in Table IV. Just as / 
= α — β > 0 in proton transfers, 7 = a n u c

n — β η υ ο

η > 0 in nucleophilic 
additions except that the imbalances in the latter reactions are generally 
significantly smaller. The only exception is with XY = (CN) 2 ; here I for the 
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8. BERNASCONI Nucleophilic Additions to Carbon-Carbon Double Bonds 123 

proton transfer seems abnormally small, probably because this reaction 
behaves almost like a diffusion-controlled proton transfer (5). 

Table IV. a n u c " and βη ιΜ." Values in Nucleophilic Additions to Olefins 

Olefin Nucleophile «nue" β n 

r'nuc 
I = α n - β n 

nuc r'nuc 
ArCH=C(CN)2*>* R 2 NH 0.43» 0.30 0.13 

ArCH=C(COO) 2 C(CH 3 ) 2 * ' R 2 NH 0.19» 0.07 0.12 

ArCH=C(COO) 2 (CH 3 ) / / ArO" 0.59* 0.39 0.20 

A r C H = C H N O / * R 2 NH 0.51* 0.25 0.26 

C 6 H 5 C H = C(Ar)N02«>« R 2 NH 0.65* 0.34 0.31 
a In 50% ( C H 3 ) 2 S O - 5 0 % water at 20 ° C . 
b anucn = 9n(C~), see the text. 
c C . F. Bernasconi and R. A . Renfrow, unpublished results. 
d C . F. Bernasconi and R. B. Killon, unpublished results. 
e C . F Bernasconi and M . Panda, unpublished results. 
/ In water at 25 ° C . 
s Reference 22. 
h Reference 42. 
' anucn = Pn> s e e the text. 

The most obvious explanation for the smaller imbalances in the olefin 
reactions is that the lag in resonance development and solvation of the 
carbanion is less extreme than in proton transfers because the sp 2 hybridiza
tion makes it difficult to localize the negative charge on carbon, unless the 
carbon assumes substantial sp 3 character in the transition state. Possibly, the 
negative charge does not accumulate at all on carbon and the imbalances may 
be entirely due to late solvation. 

In the context of this interpretation, the smaller sensitivity of log k0(C=C) 
to X and Y compared with that of log fc0(C-H) can be understood as a direct 
consequence of the smaller imbalances. This correlation is easily seen if 
equations 3 and 6 (after replacing β with β η ι ι ε

η ) are applied to the present 
situation. A small imbalance implies that the ot r e s

c — β η υ ε

Μ and a s o l

c — 
3nucn t e r m s in equations 3 and 6, respectively, are not strongly negative. 
Because, on the other hand, δ log K ^ C " ) and δ log K ^ C " ) for the 
nucleophilic additions are expected to be quite comparable to the same 
quantities in the proton transfers, the smaller sensitivity of log fc0(C=C) to X 
and Y must be mainly the consequence of a r e s

c — β η υ ο

η and a s o l

c — β η ι ι ε

η 

being smaller than the corresponding terms for the proton transfers. 
This interpretation is not the whole story, though. In reactions of the 

type 
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124 NUCLEOPHILICITY 

Χ 

(11) 

Η Ο  Υ 

the sensitivity of log k0 to X and Y is comparable to that of log fc0(C=C) (18, 
19). A large uncertainty in the relative k0 values of these reactions exists, 
which renders this conclusion rather tentative, but even when these uncer
tainties are taken into consideration, the sensitivity of log k0 to X and Y in 
these reactions does not approach that of log k0(C-H). This fact is surprising 
because in reaction 11 the procarbanionic carbon is sp 3-hybridized just as in 
a proton transfer, and therefore, reaction 11 would be expected to behave 
more like a proton transfer than a nucleophilic addition. 

These results suggest that in proton transfers an additional factor, not 
present in the other carbanion-forming processes, determines relative intrin
sic rate constants. We tentatively suggest that this factor is the difference in 
the hydrogen-bonding capabilities of the carbon acids and the carbanionic 
carbon mentioned in the introduction. In other words, the hydrogen-bond
ing factor may be important not only in distinguishing most carbon acids as a 
class from the normal acids but also in discriminating among various types of 
carbon acids according to the ττ-acceptor ability of X and Y. In fact, our 
results, if they can be corroborated, may eventually constitute the most 
compelling evidence for the importance of the hydrogen-bonding factor. 

Electrostatic Effects on Jt0. As mentioned earlier, for the reactions 
with amine nucleophiles, the sensitivity of log k0(C=C) to X and Y is smaller 
(slope of 0.38 or 0.45) than that in the reactions with hydroxide ion (slope of 
0.57). This smaller sensitivity can be understood in terms of an electrostatic 
effect. The internal electrostatic stabilization of the zwitterionic adduct 
should enhance the equilibrium constant of the reaction. If this effect were 
poorly developed in the transition state (a e l < β η υ ο

η ) , it would depress k0 

according to 

Equation 12 raises two questions: (1) Is it reasonable to assume that a e l 

< β η ι 1 0

η ? (2) Does δ log k0

e] depend on X and Y in such a way as to decrease 
d log k0(C=C)/d log k0(C-H) for amine addition compared with the addition 
of an anionic nucleophile? 

As to the first question, because the stabilization energy is proportional 
to the product of the charges, this stabilization cannot be very extensive 
before the charges are fully developed, and thus the energy of the transition 
state should not be affected very much. This problem of small charges is 
somewhat counteracted by having the negative charge closer to the positive 

δ log fc0

el = (a e l - β η ι κ - )δ log (12) 
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8. BERNASCONi Nucleophilic Additions to Carbon-Carbon Double Bonds 125 

charge in the transition state than in the adduct, although this advantage in 
turn is reduced by the longer C - N bond in the transition state. On balance, 
apparently a e l < β η ι κ Λ 

Regarding the second question, the electrostatic stabilization energy of 
the zwitterionic adduct should be reduced when X and Y become better IT 
acceptors because the center of gravity of the negative charge is farther away 
from the center of the positive charge. Hence, δ log K x

e l is reduced in 
equation 12, which renders δ log fc0

el less negative for better IT acceptors. As 
a consequence, a plot of log fc0(C=C) for amine addition versus log fc0(C-H) 
should have a smaller slope than a similar plot for the addition of an anion. 
This fact is illustrated schematically in Figure 2. 

ο 
II 
Ο 
ο 

JE 
ο 

good 7Γ acceptors poor 7Γ acceptors 

^ l o g ko 

log k 0 (C-H) 

Figure 2. Schematic representation of the electrostatic effect on a plot of log 
k0(C=C) versus log k^C-H). The upper line refers to addition of an anionic 

nucleophile where electrostatic stabilization does not occur; the lower line 
refers to amine addition. δ log k0

el becomes less negative for better it 
acceptors. 

Polar Effects of Remote Substituents. Even though the identity of X 
and Y is the major factor in determining k0, intrinsic rate constants show a 
small dependence on the remote substituent Ζ in IV or VI. In analogy to the 
situation in proton transfers (8), the effect of Ζ on log k0 can be expressed by 

δ log fc0P°'(Z) = (ct n u c» - β η ι κ «)δ log KfW (13) 
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In cases where a n u c

n = p n , δ log K ^ Z ) is simply the experimentally 
measurable change in log Κγ induced by a change in Z. When ot n u c

n ^ p n , 
experimental δ log K^°\Z) in equation 13 can still be used, but a n u c

n must be 
replaced by p n . Alternatively, if a n u c

n is used, δ log K^°\Z) refers to the 
contribution that comes only from the interaction of Ζ with the negative 
charge of the adduct (22). 

Equation 13 indicates that electron-withdrawing substituents increase 
k0 because δ log K^°\Z) > 0 while electron-donating substituents decrease 
it. However, just as for proton transfers, the effects of Ζ on k0 are quite small 
compared to the effects of X and Y. 

Solvent Effects on k0. Only a few studies so far allow an assessment of 
solvent effects of k0. The change from water to 50% (CH 3 ) 2 SO-50% water 
enhances log k0 from 2.10 to 2.55 in the reaction of piperidine and mor
pholine with β-nitrostyrene (22) and from 4.55 to 4.94 with benzylidene-
malononitrile (C. F. Bernasconi and R. B. Kill ion, unpublished results). On 
the other hand, the change from water to acetonitrile either leaves k0 

unaffected or even decreases it slightly in the reaction of benzylidene-
substituted Meldrum s acid with the same amines (23, 24); the uncertainty is 
due to a lengthy extrapolation in water that renders k0 uncertain in this 
solvent. 

The observed increases in k0 upon addition of (CH 3 ) 2 SO are consistent 
with similar increases in proton-transfers (13, 15, 16, 25-27) and are easily 
understood in terms of a reduced δ log K ^ C " ) in the (CH 3) 2SO-containing 
medium (equation 6, β η υ ε

η instead of β). The magnitude of the effects is 
smaller than in the proton-transfer reactions, though. For example, δ log k0 

= 0.45 for nucleophilic addition to β-nitrostyrene contrasts with δ log k0 = 
1.35 for the same solvent change in the deprotonation of nitromethane anion 
by the same amines (C. F. Bernasconi, A. Mull in, and D . Kliner, un
published results). This attenuation of the solvent effect is another manifesta
tion of the smaller imbalances in the olefin reactions. 

An additional factor that may reduce the solvent effect on k0 with amine 
nucleophiles is the internal electrostatic stabilization of the zwitterion. This 
electrostatic effect decreases k0 according to equation 12. This reduction 
should be larger in a less polar solvent because electrostatic stabilization in 
the zwitterion is stronger (larger δ log Kj e l), and hence, the solvent effect on 
k0 should be correspondingly reduced. This factor may be a contributing 
reason why k0 for the reaction of amines with β-nitrostyrene increases so 
little upon addition of (CH 3 ) 2 SO. 

The very small or nonexistent solvent effect on /ÎQ for the benzylidene-
substituted Meldrum s acid reaction upon transfer from water to acetonitrile 
is surprising because acetonitrile is a poorer solvator than (CH 3 ) 2 SO-water 
mixtures. In principle, the smallness of this effect could be attributed to an 
unusually large electrostatic effect that completely compensates for the 
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8. BERNASCONi Nucleophilic Additions to Carbon-Carbon Double Bonds 127 

normal solvent effect on k0. More likely, though, intramolecular hydrogen 
bonding enters as an additional factor in this reaction, as discussed in the 
next section. 

Effect of Intramolecular Hydrogen Bonding on Jr0. In the reaction of 
amines with olefins, the possibility exists of intramolecular hydrogen bond
ing between the Ν H proton and one of the electronegative atoms in X or Y of 
the zwitterionic adducts. With the adducts of benzylidene Meldrum s acid 
(VII) and benzylideneacetylacetone (VIII), this intramolecular hydrogen 
bonding appears quite strong. 

yCO C H 3 / ^ r ° 

C » ^- C 6 H 5 C H — C \C ~_ 

I C O C H , I N C - C H 3 

R 2 N + Ο R 0 N + Ο 

VII VIII 

The main evidence for its existence is the high pK a value of the Ν Η proton 
(pK û

± ) in VII and VIII. For most adducts of type V (equation 10), p K f l

± is 
lower than the pKa

R2NH2+ of the parent amine. For example, p K f l

± - pKa

RzNH2+ 

= -0 .72 for X Y = (CN) 2 (28), -2 .33 for X Y = ( C N ) C 6 H 4 - 4 - N 0 2 (29), and 
-2 .70 for X Y = H ( N 0 2 ) (30). These values contrast with p K / - ρΚ/*ΝΗ 2

+ 

= + 0.24 for VII (24) and +2.50 for VIII (C. F. Bernasconi and A. 
Kanavarioti, unpublished results). 

The intramolecular hydrogen bond adds stability to the adduct and 
hence a late development would decrease, and an early development in
crease, k0 according to 

Ô lug AT,™ = ( a H b - P n u c n ) 8 l o g K i Hb ( 1 4 ) 

Because the stability of the hydrogen bond depends on the nearly full 
development of both the acidic properties of the Ν Η proton and the basic 
properties of the acceptor oxygen, little stabilization in the transition state is 
expected, that is, a H b < β η ι κ

η . 
The two sets of experimental data that allow us to test this prediction are 

consistent with it. The first data set is the observation that in the reaction of 
amines with benzylidene-substituted Meldrum s acid, k0 is essentially un
changed or even slightly reduced upon transfer from water to acetonitrile 
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(23, 24). As discussed in the previous section, the normal solvent effect 
would be to increase k0. The anomalous solvent effect may be a consequence 
of the intramolecular hydrogen bond being stronger in acetonitrile than in 
water for which independent evidence exists (23). The stronger hydrogen 
bond is tantamount to a larger δ log K^, which leads to a correspondingly 
more negative δ log fc0

Hb in acetonitrile. 
The second example is the reaction of benzylideneacetylacetone with 

piperidine and morpholine in 50% (CH 3 ) 2 SO-50% water (C. F. Bernasconi 
and A. Kanavarioti, unpublished results). As noted earlier, k0 for this reaction 
shows a strong negative deviation from the correlation in Figure 1. Probably, 
part of this deviation is caused by intramolecular hydrogen bonding, al
though a steric contribution also occurs, as discussed next. 

Steric Effects on k0. At least two types of steric effects occur: direct 
repulsion between the attacking nucleophile and the olefin and steric inter
ference with the optimal π overlap among X , Y, and the carbanionic carbon 
in the adduct. Both effects have their counterpart in proton transfers, but as 
long as R' = Η in R ' C H X Y , these effects are small unless very bulky bases 
are used (32, 33). 

In proton transfers and transfer reactions in general (e.g., SN2), direct 
repulsion between reactants can occur only in the transition state, and hence 
the result is always to lower k0. In an addition reaction, repulsion occurs in 
the transition state as well, but in the adduct, repulsion is even more severe. 
Hence, according to equation 15 (δ log K j s t < 0), the effect on k0 depends on 
whether 

δ log ko* = (α„ - β η ι ι ε »)δ log Κ,* (15) 

the steric interaction develops ahead of C - N u bond formation (a s t > β η ι κ Λ δ 
log k0

st < 0) or lags behind it (a s t < β η ι κ Λ δ log k0

st > 0). No conclusive data 
exist yet that bear on the timing of this direct steric effect. 

With respect to hindrance of the π overlap, we have encountered two 
systems where this effect is clearly affecting the stability of the adduct. These 
systems are the reactions of a-cyano-2,4-dinitrostilbene (29) and ben
zylideneacetylacetone (C. F Bernasconi and A. Kanavarioti, unpublished 
results) with piperidine and morpholine. 

In theses reactions, the equilibrium constant for the formation of the 
anionic adduct (IX), which is the product of Kj for zwitterion formation 
(equation 10) and K a

± , the acid dissociation constant of the zwitterion, 5 is 
abnormally low, particularly so for the benzylideneacetylacetone reaction (C. 

5 ΚγΚα* is a better gauge of the steric effect than Kx because Κγ may include a contribution 
from intramolecular hydrogen bonding, as is the case for the benzylideneacetylacetone reaction. 
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8. BERNASCONi Nucleophilic Additions to Carbon-Carbon Double Bonds 129 

F. Bernasconi and A. Kanavarioti, unpublished results). This reaction is also 
the one for which log k0(C=C) shows a dramatic negative deviation in Figure 
1. This deviation appears too large to be accounted for by intramolecular 
hydrogen bonding only, and hence we conclude that part of it is caused by 
steric hindrance of the π overlap. 

X 

C 6 H 5 C H = C X Y + R 2 NH — ^ C e H s Ç H C ^ - ' " + H + 

R 2N Y"" (16) 

IX 

The decrease in k0 can be expressed by the same equation used for the 
direct steric effect (equation 15 with a s t > β η ι 1 0

η ) . However, the negative δ log 
fc0

st will be counteracted by a less negative δ log fc0

res because of the dimin
ished resonance in the adduct. The results indicate that the former effect 
dominates, at least in the case of benzylideneacetylacetone. 

Further evidence for steric hindrance to π overlap comes from the 
crystallographic structure of (4-methoxybenzylidene)acetylacetone, which 
indicates that one of the acetyl groups is strongly turned out of the plane 
defined by the C = C double bond and the second acetyl group. If no good ττ 
overlap occurs in either the reactant or the product, probably ττ overlap does 
not occur in the transition state, and thus a s t may be «1 .0 . 

We suspect that in all olefinic systems listed in Table I except for β-
nitrostyrene and benzylidenemalononitrile a slight to moderate steric hin
drance to optimal ττ overlap in the adduct occurs that is not present in the 
corresponding proton transfer. This could be the reason all the points in 
Figure 1 deviate negatively from the line defined by β-nitrostyrene and 
benzylidenemalononitrile. On the other hand, possibly this steric effect is of 
minor importance in all except for the a-cyano-2,4-dinitrostilbene and of 
course the benzylideneacetylacetone systems, as reflected in the negative 
deviations for these two compounds from the least-squares (dashed) line in 
Figure 1. 

Generalizations. Are There Exceptions? 

In the quest for generalizations or a search for exceptions, generalizations 
that simply spring from the definitions that underlie the PNS must first be 
distinguished from those that bear on the question of what happens during a 
chemical reaction. 

In the first category, we have the fact that as long as the PNS is defined 
on the basis of equation 6 (or its equivalent for nucleophilic additions) the 
PNS is universal, that is, it can have no exceptions. This universality, 
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130 NUCLEOPHILICITY 

however, does not mean that every change in k0 can be attributed to a PNS 
effect. Factors that are present in the transition state but not in the reactants 
or products do influence k0, but these factors cannot be treated in the 
framework of the PNS. The factors mainly occur in proton transfers and 
include direct steric repulsion, hydrogen bonding to the carbanion carbon, 
and electrostatic effects (8). 

However, the validity of equations such as equation 6 does not bring us 
any closer to an understanding of what transition-state property is being 
measured by β or β η υ ο

η . The usual working hypothesis is that those param
eters are an approximate measure of the charge change on the base or 
nucleophile or of the degree of bond formation between the base and the 
proton (or the nucleophile and carbon). Even if this working hypothesis were 
proven wrong in the future (34),6 the validity of equation 5 would remain 
intact. 

The second category of generalizations is the one of real interest because 
it, along with possible exceptions from typical behavior, provides insights 
into how chemical reactions occur. One of the safest such generalizations is 
that the development of resonance and the concomitant solvation of the 
carbanion invariably appear to lag behind other bond changes. These PNS 
effects thus typically lead to a lowering of k0. The possible reasons why 
reactions proceed in this fashion are discussed elsewhere (8, 37-40). These 
reasons include quantum mechanical (resonance) and entropy effects (solva
tion). 

Are there exceptions? We have uncovered one exception thus far. This 
exception refers to water (rather than OH") addition to benzylidene-type 
substrates. 

X 
, /,--

C 6 H 5 C H = C X Y + H 2 0 s N C 6 H 5 C H i N - + H + (17) 

O H Y 

In this reaction, k0 for benzylidene-substituted Meldrums acid is higher 
than for benzylidenemalononitrile {log [fc 0

( C N ) 2/fc 0

X Y] « —0.7}, while for 
benzylidene-l,3-indandione, k0 is about the same as for the malononitrile 
derivative (19). This finding contrasts with the "normal" behavior where k0 

for benzylidene-substituted Meldrums acid and benzylidene-l,3-indan-
dione should be much lower than that for benzylidenemalononitrile (Table 
III). 

The likely reason for the unusually high reactivity of the Meldrum s acid 
and 1,3-indandione derivatives is that the transition state is subject to extra 
stabilization by intramolecular hydrogen bonding solvation as shown in X for 

6 Increasing evidence indicates that β and β η ϋ 0

η may contain contributions that are unre
lated to charge change. These contributions include solvation effects (11, 12, 14-16, 34, 35) as 
well as others (36). 
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8. BERNASCONi Nucleophilic Additions to Carbon-Carbon Double Bonds 131 

the benzylidene-l,3-indandione case. This intramolecular hydrogen bonding 
essentially provides a way to avoid the late solvation of one of the oxygens of 
the 1,3-indandione moiety and with it its fc0-lowering effect. 

X 

Another generalization that appears safe, even though it is based on only 
two examples so far, is that intramolecular hydrogen bonding in the forma
tion of zwitterionic amine adducts such as V should always be late and hence 
lower k0. We believe this generalization is safe because hydrogen-bonding 
stabilization cannot be extensive before the acidic properties of the Ν H 
proton and the basic properties of the acceptor atom are nearly fully devel
oped. For similar reasons, electrostatic stabilization of zwitterionic adducts 
probably always develops late. 

The intramolecular hydrogen bonding in water additions (X) represents 
quite a different situation from that encountered in amine additions. In the 
water addition, the hydrogen-bonding proton is eventually lost to the sol
vent. This result means we are not dealing with a PNS effect because 
hydrogen bonding is present only in the transition state and thus can only 
lead to an increase in k0. 

Whether steric hindrance always develops early and thus always lowers 
k0 cannot be determined on the basis of the limited data obtained so far. For 
steric hindrance of π overlap, the problem is complicated by the fact that the 
reduced resonance in the adduct leads to a less negative δ log fc0

res, which 
tends to counteract the decrease in k0 according to equation 15. Thus, 
whether k0 increases or decreases depends on a delicate balance between 
these two effects. 

For the direct steric interaction between the approaching nucleophile 
and electrophile, no data are available. 
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9 
Nucleophilicity, Basicity, 
and the Brønsted Equation 

Frederick G. Bordwell, Thomas A. Cripe, and David L. Hughes 

Department of Chemistry, Northwestern University, Evanston, IL 60201 

Application of the Brønsted relationship reveals that, when measure
ments of rate and equilibrium constants are made in dimethyl sulfox
ide solution using families of bases wherein donor atom and steric 
effects are kept constant, nucleophilicities depend on only two fac
tors, (a) the relative basicities of Nu- and (b) the sensitivities of the 
rates to changes in these basicities (the Brønsted β). All combinations 
of nucleophiles and electrophiles appear to fit this pattern. Points for 
para π-acceptor substituents deviate from the Brønsted lines because 
of enhanced solvation effects that introduce a kinetic barrier that is 
not modeled properly by the equilibrium acidities. The carbon 
basicities of carbanion, nitranion, oxanion, and thianion families 
were calculated in the gas phase and shown to correlate linearly with 
their experimental gas-phase hydrogen basicities. Evidence is pre
sented for a rough, general linear correlation between log k and the 
oxidation potential of anions in nucleophile-electrophile combina
tions. 

TTHE T E R M N U C L E O P H I L I C I T Y refers to the relative rate of reaction of an 
electron donor with a given electrophile, as distinct from basicity, which 
refers to its relative affinity for a proton in an acid-base equilibrium. A 
quantitative relationship between rate and equilibrium constants was dis
covered by Br0nsted and Pedersen (i) in 1924. These authors found that the 
rate constants for the catalytic decomposition of nitramide by a family of 
bases, such as carboxylate ions ( G C H 2 C 0 2 ~ ) , could be linearly correlated 
with the acidities of their conjugate acids, p K H B . This observation led to the 
discovery of general base catalysis and the first linear free-energy relation
ship, which later became known as the Br0nsted equation: 

0065-2393/87/0215-0137$06.00/0 
© 1987 American Chemical Society 
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138 NUCLEOPHILICITY 

log V = βΡ*ΗΒ + C (1) 

Hammett (2) recognized the general nature of the Br0nsted relationship 
in 1935 and showed that this relationship could be applied to several other 
kinds of reactions, including a methyl-transfer ( C H 3 T

+ ) reaction between 
A r N ( C H 3 ) 2 and C H 3 I , as well as to proton-transfer ( H T

+ ) reactions. (He 
pointed out that the C H 3 T

+ equilibrium constant would no doubt provide a 
better model than the H T

+ equilibrium for the rate constants for C H 3 T

+ , but 
that such equilibrium constants were not available.) Until recently, however, 
the Br0nsted equation has been used primarily to correlate rate-equilibrium 
data for H T

+ reactions in aqueous mediae Now that the mechanism of the 
decomposition of nitramide is understood to involve a base-promoted de-
protonation of a tautomer of nitramide, accomplished by elimination of 
hydroxide ion (equation 2) (3, 4), it is clear that Br0nsted and Pedersen were 
measuring the relative nucleophilicities of various families of bases toward 
hydrogen with reference to the relative acidities of their conjugate acids. The 
Br0nsted relationship can be cast in the form of the Hammett equation to 
bring out this feature (equation 3). Therefore, the Hammett equation is really 
a special case of the Br0nsted relationship 

+ / o -
B - + H N = N ( • B - H + N = N - 0 - + H O " (2) 

log (k/k0) = β log (K/Ko) (3) 

In 1953 Swain and Scott (5) assumed that nucleophilicity (n) in S N 2 and 
related reactions was an inherent property, which could be defined by 
equation 4, where s is the sensitivity of the rate constants to variations in (or 
of) the electrophile. S N 2 reactions of nucleophiles with C H 3 B r in water were 
used as a standard (s = 1.0). 

log (k/k0) = sn (4) 

It was soon realized, however, that this simple definition of nu
cleophilicity would not suffice. Shortly afterward, Edwards (6) attempted to 
define relative nucleophilicities in terms of two parameters, H (basicity) and 
E o x (oxidation potential), using the (variable) coefficients α and β to relate 
these properties to changes in the electrophile (equation 5). Later, Edwards 
and Pearson substituted a polarizibility parameter, P, for E o x . In essence, 
equation 5 is a Br0nsted equation with a second parameter added. 

1 For other applications of the Br0nsted equation to S N 2 reactions, see Smith, G . F. 
/. Chem. Soc. 1943, 521-523. Hudson, R. F ; Klopman, G . / . Chem. Soc. 1962, 1062-1067. 
Hudson, R. F Chemical Reactivity and Reaction Paths; Klopman, G . , E d . ; Wiley-Interscience: 
New York, 1974; Chapter 5. For applications of the Br0nsted equation to acyl transfer and other 
reactions, see Hammett (2) and Jencks, W. P. Catalysis in Chemistry and Enzvmolo&u; 
McGraw-Hi l l : New York, 1969. 
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9. BORDWELL ET AL. Nucleophilicity, Basicity, and the Br0nsted Equation 139 

log (k/ko) = aH + β £ ο χ (5) 

The demonstration by Parker (8) that nucleophilicities in S N2 reactions 
could be enhanced by as much as 108 by changing from a hydroxylic solvent 
[H 2 0 , C H 3 O H , H O C ( 0 ) C H 3 , etc.] to a non-H-bond donor "aprotic" solvent 
[(CH 3) 2SO, C H 3 C N , H C O N ( C H 3 ) 2 , etc.] 2 called attention once again to the 
dominant role that solvation plays in rates of nucleophile-electrophile com
binations in solution (9, 10). Because stabilization by H-bond-donor solvents 
varies greatly with nucleophile size, charge, extent of electron pair de-
localization, and the nature of the donor atom, the solvation parameter alone 
makes it difficult, if not impossible, to design an equation capable of quan
titative correlation of rate-equilibrium data in such media. In contrast, 
solvation, as well as other factors controlling nucleophilicity, can be held 
relatively constant in dimethyl sulfoxide and like non-H-bond donor sol
vents. This result can lead to a simple relationship between nucleophilicity 
and basicity. 

Precision and Scope of the Br0nsted Equation. The key to eliminating 
factors, other than basicity, that dictate nucleophilicity lies in the use of 
families of nucleophiles in dipolar non-H-bond donor solvents. By a family of 
nucleophiles, we generally mean a family of anionic bases, A~ , wherein the 
basicity can be changed by remote substitution. For example, the basicity of 
fluorenide carbanions can be changed by 10 or more pK units in (CH 3 ) 2 SO 
solution by introducing remote substitutents (11). [By contrast, with H -
bond-donor solvents, such as water, the solvent leveling effects usually 
restrict basicity changes in a family to a practical limit (1-2 pK units)3.] At 
the same time, the nucleophile donor atom (carbon) is kept constant, and 
steric and solvation effects are kept nearly constant. Br0nsted plots of the 
rate constants (log k) for fluorenide ions (A - ) reacting with electrophiles 
plotted against equilibrium acidities of their conjugate acids (pK H A ), both in 
(CH 3 ) 2 SO solution, exhibit excellent linearity for all electrophiles studied to 
date. Table I summarizes the results of Br0nsted correlations with families of 
fluorenide ions and related carbanions (C~), as well as other families of anions 
(nitranions, N ~ , oxanions, O" , and thianions, S"). The reaction types include 
S N 2 (12-14), S N 2 ' (A. H . Clemens and J.-P. Cheng, unpublished results), E2 
(15), H T+ (16), S N A r (12), and eT~ (17, 18). 

For all 20 of the combinations of nucleophiles and electrophiles shown 
in Table I, and others that we have studied, the relative rate constants 
depend on only two factors: (a) the basicity of the anion as defined by the 
acidity of its conjugate acid, p K H A , and (b) the sensitivity of the rate constant 

2 These solvents all contain protons that react with strong bases. The term "aprotic" is a 
misnomer that should be abandoned. 

3 For reasons elaborated in the section on solvation effects on nucleophilicity, use of 
substituents of the type p - N 0 2 , p - C N , p - S 0 2 R , and p - C O R to extend the lines in most Br0nsted 
plots is impractical. 
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Table I. Br0nsted Correlations for Reactions of Anion Families with Electrophiles 
in (CH3)2SO Solution 

Reaction Electrophile0 β* Nu~ Families 
SN2 RX<* 0.2-0.5 C- , N - , O-, S 
SN2' CH 2=CHCRR'C1* 0.2-0.4 C- , N -
E2 c - C 6 H n B r 0.4-0.5 N - , O-, S" 
HT+ C H 2 = C H C H 2 C N 0.7-1.0 C- , Ν-, O-, S 
SNAr p - N 0 2 C 6 H 4 X 0.5-0.7 C- , Ν-, O", S 

R 2C(N0 2)Zf -1.0 C- , N -
C 6H,5S0 2CH 2X -1.0 C- , N " 

a X = F, C l , Br, or I. 
fcThe slope of the Bronsted plot. 
^ - S u b s t i t u t e d f luoren ide ions, subs t i tu ted c y c l o p e n t a d i e n i d e ions, A r C H C N " , 
A r C H S 0 2 C 6 H 5 - , A r A r ' C H " , A r C ( C N ) 2 " , A r C H C O C H 3 - , and A r C O C H 2 - ; A r N H " , 
A r N C H 2 C H 3 ~ , A r A r ' N " , A r N C O C H 3 ~ , A r ' N C O A r " , carbazolide ions, and phenothiazide ions; 
and A r O " , 2-NpO~, and ArS~. 
dR = C 6 H 5 C H 2 , C H 3 ( C H 2 ) 3 ( C H 3 ) 2 C H ( C H 2 ) 2 , C 6 H n , ( C H ) 3 C 3 , A r C O C H 2 , C N C H 2 , or 
C H 2 ( C O ) 2 ( C H 2 ) 3 . 
e R = C H 3 ; R' = H or C H 3 . 
fZ = N 0 2 or SQ 2 Ar. 

to changes in basicity as measured by the slope of the Br0nsted coefficient, 
β. As mentioned earlier, this simplicity is achieved by keeping the nu
cleophile donor atom constant and steric and solvation effects nearly con
stant. The electrophile may have a dramatic effect on the rate of reaction and 
often has a marked effect on the sensitivity (β) of the reaction to changes in 
basicity. 

From the results summarized in Table I, apparently the Br0nsted 
relationship wil l hold for all combinations of nucleophiles and electrophiles. 
Because, as pointed out previously, the Hammett equation is really a special 
case of the Br0nsted relationship, all the legion of nucleophile-electrophile, 
rate-equilibrium Hammett correlations that have been studied also fall under 
the scope of the Br0nsted relationship. For example, nucleophilicities of 
ArO~, ArS~, ArC(CN) 2 ~, and the other families listed in footnote c of Table I 
have generally been correlated by the Hammett equation, where the acid
ities of benzoic acids in water are used as a model for substituent interactions 
with the reaction site (σ), and the variable parameter ρ is used to define the 
sensitivity of the rate constants to these substituent effects. The Br0nsted 
equation (equation 3) offers a much more precise relationship of the same 
kind, because this equation does not depend on an arbitrary model and 
allows rate and equilibrium constants to be measured in the same solvent. 
Furthermore, the Br0nsted relationship is also applicable to families of 
aliphatic bases such as carboxylate ions ( G C H 2 C 0 2 " ) , alkoxide ions 
(GCH 2 0~) , and amines ( G C H 2 N H 2 ) . In addition, other correlations of a 
kinetic parameter (log k, AGt, Ea, etc.) can be included with various 
thermodynamic parameters (pK f l, AG°, E o x , etc.) under the Br0nsted label. 
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Viewed in this way, the Br0nsted relationship becomes the most general of 
all the linear free-energy relationships. This relationship is also the most 
precise. This statement wil l come as a surprise to some readers because the 
Br0nsted relationship, as practiced for ΗΎ

+ reactions in aqueous solution, has 
become notorious for scatter. This scatter is caused, however, by the neces
sity of mixing families of bases with different donor atoms together with 
orphan nucleophiles in constructing extended plots. Linearity can be 
achieved in (CH 3 ) 2 SO solution over extended ranges, however, when donor 
atom and solvation effects are kept constant. For example, the Br0nsted plots 
of S N 2 reactions for 9-substituted fluorenide ions reacting with C 6 H 5 C H 2 C 1 
in (CH 3 ) 2 SO solution cover a range of over 25 kcal/mol in p K H A (Figure 1). 

Nucleophile Steric Effects in SN2 Reactions. Examination of Figure 1 
shows a series of parallel lines, each of which represents a family of 9-
substituted fluorenide ions, 9 -G-F l" , in which the nature of G has been 
altered and the basicity within the family has been changed by placing 
substituents in the fluorene ring. The displacements of the lines, one from 
the other, represent small changes in the steric or electronic environment at 
the reaction site caused by the presence of the substitutent, G . Most of the 
displacements are not large, amounting to only two- to threefold changes in 
rate constants. Remarkably enough, these large, flat, highly delocalized ions 
have only small steric requirements. The 9-G-fluorenide ion lines can be 
extended by adding two 9-phenylxanthenide ion points. Also (see Figure 2), 
in a Br0nsted plot for reactions with C 6 H 5 C H 2 C 1 , α-cyano carbanions of all 
shapes and sizes fit near to the extension of the 9 - C H 3 C 0 2 F l ~ ion family line 
(13). Groups such as ( C H 3 ) 2 C H , (CH 3 ) 3 C, o - C H 3 C 6 H 4 , and 2 ,4 ,6- (CH 3 ) 3 C 6 H 2 

(Mes), which protrude on both sides of the fluorenide ion ring, cause sizable 
steric effects, however. An equation has been derived that provides a quan
titative expression of these steric effects (13). 

Solvation Effects on Nucleophilicities. The strict linearity of plots 
such as those shown in Figure 1 is testimony to the constancy of solvation for 
the individual members of these nucleophile families. [Our contention is 
that the curvature claimed for Br0nsted plots in aqueous solution over 
comparable AG° ranges is usually an artifact caused by the differential 
solvation of the nucleophiles (14).] The constancy of solvation in (CH 3 ) 2 SO for 
highly delocalized carbanions of this type has been demonstrated by the 
linearity of plots of relative acidities in the gas phase and in (CH 3 ) 2 SO 
solution (19, 20), for example, Figure 3. 

The acidities of the hydrocarbons shown in Figure 3 are increased by 
over 300 kcal/mol by going from the gas phase to (CH 3 ) 2 SO solution because 
of the ability of the solvent to solvate the proton and the anion. The slope of 
unity for the plot tells us, however, that solvation effects are held essentially 
constant for these large delocalized hydrocarbon anions over the entire range 
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3 1 

2 4 

ι 1 

log k 

-1 

-2 i 

/ ζ 

β-Cyan© Carbanions 
reacting with 

benzyl chloride 

MeO-

10 12 16 18 20 22 24 26 14 

pKa(NuH) 
Figure 2. Br0nsted plot of a-cyano carbanions with benzyl chloride in 
(CH3)2SO at 25 °C. (Reproduced from reference 13. Copyright 1983 

American Chemical Society.) 

of about 40 kcal/mol. Points for carbanions derived from the carbon acid 
families A r C H 2 C N , A r C H 2 S 0 2 C 6 H 5 , A r C H , C O C 6 H 5 , and A r C H 2 N 0 9 are 
displaced from the line to the extent to which the negative charge is de-
localized to the heteroatoms present in the functional group (20). Relatively 
little displacement occurs for α-CN and a - S 0 2 C 6 H 5 carbanions, more for 
enolate ions, and most for nitronate ions (20). An extended Br0nsted plot for 
the S N 2 reaction of a family of A r C H S 0 2 C 6 H 5 ~ carbanions with n-BuCl in 
(CH 3 ) 2 SO is shown in Figure 4 (21). 

Close inspection of Figure 4 shows that inclusion of all the points would 
give a curved plot. Curvature is expected on the basis of the Hammond -
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» ' » ι » ι ι » I L 
0 5 10 15 20 25 30 35 40 45 

A G ° D M S 0 ) , kcal - mol"1 (Bordwell) 

Figure 3. Plot of acidities of hydrocarbons in the gas phase vs. (CH3)2SO 
solution phase. (Reproduced with permission from reference 21. Copyright 

1986 Weizmann Science Press.) 

Leffler and reactivity-selectivity postulates, which predict that the selec
tivity should decrease and the Br0nsted β approach unity as the reactions 
become more endergonic. The curvature in this plot is much greater than 
predicted by the Marcus equation (equation 6) (22), however, and is believed 
to be an artifact caused by enhanced solvation of ττ-acceptor para substi
tuents such as C N , C O C 6 H 5 , and N 0 2 (21). [The Marcus equation, which has 
gained wide acceptance in the interpretation of electron-transfer reactions, is 
represented in equation 6 as a Br0nsted relationship with an exponential 
term added to take into account curvature (23)]. 

log (k/k0) = a(pKa)* + p ( p K a ) + c ( p K a ) o ( 6 ) 

Further examination of Figure 4 shows that the para points deviating 
from the line are those for substituents bearing heteroatoms to which the 
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negative charge from the oxide ion may be delocalized. Similar deviations 
have been observed in Br0nsted plots for S N 2 reactions for (a) the p - N 0 2 

point for A r S " ions reacting with n-BuCl (14), (b) p - C N and p - C F 3 points for 
A r C ( G ) C N " ions (G = H , c - N C 4 H 8 0 ) reacting with n-BuCl (24), and p-
C O C H 3 , p - C O C 6 H 5 , p - C 0 2 C H 3 , p - C H 3 S 0 2 , p - C 6 H 5 , and p - N 0 2 points for 
ArO~ ions reacting with C 6 H 5 C H 2 C 1 (24). Similar deviations observed for 
such para substituents in a plot of gas-phase versus (CH 3 ) 2 SO solution-phase 
acidities for phenol equilibrium acidities were attributed to enhanced solva
tion of these substituents (25). Their presence in Br0nsted plots is caused by 
the failure of p K H A values to provide a proper model for the kinetic phenom-

-1 h 

- 2 h 

-3 

- 4 

-5 

4 - N ( M e ) „ 

β = 0 . 4 0 2 

R 2 = 0 . 9 9 9 

3-0tte 

i k 4 - C N 

/ A • 4 - C O P h 

/ 
4 - S 0 2 P h 

/ 

A 4 - N C . A N e t i n c l u d e d i n c o r r e l a t i o n 

17 19 21 23 25 

p K a ( A r C U 2 S 0 ? P h ) 

Figure 4. Br0nsted plot of benzyl phenylsulfonyl carbanions with n-butyl 
chloride in (CH3)2SO at 25 °C. (Reproduced with permission from reference 

21. Copyright 1986 Weizmann Science Press.) 
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ena, involving desolvation, that occur when anions bearing these substi
tuents interact with the electrophile. We anticipate finding similar deviations 
in most, if not all, of the reactions listed in Table I. Examination of the 
literature further confirmed the generality of this phenomenon (24). 

Donor Atom Effects. When families of nucleophiles with different 
kinds of donor atoms react with a given electrophile, they often give parallel, 
or nearly parallel, Br0nsted lines. The displacements of the lines, one from 
the other, provide a measure of the relative reactivity of the nucleophiles at 
the same basicity. For example, in S N 2 reactions with C 6 H 5 C H 2 C 1 in 
(CH 3 ) 2 SO solution, the order of reactivities at the same basicity was observed 
to be thiophenoxides (ArS") » 9-methylfluorenide ions (9-CH 3 Fl~) > 2-
naphthoxide ions (2-NpO~) > carbazolide (Cb~) or phenothiazinide (Pz~) 
ions (J2, 26). The ArS~ and 9 - C H 3 F l ~ ion families differ in reactivity by a 
factor of about 103, the 9 - C H 3 F l ~ ion family is about 10 times more reactive 
than the 2-NpO~ ion family, and the 2-NpO" family is about 3-4 times more 
reactive than the C b " or Pz~ ion families. A similar comparison of the ArS" , 
A r O " , A r C H C N " , and A r N R " ion families reacting with n - C H 3 ( C H 2 ) 3 C l 
gives a slightly different order, A r S " » A r O " > A r C H C N " > A r N R " (Figure 
5) (24). The amount of scatter would be enormous if points from the lines in 
Figure 5 were combined into a single Br0nsted line.) 

The order of donor atom effects, S~ > O" , C " > N " , appears to be 
general for S N 2 reactions with alkyl halides inasmuch as this order holds for 

pK^ (Nucleophile) 

Figure 5. Donor atom effects in reactions of anions with n-butyl chloride in 
(CH3)2SO at 25 °C (24). 
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n-BuCl, n-BuBr, η-Bui, C 6 H 5 C H 2 C 1 , and C 1 C H 2 C N (12-14). The reactivity 
order between O " and C " can change for 9 -G-F l " ions with the nature of G 
because rate constants for 9 -G-F l " ions vary over a range of about 10-fold and 
decrease with changes in G in the order C N , C 0 2 C H 3 > C H 3 > C 6 H 5 > 
H 5 C 6 S 0 2 > C 6 H 5 (Figure 1) (11). The 9 - C H 3 F l " ion family, which is at about 
the midpoint of reactivity, has been chosen as a standard. A composite a-
cyano carbanion family including ArC(CN) 2 ~, 9 - C N - F l " , and A r C H C N " 
ions is slightly more reactive than the 9 - C H 3 F l ~ ion family (Figure 2) (13). 
Sterically hindered carbanions, such as 9-f-BuFl~ and C 6 H 5 C ( R ) S 0 2 C 6 H 5 ~ 
ion families, react much more slowly, however (11). 

The relative reactivities of anion nucleophiles depend somewhat on the 
nature of the electrophile. For example, for S N 2 reactions with n-
C H 3 ( C H 2 ) 2 O T s , the Cb~ nitranion, as well as C 6 H 5 0 " and 2-NpO~ ions, are 
more reactive than the 9 - C H 3 F l " ion family (Figure 6) (12). 

Examination of Figure 6 shows that the orphan nucleophile ions Br~ and 
C l ~ are "supernucleophiles", like thianions, when comparisons are made at 
the same basicity. On the other hand, C H 3 0 ~ and H O ~ ions are unusually 
poor nucleophiles, no doubt because these highly basic ions are paired to the 

H M e O ~ • • O H 

2 ~ N p C r # C b ' / 9 ' M e F r i a m i l y 

. P h o - - 2 " B r 

l2,4,5-Cl3C 0H 2S 

• CI 

Dr" 

ο 
- _4 

Nu' + N-PROTS 

ORPHAN Nu~ RELATED TO THE 

9-MEFL~ FAMILY L INE 

12 16 20^ 24 28 32 

pKa(NuH) 

Figure 6. Br0nsted plot of anions reacting to η-propyl tosyfote in (CH3)2SO 
at 25 °C (12). 

American Chemical Society 
Library 

1155 16th St., N.W. 
WdShiOftûlL ÙJL 
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counterion and homo-H-bonded to their conjugate acids (12). The high 
reactivity of C l " and B r " was confirmed by the results of a study with 
n -CH 3 (CH 2 ) 3 I electrophile (12). 

The reactivity order at the same basicity for families of nucleophiles 
with different donor atoms changes t o S ~ > 0 ~ > N ~ > C ~ when attack is on 
hydrogen in an E2 reaction (15), and a similar order, S", O " > N ~ > C~, was 
observed for attack on hydrogen in the base-catalyzed isomerization of 
butenenitrile (16). 

Why does the Br0nsted relationship hold for these diverse reactions and 
give promise of holding for all combinations of nucleophiles and electrophiles 
(Table I)? In other words, why does the thermodynamics of proton transfer 
serve as a model, at least as a first approximation, not only for rates of 
reactions involving proton transfers ( H T

+ ) but also for rates of reactions 
involving alkyl transfers (R T

+ ) , bromine atom transfers (Br T

+ ) , eT~, and other 
transfers? A partial answer to this question comes from recent results of 
Arnett and co-workers (28-30), who found in carbanion-carbocation combi
nation equilibria that the hydrogen basicities for the carbanions correlated 
linearly with their carbon basicities. Also, in our laboratory, Cripe (24) 
observed that the intrinsic, gas-phase, hydrogen basicities for several anion 
families correlate linearly with their carbon basicities. Furthermore, there is 
good reason to believe that these relative intrinsic basicities for anion families 
observed in the gas phase carry over to the solution phase (24). These 
conclusions were arrived at by using a modification of a method developed by 
Hine and Weimar (31) to calculate gas-phase (intrinsic) carbon basicities.4 

Basicities of Anions toward Hydrogen and toward Carbon. Hine and 
Weimar used the position of the equilibrium in equation 7 to define carbon 
basicity, relative to hydrogen basicity. 

β CH A 

C H 3 O H + H A < H A \ C H 3 A + H 2 0 (7) 

By multiplying K H A C H 3 A D Y the relative hydrogen basicity, K A _ H (equa
tion 8), the basicity of various anions, A " , toward carbon, K A _ C H 3 , could be 
determined, relative to that of hydroxide ion: 

* A - H 

H 2 0 + A " ( , H A + H O " (8) 

K A _ C H 3 = K H A C H 3 A K A _ H (9) 

C H 3 O H + A " < A " ' C H 3 A + H O " ( 1 0 ) 
4 The Br0nsted equation, which is empirical, can be viewed as being a special case of the 

Marcus equation, which was derived from first principles. The latter theory has the important 
added feature of defining intrinsic activation barriers. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
7 

| d
oi

: 1
0.

10
21

/b
a-

19
87

-0
21

5.
ch

00
9

In Nucleophilicity; Harris, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1987. 



9. BORDWELL ET AL. Nucleophilicity, Basicity, and the Br0nsted Equation 149 

The values of K A _ C H 3 provide a measure of the ability of A - to effect a 
methyl cation transfer [ (CH 3 ) T

+ ] , just as K A _ H values provide a measure of 
the ability of A - to effect a proton transfer (H T

+ ) . Using this method, Hine 
and Weimar found some remarkable differences between carbon and hydro
gen basicities. For example, although C N - is about 10 times less basic than 
C 6 H 5 0 _ toward H T

+ , C N " is about 10 1 4 times more basic toward C H 3 T

+ (in 
aqueous solution). The C H 3 0 _ : C H 3 S _ basicity ratio toward H T

+ is 105, but 
toward C H 3 T

+ this ratio is 1 0 - 8 . Although these reversals in anion affinity for 
incipient cationic species ( H T

+ and C H 3 T

+ ) are remarkable, relatively little 
follow up has occurred on Hine s method. A likely reason is that the values 
for K H A

C H a A (equation 7) are easily available only in the gas phase while values 
for K A _ H (equation 8) have been available, until recently, only in aqueous 
solution. Application of the method has therefore required conversion of gas-
phase free energies of formation into aqueous solution. Fortunately, now that 
a gas-phase acidity scale has been established (32), the comparisons of 
hydrogen and carbon basicity can be made in the gas phase without recourse 
to aqueous solution. Table II summarizes the H T

+ and C H 3 T

+ data for 30 
anions calculated by the Hine method (23). 

In Figure 7, the AG°(CH 3 T

+ ) values are plotted against AG°(H T

+ ) values 
for the 30 anions in Table II. Least-squares lines with slopes near unity were 
drawn through the points for the carbanion, oxanion, and thianion families, 
and a line of similar slope was drawn through the closely spaced points for 
the nitranion family. When the orphan anions are included, the intrinsic 
carbon basicity at the same hydrogen basicity is observed to decrease in the 
order H ~ > C " > S" >, Ν" , I", and Br" > C l " > O " and F " with the total 
range being almost 20 orders of magnitude. This represents a difference of 27 
kcal/mol in the free energies of reactions of these anions with a common 
electrophile (CH 3 OH), even after the differences associated with p K H A are 
factored out. 

The difference in oxanion and carbanion basicities toward carbon at the 
same hydrogen basicity is about 16 kcal/mol (for example, compare C 6 H 5 0 -

and C N " in Table II). We might wonder whether or not solvation effects are 
likely to mask this intrinsically greater carbon basicity of carbanions than 
oxanions. Comparison of equations 8 and 10 shows that the effect on the 
equilibria of going from the gas phase into the solution phase will depend 
primarily on the relative solvation energies of the two different anions, 
because (a) H O - is common to the two equations and (b) solvation effects on 
the neutrals are expected to be small and to differ but little. Fortuitously, the 
free energies of aqueous solvation of C 6 H 5 0 _ and C N - ions are almost 
identical ( — 74 and — 73 kcal/mol, respectively) (33), which means that the 
~16 kcal/mol greater basicity of C N - ion toward carbon will be retained in 
solution. Other solvation differences wil l be larger, but the relative intrinsic 
basicities of anions toward hydrogen and carbon revealed by the gas-phase 
data wil l be retained in solution because solvation stabilization of the anions 
will affect equations 8 and 10 to exactly the same degree. 
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Table II. Experimental Free-Energies of Reactions AG°(H+

T) and Equilibrium 
Constants (K%_) for the Reaction in Equation 8, and Calculated Equilibrium 

Constants, K™e, for Reaction in Equation 10 

No. A " AG°(//+)a b AG°(Mef) 
1 Me- -25.0 1.77 X 1018 4.43 x 1026 -36.5 
2 PhCH 2 - 11.7 2.88 X 10-9 3.20 x 101 -2.1 
3 C H 2 C H C H 2

- 0.2 7.15 X 10-1 8.37 x 109 -13.6 
4 -12.0 5.74 X 10» 4.35 x 1021 -29.6 
5 C H 2 = C H - -20.0 3.97 X 1014 1.21 x 1027 -37.1 
6 H C = C - 16.8 5.46 X 1013 7.21 x 101 -2.5 
7 M e C ^ C - 12.1 1.47 X 10-9 1.91 x 104 -5.9 
8 0 2 N C H 2 - 32.0 4.39 X 10-24 6.72 x 10-13 16.7 
9 0 2 NCH(Me)- 32.3 2.65 X 10-24 2.22 x l O - i i 14.6 

10 C N - 38.2 1.31 X 10-28 9.75 x 10-14 17.8 
11 C N C H 2 - 19.6 4.94 X 10-15 7.71 x 10-2 1.5 
12 MeC(0)CH 2 - 22.4 4.46 X 10-17 9.14 x 10-7 8.3 
13 C H O C H 2 - 24.4 1.55 X 10-1» 1.72 x 10-7 9.3 
14 F 3 C - 16.1 1.77 X 10-12 1.48 x 103 -4.3 
15 H O - (0) (1) (1) (0) 
16 MeO- 11.4 4.77 X 10-9 3.86 x 10-6 7.4 
17 EtO- 14.5 2.61 X l O - i i 1.56 x 10-26 10.7 
18 PhO" 39.5 1.47 X 10-29 2.73 x 10-26 35.0 
19 H C 0 2 - 43.4 2.09 X 10-32 2.99 x 10-30 40.4 
20 H 2 N - -12.1 6.79 X 108 6.93 x ion -16.2 
21 MeNH" -11.7 3.47 X 108 7.08 x 1013 -19.0 
22 M e 2 N " -5.2 6.25 X 103 8.81 x 109 -13.6 
23 HS- 36.9 1.16 X 10-27 3.72 x 10-20 26.6 
24 MeS- 31.3 1.42 X 10-23 6.72 x 10-15 19.4 
25 PhS- 56.0 1.33 X 10-41 4.50 x 10-33 44.3 
26 H - ~ - 1 0 ~2 X 107 -5.2 x 1027 -38.0 
27 F - 18.3 4.39 X 10-14 6.50 x 10-13 16.7 
28 c i - 56.9 2.93·X 10-42 3.78 x 10-37 49.9 
29 Br- 68.5 1.00 X 10-50 1.36 X 10-43 58.7 
30 I- 77.8 1.63 X 10-57 2.17 x 10-48 65.3 
a Values taken from the following two references: Bartmess, J. E . ; Mclver, R. T., Jr. "Gas Phase 

Ion Chemistry Volume 2"; Bowers, M . T. , E d . ; Academic Press: New York, 1979, Chapter 11. 
Taft, R. W. Prog. Phys. Org. Chem. 1983, 14, 305-346. 

b KAMe = KAH X £HAMeA 

In the previous section, anions of the same basicity in (CH 3 ) 2 SO solution 
showed a different order of reactivities when the anions attacked hydrogen 
than when they attacked carbon. The major difference was an enhanced 
nucleophilicity for carbanions when forming a bond to carbon. This differ
ence may have a thermodynamic origin because, in the gas phase, carbanions 
have an enhanced carbon basicity, relative to nitranions and oxanions, at the 
same hydrogen basicity. Although the rates (nucleophilicities) of the S N 2 
reactions for different donor-atom anions in (CH 3 ) 2 SO were compared at the 
same hydrogen basicity (PKHA)> t n e order is not intrinsic, that is, a nu
cleophilic order where the rates have been adjusted for A G ° differences. 
Indeed, when the n - C H 3 ( C H 2 ) 3 C l S N 2 reactivities are adjusted for estimated 
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Figure 7. Plot of AG°(CH 3 T

+ ) values against &G°(HT

+) values for the 30 
anions in Table II (2Λ). 

differences in gas-phase basicities toward carbon at the same hydrogen 
basicity, by using the families of lines in Figure 7 as a model, the intrinsic 
nucleophilicity order toward carbon in (CH 3 ) 2 SO at constant hydrogen 
basicity and with AG° = 0 (22, 23), wil l probably be S" > O " > N " > C " . 5 

This order is the same as the intrinsic nucleophilicity order of these donor-
atom anions toward hydrogen in (CH 3 ) 2 SO (16). Other manifestations of the 
high carbon basicity of carbanions, relative to oxygen, include the well-
known tendency for enolate ions to alkylate on carbon and the tendency of 
carbanions to effect S N 2 substitution on cyclohexyl substrates under condi
tions where oxanions of the same hydrogen basicity effect E2 elimination. 

5 Because S" and N ~ family lines appear to be nearly colinear and about midway between 
the O " and C - family lines in Figure 7, their relative reactivities in Br0nsted plots will not 
change on converting the χ axis from hydrogen to carbon basicity. But the O " family is less basic 
toward carbon and the C ~ family is more basic toward carbon, at the same hydrogen basicity, 
than the S" and N " families. The values obtained by taking the difference in carbon basicities of 
the O " and C " lines, relative to the N ~ and S~ lines, and multiplying by the β value indicate 
that the apparent C " rates are about 10 2 too fast and the apparent O " rates are about 102 too slow 
when corrected for the thermodynamic driving force. 
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152 NUCLEOPHILICITY 

Nucleophilicity, Basicity, and Redox Potentials. Several authors have 
shown that nucleophilicities in various reactions can be correlated with redox 
potentials of nucleophiles. Edwards (6) used E o x values in water in his two-
parameter equation (equation 5). Dessy et al. (34) observed a linear correla
tion between oxidation potentials of various transition metal nucleophiles, 
M L " , and the rate constants for reactions with C H 3 I . Recently, Ritchie (33) 
found a correlation between oxidation potentials of nucleophiles and their 
rates of combination with pyronin cation. Linear correlations between oxida
tion potentials of anions and the p K H A values of their conjugate acids were 
also observed by a number of investigators (35-37). In our laboratory, a good 
linear correlation between oxidation potentials of 2-fluorenide ions and the 
p K H A values of their conjugate acids was found and a similar, but poorer, 
correlation for meta-substituted phenylcyanomethide ions was observed. 
Points for para donor substituents deviate from the lines in these plots 
because the p K H A values fail to take into account the radical-stabilizing 
abilities of these substituents (18). The radical-stabilizing effects of remote 
substituents on radicals are relatively small, however (~0.5-3.0 kcal/mol) 
(18). As a consequence, in view of the general correlations observed between 
log k and p K H A for nucleophile-electrophile combinations (Table I), a gen
eral, but not precise, relationship between log k and Eox is expected. 
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10 
Effects of Solvation on Nucleophilic 
Reactivity in Hydroxylic Solvents 
Decreasing Reactivity with Increasing Basicity 

William P. Jencks 

Graduate Department of Biochemistry, Brandeis University, Waltham, MA 02254 

Three situations are described in which the removal of a solvating 
water molecule from an oxygen anion or an amine can have signifi
cant effects on the observed kinetics and structure-reactivity correla
tions of nucleophilic reactions. A decrease in the rate constants with 
increasing basicity of the nucleophile in reactions of substituted 
quinuclidines with phosphate monoester dianions and phosphory-
lated pyridine provides evidence for an initial desolvation step of the 
hydrated amine that becomes more difficult with increasing amine 
basicity. Limiting rate constants for the reactions of trifluoroethoxide 
and acetate anions with unstable 1-phenylethyl carbocations are 1 
order of magnitude slower than the diffusion-controlled reactions of 
azide and thiol anions and free thiols. This finding is consistent with a 
requirement for a kinetically significant desolvation step in the sol
vent-separated ion pair before O-C bond formation. Brønsted plots 
for the reactions of alkoxide and phenoxide ions with esters and 
carbon acids are generally curved, with a significant decrease in β 
for basic alkoxide anions. The decrease in slope can be explained by a 
requirement for the removal of water from basic RO- anions before 
reaction. Less basic anions are solvated by fewer water molecules and 
can react with less or no desolvation. 

SOLVATION O F N U C L E O P H I L I C R E A G E N T S A N D L E A V I N G GROUPS causes 

enormous differences in the behavior of reactions in the gas phase and in 
solution (J). However, it is not so clear how solvation effects are manifested in 
the experimental data for reactions in a given solvent. A tendency for 

0065-2393/87/0215-0155$06.00/0 
© 1987 American Chemical Society 
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156 NUCLEOPHILICITY 

solvation effects on reactants and transition states to cancel exists (2), and 
direct evaluation of the effects of changing solvation on nucleophilic reactions 
in water is difficult. This chapter describes three relatively small effects that 
influence observed nucleophilic reactivity in water and may be attributed 
directly to a requirement for desolvation. 

Monosubstituted Phosphate Derivatives 

Reactions of phosphate monoester dianions and of phosphorylated pyridines 
with water and other nucleophiles proceed through a mechanism that shows 
many of the characteristics expected for reaction through an intermediate 
metaphosphate monoanion, and several investigators (3-5) have suggested 
that these and related reactions proceed through such an intermediate. 
However, recent work has shown that metaphosphate, if it is formed, has too 
short a lifetime in several hydroxylic solvents to diffuse through the solvent 
before reaction, so that the reaction must occur by a stepwise or concerted 
preassociation mechanism. Methanolysis of the 2,4-dinitrophenyl phosphate 
dianion occurs with inversion, for example (6). 

Phosphoryl transfer between pyridines has been examined with attack
ing pyridines of both larger and smaller basicity compared with the leaving 
pyridine. If the reaction occurred through an intermediate, as shown in the 
lower pathway of equation 1, a change in the rate-limiting step must occur at 
the point at which the attacking pyridine changes from being less nu
cleophilic to being more nucleophilic than the leaving group. This change in 
the rate-limiting step should produce a change in the sensitivity of the rate 
constant to the basicity of the nucleophile and a break in a Br0nsted-type 
correlation of rate constants against basicity. However, no such break is 
observed. This finding provides evidence for a concerted reaction mecha
nism that occurs in one step through a single transition state (7-9). Examina
tion of a larger series of nucleophiles including primary amines has provided 
additional evidence that the reaction does not proceed through two steps, 
with nucleophilic assistance to metaphosphate formation (JO).  P
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10. JENCKS Decreasing Reactivity with Increasing Basicity 157 

Nevertheless, the transition states of these reactions resemble the meta
phosphate monoanion, with a relatively small amount of bond formation and 
a large amount of bond breaking in tha transition state. Br0nsted-type 
correlations give values of β η υ ε = 0.17-0.28 (10). The value of β η υ ο for the 
reaction of pyridines with p-nitrophenyl phosphate is small (5), and the value 
of β η ι ι ε is 0 for the reaction of 2,4-dinitrophenyl phosphate dianion with 
pyridines, over a range of 9 pK units (11). This finding might seem to suggest 
that no bond formation to the nucleophile occurs in the transition state for 
these reactions. However, these are clear-cut second-order reactions that are 
much faster than the reaction with water; a significant amount of bond 
formation to the attacking pyridine in the transition state must occur. This 
bond formation should cause charge development on the pyridine, which 
should be reflected in an increase in reactivity with increasing basicity. 

This surprising result suggested that the positive charge development in 
the transition state, which should be manifested as a positive value of β η υ ε , 
might be offset by a requirement for desolvation of the attacking nucleophile, 
which would have a negative β value: 

\ ^ \ k \ 
— N - H O H τ=± —Ν: • — N + — P O , 2 " (2) 
/ / / 

β ο Μ = - 0 . 2 + 0.1 = - 0 . 1 

Hydrogen bonding to a hydroxylic solvent is expected to become 
stronger with increasing basicity of a pyridine, so that the desolvation step 
should become more difficult with increasing basicity. This result could offset 
the rate increase in the nucleophilic step with increasing basicity in such a 
way as to give no net change in observed reactivity with basicity. To test this 
hypothesis, we examined the reactions of quinuclidines, for which some 
evidence of decreasing reactivity with increasing basicity already exists (10, 
11) with monosubstituted phosphate derivatives. Amines are less strongly 
solvated than alkoxide ions, but amines have only a single electron pair so 
that complete desolvation is required before nucleophilic attack can occur 
(equation 2). 

Figure 1 shows that indeed a decreased reactivity with increasing 
basicity of a series of substituted quinuclidines is observed for the reactions 
with 2,4-dinitrophenyl phosphate and p-nitrophenyl phosphate. The ob
served rate constants follow Br0nsted correlations with slopes of approx
imately - 0.1 and — 0.05, respectively (12). The upper line for the reaction of 
the dinitrophenyl phosphate-calcium complex shows that the two positive 
charges of calcium do not change the result. Therefore, the negative slopes 
do not arise from an electrostatic interaction between polar substituents on 
the nucleophile and the two negative charges of the phosphate ester. The 
upper line in Figure 1 also shows that catalysis by calcium ion does not bring 
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158 NUCLEOPHILICITY 

Figure 1. Br0nsted-type plots for the reactions of substituted quinuclidines 
with the dianions of 2,4-dinitrophenyl phosphate complexed with calcium 
(upper line), 2,4-dinitrophenyl phosphate (middle line), and p-nitrophenyl 

phosphate (lower line) at 39 °C, ionic strength 1.0 (KCl) (*) and ionic 
strength 1.5 (KCl) (o) (Reproduced from reference 12. Copyright 1986 

American Chemical Society.) 

about a significant change in the nature of the transition state for nucleophilic 
substitution on monosubstituted phosphates. 

Very similar results are found for reactions of quinuclidines with phos-
phorylated pyridine, which follow a Br0nsted slope of β η ι Ι 0 = —0.1. The less 
reactive phosphorylated 4-morpholinopyridine follows a slope of β η υ ε = 
-0 .01 (12). The changes in β η ι ι ε for these phosphorylated pyridines and 
phosphate esters with a poorer leaving group (lg) represent Hammond effects 
that are described by the cross-interaction coefficient, pxy, of equation 3. 
This cross coefficient is larger than the direct coefficient that describes 
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curvature in Br0nsted-type plots, px = θ β ^ / d p K ^ , as predicted by energy 
contour diagrams for these reactions (10). 

pxv = ^ n u c / a p K l g = d p l g % * n u c (3) 

These results are consistent with the observation that increasing basicity 
leads to a more favorable solvation energy for transfer of pyridines from the 
gas phase to water. The available data are consistent with a value of β^ for 
desolvation of approximately - 0 . 2 (10, 13-16). The observed β value of 
— 0.1 for the reactions of quinuclidines with 2,4-dinitrophenyl phosphate 
and phosphorylated pyridine would then reflect the difference between the 
value of β^ = —0.2 and a value of β η ι 1 0 = 0.1 for the bond-forming step 
(equation 2). 

The more negative values of β η υ ε for quinuclidines, compared with those 
for pyridines and amines, are not a consequence of the greater basicity of the 
quinuclidines because different slopes are observed for the different com
pounds over the same range of basicity and no significant curvature of the 
Br0nsted plots occurs. Possibly, the smaller β values for the quinuclidines 
reflect a relatively early transition state because of steric hindrance for the 
reactions of tertiary amines. 

This requirement for desolvation means that observed values of β η ι 1 0 

underestimate the amount of bond formation in the transition state for 
reactions in which relatively little bond formation occurs in the transition 
state. The correction is small for large values of β η υ ε because the protonated 
amine with a charge of +1.0 is the common reference point for the pK and 
for complete bond formation. Intermediate values of β can be corrected 
according to 

β _ = 0.2 + 0.8pohsd (4) 

Fast Reactions of Unstable Carbocations 

The solvolysis of 1-phenylethyl derivatives substituted with electron-donat
ing substituents proceeds through an intermediate carbocation that has a 
significant lifetime in 50% trifluoroethanol-water. The carbocation inter
mediate can be trapped by azide ion or thiol anions at the same diffusion-
controlled rate (equation 5). The same limiting rate constant, estimated to be 
5 Χ 10 9 M - 1 s"1, is observed for propanethiol for less stable carbocations 
with fewer electron-donating substituents (Figure 2). However, t r i -
fluoroethoxide anion and acetate anion approach limiting rate constants that 
are about 10-fold smaller as the cation becomes less stable (Figure 2) (17). 

Η Η 
\ * 1 

N u ' 4- C + — A r • N u — C — A r (5) 
/ I 

C H ^ C H ^ 
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10 

8 

N 3 - o 

n - P r S H 

1 6 

ο 

C F 3 C H 2 0 H 

- 3 - 2 -I 0 

σ η + Γ

+ ( σ + - σ η ) 

Figure 2. Estimated rate constants for reactions of nucleophiles with 
substituted 1-phenylethyl carbocations, plotted against the effective 

Hammett constant of the ring substituent with r + = 2.1: (*) 
trifluoroethanol; (A) methanol; (m) acetate anion; ( + ) trifluoroethoxide 

anion; (n) propanethiol; (o) azide. (Reproduced from reference 17. 
Copyright 1984 American Chemical Society.) 

This 10-fold rate decrease means that these anionic oxygen nucleophiles 
react only approximately one time in 10 when they diffuse up to the carbo-
cation. If diffusion of the solvated nucleophile toward the carbocation gives 
the solvent-separated ion pair I in equation 6 as the initial product, the ion 
pair diffuses apart about 10 times for every time that it loses water to form the 
intimate ion pair, which collapses rapidly to product. This finding suggests 
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10. JENCKS Decreasing Reactivity with Increasing Basicity 161 

that the requirement for desolvation of these oxygen anions causes a 5-10-
fold decrease in the limiting rate constants for their nucleophilic reactions; a 
decrease of approximately twofold could be an orientation or steric effect (17). 

This system provides information about the behavior of solvent-sepa
rated ion pairs in a largely aqueous solvent and provides one reason that 
limiting "diffusion-controlled" rate constants for reactions of different bases 
are not always the same; the final step of diffusion represents the difference 
between microscopic and macroscopic diffusion. A similar requirement for 
desolvation can account for the decrease of approximately 10-fold in the 
limiting rate constants for proton abstraction from hydrogen cyanide by basic 
amines in water (18). In contrast to many acids in which the proton is bound 
to an electronegative atom, proton transfer from hydrogen cyanide occurs 
only directly, not through an intermediate water molecule, so that proton 
transfer requires loss of the solvating water from the base before proton 
removal (19). Grunwald and co-workers (20-22) have shown that amines are 
hydrogen-bonded to water and that the rate constants for removal of this 
water are slow enough to compete with proton transfer and diffusional steps. 

Methanol and trifluoroethanol show curvature in Figure 2, before the 
limiting rate constants are reached, rather than a sharp break at the diffusion-
controlled limit. This finding may represent a requirement for solvation of 
the attacking alcohol to provide stabilization for the acidic proton of the 
attacking R O H in the transition state (17). Evidence exists for an increased 
reactivity of alcohol clusters in the reactions of alcohol with carbocations in 
dichloroethane (23). 

Nonlinear Structure-Reactivity Correlations 

Curved Br0nsted plots or other structure-reactivity correlations are often 
taken as evidence for changes in transition-state structure with changing 
properties of the reactant that might be described by the Marcus equation 
(24) or other equations. However, it is important to evaluate other possible 
explanations for such curvature, including solvation effects that could de
crease the reactivity of basic nucleophiles without any change in the struc
ture of the transition state for nucleophilic attack. For example, solvation 
effects could provide a relatively simple explanation for the curvature of 
structure-reactivity correlations for reactions of basic oxygen anion nu
cleophiles with acyl compounds and carbon acids. 

R O - H O + C <=* R O + - H O C RO+-C 
I * _ i H | I 

fast R O — C — (6) 
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162 NUCLEOPHILICITY 

An example is shown in the Br0nsted-type correlation of Figure 3, 
which shows rate constants for the reactions of substituted phenoxide and 
alkoxide ions with p-nitrophenyl thioacetate (25). Although considerable 
scatter of the rate constants for reactions of alkoxide ions occurs, a definite 
decrease in the slope for basic ions compared with those for less basic 
phenolate ions is evident. The slope of the correlation is 0.68 for the pheno-
late ions, and a line is drawn with a slope of 0.17 through points for alkoxide 
ions of similar geometric structure. Very similar curves are observed for 

I I ι I I I I I 
4 6 θ 10 12 14 16 

p K Q ROH 

Figure 3. Dependence on basicity of the rate constants for the reactions of 
phenoxide, alkoxide, and hydroxide ions with p-nitrophenyl thioacetate. The 

solid line for phenoxide ions (circles) has a least-squares slope of $nuc = 
0.68, and a dotted line of slope 0.17 has been drawn through the points for 
ethoxide and trifluoroethoxide anions (triangles). The dashed line shows the 

expected rate constants if the full solvation energy change for phenolate 
ionization is added to AG* (see the text). (Reproduced from reference 25. 

Copyright 1977 American Chemical Society). 
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10. JENCKS Decreasing Reactivity with Increasing Basicity 163 

reactions of anionic oxygen nucleophiles with p-nitrophenyl acetate and 
other esters and for proton removal from carbon acids (25-31). 

Kovach et al. (32) has suggested that the different behavior of the 
phenoxide and alkoxide ions results from resonance derealization in the 
phenoxide anions. Although this derealization may be a contributing factor, 
it is not the most important factor because increased slopes are also observed 
for weakly basic nucleophiles of aliphatic oxygen anions (31). A contribution 
of changing transition-state structure may also occur, but this contribution is 
not the principal cause of the change in slope because other measures of 
transition-state structure show no change or only a small change over a large 
range of nucleophile reactivity (31). 

The strongest evidence that nonlinearity in reactions of oxygen anions 
does not arise from a change in transition-state structure comes from the 
demonstration by Pohl and Hupe (30) that the curvature is an intrinsic 
property of the nucleophilic reagents, not of AG° for the reaction. Figure 4 
shows a plot of the rate constants for catalysis of proton removal from 
different carbon acids against the difference between the pK f l of the carbon 
acid and that of the conjugate acid of the catalyzing oxygen base. Figure 4 
shows that the curvature is not a function of AG° for the reaction; instead, the 
curvature is a function of the absolute pKa of the oxygen base. The observed 
curvature is sharp and would require an intrinsic barrier of 2.5 kcal mol" 1 for 
the proton-transfer reaction, according to the Marcus equation. This value is 
much smaller than the intrinsic barrier of approximately 10 kcal mol" 1 that 
was estimated from the change in Br0nsted β values for the removal of a 
proton from a series of ketones and diketones of increasing acidity. The 
expected curvature for an intrinsic barrier of 10 kcal mol" 1 is shown by the 
solid line in Figure 4. The gradual change in the primary deuterium isotope 
effect for hydron abstraction, shown by the solid line at the bottom of Figure 
4, is also consistent with an intrinsic barrier of 10 kcal mol" 1 . The dashed line 
for an intrinsic barrier of 2.5 kcal mol" 1 , based on the observed curvature of 
the Br0nsted plots, predicts a much sharper decrease in the isotope effect 
than is observed (30). 

Nonlinearity in structure-reactivity correlations that arises from a sol
vent effect requires a change in the amount or the nature, not just the 
strength, of solvation. A change in the strength of solvation with increasing 
basicity should itself follow a linear structure-reactivity correlation. Conse
quently, a change in strength would change the slope, but not the linearity, 
of an observed structure-reactivity correlation, as in the desolvation of 
amines described previously. 

Evidence exists that hydroxide and alkoxide ions are solvated by hydro
gen bonding to three solvent molecules (33, 34). This solvation contributes to 
the observed equilibrium solvent isotope effects for the ionization of oxygen 
acids. However, these isotope effects decrease with decreasing basicity of the 
anion (35). The observed solvent deuterium isotope effect for the ionization of 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
7 

| d
oi

: 1
0.

10
21

/b
a-

19
87

-0
21

5.
ch

01
0

In Nucleophilicity; Harris, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1987. 



164 NUCLEOPHILICITY 

τ 1 1 t 

- Ι ι ι ι i ι I ι 

15 10 5 0 -5 -10 -15 

ΔρΚ 
Figure 4. Br0nsted plots and isotope effects, for proton abstraction from 

carbon acids, from Pohl and Hupe (30). The upper plot shows rate data for 
oxyanion and thiol anion catalyzed proton abstraction from 4-(4-
nitrophenoxy)-2-butanone (o,v ), acetylacetone (·, • and ethyl 

nitroacetate (o). The lower plot shows values ofkH/kDfor oxyanions (o)t an 
amine (0 ), and a thiol anion (A) with 4-(4-nitrophenoxyl)-2-butanone and 

oxyanions with ethyl nitroacetate (o). The solid line is the type of 
dependence expected for a large intrinsic barrier (10 kcal/mol). The dashed 

line is the type of dependence expected for a small intrinsic barrier (2.5 
kcal/mol). 

carboxylic acids can be accounted for simply by the fractionation factor for 
H 3 0 + , without a significant contribution from solvation of the carboxylate 
anion (31). The low limiting rate constants for diffusion-controlled reactions 
of acetate anion with carbocations indicate that a kinetic barrier for removal 
of solvating water exists (17), but the strength of this binding is not enough to 
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10. JENCKS Decreasing Reactivity with Increasing Basicity 165 

cause a significant change in the zero-point energy and isotope effect of the 
solvent. The decreasing isotope effects suggest that the strength of solvation 
decreases with decreasing pKa of the anion. In the limit, water itself is not 
fully hydrogen-bonded; it is not ice. 

Cohen and Jones (36) have shown that ortho substitution of two 
tert-butyl groups causes a large increase in the basicity of basic phenoxide 
ions. However, this effect becomes smaller with decreasing pK of the phenol 
and essentially disappears for phenols of pK < 7. This evidence indicates that 
the importance of solvation, and presumbly the number of solvating water 
molecules, decreases sharply for weakly basic substituted phenoxide ions. 

The dashed line in Figure 3 shows the decrease in the rate constant that 
would be expected if the entire change in solvation energy that is brought 
about by two terf-butyl groups (36) were expressed to decrease the rate 
constant for nucleophilic attack by oxygen anions. This difference is much 
larger than is needed to explain the observed decreases in rate for the most 
basic anions. 

The available data appear to be consistent with the notion that removal 
of one of the three water molecules from a basic alkoxide ion is necessary to 
make an electron pair available for nucleophilic attack. The requirement for 
this removal decreases the observed rate constants and β η ι ι ε for basic oxygen 
anions that are solvated by three water molecules. This concept implies that 
partial solvation can be retained in the transition state. A somewhat similar 
situation has been calculated by Jorgensen and co-workers (2) for the attack of 
CI" on methyl chloride in water. With the less basic phenoxide ions, less 
solvation occurs initially and nucleophilic attack can occur with little or no 
loss of solvation energy. 

An explanation of how these solvation effects change rate constants in a 
structure-reactivity correlation is not trivial. We cannot simply say that 
solvation decreases the rate constant, because we are considering a correla
tion with p K 0 and solvation also decreases the basicity of the ion in the 
reference reaction. One way to illustrate this problem is shown in Figure 5. 
Consider a Br0nsted correlation line that was constructed by using weakly 
basic nucleophiles, for which desolvation is not important. The lower left 
point on this line represents the observed pKa of a more basic nucleophile 
that must lose a solvating water molecule, with the equilibrium constant K D , 
before reaction and before addition of a proton according to equation 7. The 
pKa of the desolvated ion is larger than the observed pK f l by - l o g K D , as 
shown by the lower horizontal arrow. However, this increase in pK causes a 
relatively small increase in reactivity of the desolvated ion, by the amount 
- β log K D , as shown by the right-hand arrow. Finally, the observed rate 
constant will be smaller than this value because the fraction of RO~ that 
exists as the reactive, desolvated ion is small. The observed log k is decreased 
by the amount of - log KD (for small K D ) , as shown by the left-hand arrow. 
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J ι ι 

obsd desolv 

PK 
Figure 5. Schematic Br0nsted plot to show how a requirement for partial 

desolvation can cause a negative deviation from a Br0nsted plot by its 
effects on the observed pK, reactivity, and concentration of solvated and 

desolvated ions (31,). 

The final result is that the observed log k is smaller than the predicted log k 
by the amount of (1 — β) log Kd. Thus, the effects of desolvation are expected 
to be largest when the value of β η ϋ ε is small (31). 

KD k[X] 
R O " ( H O H ) n τ=± R O - Î H O H ) ^ ! + H O H > product (7) 
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11 
Rates and Equilibria 
of Electrophile-Nucleophile 
Combination Reactions 

Calvin D. Ritchie 

Department of Chemistry, State University of New York, Buffalo, NY 14214 

The recently reported correlation of reactivities and one-electron 
oxidation potentials of nucleophiles is examined with new data for 
hydrazine in aqueous solution and several nucleophiles in (CH3)2SO 
solution. The correlation fails to apply to these reactions. A ther
modynamic cycle is utilized to estimate the free energies of ionization 
of pyronin-nucleophile adducts both in solution and in the solid 
state. A satisfying rationalization of the dichotomy of ionic and 
covalent crystals of these and similar compounds is obtained. The 
equilibrium constants for reactions of nucleophiles with several types 
of cations are examined as indicators of specific bonding effects such 
as steric and gem interactions. 

ONE-STEP B O N D - F O R M I N G R E A C T I O N S of an electrophile with a nu
cleophile, Lewis acid-base reactions, are among the most common ele
mentary reactions in organic chemistry. An understanding of the factors 
determining the rates and equilibria of such reactions would constitute an 
understanding of much of the entire field of organic chemistry. 

The task of finding systems of electrophiles and nucleophiles for which 
rates and equilibria of the simple combination reactions can be measured is 
not an easy one, and data have accumulated slowly. The efforts in my 
laboratory have focused primarily on carbocations, with pKR values in the 
range measurable in dilute aqueous solution, reacting with common anionic 
and neu t ra l n u c l e o p h i l e s . The p y r o n i n cat ion [3 ,6 -b i s (d imeth-
ylamino)xanthylium cation] is particularly well suited for such studies (J). 
This cation has an unusually high pKR of 11.5 and gives measurable rates and 
equilibria with a wide range of nucleophiles. Pyronin is also stable enough in 
dimethyl sulfoxide [(CH 3) 2SO] solution to allow studies in that solvent (2) for 

0065-2393/87/0215-0169$06.00/0 
© 1987 American Chemical Society 
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170 NUCLEOPHILICITY 

comparison with reactions in water. The planar structure of the cation and 
the fact that the reactive site is a secondary carbon should minimize com
plications from steric effects. 

Our most recent report (3) on reactions of pyronin cation showed a 
correlation between the rates of reactions of a variety of nucleophiles and the 
one-electron oxidation potentials of the nucleophiles in aqueous solution. 
The correlation included anionic, neutral, and "α-effect" nucleophiles; only 
thiolate ion nucleophiles showed significant deviations from the correlation. 

The one-electron oxidation potentials of the nucleophiles in aqueous 
solution were obtained from a thermodynamic cycle involving the gas-phase 
bond-dissociation energies and the aqueous pKa values of the H-nuc spe
cies. Also, the one-electron oxidation potentials, the standard free energies 
for the cation-nucleophile combination reaction, and the standard free ener
gies for the homolytic bond dissociations of the adducts are interrelated by a 
thermodynamic cycle. 

In this chapter, newly available data for hydrazine (4) and data for 
reactions of pyronin in (CH 3 ) 2 SO solution (2) wil l be used to further test this 
correlation, and the last-mentioned thermodynamic cycle wil l be applied to 
the estimation of equilibrium constants for cation-nucleophile combination 
reactions that cannot be measured directly. The equilibrium constants for 
reactions of nucleophiles with several types of cations will be compared. 

Oxidation Potentials and Rates 

The justification for equation 1 has been presented (3) where AG° 3 (H 2 0) is 
the standard free energy of dissociation (homolytic) in aqueous solution and 
AH°3(gas) is the standard enthalpy of dissociation in the gas phase for an H - X 
molecule or H - B + ion. 

AG° 3 (H 2 0) = AH°3(gas) - 2 kcal/mol (1) 

The adiabatic ionization potential for hydrazine was recently deter
mined (4) to be 187 kcal/mol. The proton affinity of hydrazine is - 207 kcal/ 
mol [adjusted to A p ( N H 3 ) = —206 (5)]. Combined with the ionization 
potential of 313.6 kcal/mol for H - (3), the value of 80 kcal/mol for AH°3(gas) of 
H - N H 2 N H 2

+ is obtained. 
Using the thermodynamic cycles presented earlier (3) with a value of 

10.8 kcal/mol for the free energy of acid dissociation of hydrazinium ion in 
water, we obtain AG° 5 = 16 kcal/mol for the standard oxidation potential of 
hydrazine in aqueous solution. 

Table I shows the standard oxidation potentials and other related ther
modynamic quantities along with the free energies of activation for reactions 
with pyronin cation in aqueous solution for all nucleophiles for which we 
have data. Most of the data were reported previously (3), but several errors in 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
7 

| d
oi

: 1
0.

10
21

/b
a-

19
87

-0
21

5.
ch

01
1

In Nucleophilicity; Harris, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1987. 



11. R I T C H I E Electrophile^Nucleophile Combination Reactions 171 

Table I. Oxidation Potentials and Reactivities with Pyronin Cation in Water 

Nucleophile Ml^Gas) &G°2 A G ° 5 &G°(Soln) A G ' 

H O O - 88.6 16.0 20.5 - 9 5 11.5 

C 6 H 5 0 " 86.5 13.7 20.7 - 7 4 a 

N 0 2 - 78.0 4.4 21.5 — — 
C H 3 C H 2 C H 2 S - 88.6 14.8 21.7 - 7 8 8.2 

C 6 H 5 S " 83.3 8.9 22.3 - 6 8 6.7 

C H 3 O - 102.0 22.6 27.3 - 9 3 12.2 

C F 3 C H 2 0 - 102.0 17.0 32.9 - 8 4 13.8 

N 3 - 92.5 6.4 34.0 - 7 5 12.7 

c i o - 98.0 10.3 35.6 - 7 4 13.1 

C H 3 C O O - 106.0 6.4 47.5 - 6 7 — 
C N - 123.8 12.6 59.1 - 7 4 17.3 

O H - 119.3 21.5 45.7 - 1 0 5 15.1 

N H 2 N H 2 80.0 10.8 16.1 - 7 2 13.2 

Piperidine 94.0 15.2 26.7 - 5 6 11.2 

C H 3 C H 2 C H 2 N H 2 103.0 14.4 36.5 - 6 3 13.2 

H 2 0 141.0 0.0 89.3 - 1 0 3 21.9 

N O T E : Original references to the literature are given in reference 3, except for hydrazine, which 
is given in the present text. A G ° 2 is the standard free energy of ionization of the conjugate acids 
of the nucleophiles. AG°5 is the standard oxidation potential versus the normal hydrogen 
electrode. AG°(so ln) is the standard free energy for transfer of the anionic nuleophile or of the 
conjugate acid of the neutral nucleophile from dilute gas to dilute aqueous solution. 
e Not aetermined. 

previous data have been corrected. (The values for AG°l in the previous 
report are all 2 kcal/mol too high, and the free energy of solution of acetate 
ion should be —67 kcal/mol, rather than - 7 7 kcal/mol.) The free energy of 
activation for reaction of hydrazine with pyronin is estimated from the 
relative rates of reactions of hydrazine and n-butylamine with [p-(dimethyl-
amino)phenyl]tropylium ion (6) and the measured rate of reaction of n-
butylamine with pyronin cation (i). 

If the correlation of AG° 5 and A G + is to make any sense, the correlation 
must be presumed to be between the A G + and the A G ° E T for the reaction 

R+ + χ - ^ ET ) R . + χ . 

where 

A G ° E T = AG° 5(X-) - AG° 5(R') (2) 

and AG°5(R*) is the standard oxidation potential of the pyronin radical. 
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172 NUCLEOPHILICITY 

If we wish to compare reactions in different solvents, A G ° E T will change 
as a result of changes in the oxidation potentials of both X " and of R \ The 
general scheme (Scheme I) 

R, + Nuc...-

AGX> 

A G E T » fi.. + X.. 

A G / 

RD

+ + Nuc D " 
A G D 

ET 

Scheme I 

gives the free energy of electron transfer in (CH 3) 2SO, A G E T

D , in terms of the 
quantity in water, &GET

W, and the transfer free energies of the pertinent 
species(f): 

&GET

D = AGET

W - kGR

+t + A G R . - A G X < + AGx/+>< (3) 

If we assume that the transfer free energy for X· is equal to that for H X , 
we obtain the last two terms of equation 3 by considering: 

H X 4 H + + X -

in water and (CH 3 ) 2 SO: 

C^Gx* - A G H X

( + ) i = 1.37ΔρΚα - A G H

+ f 

- AGX

{ - AGx(+» (4) 

where ΔρΚ α is the pKa in (CH 3 ) 2 SO minus that in water. The free energy of 
transfer of the proton from water to (CH 3 ) 2 SO has been estimated as - 4 . 5 
kcal/mol (7), and the pKa values for a variety of acids in both solvents are 
known. 

To estimate the transfer free energies of R + and R% we may consider the 
reaction 

R+ + n-PrS" 
&G 

±+ n-PrSR 

where R + is the pyronin cation. Equilibrium constants for this reaction in 
both water (I) and (CH 3 ) 2 SO (2) have been measured: 

AG P r S R < - A G R + ' - AG P r S _< = -13 .0 kcal/mol 

From the measured pKa values of n-PrSH in water and (CH 3 ) 2 SO (8), we have 

A C P r S - < A G P r S H ' = 13.0 kcal/mol 
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11. R I T C H I E Electrophile—Nucleophile Combination Reactions 173 

where we have used - 4.5 kcal/mol for the transfer free energy of the proton 
(7). Combining these last two equations 

A^PrSR* ~~ A G P r S H

f = A G R + ' - A G R / 

where the last approximate equality arises from the assumption that the 
difference in transfer free energies of PrSR and PrSH is due to a "group" 
contribution. 

With these estimates, we finally have 

A G E T

D = AGET» - 1.37ΔρΚα(ΗΧ) - 4.5 (5) 

Because kGET

w is given by equation 2, obviously a plot of the quantity 
AG° 5(X") - 1.37ΔρΚ β(ΗΧ) - 4.5 versus A G f , where the AG° 5 values are 
those for aqueous solution, in (CH 3 ) 2 SO should have the same slope and 
intercept as the plot of AG° 5(X") versus A G f in water if the correlation of 
A G ° E T with A G f holds. Pertinent data are given in Table II, and the plot of 
the data for both water and (CH 3 ) 2 SO is shown in Figure 1. 

Table II. Data For Reactions in (CH3)2SO Solution 

Nucleophile -Ι .37ΔρΚ α - 4.5 A G ° £ T + A G V R ; 
n-BuNH 2 -5.2 31.3 10.2 
C H 3 O C H 2 C H 2 N H 2 -5.6 32.0 10.6 
Piperidine -3.8 23.0 8.9 
n-PrS" -13.0 8.7 <4.7 
C N - -9.7 49.0 8.2 

The point for the reaction of hydrazine in water is badly off the correla
tion line for the other nucleophiles, and all of the data for reactions in 
(CH 3 ) 2 SO solution are not only off the correlation line but also fail to show 
any relationship when considered alone. 

It is still surprising that so many of the reactions in water show the 
correlation between AG° 5 and A G f . No theory of which we are aware antici
pates such a correlation. The theory of curve crossings (9-11; S. Shaik, 
personal communication, 1985) ascribes the activation barriers for these 
reactions to an avoided crossing of surfaces, one for a diradical state and the 
other for an ionic state. The two surfaces, however, are related by "vertical" 
transitions, and solvation energies, particularly, make these far different 
from the "adiabatic" differences such as AG° 5 (S. Shaik, personal commu
nication, 1985). Unfortunately, the fundamental data necessary to even begin 
to apply this theory to the present reactions are not available. 
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J I I i ' • I 1 L 
10 30 50 70 90 

A G ° E T + A G J R - ) 

Figure 1. Reactivities versus oxidation potentials of nucleophiles. Open 
circles: aqueous solution. Closed circles: (CH3)2SO solution. 

Nucleophiles are identified by numbers: 1, NH2NH2; 2, HOO~; 
3, CH30- 4, piperidine; 5, N3~; 6, C F 3 C H 2 0 - ; 7, ClO~; 8, 
n-PrNH2; 9, HO~; 10, CN-9 11, H20; 12, CH3OCH2CH2NH2; 

13, n-PrS-; and 14, C6H5S~. 

Heterolytic and Homolytic Bond Dissociations of R-X 

The heterolytic and homolytic dissociation of R - X species are related by a 
thermodynamic cycle to the electron transfer from X " to R + : 

A G ° B D E - AG°ET = AG° i o n (6) 

where A G ° B D E is the free energy of dissociation of R - X into R* and X· and 
AG° i o n is the free energy of dissociation of R - X into R + and X ~ (3). As already 
mentioned, AG°5(R*) is not known, so we cannot obtain absolute values for 
A G ° E P For a common R, however, differences in A G ° E T for different X are 
equal to differences in the AG° 5 values, and we have 

A A G ° B D E - AAG°5 = AAG°ion (7) 

where 

AAG°BOE = AG° B D E (RX) - AG° B D E (RY) 
AAG% = AG0

5(X~) - AG°5(Y-) 
AAG°ion = AG° i o n(RX) - AG° i o n(RY) 
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The approximation that A A G ° B D E in solution is equal to that in the gas 
phase has already been justified (3), and equation 7 was used to obtain 
A A G ° B D E values from the other quantities. We will now obtain values for 
AG° i o n in cases where these values are not experimentally accessable. 

The bond strengths of various C - X bonds, for cases where the other 
three groups bonded to carbon are either C or H , primarily reflect the 
stabilities of the C and X radicals formed on dissociation so long as steric 
effects are not serious. Thus, the difference in bond strength between an 
R - X and an R - Y in such cases is expected to be nearly constant for various 
R. A useful compilation of bond dissociation energies in the gas phase has 
been given by McMil len and Golden (12). In Table III, the differences in 
bond dissociation energies between R - X and R - O H , averaged for R repre
senting methyl, ethyl, and benzyl where these substituents are available, are 
shown for a number of X groups. In Table III, the column headed 
AAG° E T (OH-X) shows the differences in AG° 5 values for O H and X from 
Table I. 

If the A A G ° B D E values for R representing pyronin are approximately 
equal to those shown in Table III, the values for AAG° i o n can be calculated 
from equation 7. The value for AG° i o n for pyronin-OH is known (I) to be 3.4 
kcal/mol, so values of AG° i o n , in the last column of Table III, can be obtained. 

Table III. Estimates of AG. 

X D(RX) - O(ROH) AAG°Ej(OH-X) AG° 
ton 

OH 0 0 3.4 
O C H 3 -9.8 18.4 12 
O C 6 H 5 -28 25 0 
CN 28 -13.4 18 
N 0 2 -31 24.2 - 3 
F 13 -36 -20 
Cl -10 -14 -21 
0 2 C C H 3 -12 - 2 -11 

If differential steric effects for reactions of different cations are not too 
serious, we may expect the differences in AG° i o n for various Xs to be the same 
as those in Table III. We (1) reported, for example, that the relative equi
librium constants for reactions of various Xs are the same for pyronin and 
[(dimethylamino)phenylltropylium cations. From the known p K R , 11.5 (I), 
for pyronin and the estimates given in Table III, the maximum ρΚ Λ that a 
cation could have and still give measurable equilibria with the various X~s in 
Table III can be estimated. 

For the equilibrium constant for the cation-anion combination reaction 
to be measurable in reasonably dilute aqueous solution, it must be greater 
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than approximately 10. We may estimate, then, that chloride and fluoride 
ions will give measurable equilibria only with cations having pKR values less 
than approximately - 5. Acetate ion should give measurable equilibria with 
cations having a pKR value of less than approximately 2. Bunton and Huang 
(13) reported that acetate ion gives no reaction with tri-p-anisylmethyl cat
ion, which has a pKR of 0.8. This finding is not surprising because serious 
steric effects may be expected for the triarylmethyl systems (I). 

Anyone who has worked with triarylmethyl or pyronin systems has 
probably been struck by the distinctions between the solid states of various 
derivatives. Malachite Green chloride, for example, is a highly colored 
crystalline ionic material, and the carbinol is a colorless, reasonably low 
nelting [mp 163 °C (14)] solid. This distinction between ionic and covalent 
solids can be considered in another thermodynamic cycle: 

— \C° 
R„ + + X. " — i o n » R X " 

AG° c r y s t 

For triarylmethyl and pyronin derivatives, the solubilities of covalent 
compounds, such as the carbinols, are on the order of ΙΟ" 5 M in water. Thus, 
AG° p p t must be approximately - 7 kcal/mol. 

The free energy of crystallization, AG° c r y s , is equal to minus the solva
tion energies of the cation and anion plus the crystal energy. We have values 
for the solvation energies of various X ~ (Table I). The solvation energies of 
the R + species are expected to be very close to - 5 0 kcal/mol for these types 
of cations (15). A very rough estimate of the crystal energies can be obtained 
from an electrostatic calculation and an r 0

6 repulsion term. If we use r 0 = 3 A 
and a Madelung constant of 1.6 for simple stacked ions with no interstack 
interactions are used, a value of - 1 4 5 kcal/mol is calculated for the crystal 
energy. The free energy for formation of the crystal from the gas-phase ions 
involves the loss of entropy of two free particles. At 25 °C, this loss of entropy 
should contribute ca. +13 kcal/mol to the free energy. 

The use of these rough estimates gives 

AG° I C = 75 + AG° s o l n (X-) - A G ° o n (8) 

Calculated values for pyronin derivatives and the maximum pKR of the cation 
allowing formation of covalent solid are given in Table IV. 

The facts that triphenylmethyl chloride (pKR = -6.6) forms a covalent 
solid and that all known carbinols and methyl ethers are covalent indicate 
that the calculations are at least reasonable. Interestingly, the fluorides of 
most cations are predicted to form covalent solids. I do not know of data to 
support or contradict this prediction. Also, possibly an acetate can be found 
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Table IV. Ionic to Covalent Crystals 

X -AG° S 0 / n AG° 
ton 

AC° i C pKE(cov) 
O C H 3 93 12 -30 all 
O C 6 H 5 74 0 1 10 
F 105 -20 -10 18 
Cl 78 -21 17 - 2 
0 2 C C H 3 67 -11 18 - 2 

for which an ionic crystal dissolves in water to give a covalent compound in 
solution because we found previously that AG° i o n should be positive for 
cations with a p K R value below + 2. 

Steric and Other Specific Bonding Effects 

Throughout much of the preceding discussions, we have assumed that steric 
and other specific bonding effects are absent in the compounds considered. 
Hine (16) focused attention on the equilibria 

KHX 

R - O H + H X . R-X + H-OH 
RX 

as indicators of specific effects. Values of the equilibrium constants for these 
reactions can be calculated from those for the cation-anion combination 
reactions and the acidity constants for the H - X molecules where R + is one of 
the stable cations. From measured equilibrium constants for addition of H X 
to carbonyl compounds, K R X

H X for R + = α-hydroxy carbocations can be 
obtained. Data are shown for several systems in Table V. 

A l l of the values in Table V, with the exception of those for tr i-
fluoroethoxide ion, are appreciably greater than zero. This finding indicates 
some special stability of an H - O bond or some unusual instability of a C - O 
bond. This same feature is shown for simpler carbon groups, such as methyl 
and ethyl, in the tabulations of bond strengths in the gas phase given by 
McMil len and Golden (12). 

The other trends in values for the various Rs in Table V are consistent 
with the trends in pairwise interaction contributions to heats of formation 
evaluated by Allen (19) and discussed by Hine (20). For example, pyronin has 
a C - C - X pair interaction in place of an O - C - X interaction for pyridine-4-
carboxaldehyde; for X = O H this difference favors the aldehyde adduct by 
approximately 7 kcal, although for other Xs, the difference is somewhat 
smaller. Thus, the values given for the aldehyde are smaller than those for 
pyronin. We have already pointed out that steric effects are expected in the 
triarylmethyl derivatives and that the comparison of these with pyronin 
derivatives are consistent with that expectation (J). 
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Table V. Values of log KRX^ 

X Ar3C+a Pyr+b RC+H-OW ArC+(CF3)-OHd 

S032- 7.8 12.7 7.6 -2.9 

C N - e 17.2 6.0 -5.0 

H O C H 2 C H 2 S - 4.5 7.1 3.9 <3.0 

HOO- — 4.1 2.9 -1.2 

C F 3 C H 2 0 - — -0.3 <0.5 — 

N 3 - 2.0 — 0.3 — 
n-PrNH- 1.2 3.9 3.2 1.8 

0 (CH 2 CH 2 ) 2 N- — 3.6 3.1 — 
C H 3 O N H - 4.2 5.1 4.4 — 
H 2 N N H - 2.5 — 4.4 3.2 

"Values for Malachite Green, Crystal Violet, or tri-p-anisylmethyl cation in water (J). 
^Values for pyronin or [(dimethylamino)phenyl]tropylium cation in water (1). 
cValues from additions to pyridine-4-carboxaldehyde (17). 
^Values from additions to 1,1,1-trifluoroacetophenone (18). 
e Not determined. 

Some of the specific numbers in Table V are more difficult to under
stand, however. Peroxide, although an oxygen base like hydroxide, shows 
preference for bonding to carbon. Hydrazine and methoxylamine anions give 
the same value of K R X H X with the aldehyde but significantly different values 
with the triarylmethyl system. No explanations are apparent. 
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12 
Nucleophilic Attacks on Low Lowest 
Unoccupied Molecular Orbital 
Compounds 

Shmaryahu Hoz 

Department of Chemistry, Bar-Ilan University, Ramat-Gan 52100, Israel 

The nature of the transition state of nucleophilic reactions with LL 
[low lowest unoccupied molecular orbital (LUMO)] substrates is 
analyzed and reviewed. In cation-anion combination reactions, a 
partial radical character is developed on both the nucleophile and the 
substrate. Examination of a simple state diagram shows that this 
diradicaloid character is increased as the LUMO of the substrate is 
lowered. The model is further extended to other LL substrates such as 
carbonyl functions and activated olefins. Three empirical manifesta
tions of the diradicaloid character of the transition state are dis
cussed: (1) the correlation between the ionization potentials of the 
nucleophiles and their nucleophilicity toward LL substrates; (2) the 

α-effect phenomenon; and (3) the variations in the positional selec
tivity of 9-nitromethylenefluorene in nucleophilic reactions as a func
tion of the solvent. 

THE S W A I N - S C O T T E Q U A T I O N (I) is probably one of the most important 
empirical equations in the field of nucleophilic reactions: 

log (Uko) = sn (1) 

This equation relates the nucleophilicity of a nucleophile with its rate con
stant in a given S N 2 reaction. In this class of reactions, bond formation and 
bond cleavage are fused into a single transition state. A seemingly less 
complicated reaction is a reaction in which the status of only one bond is 
changed in the rate-determining step. Anion-cation combinations exemplify 
this type of reaction. The relationship between rate constants and nu
cleophilicity in these reactions is given by the Ritchie equation (2, 3): 

0065-2393/87/0215-0181$06.00/0 
© 1987 American Chemical Society 
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182 NUCLEOPHILICITY 

log (k/k0) = N+ (2) 

The two major differences between these two equations are as follows: 
(1) Unlike the Swain-Scott equation, the Ritchie equation lacks a selectivity 
parameter. Thus, a plot of log k versus N+ always gives a unity slope. (2) 
Nucleophilicity ranking by the two scales is different. This difference is 
especially noticeable for the three nucleophiles, C N ~ , C H 3 0 ~ , and N 3 ~ . 
According to the N+ scale, the nucleophilicity order is N 3 ~ > C H 3 0 ~ > 
C N ~ , whereas the reverse is true for the Swain-Scott η scale. 

To test the generality of the Ritchie equation, we reacted the olefins 
9-(dinitromethylene)fluorene ( F D N ) , 9-(dicyanomethylene)fluorene 
(FDCN), and 9-(nitromethylene)fluorene (FN) with a series of nucleophiles 
(4, 5). The reaction of these three substrates resemble that of anion-cation 
combination reactions in the absence of leaving group departure at the 
transition state. Yet, in spite of the fact that these substrates are not positively 
charged, an excellent correlation was observed with the N+ scale. Similar 
results were observed for other uncharged substrates such as carbonyl func
tions (6) and activated aryl halides (7). However, the three systems, F D N , 
F D C N , and F N , are unique in that the slopes of log k versus N+ are 
significantly larger than 1. This necessitates the incorporation of a selectivity 
parameter (S+) into the Ritchie equation. 

F D N F D C N F N 

Recently, we found (unpublished results) that the reactions of the di-
phenyl analogues of these three substrates do not follow the Ritchie equation 
and the data are highly scattered. One major difference between the two sets 
of substrates is the extent of steric crowding around the activated carbon. 
However, the mechanism by which the steric effect induces this change is 
not entirely clear. 

Classification 

Ritchie (2) suggested that the differences between the reactions that follow 
the Swain-Scott and the Ritchie equations stem from the coupling between 
bond formation and bond cleavage in the S N 2 process as opposed to only 
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12. H O Z Nucleophilic Attacks on Low LUMO Compounds 183 

bond formation in the second class of reactions. We (5), on the other hand, 
suggested that the origin of the differences probably lies in the nature of the 
lowest unoccupied molecular orbital (LUMO) of the substrate. The L U M O of 
a typical S N 2 substrate being a σ* orbital is of high energy, whereas cations, 
carbonyls, activated olefins, and other substrates that obey the Ritchie 
equation have a relatively low L U M O , usually ττ*. The latter dichotomy is 
more in line with the generally accepted notion that highest occupied 
molecular orbital ( H O M O ) - L U M O interactions govern nucleophilic reac
tion (8). So that these two approaches can be distinguished, a system should 
be found that undergoes an S N 2 reaction and has a relatively low energy 
reactive L U M O . Because the vast majority of the substrates that possess both 
low L U M O and leaving group (e.g., aryl halides and esters) react with 
nucleophiles in a two-step process, an example that will meet the two 
demands is likely to be a borderline case in terms of classification. 

Two available examples are nucleophilic reactions with organometallic 
cations and with activated bicyclobutanes. Sweigart and co-workers (9, 10) 
showed that a linear correlation is obtained between the log k values for the 
reactions of nucleophiles (Nu) with various organic cations and the transition 
metal complexes of the same cations. The latter reactions resemble S N 2 
reactions if the carbon-metal bond cleavage is considered as a departure of 
the leaving group: 

The second example involves nucleophilic attacks on activated b i -
cyclobutane. These attacks occur anti to the central bond, which is cleaved in 
the course of the reaction. The L U M O of this bond is lower than that of 
ethylene. Thus, if considered to be an S N 2 reaction, the reaction complies 
with the two aforementioned demands. Unfortunately, data are available (11) 
for the reaction of this system with C N ~ and C H 3 0 ~ only: 

The order of reactivity of these two nucleophiles toward bicyclobutane-
carbonitrile is C H 3 0 ~ > C N ~ . This order is for the nucleophilicity of the N+ 

and not of the η scale. Thus, in addition to the fact that frontier orbitals are 
usually considered to control nucleophilic reactions, the last two examples 

+ Nu 

(3) 
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lend more credence to the classification of the substrates according to the 
energies of their L U M O s as a possible origin of the differences between the 
two types of behavior. Therefore, in the following discussion we will refer to 
the substrates acording to their L U M O s energies, namely, L L (low L U MO) 
or H L (high L U M O ) substrates. 

Proposed Model 

According to the model developed (5, 12), the transition state of the reaction 
of L L substrates with nucleophiles should be characterized not only by 
partial charges ( δ ± ) but also by a partial diradicaloid character. In other 
words, at the transition state, both the nucleophile and the substrate acquire 
a partial radical character (δ·)· This finding emerges directly from the basic 
assumption of continuity between the two extreme situations that may take 
place upon a nucleophile-electrophile encounter. The first situation is the 
"normal" S N 2 reaction, whereas the second extreme is an electron-transfer 
reaction that results in the formation of a radical pair. The transition state of a 
reaction located in the continuity zone between these two extremes can 
therefore be described as a combination of the two extreme electronic 
configurations in variable proportions. For a given nucleophile, the amount 
of the diradicaloid character will increase with the proclivity of the substrate 
to undergo electron-transfer reactions. Thus, an L L substrate will in general 
show more of the diradicaloid nature at the transition state than H L sub
strates. 

In the following discussion nucleophilic reactions with L L substrate wil l 
be analyzed by making use of basic principles of electronic states. We will 
show that (a) under certain circumstances the transition state of nucleophilic 
reactions must be diradicaloid and (b) the diradicaloid nature of the transi
tion state wil l in general increase with the increase in the electrophilicity of 
the substrate. 

To perform the analysis, we need to examine the classic state diagram 
(13, 14) shown in Figure 1. Curve a represents the ground state (S0) of a 
molecule A - B , which correlates with the diradical state (D) , and curve b is 
the excited state (S^, which correlates with the zwitterionic state (Z) (15, 16). 
In general, for cations and anions such as those studied by Ritchie, that is 
triarylmethyl cations, tropilium cations, diazonium cations, and common 
anionic nucleophiles such as C H 3 0 " , C N ~ , and N 3 ~ , the zwitterionic state in 
the gas phase will always be of higher energy than the diradicaloid configura
tion (D) . (In the case of A - B being N a - C l , the separation between curves a 
and b at the plateau region (7PN a — EAC]) is small (ca. 35 kcal/mol). However, 
the Coulombic bonding is larger than the covalent bonding, which leads to 
curve crossing, which places the ionic bond well below the covalent bond. 
On the other hand, in the case of A - B = C H 3 - C 1 , / F C H 3 ~~ ^ c i i s 

approximately 145 kcal/mol and the covalent bond is much stronger than the 
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A - B 

Figure 1. State diagram for the reaction A + Β —* AB. Curve a is the 
covalent diradicaloid state; curve b is the excited (Sj) zwitterionic state; 
curve c is the zwitterionic state in condensed phase. The dashed line is 

similar to curve c and is for the more electrophilic A'. 

ionic one (using the Pauling equation, the covalent bond energy of N a - C l 
can be estimated as 38 kcal/mol, whereas that of C H 3 - C 1 is approximately 80 
kcal/mol). Therefore, for C H 3 C 1 and similar compounds, no curve crossing 
occurs in the gas phase. (For the relevant data, see references 17 and 18). In 
solution, to the first approximation the covalent diradicaloid curve a wil l not 
be significantly affected by the solvent, whereas curve b will be drastically 
lowered in energy (curve c) so as to appear in part below curve a. Thus, in 
solution, the A - B bond will be cleaved heterolytically by following curve a to 
the avoided crossing point with curve c and continuing along curve c to give 
A + 4- Β~ as is indeed observed in solvolytic reactions. The reaction in the 
reverse direction is nothing but the anion-cation combination reactions 
studied by Ritchie. For a covalent bond to be formed from the ionic species 
A + and B~, the ions must go over a barrier that peaks in the region of the 
intersection (avoided crossing zone) of the potential ionic and d i -
radical-covalent surfaces. More importantly, upon going from A · + Β · to 
the covalent bond A-B, a gradual decrease in the diradical character of the 
system occurs. At an intermediate point between the two extremes along 
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curve a, the system, in a simple notation, will be described as À — Β. At the 
transition state, this configuration will be mixed with the ionic configuration 
in equal proportions to give the overall configuration, which using the same 
notation will be described as A — B. Thus, in this case, the transition state 
for anion-cation combination reaction is of a diradicaloid nature, and in order 
to reach this state, partial electron transfer (PET) from the nucleophile to 
substrate must take place. 

This model may also be appropriate to other L L substrates, such as 
carbonyl groups (6), activated double bonds (5, 19), and aryl halides (7), that 
also obey the Ritchie equation. This seems appropriate because these L L 
substrates are highly polar and because particularly in solution the zwitterion 
I is a major contribution to their overall resonance structure: 

c=x^ c +—χ
ι 

where X = O, C ( N 0 2 ) 2 , C(CN) 2 , C ( H ) N 0 2 , C(H)COPh, and so on. Thus, 
the carbon in I can be viewed as an equivalent to A + of the previous 
discussion. 

This model is not applicable in cases where the transition state of the 
rate-limiting step cannot be identified with the point in which curves a and c 
intersect. Most of the data regarding the movement of a molecular system 
along the a-c combination path are obtained from solvolytic reactions. These 
studies indicate that curve c in Figure 1 is not necessarily a smooth line (as 
we have drawn for the sake of simplicity) but may have some energy minima 
along it that may correspond to intimate and solvent-separated ion pairs 
observed in the course of many solvolytic reactions. In cases where these two 
species are defined chemical entities, the species must be separated by a 
potential barrier. In many cases, the transfer from intimate to solvent-
separated ion pairs is assumed to comprise the rate-determining step in the 
solvolytic reaction (20). Therefore, by microscopic reversibility, the rate-
determining step for the same reaction in the reverse direction will not be 
the transition from intimate ion pairs to covalent compound but rather from 
the solvent separated to the intimate ion pair. Therefore, the transition state 
of the rate-determining step of this process wil l not contain the diradicaloid 
component, which is a crucial characteristic of the transition states of reac
tions obeying the Ritchie equation, and hence will not be accommodated by 
this equation. 

The second point that is worth noting is the effect of the electrophilicity 
of A on the magnitude of the diradicaloid character of the transition state. 
Replacing A + by A + ' , which is of a higher electrophilicity, will diminish the 
separation (V) between curves a and c in Figure 1. Because in general the 
effect of such a change on the energy of the covalent bond as well as on the 
coulombic interaction will be secondary to the effect on V, the intersection 
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12. Hoz Nucleophilic Attacks on Low LUMO Compounds 187 

point of curves a and c (and therefore the transition state) wil l move to the 
right (Figure 1). As we have previously pointed out, the diradicaloid nature of 
the A, Β system decreases gradually upon moving from right to left (Figure 
1, curve a). Thus, if the transition state is shifted to the right (an early 
transition state), it wil l acquire a larger diradicaloid character. Shifting the 
transition state further to the extreme right wil l result in a complete electron 
transfer that wil l precede the coupling of A · and Β ·. This finding, in addition 
to confirming our previous intuitive conclusion, also implies that the magni
tude of the diradicaloid character at the transition states of a series of 
reactions in which either the substrate or the nucleophile is varied is not 
constant. At the intersection point, the electronic configurations represented 
by curves a and c are mixed in equal proportions to yield the final electronic 
configuration of the transition state. 

Empirical Manifestation of the Model 

In the following sections, three possible empirical manifestations of the 
proposed model are presented: (1) correlation between the nucleophilicity 
toward L L substrate and the ionization potentials of the nucleophiles, (2) the 
α effect, and (3) the positional selectivity of F N as a function of the solvent. 

Nucleophilicity and Ionization Potentials. Previously, the suggestion 
that the differences in the nucleophilic ranking between the η and the N+ 

scale may stem from a relatively large amount of electron transfer present in 
the transition state described by the N+ scale was made. If this statement is 
true, then some correlation between the N+ scale and the solution ionization 
potentials of the nucleophiles should exist. Because these data are not 
available, we have calculated (5) the energy associated with K 3 using the 
thermodynamic cycle shown in Scheme I. 

H- + -Nu 

Scheme I 

The energy associated with K 3 is the energy required to transfer an electron 
from the nucleophile to H + . According to the data obtained this way, the 
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ease with which an electron can be removed from the nucleophile is in the 
order N 3 ~ > O H ~ > C N ~ . A s expected, this order is indeed the order of the 
N+ scale; thereby, the suggested model is confirmed. Subsequent to this 
calculation, using the same thermodynamic cycle, Ritchie (21) [however, at 
the conference, Ritchie reported that this correlation holds only for aqueous 
solutions and not for reactions in (CH 3 ) 2 SO] showed that activation energies 
for nucleophilic reactions of the pyronin cation correlate linearly with the 
solution ionization potentials of the nucleophiles. These two examples indi
cate that the transition state of the reactions of nucleophiles with L L sub
strates reflects in part features typical of electron-transfer processes. 

α Effect, the α effect is defined as a positive deviation of an α nu
cleophile from a Br0nsted-type plot (22). Several different origins exist for 
the α effect. The proposed model offers a consistent explanation of this effect 
based on transition-state stabilization (12). This effect manifests itself mainly 
with unsaturated substrates (23), which according to our terminology are L L 
substrates. In light of the previous discussion, the nucleophile in the transi
tion state of these reactions acquires a radicaloid character. That radicals are 
relatively highly stabilized when located α to a lone pair of electrons is well-
known (24). This statement is easily explained in terms of the molecular 
orbital (MO) diagram shown in Scheme II. 

/—ι—\ 
ι \ 
ι \ 

A V-
\ ι 
\ I 

*—H—' 
Scheme II 

As can be seen from Scheme II, the fact that two electrons drop in energy 
whereas only one electron goes up leads to a net stabilization. This stabiliza
tion effect wil l be partly reflected in the transition state of the reaction of an α 
effect nucleophile with a L L substrate. Thus, an α effect is likely to be 
observed because this stabilization mechanism is unique to α nucleophiles 
and is unavailable to any "normal" nucleophile. 

In principle, the magnitude of the α effect is expected to increase with 
the radicaloid character developed on the α nucleophile at the transition 
state. So that the validity of this hypothesis can be assessed, first, a probe for 
the degree of electron transfer at the transition state should be found. A 
possible probe in this case is the β η ι ι ε value. As was pointed out by Bordwell 
and Clemens (25), it acquires values of 0.3-0.5 for S N 2 reactions and much 
higher values (1.1-1.5) for electron-transfer reactions. Thus, if the β η υ ε value 
can indeed be correlated with the radical character in the nucleophile, a 
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correlation between the α effect and β η ι ι ε values should exist. Indeed, such a 
correlation was observed by Dixon and Bruice (26) in the reactions of 
hydrazines with a variety of substrates. 

Further support for the hypothesis that β η ι 1 0 values can be used as a 
measure of the radical character of the nucleophile can be gained from 
Fukuzumi and Kochis studies (27) on electrophilic aromatic substitution 
reactions: 

A r H + E + — ^ A r E + H + (5) 

The p + value (equation 6) in these reactions was shown to reflect the mean 
separation of the reactants at the transition state (27): 

log ke = p > + + C (6) 

The proton affinity (pK f l) of arenes is also a linear function of σ: 

A r H + Η + Ξ = ^ Α Γ Η 2

+ (7) 

ΔρΚ α = 9\σ+ (8) 

Thus, substituting σ + for ΔρΚ α in equation 6 results in 

log Κ = (ρ V p + . ) A p K . + C (9) 

The last equation is in fact a Br0nsted-type equation in which β η ι 1 0 is replaced 
by p+

e/p+

a. Because p+

a is constant, β η υ ε , like p+

e, should also be interpreted 
as a measure of the mean distance between the reactants at the transition 
state. 

It is clear from Figure 1 that as β η ι ι ε increases, that is, as the separation 
of A and Β at the transition state grows larger, the degree of electron transfer 
will also increase. This analysis predicts that for large enough β η ι 1 0 values 
(probably larger than 1), a complete electron transfer is expected. As noted, 
Bordwell found this situation indeed to be the case. 

The proposed model does not imply that an α effect will be observed in 
the gas phase. Moving from right to left on curve b (Figure 1) gives an ionic 
bond that may later on decay to the ground state of the covalent compound. 
Because neither the exact mechanism nor the identity of the rate-limiting 
step is known for this process, no definite conclusion regarding the existence 
of the α effect in the gas phase can be derived on the basis of this model. 

Positional Selectivity in F N . The reactions of nucleophiles with F N 
(for structures, see the introduction) present an interesting problem. In 
water, the nucleophile interacts with position 9 of the fluorene ring, whereas 
in dipolar aprotic solvents such as (CH 3 ) 2 SO, the nucleophile attacks C-a; 
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190 NUCLEOPHILICITY 

this reaction leads ultimately to the formation of II (5), probably via a 
nucleophilic vinylic substitution mechanism (equation 10). In a solvent of 
intermediate polarity, for example, C H 3 O H , both mechanisms are operative. 

In general, the reactivity of olefirtic substrates is known to correlate with 
the electron-withdrawing power of the activating group (28). A good measure 
for the latter is the pKa of the methano derivative of the activating group. 
When this criterion is employed for the two sites of F N , in water, the pKa of 
C H 3 N 0 2 is 10.2 (29), whereas that of fluorene is 21-22 (30). Thus, in water, 
nucleophilic attack will take place at C-9 and the negative charge will be 
located on the nitromethide moiety. In (CH 3 ) 2 SO, the pKa of C H 3 N 0 2 rises 
to 17.2 and that of fluorene remains essentially unchanged (30). Prima facie, 
this result could have been taken as a satisfactory explanation for the ob
served shift in the site of the nucleophilic attack. However, a detailed 
structure-reactivity analysis shows this argument to be fallacious. This find
ing becomes apparent from a comparison of F D C N with F N . In spite of the 
fact that nitromethane is more acidic than malononitrile by approximately 1 
pKa unit (29), F N is less reactive than F D C N by 2 log units (5). On the other 
hand, a linear correlation does exist between the log k for the nucleophilic 
attacks on the three substrates and log kion (deprotonation reaction) for the 
corresponding methano derivatives. A similar correlation was reported by 
Bernasconi et a l . (31) for the reactions of β - n i t r o s t y r e n e , ben
zylidenemalononitrile, and Meldrum s acid derivative. Pearson and Dillon 
(29) have shown that a plot of log fcion versus log Ka for many carbon acids in 
water is linear, with the marked exceptions of nitromethane and nitroethane, 
which deviate strongly from that line. Extrapolation using this plot shows 
that the kinetic acidity of nitromethane should be correlated with a pKa of 17 
rather than 10.2. Thus, the effective pK f l of nitromethane that should be used 
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both in water and (CH 3 ) 2 SO is 17 (using this value in a plot of log k for 
nucleophilic reactions with F D N , F D C N , and F N in water versus pK f l values 
yields the expected linear correlation). Hence, the origin of the different 
positional selectivities in water and (CH 3 ) 2 SO cannot be explained on the 
grounds of variations of the pKa of nitromethane. 

A more suitable explanation can be suggested for this case, which makes 
use of the present model. Because at the transition state the substrate 
acquires a partial radical-anionic character, the radical anion of the substrate 
should be examined. The positional selectivity will most likely be deter
mined by the location of the unpaired spin population in the model radical 
anion, toward which the radicaloid nucleophile will be attached in order to 
complete bond formation. A similar argument was invoked by Kochi (27) to 
explain the positional selectivities observed in electrophilic aromatic sub
stitution. 

To determine the spin population distribution, we (32) performed semi-
empirical (MNDO) calculations on the radical anion of F N with and without 
two water molecules hydrogen bonded to the nitro group. The optimized 
bond lengths are shown in Figures 2-4 (the geometry of the water molecules 
was not optimized and the N O · · · H O H separation was arbitrarily set to 2.0 
A). The M N D O coefficients of the S O M O on C-9 and C-α are given in Table 
I. Geometry optimization of F N (the neutral molecule) was performed with 
the aromatic portion of the molecule kept planar. The results show that the 
rest of the molecule is coplanar (within 1°) with the aromatic moiety. No 

Figure 2. Bond lengths in the MNDO-optimized structure of FN. 
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Figure 4. Bond lengths in the MNDO-optimized structure of FN ~2H 20 
(see the text). 
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Table I. Total Energies, MNDO, and RHF Open Shell STO-3G Coefficients of 
the SOMO on C-9 and C-α in F N -

FN^ FN2H20 

Method Energy (eV) C-9 C - a Energy (eV) C-9 C - a 
M N D O 
M N D O 
STO-3Gfr 

-2764.408 
-2764.564 

-730.017' 

0.414 
0.436 
0.458 

-0.443 
-0.404 
-0.630 

-3466.816 -0.438 
-3467.133 -0.461 
-879.958 -0.489 

0.426 
0.376 
0.572 

a Calculation performed on M N D O - o p t i m i z e d geometry of F N . 
b Calculation performed on M N D O - o p t i m i z e d geometry of F N 7 . 
c Energy in au. 

restrictions were imposed in the geometry optimization of the radical anion 
(FN* - ) . In its final structure, all carbon atoms are found essentially in a single 
plane. However, the dihedral angle around the C - 9 - C - a bond is 23°-26° 
with a slight pyramidalization about C-α. R H F open shell S T O - 3 G 
(HONDO) (33, 34) calculations were performed at the M N D O optimized 
geometries. The R H F coefficients at the S O M O are also given in Table I. 
Obviously, these calculations provide an indication of general trends rather 
than reliable absolute data. However, the calculations show that adding water 
molecules to the system indeed causes a shift of spin population from C-α to 
C-9. This shift in spin population is probably the governing factor in deter
mining the positional selectivity in the reactions of F N with nucleophiles. 
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13 
A Quasi-Thermodynamic Theory 
of Nucleophilic Reactivity 

R. F. Hudson 

Chemical Laboratory, University of Kent, Canterbury, Kent, England 

Nucleophilic reactivity is related by a semiempirical equation to 
solvation energy and electron affinity of the nucleophile and the 
dissociation energy of the bond formed. A general equation, which 
shows that nucleophilicity is a function of bond formation in the 
transition state, reduces to the Swain and Brønsted equations under 
limiting conditions. The abnormally high reactivity of so-called α-
nucleophiles is examined. Accordingly, the α effect is shown to be 
proportional to the extent of bond formation as given by the Brønsted 
coefficient β. A maximum α effect when β = 1, that is, when bond 
formation is complete, is supported by experimental data and by 
thermochemical calculations involving "normal" nucleophiles and α-
nucleophiles. Calculations at the G-4.31 and G*-6.311 levels shed 
further light on the origin of the α effect. 

T H E C O N C E P T O F N U C L E O P H I L I C R E A C T I V I T Y is central to organic chem
istry in that most reactions involve electron transfer in the transition state to 
some extent. The classical theory of Ingold et al. (J) invoked the idea by 
assuming that H O " (very basic) was more nucleophilic than H 2 0 (weakly 
basic), without giving any clear-cut definition of nucleophilic reactivity. 
Indeed, it was known at the time, largely through the work of Conant and co
workers (2, 3), that some ions, for example, I - and B r - were very nu
cleophilic but very weak bases. However, the idea persisted for some time, 
largely through the influence of the Br0nsted theory (4) that nucleophilic 
reactivity (and also leaving-group ability) depended on proton basicity. 

A breakthrough came when Swain and Scott (5) proposed a two-param
eter equation that calibrated the reactivity of nucleophiles by reference to 
their rate of reaction toward methyl iodide, taken to be a "standard" elec
trophile. This equation was based, in effect, on the well-known order of 
reactivity in S N 2 reactions I" > Br" , C l - > F " and on the work of Foss (6), 

0065-2393/87/0215-0195$06.00/0 
© 1987 American Chemical Society 
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196 NUCLEOPHILICITY 

which showed that reactivity toward divalent sulfur correlated closely with 
the redox potential of that nucleophile. 

Although the Swain equation made a very important contribution, it led 
to some confusion because it was originally applied to all types of reactions 
including alkylation, acylation, and sulfonylation. The nucleophilic order is 
highly dependent on the nature of the substrate, and the equation was 
modified in the Swain-Edwards four-parameter equation (7). 

The main drawback of these linear free-energy relationships is that they 
do not relate to reaction mechanisms. Curiously enough, like the original 
Br0nsted equation, the main objective appeared to be the correlation of rate 
data rather than the interpretation of reaction mechanisms. This deficiency 
was partly remedied in the concept (8) of hard-soft acid-base (HSAB), which 
was in effect a qualitative extension of the Swain-Edwards equation but was 
more powerful in the sense that different types of reaction were related to the 
hard-soft classification, and the concept therefore has a wide application in 
organic synthesis and inorganic equilibria. 

Our work evolved from early investigations into the mechanism of 
hydrolysis of acyl chlorides (9-11) and the reactivity of nucleophiles toward 
organophosphorus compounds (12). I was intrigued at that time by the fact 
that some nucleophiles rapidly dealkylated phosphate esters and hence were 
important in deprotection in nucleotide chemistry, and other nucleophiles 
were rapidly phosphorylated, and this finding is important in the search for 
antidotes for the nerve gases and also in predicting the reactivity of 
organophosphorus insecticides. 

The orders of nucleophilic reactivity for alkylation and acylation were 
found to be quite different (13, 14) and in subsequent work (15) this finding 
was related to the extent of bond formation in the transition state as given 
empirically by the Br0nsted coefficient, β. Previously, this difference was 
used to predict the position of bond fission in the alkaline hydrolysis of 
phosphinate, phosphonate, and phosphate esters (12). Jencks and Carriuolo 
(16) came to similar conclusions around the same time in outstanding work 
on the acylation of p-nitrophenyl acetate. 

So that a simple interpretation of nucleophilic reactivity could be de
rived, (17), the approach developed by Polanyi and Evans (18) in their 
famous work on transition-state theory was used. The reactivity of a series of 
nucleophiles toward a given electrophile was represented by using recogniz
able energy terms and proceeding as follows. 

First, the equilibrium for the addition of a nucleophile, N " , to an 
electrophile, E + , is 

Ν " + E + ; p = ± N - E 

The free-energy change, AG° is estimated in terms of experimental quan
tities by adopting the following thermodynamic cycle. 
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13. H U D S O N A Quasi-Thermodynamic Theory of Nucleophilic Reactivity 197 

AG° 

N-(g) • N°(g) + e-
AG° 4 

The following terms are involved: AG°l is the free energy of solution N " 
( — A G N

S ) , AG° 2 is the free energy of solution E + ( — A G E

S ) , AG° 3 is the 
electron affinity of E°, AG° 4 is the electron affinity of N° (EN), and AG° 5 is the 
bond dissociation energy (DN_ E) and the associated entropy difference (SN_ E 

- SNo-SEo). Electron affinity is an enthalpy term, but the entropy differences 
S N_ — Se and S E + — S are negligible. 

The required free energy change, AG°, is then given by AG° = A G N

S + 
A G E + ' + A G E + + e _ E o + E N - rfSNo + S e_ - SN_) - D N _ E - T[S N _ E ( s o l v ) -

~ SE(g )] = A G N

S + E N - D N _ E - 7TSN_E(solv) ~~ ^N-(g)]' 
Because A G 0 values for a series of nucleophiles, N - , and a given 

electrophile (E) are being compared, terms involving Ε only are constant. 
Thus, 

AG° = A G N * + £ N - D N _ E - T[S N _ E ( s o l v ) - SN_] + constant 

In the derivation of all L F E R s changes in δ Ν _ Ε ( $ ο 1 ν ) - S N _ ( g ) can be assumed to 
be small as Ν " is varied and hence 

AG° - A G N

S + E N - D N _ E + constant 

So that this approach can be adapted to the rate of analogous process, 
that is, the reaction between N " and E - X , the bond is assumed to extend to 
the critical distance characteristic of the transition state. The nucleophile 
then interacts with the electrophilic center with transfer of charge Ze. This 
reaction leads to partial bond formation and partial desolvation involving free 
energy changes yDN_E and — a A G N

s , respectively. 
The free energy of activation, A G * , is then given by 

A G * - a A G N

s + β Ε Ν — yDN_E + constant 

where β £ Ν is the energy change produced by the "partial" electron transfer 
Ze. 

So that this equation can be applied to experimental data, relative 
magnitudes of α, β, and 7 have to be found. As a first attempt to interrelate 
these coefficients, an electrostatic model was adopted for the desolvation and 
electron-transfer terms. 
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198 NUCLEOPHILICITY 

The free energy of transfer of an ion from gas phase to solution, that is, 
the free energy of solvation, is given by the Born equation (19, 20): 

N (2Dr) 

The equation can be applied with reasonable accuracy to changes in charge, 
Z, which are of concern in the present application, and to changes in ionic 
radius, r. The equation is difficult to apply when different solvents are 
employed because the value of the dielectric constant in the neighborhood of 
an ion is difficult to calculate. 

The change in electrostatic energy on removal of charge Ze from N ~ can 
be evaluated by using the energy required to remove this charge from a 
sphere (21), that is 

β / Ν = Z * E N 

Bond dissociation energies are given quite accurately by the Morse function 
(22, 23), but in view of its complexity it is assumed that 

With η = 2, equation 1 can be derived: 

A G * - (2Z - Z 2 ) A G N * - Z 2 (D N _ E - EN) + constant (1) 

This equation has been examined for several values of Z, but the equation 
does not appear to represent the experimental S N2 reactivities particularly 
well (Table I). 

In an alternative treatment (17), again desolvation is assumed to precede 
bond formation, and electron transfer and desolvation are assumed to be 

Table I. Calculated Values of ΔΕ* from Equations 1 and 2 and the Free Energy 
of Reaction, AG°C, Compared to Swains JV Parameter 

IN A G / AG°C a L r calcd η 

F 112.0 83.5 96 67.5 (2.00) (2.0) 2.00 
C l 84.6 88.2 64 67.6 3.35 3.6 3.05 
Br 67.0 81.6 58 68.6 3.95 3.8 3.85 
I 57.2 74.6 46 63.4 5.00 5.0 5.00 
O H 92.6 35.0 105 47.4 4.50 3.9 4.25 
SH 72.0 46.0 - 7 3 47.0 5.60 5.5 5.10 
N O T E : Energies are given as kcal m _ 1 . 
a - A G * = 0.07 [ ( A G N

S + £ N ) - 0.33DN_C] from equation 2 with α = 0.07 and 7 = 0.023. 
b - A G * = 0.17 [ A G n

s - 0.7 ( D N _ C - E N )J ; cf equation 1. 
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13. H U D S O N A Quasi-Thermodynamic Theory of Nucleophilic Reactivity 199 

represented by a single parameter, that is, α - β. The equation then reduces 
to 

A G * - a (AG N * + E N ) - yDN_E + constant (2) 

where 1 > α > 7. This equation involves the ionization potential of the 
solvated nucleophile, A G N

S + E N , and partial bond formation as opposing 
energy terms. 

Several interesting limiting conditions occur for this equation. The first 
limiting condition occurs when the bond formation is small (7 —• 0) and 

A G * - a ( A G N

+ + £ N ) + constant (3) 

That is, the reactivity is related to the redox potential of N " , and equation 3 
reduces to the Swain equation (5): 

log (k/k°) = sn 

A second limiting condition occurs when the bond formation is large 
(7 — • 1) and 

A G * - A G N * + E N - - D N _ E + constant (4) 

That is, the reactivity is given by the affinity of the nucleophile toward the 
reaction center under consideration. 

A third limiting condition occurs when similar nucleophiles are in
volved; for example, for a series of ions of the general structure A O - , the 
bond energy term, DN_E, may be treated as a constant (cf equation 3). 

Similarly, for a combination with a proton 

A G H = (AG N * + E N ) + constant (5) 

Combination of equations 3 and 5 gives 

A G * = a A G H + constant (6) 

That is, the extended B r 0 n s t e d relation (24) 

l o g k = $nucVKa + constant 

Numerical reactivity constants can be derived from equation 2 by 
inserting empirical values of α and 7 with the restriction that α > 7 because 
7/0: is a measure of the extent of bond formation in the transition state. (7/a 
= 1 for complete bond formation.) 
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With values of α = 0.07 and y = 0.023, the calculated reactivity at a 
saturated carbon atom is compared with Swains η values in Table I . 

When the calculated values are scaled to 2.0 for F " , a set of constants 
A G c a l c d in reasonable agreement with the experimental values (n) is obtained. 
The quantitative use of this equation is, however, limited, but this usage does 
lead to qualitative conclusions of importance that are complementary to the 
well-known theory (8) of Η SAB. 

Thus, according to our general treatment, the relative reactivity of two 
nucleophiles is given by the relative magnitude of ( A G N

S + £ N ) and D N _ E . 
However, the relative reactivity is also given by the relative magnitude of α 
and 7; that is, the relative reactivity is a function of the extent of bond 
formation (and hence of the Br0nsted β η υ ε ) . 

This result is shown diagrammatically in Figure 1. Accordingly, the 
relative reactivity of two nucleophiles, for example, I " (soft) and O H ~ (hard), 
increases as the selectivity increases. As the influence of the third term 
becomes significant with the increase in bond formation, a reversal occurs 
from the "soft" order ^ _ / ^ Η _ > 1 to the "hard" order K O H ^ R O - > 1 ( β η ι ι ε -
0.15). This effect is much more pronounced in reactions of hydrogen, for 
example, in the base-catalyzed elimination of Bu t Cl , fcRS_ fcR0_ > 1 ( β η υ ε -
0.15), whereas in general, kmJkRS_ > 1 f ° r m o s t β-eliminations. 

Figure 1. Change in selectivity with degree of bond formation in the 
transition state (β). 
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13. H U D S O N A Quasi-Thermodynamic Theory of Nucleophilic Reactivity 201 

At a more theoretical level, nucleophilic reactivity can be treated by the 
polyelectron perturbation method (25), which in its simplest form gives the 
perturbation energy in terms of a first-order (Coulombic) term and a second-
order term involving orbital energies c^ and ak (Figure 2). Subsequently, this 
equation was adapted by Hudson and Filippini (27) and independently by 
Klopman et al. (28) to the problem of enhanced nucleophilic reactivity. This 
problem is particularly thorny, and it wil l now be discussed in some detail. 

ak ( σ · ) 

ak ( H + ) 

Figure 2. Perturbation treatment of the a effect. (Reproduced with 
permission from reference 48. Copyright 1973 Verlag Chemie). 

According to my treatment, the α effect is attributed to electron-pair 
repulsions that cause orbital splitting (Figure 2), with a consequent increase 
in perturbation (i.e., stabilization) due to a decrease in the ctj — o^ term. 
However, why this effect does not also affect the corresponding pKa values to 
which the α effect is related is not clear. In fact, adjacent lone pairs produce 
large decreases in the rate of proton removal from pyridine and other 
nitrogen heterocycles (29, 30). Considering the reverse process, this effect 
should lead to an increase in pKa. This explanation of the α effect has been 
criticized extensively in recent years (31-33). 
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According to my treatment, the magnitude of the α effect increases with 
the extent of bond formation in the transition state as represented by the 
Br0nsted, β η υ ο , parameter. This finding is in accord with experimental obser
vations, and Aubort and Hudson (34) showed some time ago (Table II) that 
the α effect for p-nitrophenyl acetate ( β η υ ε - 0.8) is much greater than that 
for an alkyl bromide (β η ι κ ? Û.3). Dixon and Bruice (35) showed a similar effect for 
the reaction of hydrazines with a wide range of electrophiles. 

Table II. Comparison of the α Effect for Benzyl Bromide and p-Nitrobenzyl 
Bromide with the α Effect for p-Nitrophenyl Acetate (PNPA) 

ΔΔ /og k 
Nucleophile, R Reference RBr PNPA Ratio 

C H 3 C O C H N O - 24 0.60 2.00 3.3 

RCONO(CH 3 )0- 24 1.10 2.10 2.1 

H 0 2 - 25 1.70 3.50 1.9 

The logical extension of this relationship is that the α effect is a max
imum when β = 1.0, that is, when bond formation is complete. This 
relationship means that the α effect should be observed in equilibria as well 
as in kinetics. 

This proposal was suggested by Hine and Weimar (36), who made 
thermochemical calculations of the affinities of some anions including H 0 2

-

and H O - toward carbon and hydrogen for which an α effect of the order of 
106 for the equilibrium was found. Moreover, Jencks and co-workers (37, 38) 
measured the equilibrium constant for the acylation of N-methylhydroxamic 
acids and obtained an experimental value of approximately 102 for the 
equilibrium α effect. This value is considerably less than the experimental 
value obtained from the rates of acylation. The apparent anomaly may be due 
to the two-stage process that is usually assumed for acylation: 

κ, o - ^ 
A O " + R C O X ^ ^ R - Ç - O A R - C O - O A + X " 

X 

The kinetics refer to the formation and subsequent decomposition of a 
(charged) tetrahedral intermediate, whereas the affinities are given by the 
overall equilibrium constants Kj and K 2 . I suggest (vide infra) that the affinity 
of a nucleophile is highly dependent on the Coulombic interaction energy, 
and this dependence could lead to a larger α effect for the rate of acylation 
than for the equilibrium. 

In recent work (39) on isothiocyanates, oximes were found to add readily 
to acyl isothiocyanates to give intermediates, for example 
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= N - 0 - C ( S ) N H C ( 0 ) C 6 H 5 N z : N - O H + C 6 H 5 C ( 0 ) N = C = S = = 

where k » 1, whereas phenols of comparable pKa show no tendency toward 
addition: 

X V ^ ^ " " O H + C 6 H 5 C ( ° ) N = C = S 4 O C ( S ) N H C ( 0 ) C 6 H 5 

where it « 1. To explain this remarkable difference in the behavior of 
oximes and phenols, a hypothetical series of processes was assumed and then 
the first law of thermodynamics was applied. 

Thus, for the addition of an oxime to the isothiocyanate, the following 
processes can be postulated: 

R 2 C = N - O H v

 N R 2 C = N - 0 " + H + 

P h C O N C S + H + v — * P h - C O N H - C + = S 

P h - C O N H - C + = S + R 2 C = N - 0 ^ = ^ = ^ P h C O - N H - C S - O N = C R 2 

Although the purpose of this postulate is to explain the reaction affinity, the 
postulate is a reasonable reaction mechanism. In the presence of tri-
ethylamine, both oximes and phenols are benzoylated by reaction at the 
carbonyl group: 

X V x ^ ^ ~ Ο " + C 6 H 5 C ( 0 ) N = C = S — ( ^ ^ ) - O C ( 0 ) C 6 H 5 + NCS" 

This example shows the regiospecificity of nucleophilic attack. 
The observed equilibrium constant, K, is given by 

Κ = K H K J ^ 

For two nucleophiles with similar pK a values, for example, an oxime and 
phenol, K H is constant, KY is common, and hence Κ is determined by K 2 . In 
other words, the affinity of the oxime toward a carbonium center is greater 
than the affinity of a "normal" nucleophile of comparable pK f l . 

To generalize, an α effect will be observed in an equilibrium when the 
relative proton affinity, AG° H , is greater than the relative affinity toward the 
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electrophile, A G E . This statement is supported by the thermochemical 
calculations and ab initio calculations at the G-4.31 level (Table III). From the 
estimated values of the affinities toward carbon and hydrogen from ther
mochemical data, AG° H - AG° C for C H 3 0 ~ and C H 0 2 ~ , two normal nu
cleophiles of very different basicity. However, AG° H - AG° C = 4.8 kcal/mol 
when C H 3 0 ~ and H 0 2 ~ are compared; this result corresponds to an α effect 
of 103 5 at 298 °C. This value may be compared with the experimental value 
of the α effect of 102 4 for the α effect in the reaction of p-nitrophenyl acetate 
with H 0 2 " . The value of β is found to be 0.65 from the log k-pKa slope at 
pK f l -12, that is, for H 2 0 2 . Thus, for complete bond formation, a value of 103 7 

would be found for the α effect, if this effect is assumed to be proportional to 
β. 

Table III. Highest Occupied Molecular Orbital ( H O M O ) Energies, Mulliken Charges, q0, 
and Calculated and Experimental Proton and Methyl Cation Affinities of Some Oxyanions 

Proton Affinity Methyl Cation Electronic Charge 
ΣΗΟΜΟ A G j / Affinity A G ° C on Oxygen q0 

Oxyanion G-4.31 G*-6.311 G-4.31 Exptl G-4.31 Exptl G-4.31 G*-6.311 

H O - -0 .0340 -0 .0483 426.0 390.8 292.8 276.3 -1 .144 -1 .193 
C H 3 0 - -0 .0635 -0 .0773 409.8 379.2 279.1 267.6 -0 .949 -0 .859 
H 0 2 - -0 .0868 -0 .0942 387.4 379.4 259.6 272.6 -0 .607 -0 .614 
F O - -0.1371 -0.1514 360.5 235.4 -0 .471 -0 .457 
H C 0 2 " -0 .1510 360.0 345.2 229.8 233.1 -0 .788 

N O T E : H O M O energies are in hartrees. Mulliken charges are in units of electrons on the 
nucleophilic atom. At 0 K , the calculated affinities were uncorrected for zero-point vibration. 
The experimental affinities were at Δ / / 2 θ 8 for the process N " + A + — • N X (A = Η and C). The 
affinities were in units of kilocalories per mol. 

When the origin of the enhanced affinity of the a-nucleophile toward 
the electrophilic center or, alternatively, the enhanced affinity of the normal 
nucleophile toward the proton is studied, the equilibria can be treated by a 
classical thermodynamic argument as follows (40). Consider the equilibria 

N f + E+ K l \ N r E N j " + H + ^ K l " s N ^ H 

N 2 - + E + ^ 2 S N 2 - E N 2 - + H * ^ 2 " N N L - H 

Each process is imagined to involve (1) desolvation, (2) electron transfer, and 
(3) bond formation. Thus, according to 

AG° = -RT In Κ = Δ Η Ν + E N - D N E + Σ Ε + + ΓΣΔ5 (9) 

where Δ / / Ν , EN, and D N _ E have already been defined (see equation 1); ΣΕ+ 

represents energy terms for Ε that are constant when two nucleophiles are 
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compared, and ΣΔΞ is the net entropy change in the reaction, which can be 
neglected in the following treatment. 

When this equation is applied to previously mentioned equilibria 

RT In ψ - R r i n ^ L = ( D H _ N i - D H _ N a ) - ( D E . N i - D E _ N a ) 

= ( A D H _ N - A D E _ N ) 

where Nl represents a normal nucleophile and N 2 an a-nucleophile. 
Thus, an α effect wil l be observed in an equilibrium when the difference 

in bond dissociation energies of a normal and an α-nucleophile joined to a 
proton is greater than the corresponding difference when the two nu
cleophiles are joined to the electrophilic center under consideration. 

In a previous note presenting a perturbation treatment, the α effect was 
attributed to a combination of electron-pair repulsion and Coulombic inter
action with the proton and the electrophilic center. This explanation can be 
examined further by reference to the molecular orbital data in Table III. A 
decrease in Σ Η Ο Μ Ο (i.e., an increase in ionization potential) of a normal 
nucleophile is accompanied by a decrease in q0, the charge on the nu
cleophilic atom. However, substitution at the nucleophilic atom to form an a-
nucleophile, for example, H 0 2 ~ , produces a large decrease in q0 for a smaller 
decrease in ΣΗΟΜΟ. For example, Σ Η Ο Μ Ο for H C 0 2 ~ is considerably less 
than Σ Η Ο Μ Ο for H 0 2 " , but the negative charge is greater for the H C 0 2 " 
ion. 

This relationship is shown diagrammatically in Figure 3, where the 
energy of the H O M O is plotted against the charge density, qQ, on the 
nucleophilic oxygen atom. If an extrapolation is made through the points for 
H C 0 2 ~ and C H 3 0 ~ , that is, the two normal nucleophiles, the H O M O 
energy is approximately 5.0 eV greater than that predicted for H 0 2 ~ and 
approximately 5.7 eV greater than that predicted for F O " . This finding 
means that the electron affinity of H 0 2 is much less than expected on the 
basis of the nuclear charge. 

These calculations suggest that the increased value of A D H N relative to 
A D C N may be explained in terms of bond polarities. The abnormally large 
decrease in negative charge, q0, for H 0 2 " reduces the Coulombic contribu
tions to the energies of the H - O and C - O bonds. In view of the fact that 
H - O bonds are more polar than C - O bonds, a consequence partly of the 
reduced internuclear distance, this reduction in Coulombic energy is greater 
for interactions with the proton. 

Therefore, O H ~ (or C H 3 0 ~ ) has an abnormally high affinity for the 
proton, and as a consequence, H 0 2 ~ , and other α-nucleophiles, has a greater 
relative affinity for carbon (and for other electrophilic centers). This finding 
appears to form the basis of the apparently high reactivity of a-nucleophiles, 
which is intrinsic to the reagent and should be observed in gas-phase 
equilibria (see Table III) as well as in solution kinetics. 
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£ - 3 l G Level 

12 

4 .6 .8 1.0 1.2 

Figure 3. Relationship between the calculated HOMO energy and total 
charge on the terminal oxygen atom, q0, of several oxygen nucleophiles. 

Recent work (32, 43) has cast doubt on this conclusion. De Puy et al. 
have shown, by product analysis of reaction of H 0 2 ~ with esters in the gas 
phase, the absence of a kinetic α effect. 

These reactions are generally collision-controlled, and hence rate differ
ences are due to probability factors. Under these conditions, reaction selec
tivity due to activation energy differences disappears, although as discussed 
previously the α effect will manifest itself in differences in the corresponding 
equilibria. 

As a consequence, the α effect should be solvent independent or nearly 
so. However, recent work (44, 45) has shown appreciable increases in the α 
effect of oximes as the concentration of dimethyl sulfoxide increases. How
ever, this increased α effect reaches a maximum at approximately 50 mol %, 
and the values in water and (CH 3 ) 2 SO appear to be very similar. In other 
words, on this limited evidence, the α effect is the same in pure solvents but 
may change appreciably in solvent mixtures. Liquid mixtures are notoriously 
complex, and hence we suggest that the increased α effects are due to 
changes in liquid structure, which are analogous to phase changes on a micro 
scale (cf micelles). 

In conclusion, the α effect is attributed to the cooperative effect of two 
terms: (a) orbital splitting, which determines the H O M O and the ionization 
potential of the nucleophile and (b) a Coulombic term, which produces bond 
polarity. The influence of these terms on the α effect has been analyzed 
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recently by Laloi-Diard and Minot (46) by perturbation theory, which is an 
extension of our earlier treatment (26). The balance between these two 
terms, which is different for the combination of a nucleophile with a reaction 
center (electrophile) and a proton, produces the α effect. 

A striking example of this theory is the large α effect (ca. 103) of pyridine 
N-oxides in contrast to the "normal" behavior of trimethylamine N-oxide and 
phenoxide (47). According to my explanation, Ρ π - Ρ π repulsion in the phe
noxide and the inductive (Coulombic) effect in the aliphatic amine oxide 
alone do not produce an α effect. However, the combined action of the 
inductive effect and Ρ π - Ρ π repulsion in the aromatic N-oxide produces the 
observed α effect. 
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Nucleophilicity and Distance 

Fredric M. Menger 

Department of Chemistry, Emory University, Atlanta, GA 30322 

This paper focuses on the relationship between reactivity of a nu-
cleophile with an electrophile and the distance separating the two 
species. The relationship, examined by means of rigid molecular 
frameworks bearing two functionalities at well-defined distances and 
angles, is shown to be extremely sensitive. Theoretical considerations 
also support the contention that distance is a key parameter in 
nucleophilic reactivity. Reactions in solution occur with enzyme-like 
rates when critical distances are achieved. 

O P E N A T E X T B O O K O N O R G A N I C C H E M I S T R Y , introductory or otherwise. 
You wil l find information on how nucleophilicity depends on basicity, polar-
izability, solvent, temperature, substituents, structure of electrophile, and so 
on. But you will not find much information on how nucleophilicity depends 
on geometric disposition. Too little is known about the subject. This lack of 
knowledge constitutes a serious gap in our understanding of chemical dy
namics because, as wil l be shown, distance is critically important to nu
cleophilic reactivity. Distance information is required to fully characterize 
reaction pathways and to interpret structural data on enzymes. How, after 
all, can a particular arrangement of catalytic groups surrounding a substrate 
at an active site be evaluated without first understanding the connection 
between reactivity and alignment? 

Our interest in nucleophilicity derives in large measure from the amaz
ing velocities at which enzymatic nucleophiles attack bound substrates. 
Chymotrypsin, for example, has a serine hydroxyl that performs a nu
cleophilic attack on an amide carbonyl about 108 times faster than the 
laboratory rate at equivalent p H and temperature (i). A general-base cata
lysis by an imidazole ring accounts of 10-10 2 of this factor; at least 106 

remains as a mystery. Why is the chymotrypsin hydroxyl such a powerful 
nucleophile? Few chemists would answer this question by invoking a mecha
nism unique to biology. No reason exists to suspect that enzymes operate by 
anything other than the principles familiar to every organic chemist. Yet the 

0065-2393/87/0215-0209$06.00/0 
© 1987 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
7 

| d
oi

: 1
0.

10
21

/b
a-

19
87

-0
21

5.
ch

01
4

In Nucleophilicity; Harris, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1987. 



210 NUCLEOPHILICITY 

interplay of effects that ultimately gives rise to enzymatic catalysis remains a 
matter of conjecture. 

Enzyme-like nucleophilicities can be secured in the laboratory via (a) 
intramolecular systems and (b) judicious choice of solvent. (As will be argued 
later, these effects are not unrelated.) Two specific examples serve to illus
trate the point. 

In the first reaction, intramolecular attack by the hydroxyl on the carboxyl 
carbonyl proceeds 5 Χ 10 8 times faster than the corresponding inter-
molecular process (2). In the second reaction, the rate increases 107-fold 
upon switching the solvent from methanol to dimethylformamide (3). Ob
viously, the huge rate increases in these organic systems do not necessarily 
prove that similar effects are at work in enzymes. But to be suspicious is 
quite natural, and many people, too numerous to mention, have pointed out 
the possible relationship between enzyme catalysis and intramolecularity or 
solvation effects. 

The possibility that enzymatic reactivity is indeed related to intra
molecularity leads next to an important question: Why are intramolecular 
reactions often very fast? Unfortunately, no good answer exists to this ques
tion. The difficulty is brought forth with a vengence in Kirbys scholarly 
compilation of effective molarity (EM) values (4) (where E M = fcintra/fcinter)' 
E M values, which vary from very small (<0.3 M) to very large (>10 1 0 M), 
depend on ring size, substituents, solvent, and reaction type. No known 
theory can explain—let alone predict—these wild fluctuations. A person is 
reminded of the first law of sociology: "Some do, some don't". Kirbys 
compilation probably represents the largest and most variant body of unex
plained data in physical organic chemistry. 

Two recent articles from our laboratories delve into the question of 
intramolecularity (5, 6). The main postulate of reference 6 is that the rate of 
reaction between functionalities A and Β is proportional to the time that A 
and Β reside within a critical distance. Thus, fast intramolecular (or en-

I 

+ I 
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14. M E N G E R Nucleophilicity and Distance 211 

zymatic) reactions are thought to occur when a carbon framework (or a 
protein structure) enforces residency at critical distances upon two reactive 
groups. Reference 6 contains (a) evidence supporting the postulate, (b) 
magnitudes of critical distances, and (c) examples of intramolecular reactions 
attaining enzyme-like rates when critical distances are imposed. 

In the remainder of this chapter, important points that, for one reason or 
the other, could not be fully covered previously are discussed (in ques
tion-answer format). 

Is It Reasonable to Postulate a Critical Distance? 

A critical distance is both a reasonable and a time-honored concept. Con
sider the cases below in which critical distances have been invoked. 

(a) The classical theory of Smoluchowski (7) assumes that a reaction 
between two hard-sphere molecules occurs only when the separation dis
tance r reaches R, the "distance of closest approach" (equation 1). Note the 
presence in equation 1 of the "δ function", which equals either zero or unity: 
6(r - R) = 0 if (r - R) > 0; b(r - R) = 1 if (r - R) = 0. 

k(r) = (D 

(b) Intermolecular triplet-triplet energy transfer is described by the 
Perrin equation (equation 2) (8). In this model, a donor is quenched if an 
acceptor at concentration CA lies within a critical radius Rc. A typical do
nor-acceptor pair has an Rc of 13 Â; this value indicates that quenching 
abruptly ceases when the separation distance exceeds 13 Â. 

_ /3000 1η ( / A ) Y 3

 ( 2 ) 

(c) In a statistical treatment of intramolecularity, Sisido (9) assumed that 
a reaction takes place only when the separation between functional groups at 
the ends of a chain becomes shorter than a distance r 0 . Good fits between 
experimental and calculated cyclization constants were obtained with an r 0 

= 2.3-2.7 À. 
(d) Electron transfer in any given system occurs, undoubtedly, over a 

range of encounter distances R. Because each separation distance has its own 
transfer probability, the rate constant must be obtained by integrating over 
the equilibrium distribution of distances [equation 3, where Rtj is the separa
tion distance of the redox centers and g(Rg) is the pair distribution function]. 

k{j = cf^R/g (RjkJRJ dR(j (3) 

Usually, however, the situation can be simplified by assuming an "effective" 
encounter distance; the observed rate then becomes a function of the rate at 
this particular separation distance and the work necessary to bring the 
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212 NUCLEOPHILICITY 

reactants together (10). Although no rigorous meaning can be given to the 
effective encounter distance, this distance is often considered to be the 
"contact" separation of the reactants. 

The terms "critical distance", "bonding distance", "encounter dis
tance", "contact distance", and "van der Waals distance" can be used inter
changeably. They all refer to the distance at which a nucleophile and elec
trophile initiate bond formation. The longer two species remain at this 
distance, the faster the rate. 

How "Critical'9 Is the Critical Distance? 

Four cases were just described that treat rate versus distance as if it were a 
step function. Surely this result is not accepted literally. But because phys
ical-chemical data can often be fit to equations that incorporate a step 
function, the dependence of rate on distance must be very sharp if not 
exactly a step function. The situation is not unlike that of the "critical micelle 
concentration" or cmc. A surfactant in water forms large aggregates 
(micelles) when its concentration reaches the cmc. Micelles no doubt form 
over a range of concentrations, but the range is sufficiently small that for all 
practical purposes a precipitous, all-or-none behavior can be assumed. This 
situation is true for the reactivity-distance relationship. In reference 6, 
Menger cites several reactions whose rates manifest a severe dependence on 
distance (i.e., reactions in which a few tenths of an angstrom are worth many 
orders of magnitude in rate). Extremely fast rates are observed when two 
functional groups are held within a critical distance. Another particularly 
striking example is given in the next paragraph. 

Intramolecular hydride transfer in equation 4 proceeds with an enzyme
like E M of 6.5 Χ 106 M . In other words, the intramolecular reaction is 6.5 X 
106 times faster than the intermolecular counterpart at 1 M concentration 
(11). Davis et al. (11) argued that relief of strain cannot explain the fast rate 
because (a) the equilibrium constant in equation 4 is close to unity and (b) 
force-field calculations show that hydroxy ketone is only 1.7 kcal/mol more 
strained than the corresponding dike tone, which lacks nonbonded H / C = 0 
interactions. The extremely fast nucleophilic attack on the carbonyl is, 
however, expected from our "spatiotemporal" hypothesis. Because the 
mobile hydrogen is held rigidly only 2.35 Â away from the carbonyl carbon, 
well under the suspected critical distance of 2.8 A (6), the conditions for an 
enzyme-like acceleration are met. 
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Why Is It Necessary To Invoke a New Postulate When 
Intramolecularity Has Already Been Explained by Entropie 
Factors? 

The entropie theory of intramolecularity (12) states that nothing is remark
able about a nucleophile rapidly attacking an electrophile in the same 
molecule; this attack is a simple entropie consequence of converting a 
bimolecular reation into a unimolecular one. Our problems with this view
point, given in detail elsewhere (6), consist of the following: (a) Ther
modynamics by its very nature cannot describe events on a molecular level. 
To say that a reaction is fast because of entropie factors is akin to saying that a 
day is hot because of climatic factors. Both statements may be correct, but 
neither contains a great deal of information, (b) Entropies of activation (which 
we have collected from the literature in large numbers) correlate poorly with 
intramolecular efficiencies. Thus, entropies of activation for reactions in 
solution can be used neither to rationalize nor to predict; the entropy theory 
is, in effect, a nontheory. (c) If intramolecular reactions are fast because 
placing both functionalities in the same molecule is entrophically beneficial, 
then minor structural variations in the intramolecular system should not 
impact greatly on the rate. The entropy school incorporates this conclusion 
into their widely quoted corollary: "Freezing the free rotation about a single 
bond linking two reactive functionalities improves the intramolecular rate by 
a factor of only 5". The corollary is illustrated schematically in equation 5. 

« _ ® ^ ç H r — _ φ ^ 

C H 2 ® C H 2 - ® 

ÇH © fcrel= 5̂  C H 0 

I ^ * II Λ ( 5 b ) 

C H - ( B ) C H (g) 

However, in many instances, a single frozen rotation leads to a rate increase 
of >10 4, not 5. An example is shown below (4). What is the source of this 
huge discrepancy? 

O H ^ 

E M = 4 x 104 E M = 5 x 108 

The entropy theory falters because it does not take into account the 
prodigious rate effects possible when critical distances are imposed. If two 
functional groups are connected by a long flexible chain, then inserting a cis 
double bond in the chain wil l indeed have only a minor effect on the rate. 
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Residual Soppiness in the chain renders a critical distance unlikely. Although 
the entropy theory correctly predicts a trivial rate increase in such a system, 
the system itself is trivial. The really interesting rate increases, some of them 
reaching enzymatic levels, are not addressed by entropy theory. 

One final point with regard to comparing the critical-distance and 
entropy theories is the following. Words like "true and false", "correct and 
incorrect", and "valid and invalid" have been avoided. Such descriptives 
have no place in discussions of chemical models that are, above all, fictitious. 
Models—one must never forget—are to be used, not believed. Thus, I do 
not claim the spatiotemporal hypothesis represents the "truth"; I merely 
claim that it is a valuable aid for thinking, especially in cases where entropie 
arguments fail to help. 

Can the "Spatiotemporal" Postulate Be Useful in Explaining 
Nucleophilic Reactivity? 

This question can be answered affirmatively by citing recent work of Breslow 
et al. (13), who were interested in the acylation of β-cyclodextrins (CD) by 
bound esters. When, for example, m-nitrophenyl acetate binds to the β-CD 
cavity, the ester transfers its àcyl group 64 times faster than it hydrolyzes in 
water at the same p H : 

Ο 
II 

Because 64 is not a large acceleration, Breslow et al. began searching for 
more active substrates. They did this by first constructing molecular models 
of the tetrahedral intermediate for acylation by a variety of esters. They then 
assessed the quality of the "fit" within the cavity. This procedure led to the 
testing of p-nitrophenyl ferrocenylacrylate, a compound whose ferrocene 
system can enter the cavity and, with a slight tilt, rest its side chain above a 
β-cyclodextrin hydroxyl: 
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The resulting deacylation rate increases to 7.5 Χ 105 times faster than 
background, an impressive number. Note that the increase from 64 to 7.5 X 
105 has nothing to do with the extent of binding because the association 
constant remains about the same. What in fact were Breslow et al. really 
doing when they were searching for improved "fits"? In terms of the postu
late, they were searching for a substrate that would position its carbonyl at a 
critical distance from a hydroxyl a high percentage of the time. They suc
ceeded in their search and achieved an enzyme-like rate. Although the 
cyclodextrin-ferrocene association constant is "normal" [in the words of 
Breslow et al. (13)], the conclusion cannot be made that this association 
requires little or no energy to attain the critical distance. Something is not 
gotten for nothing. Very likely the association constant would, in fact, be 
much larger than "normal" were it not for the enforced proximity of the 
carbonyl and hydroxyl. When binding energy is sacrificed, the reaction rate 
is enhanced. 

What Is the Role of Solvent in the Spatiotemporal Postulate? 

In reference 6, the critical distance for nucleophilic attack on a carbonyl is 
estimated roughly as 2.8 Â. This value is less than the diameter of a water 
molecule. The conclusion is inescapable: the nucleophile and electrophile 
must desolvate while forming a reactive complex. Once the complex is 
formed, however, the ensuing reaction can be extremely fast. Indeed, the 
step in which bonds are formed and broken may not even be rate-determin
ing. I can hardly claim this idea is new. In 1952, Glew and Moelwyn-Hughes 
(14) suggested that the energy necessary to reorganize solvent molecules 
around reacting species comprises almost all the activation energy of some 
reactions. Dewar and S torch (15) recently reiterated the concept. The role of 
solvent is seen particularly clearly in the theoretical work of Chandrasekhar 
et al. (16) on the S N 2 reaction between C l " and CH 3 C1. The free energy of 
activation increases from 3.6 to 26.3 kcal/mol upon passing from the gas 
phase to water. 

Note that nowhere in the spatiotemporal postulate is the term "transi
tion state" used. This term is not used because the transition state, for 
reasons just mentioned, is considered peripheral to time and distance. 
Perhaps the love affair that physical organic chemists are having with "transi
tion structure" is overly passionate. Diffusion theory, not quantum mechan
ics, may be the key to future progress. 

Is the Ήme-Distance Concept Not Simply a "Strain" Theory? 

The answer to this question depends on the definition of "strain". That large 
rate increases are possible when an intramolecular reaction relieves non-
bonded tension elsewhere in the molecule is certainly true. A prime exam
ple is given (4): 
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H C H 3 C O N H C H 3 

C O O H C H 3 \ C O O H 

E M = 2 x 109 E M = 3 x 10 1 3 

Methyl-methyl interactions are reduced during cyclization of the molecule 
on the right. This sort of steric acceleration is different from the acceleration 
induced by holding two functionalities together. In fact, we take great care to 
avoid reactions where classical steric accelerations muddle the issue. Con
sider the following the intramolecular nucleophilic displacements (17): 

Strain is generated in the cyclizations. Correction for strain effects would 
only increase the value of 2 X 105. The extremely fast rate of the azanorbor-
nane derivative must, therefore, be attributed to an enforced residency at 
bonding distances. 

Although the time-distance concept is not a traditional strain theory, a 
similarity exists between the two in that both invoke elevated ground-state 
energies. This concept requires energy to desolvate a nucleophile and an 
electrophile prior to holding them at bonding distances. The source of this 
energy depends on the system. In the azanorbornane derivative, the energy 
is "covalent" (i.e., imparted to the molecule during its synthesis). Enzymes, 
on the other hand, sacrifice binding energy to achieve proper geometries. 

How Is the "Time" Component of the Spatiotemporal Hypothesis 
Treated? 

Clearly, for two reactants simply to reach a contact distance is insufficient; 
they must also retain this disposition. The longer the time that two atoms 
spend poised in a position to react, the greater the probability of thermal 
activation and the faster the rate. Because the hypothesis involves, therefore, 
a pair of fluents (time and distance), we have found it useful to ignore the 
time by examining only rigid intramolecular systems. Unfortunately, this 
situation may not always be possible or desirable. In such cases, a "pre-
association" constant relating solvent-separated species with van der Waals 

2 x 105 
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complexes must be evaluated (theoretically or experimentally). Data of this 
type are not generally available; this situation again leads to my opinion that 
less emphasis should be given to transition states and more to solution 
dynamics. 

Is the Spatiotemporal Postulate Useful in Predicting Chemical 
Behavior? 

If the reasonable assumption that the critical distance for nucleophilic attack 
on an ester (CDe) is larger than that for attack on an amide (CD e ) is made, 
rigid carbon skeletons can then hold a nucleophile and an ester (or corre
sponding amide) at a distance D according to three possibilities: (a) D > COe 

and C D f l , (b) C D f l < D < C D , , and (c) D < COe and C D f l . The kinetic 
consequences of the different geometries are shown in Table I. By far the 
most interesting case is the one in which the distance exceeds the needs of 
the amide but not the ester. In such an event, an intramolecular reaction 
should be fast only for the ester. Entropy theory, of course, would not make a 
distinction. In summary, E M values could conceivably vary widely with the 
nature of the functionalities in chemically similar reactions. I know of no 
other theory that can make this prediction nor of a study in which the 
possibility has been systematically tested. And if the spatiotemporal hypoth
esis stimulates an experiment, its formulation will have been worthwhile 
apart from whether the prediction (and others we are now testing) turn out to 
be correct or not. 

Table I. Kinetic Consequences of Different Geometries. 

Distance EM of Ester EM of Amide 
D > COe and CD f l 

CD f l < D < C D e 

D < COe and CD f l 

small 
large 
large 

small 
small 
large 
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Bond-Cleavage Reactions with Hard 
Acid and Soft Nucleophile Systems 

Kaoru Fuji 

Institute for Chemical Research, Kyoto University, Uji, Koyoto 611, Japan 

Carbon - heteroatom bonds can be cleaved by an appropriate combi
nation of a hard acid and a soft nucleophile. Synthetically useful 
selective C-O bond cleavage in the presence of other C-O bond(s) is 
described. Reductive dehalogenation of α-haloketones is presented as 
an example that illustrates the concept of hard-soft affinity inver
sion. Finally, regio- and stereoselective functionalization of 1,3-di-
enes is demonstrated by the thienium cation Diels-Alder cyclization 
involving the C-S bond cleavage. 

E J V E R Y C H E M I C A L B O N D I S R E G A R D E D as composed of a combination of a 
Lewis acid and a Lewis base. Moreover, the bond has hard-soft dissymme
try, unless the bonded groups are identical. Thus, most chemical bonds are 
divided into two groups. One group includes bonds consisting of a soft acid 
and a hard base, and the other group includes those bonds consisting of a 
hard acid and a soft base. As carbon-heteroatom bonds belong to the former 
group, they can be cleaved by combinations of a hard acid and a soft 
nucleophile according to the hard and soft acids and bases (HSAB) principle 
(1, 2). Here we describe several combinations consisting of a hard Lewis acid 
and a soft nucleophile that are useful for the cleavage of carbon-heteroatom 
bonds. 

Carbon-Oxygen Bond Cleavage 

The methyl ether is an ideal protecting group of hydroxyl groups in terms of 
stability. However, chemical stability has been a main drawback of this 
protecting group because of the lack of deblocking methodology. Recently, a 
number of reagents have been developed for demethylation. These reagents 
may fall into three categories (Scheme I). In the reaction of type 1, as the 
nucleophilic attack of Y~ controls the reaction, demethylation occurs with 

0065-2393/87/0215-0219$06.00/0 
© 1987 American Chemical Society 
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220 NUCLEOPHILICITY 

T y p e 1 

R-O-Me + Y " — • R -0~ + MeY Y = RS" (3), Γ (4,5) 

T y p e 2 

R-O-Me + Z-Y — • R-O-Me + Y ~ — • R-O-Z + MeY 
I 

Ζ YZ = B B r 3 (6), TMSI (7,8) 

T y p e 3 

R-O-Me + Ζ — • R-O-Me + Y — • R-O-Z" + MeY + 

I-
z 

Scheme I. Three types of reagents for demethylation. 

the substrates originally containing an electron-withdrawing group like the 
aromatic ring or the carbonyl group as R. Thiolate (3) and iodide (4, 5) have 
been widely used as nucleophiles. 

In the type 2 reaction, as represented by boron tribromide (6) or 
trimethylsilyl iodide (7, 8), the reagent involves the intramolecular combina
tion of a hard acid and a soft base. The soft base (Y~) is generated in the same 
amount as the substrate reacting with ZY, because the stoichiometric reac
tion of ZY with a substrate affords a stoichiometric amount of nucleophile Y~ 
Reaction temperature, reaction time, and the solvent system are the main 
factors controlling the reaction in this case. On the other hand, as a hard acid 
and a soft nucleophile are supplied from separate sources in the type 3 
reactions, the ratio of a substrate, a hard acid, and a soft nucleophile can be 
freely changed to modify the reactivity. Numerous combinations along these 
lines have been developed for C - O bond cleavage reactions (9). Among the 
combination systems we developed (10-13), examples of the selective cleav
age of a particular C - O bond in the presence of another C - O bond are given 
in Schemes II and III and Chart I. A l l of the reactions proceeded through the 
attack of a soft nucleophile in the S N 2 sense at the soft carbon activated by the 
coordination of the adjacent oxygen atom with a hard acid as illustrated in 
Scheme IV. 

Deblocking of a methyl ether with a combination of a hard Lewis acid 
and a thiol has been successfully applied in the total synthesis of natural 
products such as lythranidine (14) and quassin (15) (Scheme V). 

Carbon-Halogen Bond Cleavage: Hard-Soft Affinity Inversion 

A l l chemical bonds, except for symmetrically substituted ones, are inher
ently dissymmetric in two respects: charge dissymmetry and hard-soft dis
symmetry. The reversal of charge dissymmetry by modifying the structural 
unit (umpolung) has been well documented and has become one of the 
important principles in synthetic organic chemistry (16). On the other hand, 
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, Λ BFyOEt2(8) ^ 
xvlAAoMe EtSH-CH^ ,^ΛΛοΜβ 

PhCH20*S^ 

M e O - ^ ^ r i - J a a y s MeO 
OMe 

r.t. 19 hrs — » 

BFyOEt2( 8 ) 
HS^SH 
r.t. 3 days 

? 

AlCl3(3) 
EtSH-CH2Cl2 ν 
r.t. 6 hrs 

AlCl3(3) 
EtSH-CH2Q2 

V 

r.t. 9.5 hrs 

93 ·/. 

98.6 V. 

CĈ Me 

EtO^0-CO 2Et Γ.Γ" "̂ s'hr's * H 0 - O " C ° 2 E t 9 5 · 5 β / · 

Scheme II. Selective dealkylation of ethers. 

.—. A l B r 3 / C p _> 
E t ° - O - C 0 0 M e C H 2 C I 2

 > E t O - Q - COOH 

C00CH2Ph Aici3/EtSH ^^COOH 

2 2 
O e - r . t . , 4h 95% 

COOMe r.t..3h.79» ^ ^ C O O M e 

^COOMe A 1 B r 3 / E t S H , Q^ O O H 

COOEt -t . .2days . 8 i ï ^A C 00Et 
Scheme 111. Selective dealkylation of esters. 

the reversal of hard-soft dissymmetry, which may be called "hard-soft 
affinity inversion" (Scheme VI) has never been claimed as a method of choice 
in synthetic organic chemistry. Realization of this principle includes de-
halogenation of α-chloro- and α-fluoroketones with a combination system of 
aluminum chloride and ethanethiol (17). 

As shown in Table I, halogen atoms are reductively removed to afford 
the corresponding dithioacetal in almost all cases. Clearly, the favorable 
interaction based on the H SAB principle as shown in I operates in deiodina-
tion and debromination. However, the electron shift shown in I is hardly 
acceptable in the case of defluorination and dechlorination because F + and 
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222 NUCLEOPHILICITY 

PhCHjO 
0*C 2h. 

OC^Ph OMe 

P h C r ^ O ^ ^ ^ 
71·/· 

sm. 21 ·/· 
diol 7·/· 

0eC 3.5h 71·/. 
&m.16*/. 

diol 13·/. 

^ v ^ C O O C r ^ P h 

'S^COOMe 
0*C 0.7h. 86*/. 

COOMe 

r.t. 2h. r. t. 8h. 85·/. 

Chart I. Selective dealkylation with AlCl3-NaI-CH3CN system. 
The arrow denotes the position of dealkylation. 

Hard Acid 

j Φ = P U L L I N G FACTOR 

H A R D C E N T E R 

SOFT CENTER Ρ 

j <= P U S H I N G FACTOR 

Soft Nucleophile 

Scheme IV. Attack of a soft nucleophile. 

C l + are much harder than B r + and I + . Product distribution from a-bro-
moacetophenones was quite different from those from α-chloro- and a-
fluoroacetophenones under the extremely mild conditions (Scheme VII). 

Hard acid 

Hard base / S o f t n u c | e 0 p h i l e 

Soft a c i d 

I ( X - Br, I ) 

Remarkably, 1,2-diethylthiostyrene was obtained in more than 50% yield 
from the latter two haloketones. Iodine and bromine were removed with 
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HO OMe HO OMe 

lythranidine 

OMe 

BF,-0Et,/HC1 MeO 
R = Me — 2 ? >R= H —> - » 

H H 
0 ^ 0 SH , 82% 0 ^ 0 

Scheme V. Deblocking of a methyl ether. 

Charge dissymmetry 

χ δ " Y 

umpolung 

Hard-soft dissymmetry 
.soft -hard 

^hard * ySoft 

hard-soft affinity inversion 
Scheme VI. Two types of dissymmetry in C-X bonds in the activated SN2 

reaction. 

dimethyl sulfide as a soft nucleophile instead of ethanethiol, while fluorine 
and chlorine remained almost intact (Scheme VIII). This result suggests that 
the initial formation of dithioacetal is indispensable for defluorination and 
dechlorination. Thus, hard-soft affinity inversion from the hard carbonyl 
oxygen atom to the soft sulfur atom plays a crucial role in defluorination and 
dechlorination (II). ot-Halodithioacetal undergoes either direct dehalogena-
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224 N U C L E O P H I L I C I T Y 

Table I. Dehalogenation of α-Haloketones with A l C l 3 and EtSH 

0 
II ν A I C I 3 (1.5 *>1 eq.) EtS SEt 

Τ EtSH R' 
R' 

Subs t r a t e Time 
min 

P roduc t 
Y i e l d , % R R ' Χ 

Time 
min 

P roduc t 
Y i e l d , % 

C 6 H 5 Η I 5 

C6H5 Η B r 20 98 

p - B r - C 6 H 4 Η B r 30 86 

<0h0>- Η B r 20 75 

- C H 2 - ( C H 2 ) 3 - C H 2 - B r 15 56 

- C H 2 - ( C H 2 ) 4 - C H 2 - B r 15 56 

C6H5 Η C l 10 77 

- C H 2 ( C H 2 ) 3 - C H 2 - C l 15 69 

C 6 H 5 », Η F 20 67 
Me 

0 - Η F 15 72 b 

Me 

06 Η F 20 87 e 

N O T E : All reactions were run at 0° C . 
aAcetophenone was obtained. 
*>A mixture of a (53%), b (8%), and c (11%). 
<A mixture of d (26%) and e (61%). 
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Soft nucleophile 

Soft a c i d / 

Et-S S-Et 

r ' \ / H a r d 

Hard acid 

II 
( X 

base 

• C l , F ) 

tion (path a) or 1,2-migration of the sulfur function (path b) followed by 
desulfurization (Scheme IX). Existence of the path b may allow the 1,2-
transposition of the carbonyl group, when α-chloro- or a-fluorodibenzyl 
ketone is dehalogenated. Results listed in Scheme X clearly indicate that 
both pathways a and b are operative to remove fluorine and chlorine. 

AICI 3(0.3mol eq.) 

E t S H ( 2 . 0 m o l e q . ) - C H 2 C I 2 

0*. 5min. 
E t S S E t EtS E t S S I E t S S E t 

C H 3 

Recovery 
of S.M. 

Starting 
Material Y i e l d s ( X ) 

X r Br 0 4 14 54 

CI 3 53 8 18 

F 10 55 6 27 

Scheme VII. Partial dehalogenation of a-haloacetophenones. 

ο ο 

0 ^ ' E t 2 S 

X = I 
Br 
CI 
F 

60% (5 min) 
73% (20 min) 
6% (100 min) 
0% (80 min) 

Scheme VIII. Dehalogenation of a-haloacetophenones with (CH3)2S. 
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Table II. Reaction of Nitroolefins with Dienes 

Entry Diene N i t r o o l e f i n P r o d u c t 3 ' b ) I s o l a t e d y i e l d 

2 // 

I 

2 

NO 2 

^ 1 Me Me 
N02 

84 

86 

3 * h 

L ) Me Me 

Me 

65 

4 * i 84 ( 9 3 ) C ) 

' Ο f 

LIA H Χ X ^ 

54 

6 '/ g 58 

7 '/ h 
Me 

71 

f 
NO, 

79 

9 * i 
Me 

58 

f N02 Me 
61 ( 8 3 ) c ) 

11 * g 
NO a Me 

82 

13 ι c y > c s " 
a) A l l new c o m p o u n d s h a v e b e e n f u l l y c h a r a c t e r i z e d b y s p e c t r a l means a n d h a v e s a t i s f a c t o r y 

c o m b u s t i o n a n a l y s i s o r h i g h - r e s o l u t i o n p e a k m a t c h i n g , b ) G e o m e t r y r e p r e s e n t e d b y a w a v y l i n e 

was n o t d e t e r m i n e d , c ) N u m b e r s i n p a r e n t h e s e s a r e t h e y i e l d s b a s e d o n t h e c o n s u m e d s t a r t i n g 
1 2 1 2 

m a t e r i a l , d ) A m i x t u r e o f two I s o m e r s (R - M e , R - H a n d R - H , R - Me) i n a 6:1 r a t i o . 

CJ" v X . 
f 9 ν, M e < C 6 H l 3 
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230 NUCLEOPHILICITY 

Carbon-Sulfur Bond Cleavage: The Thienium Cation Diels-Alder 
Reaction 

The carbon-carbon bond may be formed when a carbon nucleophile is used 
in the combination system. The most representative examples include the 
Friedel-Crafts-type alkylation of aromatics (Scheme XI , equation 1) (18) and 
the acid-catalyzed Diels-Alder reaction (Scheme XI , equation 2). The reac
tion of a combination system consisting of aluminum chloride and 1,3-dienes 
leading to regio- and stereoselective functionalization of 1,3-dienes via the 
thienium cation Diels-Alder reaction (19) (Scheme XI , equation 3) is de
scribed here. 

The reaction of 2-ethylthionitroolefins with aluminum chloride fur
nishes the thienium cation due to the favorable hard-hard interaction be
tween the nitro group and aluminum chloride, whereby the sulfur atom is 
changed from a soft base to a soft acid. Trapping of the soft thienium cation 
with a diene, which is a soft nucleophile, affords the hetero Diels-Alder 
product that undergoes the fragmentation during the workup procedure to 
give rise to (Z)-olefin selectively (Scheme XI , equation 3). This reaction 
results in the regio- and stereoselective 1,4-functionalization of 1,3-dienes. 
Results are listed in Table II. 

Cyclohexadiene provided 1,4-cis adducts stereoselectively (entries 5-7 
in Table II). With 1,3-pentadiene, products carrying ethylthio group at the 
more substituted end was obtained with complete regioselection (entries 
10-12 in Table II). Predominant formation of one of the two possible isomers 
was observed with 2-methyl-l,3-butadiene, though regioselectivity was not 
as high as in the case of 1,3-pentadiene (entry 13 in Table II). Intervention of 
a Diels-Alder-type adduct accounts for these selectivities. 

Though thioketones have been used as dienophiles in hetero 
Diels-Alder reactions (20), only one example has been reported for the use 
of a thienium cation as a dienophile (21). 
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16 
Basicity and Nucleophilicity 
of Transition Metal Complexes 

Ralph G. Pearson 

Department of Chemistry, University of California, Santa Barbara, CA 93106 

Rates of reaction of transition metal nucleophiles correlate both with 
oxidation potentials for MLn- and with the pKa values of the corre
sponding acids, HMLn. Therefore, the two parameters, E° and H, in 
the Edwards equation are not independent parameters. The same 
result is found for other nucleophiles, if the donor atom is C, N, O, or 
F. However, for bases with heavier donor atoms, E° and H are not as 
correlated with each other. For transition metal complexes, soft 
ligands, L, increase acidity and decrease nucleophilic reactivity. 
Hard ligands have the opposite effect. 

T R A N S I T I O N M E T A L C O M P L E X E S , either as anions or as neutral molecules, 
are often very good nucleophiles for alkyl halides and sulfonates. Some of 
them, such as vitamin B 1 2 s , a cobalt (I) species, and the solvent-separated ion 
pair, Na + :S:Fe(CO) 4

2 ~, where S is N-methylpyrrolidinone, are among the 
most reactive known ( i , 2). Reactions are of several types, for example 

where M is the metal atom and L n stands for η ligands bound to M . 
A variety of mechanisms have been found (3). Simple S N 2 substitution 

mechanisms are most common, followed by free-radical pathways. The latter 
occur by two mechanisms: (a) removal of X as an atom, followed by reactions 
of R-; and (b) single-electron transfer from M L n to RX, to give R \ Hydride 
ion transfer reactions are also known (4). Reactions believed to be simple S N 2 
processes in which R X is methyl iodide are discussed here. 

RX + M L n — R M L n

+ + X -

R X + M L n -> R M X L n 

(1) 

(2) 

R X + H M L n — R H + X " + M L n

+ (3) 

0065-2393/87/0215-0233$06.0G70 
© 1987 American Chemical Society 
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234 NUCLEOPHILICITY 

Characteristically, transition metal nucleophiles react much faster with 
methyl iodide than with methyl tosylate. Rate constant ratios ranging from 
30 to 3 Χ 105 have been found (3). Such behavior qualifies transition metal 
complexes to be called supersoft nucleophiles (5). Even larger ratios are 
found for reagents such as Co(CN) 5

3 ~, up to 109. Such large ratios are found 
only for free-radical pathways (6) and may be used as a mechanistic probe. 

Nucleophilic Reactivity and Redox Potential 

A pioneering study of transition metal nucleophiles was made by Dessy et al. 
(7). These workers measured not only rates of reaction of various M L n " with 
C H 3 I but also the oxidation potentials at a platinum electrode. A good linear 
relation was found when log k2 was plotted against Em for various nu
cleophiles. 

ML„ — M L n + e E w (4) 

Such a finding was not unexpected because Edwards (8) had already put 
forward his equation 

log (k/k0) = α£° + β # (5) 

relating nucleophilicity to two properties of the nucleophile: the ease of 
electron loss, as given by E°, the redox potential, and the proton basicity, as 
given by Η (Η = ρΚα + 1.74). Soft nucleophiles would be expected to have 
large values of α and small values of β. 

An even better reason exists to expect that the nucleophilicity of a 
transition metal complex would depend strongly on its ease of oxidation. 
Reaction with an alkyl halide, according to either reaction 1 or 2, is an 
example of oxidative addition. The oxidation state of the metal increases by 
two units. Taking a definite example, we find that the change is more than a 
formal one. The reactant is a typical d 1 0 complex, whereas the product is a 
definite d 8 complex. The product has the right coordination number, square-
planar structure, and vis ib le-UV spectra found for similar Pt(II) complexes. 

P t 0 [ P ( C H 3 C H 2 ) 3 ] 3 + C H 3 B r — C ^ P r ^ C r ^ C H ^ ^ + Br" (6) 

The more readily the metal atom in the complex M L n can be oxidized, 
the more rapidly it can react with alkyl halides. Consideration of a large 
amount of experimental data on oxidative additions, in general, leads to a 
metal ordering: Os° > Ru° > Fe° » Ir1 > Rh 1 > Co 1 » Pt 1 1 > Pd 1 1 » N i 1 1 (9). 
For any one metal, M 1 > M° > M 1 and so on. 

The associated ligands can play an equally important role to that of the 
metal. Ligands that stabilize the reduced form of a metal will deactivate the 
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metal complex toward nucleophilic behavior. Such ligands are CO, PR 3 , 
C 2 H 4 , and other soft bases. Hard bases such as amines and alcohols will 
activate the complex by stabilizing the oxidized state. A complex such as 
Rh I Cl(CO)[P(C 6 H 5 ) 3 ] 2 is a very poor nucleophile, but R h I ( C 2 D O B F 2 ) is 
extremely reactive (10). C 2 D O B F 2 is a complex ligand that has four nitrogen 
donor atoms. 

Tjiese conclusions are somewhat unexpected. Soft ligands are commonly 
thought to put more negative charge density on the metal atom than hard 
ligands and thus make the metal atom a better electron donor. However, 
Kubota (11) made a detailed study of the reaction 

IrX(CO)[P(C 6 H 5 ) 3 ] 2 + C H 3 I - CH 3 I r IX(CO)[P(C 6 H 5 ) 3 ] 2 (7) 

The order of rates found for different Xs was F " > N 3 ~ > C l - > Br~ > 
N C O - > Γ > NCS~ with hard F " reacting 100 times faster than soft (S-
bonded) N C S " . 

Nucleophilicity and Br0nsted Basicity 

At the time of the study by Dessy et al. (7), little was known about the 
Br0nsted basicity of M L n ~ in a quantitative sense. Therefore, what role, if 
any, was played by the parameter H in the Edwards equation was unclear. 
Recently, a number of p K a values were measured for transition metal 
hydrides, both neutral, H M L n , and cationic, H M L n

+ . The solvents used 
were chiefly methanol (12) and acetonitrile (13; J. R. Norton and J. Sullivan, 
personal communication). 

M L n " + H+ — HML„ pKa (8) 

Table I gives a listing of relative rate constants for reaction with C H 3 I for 
a number of transition metal bases. The values are normalized to that for 
C o ( C O ) 4 " set equal to unity and are valid for solvents such as tetra-
hydrofuran (THF) or glyme. Also given are the pK f l values for the conjugate 
acids in acetonitrile. In some cases, pK f l values in methanol were adjusted to 
acetonitrile by using references of the same charge type. 

A very strong correlation between nucleophilic reactivity and Br0nsted 
basicity occurs. The correlation is not perfect, but it cannot be expected to 
be, because a variety of types of nucleophiles are represented, and the 
solvents also vary. Clearly, the dependence on H in equation 5 is as great as 
the dependence on E°. 

Some data seem to contradict this conclusion. The basicity of 
P t [ P ( C H 3 C H 2 ) 3 ] 3 is much greater than that of P d [ P ( C H 3 C H 2 ) 3 ] 3 or 
N i [ P ( C H 3 C H 2 ) 3 ] 3 (14). The rate constants for reaction with C H 3 I are exactly 
opposite (3). However, these reactions are quite complicated. The actual 
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236 NUCLEOPHILICITY 

Table I. Nucleophilic Reactivity and Basicity of a Series of 
Transitional Metal Bases 

Base Relative Rate0 pKJCH3CN)b 

C 5 H 5 Fe(CO) 2 - 70,000,000 19.4 
C 5 H 5 Ru(CO) 2 - 7,500,000 20.2 

Co(dmgH)(P[CH3(CH2)3]3)- 57,000 17.5< 
Re(CO)5" 25,000 21.0 
Rh(dmgH)[P(C6H5)3]- 1,700 16.5' 
C 5 H 5 W(CO) 3 - 500 16.1 
Mn(CO) 5- 77 15.2 
C 5 H 5 Mo(CO) 3 - 67 13.9 
C 5 H 5 Cr(CO) 3 - 4 13.3 
Co(CO) 4- 1 8.5 
IrCI(CO)[As(CeH5)3]2 0.10 9.3<* 
IrCl(CO)[P(C 6H 5) 3] 2 0.07 9.0<* 
IrBr(CO)[P(C6H5)3]2 0.03 8.6<* 
V(CO) 6- e —f 

a See references 3 and 12. 
b Reference 13 and J. R. Norton and J. Sullivan (r onal communication). 
c Estimated from data in 50% C H 3 O H - H 2 0 ; d m g f i - is monoanion of dimethylglyoxime. 
d Estimated from data in 100% C H 3 O H and results for the pKa of M [ P ( O C H 3 ) 3 ] 4 in C H 3 O H and 
C H 3 C N (M = N i , Pd, or Pt). 
e No reaction 
f Very strong; reference 29. 

reactants are probably P t [ P ( C H 3 C H 2 ) 3 ] 2 or Pd [P(CH 3 CH 2 ) 3 ] 2 , formed by 
dissociation of a ligand (15). Also, these phosphine complexes are prone to 
react by free-radical mechanisms (16). 

A kinetic study of reaction 3, where RX is η-butyl bromide, gave the 
reactivity order (4) H W ( C O ) 4 [ P ( O C H 3 ) 3 ] " > H C r ( C O ) 4 [ P ( O C H 3 ) 3 ] - > 
H W ( C O ) 5 - > C p V ( C O ) 3 H - > H C r ( C O ) 5 - > H R u ( C O ) 4 " > 
HFe(CO) 3 [P (OCH 3 3 ] - » HFe(CO) 4 " . This order is also that of decreasing 
basicity for these anions. Whether the mechanism for reaction 3 is a direct 
H ~ transfer to R X or oxidative addition of RX occurs first, followed by 
reductive elimination of R H , is unclear. 

Although the available data leave some questions, another good reason 
to believe that a strong correlation exists between nucleophilic reactivity and 
basicity follows. The protonation reaction 8 for M L n " , or M L n , is also an 
oxidative addition. For example 

Pt° [ P ( C H 3 C H 2 ) 3 ] 3 + H+ - H P t " [P(CH 3 CH 2 ) 3 ] 3 + (9) 
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Therefore, any predictions about the effect of changing the metal, or the 
ligands, L , are exactly the same for reaction 1 or 2 and reaction 9. 

Accordingly, we predict that soft bases, such as CO, P (OCH 3 ) 3 , and 
C 2 H 4 wil l increase acidity, and hard bases, such as N R 3 and R 2 0 , will 
decrease acidity. These predictions are borne out very well (12). Soft bases 
will stabilize the lower oxidation state, for example 

Alternatively, ττ-bonding ligands, such as CO, stabilize the anion by de-
localizing the lone electron pair. 

A striking example of the role of the ligands is shown by Rh I (bipy) 2

+ , 
studied by Sutin and co-workers (17). The protonated form, R h m ( b i p y ) 2 H 2 + 

has a pK f l of 7.3 in water. In contrast, R h m ( N H 3 ) 5 H 2 + has a pKa > 14.0 and 
R h ( C N R ) 4 H 2 + has a p K a < 0 (18). The isocyanide ligand is similar to carbon 
monoxide. The high basicity of Rh(bipy) 2

+ correlates with the high nu
cleophilic reactivity of Rh(CDOBF 2 ) . 

Relationship between E ° and Η 

The arguments given state that easily oxidized bases will be good nu
cleophiles toward alkyl halides and also strong bases toward the proton. This 
statement means that E° and Η in the Edwards equation are no longer 
independent parameters but essentially one and the same property for 
transition metal bases. For bases where the donor atom is a nonmetal, this 
correlation is normally not the case. The fluoride ion is a stronger base than 
the iodide ion but is more difficult to oxidize. Still, examination of bases of 
the representative elements more closely to see if E° and Η are truly 
independent is worthwhile. Actually E°, the redox potential in water, is not 
the best parameter to use. E° is measurable only for a few nucleophiles and is 
complicated by the nature of the products formed. For example, in 

the iodine-iodine bond strength as a factor is not desirable. 
A much better parameter to use is the ionization potential (IP) of the 

nucleophile (EA is electron affinity). 

H 2 F e n ( C O ) 4 HFe°(CO) 4 - + H + (10) 

21- = I 2 + 2e (Π) 

1(g)" = 1(g) + e E A 

NH 3(g) = NH3+(g) + e IP 

(12a) 

(12b) 

Ritchie (20) recently emphasized this point and showed how the correspond
ing values can be obtained in aqueous solution 
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238 NUCLEOPHILICITY 

I-(aq) = I(aq) + e E°' (13a) 

NH 3(aq) = N H 3

+ (aq) + e E°' (13b) 

For the present purposes, a method equivalent to Ritchie's may be used. 
For a series of anionic nucleophiles, the energies of the two gas-phase 

reactions are compared (PA is proton affinity): 

X-(g) = X(g) + e E A (14) 

H +(g) + X-(g) = HX(g) PA (15) 

For a series of neutral nucleophiles, the corresponding reactions are 

B(g) = B +(g) + e IP (16) 

H +(g) + B(g) = BH + (g) PA (17) 

Any linear relationship between equations 14 and 15, or between equations 
16 and 17 will also be found in solution. Solvation energies and entropies will 
either be constant, as for the H + in equation 15, or will cancel as for X - in 
equations 14 and 15, or nearly cancel, as for B + and B H + in equations 16 and 
17. The reasoning involved in making these statements, and supporting 
literature citations, were given by Ritchie (19). 

Figure 1 shows a plot of the gas-phase electron affinities of a number of 
anions plotted against the gas-phase proton affinities. The circles refer to 
anions where the donor atom is a second-row element, C , N , O, or F. The 
straight line is a least-squares fit to these values only. The slope is - 0.87 and 
the correlation coefficient is —0.923. In spite of the scatter, clearly a strong 
negative correlation between the electron affinity of a radical and the proton 
affinity of its anion occurs. A strong base, such as C H 3 ~ , loses its electron 
readily, whereas P 0 3 ~ (metaphosphate ion) is a weak base and is difficult to 
oxidize. 

The crosses refer to anions where the donor atom is from the third, 
fourth, or fifth row. These data points fall regularly below the line: I - > Br~ 
C l " ; S e H " > S H " ; A s H 2 " > P H 2 " ; and G e H 3 ~ > S i H 3 " . These nu
cleophiles are all weaker bases than their ease of oxidation would suggest. 
This behavior is easily traced to low values of the homolytic bond energy of 
H X . 

If the homolytic bond energy (D0) was constant for all H X 

HX(g) = H-(g) + X-(g) D 0 (18) 

then a perfect linear relationship would occur in Figure 1, and the negative 
slope would be unity. However, D 0 does not have to be constant to obtain a 
straight line. For simple H X molecules, D 0 and E A values are as follows: 
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0 1 2 3 4 5 
E A , volts 

Figure 1. Plot of the electron affinities of anions against their proton 
affinities. Circles are for C, IV, O, and F donor atoms, and crosses are for 
heavier donor atoms. Data are from reference 32 for proton affinities and 

references 20, 31, and 32 for electron affinities. 
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Molecule D 0 of H X (kcal) Ε A of X· (eV) 

H F 136 3.80 
H 2 0 119 1.83 
N H 3 107 0.74 
C H 4 105 0.08 

The resulting opposite trends of D 0 and PA are responsible for the negative 
slope of Figure 1 being less than unity. Also, the scatter of the anions of the 
second-row elements is due to variations in D 0 not related to the electron 
affinity. 

Figure 2 is a plot of the ionization potential against proton affinity for a 
number of neutral molecules, where again the donor atom is C, N , O, or F. 
The molecules include HF, H 2 0 , N H 3 , N 2 , CO, singlet C H 2 , and a sampling 
of ethers, alcohols, amines, esters, amides, nitriles, and other organic mole
cules. The latter compounds are considered to represent several hundred 
such molecules for which both IP and PA are known (20-21). The straight 
line drawn has a slope of —0.55, and the correlation coefficient is 0.939. 

For these neutral bases where the donor atom is a second-row element, 
again a strong correlation between the basicity and the ease of losing an 
electron exists. The larger scatter in Figure 1 is due to random variations in 
the homolytic bond energy. 

BH + (g) = B-(g) + H-(g) D 0 (19) 

Such scatter is expected in view of the wide variety of molecules. If a series of 
closely related molecules, such as substituted anilines, had been chosen, 
then a good straight line would be obtained with a negative slope close to 1 
(22) . 

If molecules in which the donor atom is in the third, fourth or fifth row 
of the periodic table are added to Figure 2, then similar results to those of 
Figure 1 are found. The heavier donor atoms lie below the line, correspond
ing to weak homolytic bond energies. Exceptions occur for alkyl phosphines 
and phosphites, which lie above the line. These exceptions are related to the 
fact that the ionization potentials of these molecules are anomalously large 
(23) . 

As explained earlier, Figures 1 and 2 will not be greatly changed if data 
in solution are used. Individual bases will move up or down, parallel to the 
lines shown. Therefore, under the normal conditions for nucleophilic sub
stitution, ease of oxidation (Ε°') and Br0nsted basicity are not independent 
parameters for bases where the donor atom is a second-row element. Either 
parameter may be used as a measure of nucleophilic reactivity. 

For heavier donor atoms, the basicity is much lower than the E°' values 
would suggest. Nucleophilic reactivity would probably correlate with the E°' 
values, but not with pKa. This statement is based on the assumption that 
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partial electron transfer to the substrate from the nucleophile is substantial 
in the transition state. This situation would be the case for reactions with 
C H 3 I and most other alkyl halides. Thus, for substrates of this nature, the 
ease of electron loss, or ease of oxidation, is the important property deter
mining nucleophilic reactivity. 

This discussion helps to explain some interesting results recently re
ported by Bordwell and Hughes (24). Large différences in rate constants are 
found for reactions of carbanions, nitranions, and oxanions with benzyl 
chlorides. But these differences are largely eliminated if comparisons are 
made at the same proton basicities. The remaining differences are rather 
small and are substrate-dependent. The order is C " > Ο " > Ν " for a 
chloride leaving group but changes to Ο " > N " > C~ for a tosylate leaving 
group (25). 

That basicity is the dominant factor in determining nucleophilic reac
tivity in these cases cannot be concluded from these results. Because the 
nucleophiles are structurally similar, very probably E°' would vary in the 
same way as pKa does for all of them. If the oxygen atom is replaced by sulfur, 
the resultant ion is K P - I O 5 times more reactive, even though the sulfanion is 
much less basic. This result strongly suggests that electron transfer plays the 
dominant role. 

The correlation between proton affinity and electron affinity, as in 
reactions 14 and 15, has its origin in two factors. Within each ion, a certain 
distribution of charges exists. The potential of these charges will affect the 
removal of an electron or the addition of a proton almost equally. This 
relationship is a classical electrostatic effect. The partial transfer of a pair of 
bonding electrons from the nucleophile to the proton leads to covalent 
bonding between the two. Easy electron loss means strong proton binding, if 
other quantum mechanical requirements are met, such as good orbital 
overlap. 

The failure of the heavier donor atoms to follow the same pattern as the 
lighter ones must be largely an atom size effect. The diffuse orbital of an 
iodide ion will not overlap well with that of a proton, at least in comparison to 
that of fluoride ion. As for nucleophilic reactivity, the relative reactivity of F~ 
and I" will be substrate-dependent. If covalent bonding in the transition 
state is large, and if the accepting orbital of the electrophile is diffuse, then 
I" wil l do very well. Alkyl halides are usually in this category. 

For other electrophiles, such as esters, much less covalent bonding in 
the transition state may occur and ionic bonding may be large. The accepting 
orbitals may be concentrated in space, similar to that of the proton. Clearly, 
I~ will not be a good nucleophile, compared to F~ (for an interesting analysis 
of nucleophile-electrophile interactions that does not use orbital theory, see 
reference 26). 

Returning to transition metal nucleophiles, the experimental evidence 
already cited indicates that very likely pKa and E°' are strongly correlated. 
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Some additional evidence is available, at least for anionic M L n ~ . The homo
lytic bond energy, D 0 , is known for a number of H M L n molecules (12). The 
D 0 values all fall within a narrow range, between 54 and 73 kcal/mol. 
Furthermore, the variations that exist are related to pK f l . Molecules that are 
strong acids have weak M - H bonds (12). These two observations mean that a 
good negative correlation between E A and PA will certainly exist. 

For neutral M L n bases, the situation is not so clear. A number of gas-
phase proton affinities have been measured for neutral complexes where 
ionization potentials are also known (27). A larger range of homolytic bond 
energies is found, between 53 and 87 kcal/mol. A plot of PA versus IP 
resembles Figure 2, but the correlation coefficient is only "0.694. However, 
in some cases gas-phase protonation occurs on the ligand and not on the 
metal. In such cases, the homolytic bond energy is not that of M - H bond. 

Compared to the representative elements, the transition metals are 
remarkable in that little variation in atomic sizes occurs in going from the 
first to the second and third series. Orbital sizes do not change greatly, and 
the strength of covalent bonds to ligands remains much more constant (28). 
This statement means that the atom size factor, which separates out the 
heavier donor atoms from C, N , O, and F, will not be present for the 
transition metals. 

Acknowledgment 

Acknowledgment is made to the donors of the Petroleum Research Fund, 
administered by the American Chemical Society, for support of this work. 

Literature Cited 

1. Schrauzer, G. L. ; Deutsch, E.; Windgassen, R. J. J. Am. Chem. Soc. 1968, 90, 
2441. 

2. Collman, J. P.; Finke, R. G.; Cawse, J. N . ; Brauman, J. I. J. Am. Chem. Soc. 
1977, 99, 2515. 

3. Pearson, R. G.; Figdore, P. E. J. Am. Chem. Soc. 1980, 102, 1541. 
4. Kao, S. C.; Spillett, C.; Ash, C.; Lusk, R.; Park, Y. K.; Darensbourg, M . Y. 

Organometallics 1985, 4, 83. 
5. Pearson, R. G.; Songstad, J. J. Org. Chem. 1967, 32, 2899. 
6. Pearson, R. G.; Gregory, C. D. J. Am. Chem. Soc. 1976, 98, 4098. 
7. Dessy, R. E.; Pohl, R. L.; King, R. B. J. Am. Chem. Soc. 1966, 88, 5121. 
8. Edwards, J. O. J. Am. Chem. Soc. 1954, 76, 1540. 
9. Lukehart, C. M . Fundamental Transition Metal Organometallic Chemistry; 

Brooks-Cole: Monterey, CA; 1985; p 228. 
10. Collman, J. P.; Mac Laury, M . R. J. Am. Chem. Soc. 1974, 96, 3019. 
11. Kubota, M . Inorg. Chim. Acta 1973, 7, 195. 
12. Pearson, R. G. Chem. Rev. 1985, 85, 41. 
13. Norton, J. R.; Jordan, R. F. J. Am. Chem. Soc. 1982, 104, 1255. 
14. Yoshida, T.; Matsuda, T.; Okano, T.; Tetsumi, K; Otsuka, S. J. Am. Chem. Soc. 

1979, 101, 2027. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
7 

| d
oi

: 1
0.

10
21

/b
a-

19
87

-0
21

5.
ch

01
6

In Nucleophilicity; Harris, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1987. 



244 NUCLEOPHILICITY 

15. Pearson, R. G.; Jayaraman, R. Inorg. Chem. 1974, 13, 246. 
16. Kochi, J. K. Organometallic Mechanisms and Catalysis; Academic: New York, 

1978; Chapter 7. 
17. Chou, M . ; Creutz, C.; Mahajan, D.; Sutin, N . ; Zipp, A. P. Inorg. Chem. 1982, 

21, 3989. 
18. Sigal, I. S.; Gray, H . B. J. Am. Chem. Soc. 1981, 103, 2220. 
19. Ritchie, C. D. J. Am. Chem. Soc. 1983, 105, 7313. 
20. Rosenstock, H. M . ; Draxl, K.; Steiner, B. W.; Herron, J. T. J. Phys. Chem. Ref. 

Data 1977, 6, Suppl. No. 1. 
21. Lias, S. G.; Liebman, J. F.; Levin, R. D. J Phys. Chem. Ref. Data 1984, 13, 695. 
22. Lias, S. G.; Ausloos, P. Ion-Molecule Reactions: Their Role in Radiation Chem

istry; American Chemical Society: Washington, DC, 1975; p 91. 
23. Elbel, S.; Bergmann, H . ; Ensslin, W. J. Chem. Soc., Faraday Trans. 2 1974, 555. 
24. Bordwell, F. G.; Hughes, D. L. J. Am. Chem. Soc. 1984, 106, 3234. 
25. Bordwell, F. G.; Hughes, D. L. J. Org. Chem. 1982, 47, 3224. 
26. Bader, R. F. W.; MacDougall, P. J.; Lau, C. D. H. J. Am. Chem. Soc. 1984, 106, 

1594. 
27. Stevens, A. E.; Beauchamp, J. L. J. Am. Chem. Soc. 1981, 103, 190. 
28. Pearson, R. G. Inorg. Chem. 1984, 23, 4675. 
29. Calderazzo, F. In Catalytic Transition Metal Hydrides; Slocum, D. W.; Moser, 

W. R., Eds.; New York Academy of Sciences: New York, 1983; p 37. 
30. Bartmess, John E. ; Scott, J. Α.; McIver, R. T., Jr. J. Am. Chem. Soc. 1979, 101, 

6046. 
31. DePuy, C. H . ; Bierbaum, V. M.; Damrauer, R. J. Am. Chem. Soc. 1984, 106, 

4051. 
32. Henchman, M . ; Viggiano, A. A; Paulson, J. F.; Freedman, Α.; Wormhoudt, J. J. 

Am. Chem. Soc. 1985, 107, 1453. 

RECEIVED for review October 21, 1985. ACCEPTED January 27, 1986. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
7 

| d
oi

: 1
0.

10
21

/b
a-

19
87

-0
21

5.
ch

01
6

In Nucleophilicity; Harris, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1987. 



17 
Electrophilic Interference in Methods 
for Estimating Nucleophilic Assistance 
in Solvolyses 
J. Milton Harris1, Samuel P. McManus1, M. R. Sedaghat-Herati1, N. Neamati
-Mazraeh1, M. J. Kamlet2, R. M. Doherty2, R. W. Taft3, and M. H. Abraham4 

1 Department of Chemistry, University of Alabama, Huntsville, AL 35899 
2 Naval Surface Weapons Center, White Oak Laboratory, Silver Spring, MD 

20910 
3 Department of Chemistry, University of California, Irvine, CA 92717 
4 Department of Chemistry, University of Surrey, Guildford, Surrey, GU2 5XH, 

England 

Methods for estimating the extent of nucleophilic solvent assistance 
(NSA) in solvolyses generally ignore electrophilic solvent assistance 
(ESA), or they assume that variation in ESA covaries with solvent 
ionizing power during solvent variation. In the present work, we 
argue that these assumptions are incorrect and that they lead to 
overestimation of NSA. The solvatochromic equation is applied to the 
solvolyses of tert-butyl chloride, 1-adamantyl chloride, and a mus
tard derivative to permit estimation of the sensitivity of these sub
strates to ESA. The results show that ESA can vary dramatically even 
when the leaving group is unchanged. Finally, we examine a recent 
failure of the EtOH-TFE (trifluoroethanol) approach for estimating 
NSA and conclude that failure is due to the unusually high sensitivity 
of the model compound, 1-adamantyl chloride, to ESA. 

SOLVOLYTIC DISPLACEMENT REACTIONS can be affected by solvents in 
several ways, including nucleophilic solvent assistance (NSA) and elec
trophilic solvent assistance (ESA). NSA can be defined as electron donation 
from solvent to the developing positive dipole of a reacting C - X bond, and 
ESA can be defined as electron acceptance by the solvent from the leaving 
group, I. 

Library 
1155 16th St., N.W. 

Washinfton. D.C 20036 
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248 NUCLEOPHILICITY 
Several methods are available for estimating the extent of NSA in 

solvolyses (1-6). Generally, either these methods ignore ESA or they assume 
that variation in E S A is minor during solvent variation or that ESA covaries 
with solvent ionizing power during solvent variation. The goal of this paper is 
to demonstrate that these assumptions regarding ESA lead to overestimation 
of NSA. 

To illustrate this point, we will examine the ethanol-trifluoroethanol 
( E t O H - T F E ) method of Raber et al. (3). The E t O H - T F E method is based 
on the observation that plots of log k for solvolytic substrates against 1-
adamantyl chloride or bromide (1-AdCl or 1-AdBr) in a series of aqueous 
ethanols and T F E s fall into two general types, one type in which the plot is 
linear and a second type in which the plot is nonlinear. In the second case, 
the T F E points are found below the line defined by the aqueous ethanols 
(Figure 1). According to the Raber et al. interpretation, 1-AdCl solvolysis 
provides a measure of solvent ionizing power and solvent electrophilicity. 
The linear plot is then interpreted as being the result of the substrate in 
question reacting without NSA, as does the 1-adamantyl model. In the 
nonlinear plot, then, the conclusion is that nonlinearity results because the 
substrate in question has NSA acting as an additional factor that is not 
modeled by 1-AdCl. The T F E points appear to be "too slow" because NSA is 
absent in this weakly nucleophilic solvent. 

Thus, Figure 1 is considered to be evidence that the mustard compound 
C H 3 S C H 2 C H 2 C 1 , II, reacts with NSA in solvents such as aqueous ethanol. 
However, other experimental methods show that H does not receive NSA (6). 
For example, the hydrolysis products of deuterium-labeled II are completely 
scrambled as would be expected for reaction through the sulfonium ion. We 
contend that the E t O H - T F E method fails in this case because it ignores 
ESA. Specifically, failure results because of large differences in the suscep
tibility of the substrate (II) and 1-AdCl to solvent electrophilicity. In other 
words, the T F E points fall below the ethanol line because 1-AdCl is receiv
ing additional E S A in the more highly electrophilic T F E and not because 
NSA is absent in reaction of the mustard. This same assumption of the 
E t O H - T F E method, that rate of reaction of 1-AdCl (or any single substrate) 
can provide a combined measure of solvent ionizing power and solvent 
electrophilicity, is made in several other methods for measuring NSA (7). 
Our position is that this general assumption is incorrect. 

Solvatochromic Method 

To investigate the possibility of variable E S A , we have used the sol
vatochromic method of Kamlet and co-workers (7-10). According to this 
approach, a solvent-dependent phenomenon (in this case log solvolysis rate 
k) is a function of four solvent properties: solvent hydrogen-bond donor 
ability or electrophilicity, a; solvent hydrogen-bond acceptor ability or nu-
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Figure 1. A typical nonlinear EtOH-TFE plot. Here the substrate indicated 
to react with NSA is CH3SCH2CH2Cl, II (6). Rates are in reciprocal seconds 

and are relative rates for 1-adamantyl chloride. In solvent abbreviations, 
for example, 97T represents 97% aqueous trifluoroethanol, 95E represents 
95% aqueous ethanol, and 70A represents 70% aqueous acetone, and so on. 

cleophilicity, β; solvent dipolarity-polarizability, π*; and a measure of the 
cavity term bH

2. 

log k = log k0 + aa + b$ + STT* + hbH

2/l00 (1) 

Three of the four solvent parameters (the exception being the cavity 
term) have been empirically determined from several quite different experi
ments. These averaged values of the parameters have proven to be useful for 
predicting a diverse collection of phenomena ranging from solubility to 
toxicity to chromatographic retention times (8-10). The fourth parameter 
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250 NUCLEOPHILICITY 
(δ Η

2 ) is the Hildebrand solubility parameter, which is calculated from the 
molar heat of vaporization. The coefficients of the independent variables are 
understood in the present case to represent the sensitivity of the rate to the 
associated variables. 

We first applied the solvatochromic equation (SCE) to solvolysis of tert-
butyl chloride (f-BuCl) to determine if the method could give a reasonable 
result for this much-studied reaction (7). Abraham et al. (11) had previously 
attempted correlation of these rates with the S C E without the cavity term, 
but as Bentley and Carter (12) have noted, an unsatisfactory result was 
achieved (7). First, T F E and hexafluoroisopropyl alcohol (HFIP) did not fit 
the correlation. Second, no rate dependence on solvent nucleophilicity β 
was found, despite other works indicating a weak dependence on this param
eter (12, 13). Also, different correlations were observed for hydroxylic and 
nonhydroxylic solvents; Bentley considered this finding to indicate that the 
dehydrohalogenation transition state (in nonhydroxylic solvents) and the 
solvolysis transition state (in hydroxylic solvents) were significantly different 
and thus concluded that the two types of reactions should not be included in 
the same correlation. 

Our decision to attempt correlation of f-BuCl rates with the S C E was 
based on the availability of an expanded data set (21 versus 15 solvents) and a 
recent appreciation that the cavity term should be included in the S C E (14). 
Application of the four-parameter S C E , equation 1, to correlation of the full 
21-solvent data set gives an excellent correlation that removes the objections 
to the previous study (r = 0.9973 and sd = 0.24) (7): 

l o g * = -14.58 + 0.488^/100 + 5.09 ττ* + 4.17α + 0.71β (2) 

Points for T F E and HFIP, as well as hydroxylic and nonhydroxylic solvents, 
fit the correlation nicely. Also, a weak, but statistically significant, depen
dency on solvent nucleophilicity β exists. Also noteworthy is the large 
dependence of the reaction rate on solvent electrophilicity. These results 
indicate that application of the S C E to reaction rates is legitimate. 

We are currently applying further kinetic tests to the S C E to determine 
the range of its applicability to kinetic phenomena. One such test, for 
example, is to determine the sensitivity of reaction rate of sulfonium salt 
solvolysis to solvent electrophilicity (i.e. its a value). Because the leaving 
group is neutral in this case, such a reaction would be expected to have a very 
weak dependence on electrophilicity. 

Variable Electrophilicity and Failure of the EtOH-TFE Method 

If we assume that the S C E can be used to correlate kinetic processes, then a 
means of testing our earlier conclusions regarding failure of the E t O H - T F E 
method is provided. According to our proposal, a nonlinear E t O H - T F E plot 
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17. HARRIS ET AL. Estimating Nucleophilic Assistance in Solvolyses 251 

can result from enhanced E S A for 1-AdCl and from NSA for the test sub
strate. Examining the E t O H - T F E plot for f-BuCl provides an illustration of 
these two factors. 

Figure 2 shows the typical nonlinear E t O H - T F E plot that had pre
viously been assumed to be typical for a ks substrate reacting with NSA. In 
this case of f-BuCl solvolysis, however, we can use equation 1 to calculate the 
magnitude of NSA for i -BuCl to see if this assistance will account for the 
nonlinearity. An example is for 40% ethanol and 97% T F E . According to the 
original assumption of Raber et al. (3), these two solvents differ only in 
nucleophilicity because the rate for 1-AdCl is unchanged. Thus, the differ
ence in rates of approximately 1 log unit in these two solvents would, 
according to this assumption, result from the &β term for f-BuCl (b = 0 for 1-
AdCl). We estimate that β for 40% ethanol is very unlikely to be higher than 
0.5, and because b = 0.71, only 0.4 log unit can be attributed to NSA for t-
BuCl solvolysis. According to our proposal, the remaining 0.6 log unit results 
from enhanced sensitivity to electrophilicity (the a value) on the part of 1-
AdCl . 

To look at the nonlinearity as resulting from ESA to 1-AdCl, we can 
compare the difference in rates (1.4 log units) between 60% ethanol and 97% 

• H.0 
10E · 2 

3 
I 30Ε · 

40E ̂  · 50E 

• 20E 

• 
97HF 

2 I 
log k r e l 

50E · J · ™ T 

t-BuCl 
1 

1 

· * — 

60E J 97T 

• 70E 1 0 • 80E 

I « ι 1 1 1 
0 1 2 3 4 5 

log k 1-AdCl 

Figure 2. Correlation of logarithms of solvolysis rates for 1-adamantyl 
chloride versus tert-butyl chloride at 25 °C (7). Ε represents ethanol, Τ 
represents trifluoroethanol, and HF represents hexafluoro-2-propanol. 
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252 NUCLEOPHILICITY 
T F E (Figure 2). Assuming that the β value for 60% ethanol is 0.5, we 
calculate (from &β) that 0.4 log unit of the 1.4 log units results from NSA to 
teri-butyl. Thus, we see that E S A must account for 1 log unit, and because 
the difference in α values for 60% E t O H and T F E is 0.5, we calculate 

(Δα)(Δα) = ESA (3) 

(Δα)(0.5) = 1.0 

Δα = 2 

Because the a value for f-BuCl equals 4.17, this analysis indicates that the a 
value for 1-AdCl must be approximately 6. 

Accurate determination of the a for 1-AdCl requires solution of the full 
S C E equation. Unfortunately, this solution is difficult to accomplish because 
determining rates in weakly nucleophilic, nonhydroxylic solvents is a com
plex matter. An example is the study of Kevill and Kim (15) on the solvolysis 
of 1-adamantyl arenesulfonates in acetonitrile. These workers found that the 
reaction proceeded to give an early equilibrium between the reactant and 
the nitrilium ion formed by acetonitrile acting as nucleophile. So that the 
equilibrium could be removed and good kinetics obtained, trapping of the 
cation with azide ion to give a tetrazole product was necessary. Presumably, 
other solvolyses of 1-Ad derivatives in other weakly nucleophilic solvents 
would be similarly complex. Having rates in these nonhydroxylic solvents is 
critical if the complete equation is to be solved because of colinearity 
between certain of the independent variables in hydroxylic solvents. 

To circumvent this problem, and to permit estimation of a values for 
substrates such as 1-AdCl, we have developed "the method of double differ
ences" or M O D D . This approach is based on the observation that the 
differences in bH

2 and π* values for the two pairs of solvents eth-
anol-methanol and T F E - H F I P are quite similar and that the differences 
between the differences for the pairs (i.e., the double differences) are 
therefore quite small: Δ τ τ * Τ Ρ Ε _ Η Ρ Ι Ρ = 0.06, Δ τ τ * Ε ι Ο Η _ Μ β Ο Η = 0.08, ΔΔττ* = 
-0 .02 , ΔΔδ^/100 = -0 .05 , ΔΔα = 0.55, and ΔΔβ = -0 .15 . If the 
dipolarity-polarizability and cavity terms are assumed to be negligible, then 
the rate difference for these pairs can be reduced to 

ΔΔ log k = a(0.55) + fo(-0.15) (4) 

Because b is 0 for 1-AdCl, the equation in this case is further simplified: 

ΔΔ log k = 0.55a (5) 

Substituting the proper values for the rates gives an a for 1-AdCl of 6.47. 
Applying the M O D D equation, equation 4, to f-BuCl solvolysis gives an α of 
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4.29, which is close to the actual value of 4.17 obtained from solution of the 
full S C E . 

The a value from the M O D D of 6.47 is consistent with the value of 6 
calculated previously from the E t O H - T F E plot for f-BuCl where the plot 
nonlinearity was assumed to result from a combination of NSA for f-BuCl and 
ESA for 1-AdCl. A consistent picture emerges from these preliminary re
sults: further support is provided for the conclusion that the S C E is suitable 
for treating kinetic results, and apparently the E t O H - T F E method for 
detecting NSA overestimates the importance of nucleophilicity by ignoring 
variations in substrate susceptibility to ESA. 

Electrophilicity and Mustard Solvolysis 

To return to the earlier question of failure of the E t O H - T F E method for 
solvolysis of II, we can apply the M O D D to determine the α value for 
reaction of this compound; again, an α value much smaller than the value of 6 
for 1-AdCl should be found. Examination of Figure 1 shows that a 2 log unit 
difference between 60% ethanol and 97% T F E exists. Because b = 0 for 
mustard, all this difference must come from differences in α values. Applica
tion of equation 3 gives (Δα)(Δα) = ESA = 2, (Δα)(0.5) = 2, and Δα = 4 or 
an = 2. Application of the M O D D , equation 5, gives an a value of 1.6 for II. 

Again, reasonable agreement exists between the a value necessary to 
account for the nonlinearity of the E t O H - T F E plot and the a value calcu
lated by the approximate M O D D approach derived from the S C E . 

Acknowledgments 

The work at the University of Alabama was supported by The Army Research 
Office (DAAG29-82-K-0181) . R. M . Doherty and M . J. Kamlet received 
support from the Naval Surface Weapons Center Foundational Research 
Program. 

Literature Cited 

1. Bentley, T. W.; Schleyer, P. v. R. Adv. Phys. Org. Chem. 1977, 14, 1. 
2. Harris, J. M . Prog. Phys. Org. Chem. 1974, 11, 89. 
3. Raber, D. J.; Neal, W. C., Jr.; Dukes, M . D.; Harris, J. M . ; Mount, D. L. J. Am. 

Chem. Soc. 1978, 100, 8137. 
4. Harris, J. M . ; McManus, S. P. J. Am. Chem. Soc. 1974, 96, 4693. 
4. Streitwieser, A., Jr. Solvolytic Displacement Reactions; McGraw-Hill: New York, 

1962. 
6. McManus, S. P.; Neamati-Mazraeh, N . ; Hovanes, Β. Α.; Harris, J. M . J. Am. 

Chem. Soc. 1985, 107, 3393. 
7. Harris, J. M . ; Taft, R. W.; Abraham, M . H. ; Doherty, R. M . ; Kamlet, M . J. 

J. Chem. Soc., Perkin Trans. 2, in press. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
7 

| d
oi

: 1
0.

10
21

/b
a-

19
87

-0
21

5.
ch

01
7

In Nucleophilicity; Harris, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1987. 



254 NUCLEOPHILICITY 

8. Kamlet, M. J.; Abboud, J. L. M.; Taft, R. W. Prog. Phys. Org. Chem. 1981, 14, 
485. 

9. Taft, R. W.; Abraham, M. H.; Doherty, R. M.; Kamlet, M. J. Nature (London) 
1985, 313, 384. 

10. Taft, R. W.; Abraham, M. H.; Doherty, R. M.; Kamlet, M. J. J. Am. Chem. Soc. 
1985, 107, 3105. 

11. Abraham, M. H.; Taft, R. W.; Kamlet, M. J. J. Org. Chem. 1981, 46, 3053. 
12. Bentley, T. W.; Carter, G. Ε. J. Org. Chem. 1983, 48, 579. 
13. Kevill, D. N.; Kamil, W. Α.; Anderson, S. W. Tetrahedron Lett. 1982, 23, 4635. 
14. Kamlet, M. J.; Doherty, R. M.; Abraham, M. H.; Taft, R. W.; Harris, J. M. 

J. Chem. Soc., Perkin Trans. 2, in press. 
15. Kevill, D. N.; Kim. C. B. J. Org. Chem. 1974, 39, 3085. 

R E C E I V E D for review November 19, 1985. A C C E P T E D June 30, 1986. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
7 

| d
oi

: 1
0.

10
21

/b
a-

19
87

-0
21

5.
ch

01
7

In Nucleophilicity; Harris, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1987. 



18 
Nucleophilicities of Aqueous, Alcoholic, 
and Acidic Media 

T. W. Bentley 

Department of Chemistry, University College of Swansea, Singleton Park, 
Swansea SA2 8PP, Wales 

The development of quantitative scales of solvent nucleophilicity 
based on solvolysis reactions is reviewed. Effects of solvent nu
cleophilicity are illustrated by product studies, by correlations of 
kinetic data, and by quantitative estimates of competing nucleophilic 
pathways, including competing solvent-assisted and anchimerically 
assisted pathways. The problem of separating quantitatively the nu
cleophilic and electrophilic solvent contributions to reactivity is dis
cussed. Recent results on the nucleophilicities of aqueous sulfuric 
acid mixtures are presented. 

/JLQUEOUS MEDIA PROVIDE ECONOMICAL SOLVENTS for a wide range of 
organic reactions. Organic cosolvents (alcohols, acetone, and dioxane) may 
be added to aid solubility, and acids or bases may also be present. Reactivity 
in pure water is of interest in both chemistry and biology. Reactions in pure 
organic solvents (alcohols and carboxylic acids) are also important, and the 
reactions discussed here will all involve solvolysis (equation 1) of a substrate 
(RX) with a large excess of solvent (SOH). 

These reactions are also of considerable academic importance because stud
ies ( i , 2) of solvolytic reactions have led to important contributions to the 
mechanistic principles of organic chemistry. 

Experimental Section 

Rates and products of solvolytic reactions (equation 1) were obtained by standard 
NMR or high-performance liquid chromatographic (HPLC) methods. Rates of reac
tions were also monitored from the appearance of acid (HX, equation 1), determined 
by the change in conductance of the solution or by titrimetric methods. For anions 
X~ containing a suitable chromophore, reaction rates were monitored by the change 
in UV spectrum of the solution. The chemicals required for this study were either 

R X + S O H > ROS (or alkene) + H X (1) 

0065-2393/87/0215-0255$06.00/0 
© 1987 American Chemical Society 
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( I ) (ID 

commercially available or prepared by standard methods. Particular attention was 
given to solvolyses of 1- and 2-adamantyl substrates (I and II, respectively). 

Results and Discussion 

Solvent Dependence of Reactivity. Solvolysis reactions were investi
gated to obtain structure-reactivity relationships, but these studies were 
complicated by the solvent dependence of relative rates (Table I). These 
results show a 10 1 0 variation in relative rates of solvolyses of methyl and 2-
adamantyl tosylates (2-AdOTs) in trifluoroacetic acid (TFA) compared with 
those of ethanolysis. Even for two secondary systems, relative rates for 
2-AdOTs-(CH 3 ) 2 CHOTs vary from 36 in trifluoroacetic acid to 0.0011 in 
ethanol (4). Hence, separate intrinsic structural effects must be separated 
from solvent-induced effects. 

Table I. Relative Rates of Solvolyses of Alkyl Tosylates 

Solvent 

k r e Z /or Alkyl Tosylates 

Solvent CH3OTs (CH3)2CHOTs 2-AdOTsa 

Ethanol 1 1 1 
Water 21 l . i χ 103 7.1 x 105 
Trifluoroacetic acid 2.2 X 1(H 64 2.1 x 106 

N O T E : Kinetic data are from references 3 and 4. 
a 2-Adamantyl tosylate (Π, X = OTs). 

The initial objective of our work was to quantify solvent effects (particu
larly solvent nucleophilicity) by adapting the Grunwald-Winstein equation 
(2) (5). In equation 2, k is the rate of solvolysis of a substrate (RX) in any 
solvent relative to 80% v/v ethanol-water (k0) and Y is the solvent ionizing 
power defined by m = 1.000 for solvolyses of tert-butyl chloride at 25 °C. In 
this chapter, a discussion of equation 2 and similar free-energy relationships 
is presented. At the time our work began (1969), in collaboration with 
Schleyer, mechanisms of solvolytic reactions were close to a "high" in contro
versy (6-8). More recent mechanistic developments (9-13) are not reviewed 
in detail here, but increased recognition of the importance of nucleophilic 
solvent assistance should be noted. 
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18. BENTLEY Nucleophilicities of Aqueous, Alcoholic, and Acidic Media 257 

log (k/ko)^ = mY (2) 

Two particularly significant new sources of experimental data have been 
developed during the past 20 years or so. Solvents of low nucleophilicity 
were examined, for example, T F A (14), trifluoroethanol (TFE) (15), and 
hexafluoroisopropyl alcohol (HFIP) (16, 17). Also, the field of gas-phase ion 
chemistry has expanded rapidly, and data on intrinsic gas-phase reactivity 
provide important supporting evidence for our interpretations of the kinetic 
data. 

Reactivity in Weakly Nucleophilic Media. In this section, evidence 
illustrating the unusual reactivity of the fluorinated alcohols T F E and H F I P 
will be discussed. Various physical properties have been summarized (18), 
including pKa values in water: for T F E , pKa = 12.37; and for HFIP, 
pKa = 9.30. H F I P is about 7 pKa units more acidic than isopropyl alcohol 
(18), presumably because of strong electron withdrawal by the C F 3 groups 
(J 9). This electronic effect also reduces the nucleophilicity or cation-solvating 
power of HFIP, and the reduced availability of the oxygen lone pair is 
reflected in the high first ionization energy of H F I P (12.35 eV) (10). The first 
ionization energy of T F E (11.7 eV) is 1.2 eV higher than that of ethanol (10). 
Probably, for any solvent, S O H , an effect reducing the nucleophilicity of the 
oxygen lone pair wil l also increase the tendency to ionize to S O " and H + or 
at least to form a hydrogen bond to a suitable acceptor. This relationship 
leads to complications in attempts to separate nucleophilic and electrophilic 
contributions by solvents. 

An analysis of the transport properties of alkali metal halides in T F E led 
to association constants, which were interpreted in terms of greater anion 
solvation by T F E than by ethanol and also less cation solvation by T F E (19). 
Despite evidence that chloride ion is strongly solvated by T F E , H C l is about 
15 times more soluble in ethanol than in T F E ; this result emphasizes the 
weak solvation of protons by T F E (19). Continuing this trend, alkali metal 
salts are very sparingly soluble in H F I P (18). 

For organic reactions in which positive charge develops on carbon, 
structural effects on reactivity are enhanced in weakly nucleophilic solvents 
(14). The effect of alkyl substitution on S N reactions can be quantified by the 
substituent parameter p*, which is much more negative in weakly nu
cleophilic media [e.g., T F A (14, 20), H F I P (4), or T F E (4)] than in "normal" 
alcohol solvents. Apparently in weakly cation solvating media, the electron 
demand for stabilization of positive charge is met from within the molecule 
[e.g., by enhanced electron donation from adjacent alkyl groups (4)]. 

In carbocation chemistry, attack by solvent on a reactive intermediate 
(R + or R + X ~ ) wil l lead to alcohols, ethers, or esters (equation 3, carbon 
attack) and to alkenes (hydrogen attack). If two solvents are in competition, 
attack by the more nucleophilic solvent might be expected to predominate. 
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258 NUCLEOPHILICITY 
However, some of these trapping reactions are very unselective, even for 
competition between azide ion and water (21). Apparently, solvent elec
trophilicity and bulkiness are significant at least when the selectivity is 
relatively low (22-24). Substantial (> 10-fold) differences in selectivity favor
ing water or ethanol over T F E are observed for a wide variety of solvolyses: 
for example, for p, p'-dichlorobenzhydryl chloride (25), benzoyl chloride 
(26), l-anisyl-2-methylpropen-l-yl tosylate (23), and some D-glucopyranosyl 
systems (27). To know the ethanol-TFE selectivity for strongly solvent 
assisted S N 2 processes (e.g., for solvolyses of methyl substrates) would be 
interesting, but these data are currently unavailable. 

R + X " + S O H > ROS + H X (3) 

In some cases, nucleophilic attack by solvent may be an undesired 
reaction pathway, but a protic solvent of high ionizing power may be required 
to provide adequate heterolytic reactivity or electrophilic catalysis. Exam
ples include many cyclizations and reactions involving neighboring group 
participation (kA processes) (28, 29). Suitable solvents include T F E (30-37), 
H F I P (35-38), aqueous sulfuric acid (39), and carboxylic acids (28, 29). 

Suppression of competing nucleophilic pathways, by changing from 
normal solvents to fluorinated alcohols, provided evidence for homoallylic 
participation (40). For solvolyses of cyclohexen-4-yl tosylate (equation 4), the 
substitution product (IV) is important, but the bicyclic product (V) is formed 
in significant quantities in H F I P (Table II). The stereochemistry of the 
substitution product (IV; Table II) supports the interpretation that a displace
ment of solvent with inversion of stereochemistry (ks process) occurs in 
nucleophilic media, changing to a homoallylic (fcA) process with retention of 
stereochemistry in HFIP. In acetic acid, the &Δ process is just beginning, and 
in formic acid, the ks and &Δ processes occur about equally. 

c r — cr • j o » 
(III) (IV) (V) 

Product data cited previously (26, 35-37, 41) support independent 
evidence from kinetic studies (Table III) that H F I P is even less nucleophilic 
than T F E . Solubilities of alkali metal salts show the same trend in cation 
solvating power (18, 19). These diverse results warrant emphasis because 
Abraham et al. have implied (42) that the solvatochromic parameter β is a 
measure of solvent nucleophilicity. However, the β values for T F E and H F I P 
are both zero (43), and the relationship between β and solvent nu
cleophilicity is therefore questionable. 
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18. BENTLEY Nucleophilicities of Aqueous, Alcoholic, and Acidic Media 259 

Table II. Yield (Percent) and Stereochemistry of Products of 
Solvolyses of Cyclohexen-4-yl Tosylate (III) in Solvents of 

Various Nucleophilicity and Ionizing Power 

Substitution, IV 
Solvent Cyclization, V (% Retention) 
70% Dioxane-water a - a (0) 
Acetic acidfc <3 20 (17) 
Formic acid <3 58 (40) 
HFIP 10 65 (100) 
N O T E : Data are from reference 40. 
a Quantitative data were not obtained. 
b The major products are alkenes. 

Table III. Comparison of Scales of Solvent Nucleophilicity 

Solvent Ν a log (k/k0) Et3o+PF6

b 

C H 3 C H 2 O H 0.00 0.55 0.46 
80% C H 3 C H 2 O H 0.00^ 0.00e 0.00 
C H 3 O H -0.04 0.64 0.58 
H 2 0 -0.44<* -1.01 -0.87 
C H 3 C 0 2 H -2.35 -1.42 -1.34 
H C 0 2 H -2.35 -1.71 -1.61 
97% TFE -2.79 -2.28 -2.22 
97% HFIP -4.27 e e 

TFA -5.56 e e 

a From reference 3. 
h From reference 60. 
c By definition. 
d From reference 61. 
e Not determined. 

Quantitative Scales of Solvent Nucleophilicity. Solvolytic studies in 
solvents of low nucleophilicity led to renewed interest in quantitative meas
ures of solvent nucleophilicity. Peterson and Waller (44) derived a scale of 
solvent nucleophilicity (N P W ) from the rates of displacement by solvent of 
tetramethylenehalonium ions (VI) in liquid sulfur dioxide. The reaction is 
approximately half-order in carboxylic acid, possibly because dimer-
monomer preequilibrium occurs (44). More recently, hydrolysis of the 
iodonium salt (VIII) in competition with anionic or solvent nucleophiles was 
studied. A scale of nucleophilicity relative to water was obtained by quan-

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
7 

| d
oi

: 1
0.

10
21

/b
a-

19
87

-0
21

5.
ch

01
8

In Nucleophilicity; Harris, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1987. 



260 NUCLEOPHILICITY 

π ·Ηίο+β°Η» η - Γ ι 
^ Ι ^ ^ Ο Η ^ 1 ^ O S 

(VIII) (IX) (Χ) 
titative analysis of the products (IX and X) (45). These values varied 1 order of 
magnitude in the order C H 3 C H 2 O H > H C 0 2 H > ( C H 3 ) 2 C H O H > H 2 0 > 
C H 3 C 0 2 H > ( C H 3 ) 3 C O H and are not directly comparable with those de
fined for pure solvents. 

Our approach was developed from a plot of logarithms of rate constants 
for methyl tosylate versus Y values. This method can be illustrated by the 
plot (Figure 1) versus Y Q T S ' a scale of solvent ionizing power based on 
solvolyses of 2-adamantyl tosylate (II, X = OTs) (3). The normal alcohols, 
water, and alcohol-water mixtures form a line of similar slope to a line joining 
the data points for acetic and formic acids (Figure 1). The slope of these lines 
is approximately 0 3 , which was assumed (3, 46) to be the sensitivity of 
solvolyses of methyl tosylate to solvent ionizing power (m value, equation 1). 

ο 

ο 

0 
<υ 
03 

r— 
>> , 
to 1 
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eu 

s-
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M- -3 

Ο 
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• n o , , E t ° H 
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• 80% Et0h/Ho0 
• MeOH 2 

50% EtOH/H20 

* 2 o 

HC02H 

AcOH CF3CH20H 

97% (CF3)2CH0H/H20 

CD 
Ο 

CF3C02H| 

YOTs ( 2 5 ° C > 
Figure 1. Correlation of logarithms of rate constants for solvolyses of 

methyl tosylate versus YOTs (data from reference 3). 
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18. BENTLEY Nucleophilicities of Aqueous, Alcoholic, and Acidic Media 261 

This conclusion was supported by Peterson and Wallers data (44) showing 
that acetic and formic acids reacted at about the same rate with the chlo-
ronium ion (VI). Solvent nucleophilicity (N) could then be obtained by 
rearrangement of the extended Grunwald-Winstein equation (47): 

log(*/* 0)Rx = IN + mY (5) 

Defining I = 1 for the sensitivity of solvolyses of methyl tosylate to solvent 
nucleophilicity gave 

Ν = log ( * / y c H 3 0 T s - 0.3Y (6) 

The modern definition of Ν values is based on Y 0 T s values (3) and is 
referred to as N n T _ : 

N 0 T s = log ( fc /g C H 3 OTs - 0 . 3Y O T s (7) 

The evolutionary process to equation 7 was not so straightforward as 
implied previously. When the work on Ν values began (1970), we were still 
using the original Grunwald-Winstein Y values (5), because evidence justify
ing their continued use for most solvents had just appeared (48). The Ν 
values we reported in 1972 were referred to as N B S and were calculated from 
equation 6 with original Y values except for C F 3 C 0 2 H (46). In the 1976 paper 
(3), N 0 T s values (equation 7) were reported along with an additional set of Ν 
values calculated by using Y values (equation 6). We now consider that Y 
values are unsuitable because solvolyses of tert-butyl chloride are weakly 
(but significantly) sensitive to solvent nucleophilicity (49-52). Consequently, 
only NOTs values are now recommended, and only these values have been 
used in our subsequent correlations (3, 49, 73). Another advantage of Y O T s is 
that solvent effects attributed to the tosylate leaving group are incorporated 
into the Y 0 T s values. 

Scales of solvent ionizing power for other leaving groups are currently 
being developed (49, 53-58), but whether different Ν scales are required for 
different leaving groups is not yet clear. A shortage of experimental data for 
solvolyses of methyl halides in a wide range of solvents exists—these data are 
difficult to obtain because of the low reactivity of methyl substrates. Sol
volyses of acid chlorides (e.g., benzoyl chloride and p-nitrobenzoyl chloride) 
show greater reactivity and greater sensitivity to solvent nucleophilicity (59), 
but acid chlorides are less satisfactory model compounds because they 
appear to react by at least two competing mechanisms (26). 

An alternative set of Ν values was reported by Kevill and L in ( N K L 

values) (60). As with N O T s , the iN/mY equation (5) is employed, but the 
model substrates required to define the parameters are positively charged. 
Solvolyses of triethyloxonium hexafluorophosphate and tert-butylsulfonium 
ion define NK1 values: 
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262 NUCLEOPHILICITY 
log ( * / g ( C H 3 ) C S + ( C H 3 ) 2 = Y + (8) 

^ K L = l o g ( ^ O ) ( C H 3 C H 2 ) 3 O + P F 6 - - 0.55Y + (9) 

For these solvolyses, the Y + scale (equation 8) is compressed relative to the Y 
scale (equation 10) (59), so the mY correction term (e.g., in equations 6 and 7) 
is greatly reduced. 

Y + = -0 .09Y (10) 

The m value of 0.55 (equation 9) was obtained from preliminary NKL data and 
equation 11. Hence, the N K L scale is based on I = 1 for solvolyses of ethyl 
substrates, whereas the N 0 T s scale is based on I = 1 for solvolyses of methyl 
substrates. For this reason alone, the N K L scale would show a lower range of 
values than N 0 T s (see Table III). 

log (*/fc 0)cH 3CH 2OTs = NKL + M Y (N) 

Comparisons between IV K L and N O T s are further complicated by the 
choice of m values and by leaving group effects. Kevill and Rissmann (62) 
suggested that the value of m = 0.3 (equations 6 and 7) is too low and that 
differences between N K L and N 0 T s values could be reconciled if a higher m 
value (e.g., 0.55) were used. In contrast, the m value of 0.55 quoted in 
equation 9 is not critical because of the low range of Y + values. Also, the Y + 

scale partly reflects nucleophilic solvent participation (51), and removal of 
the 0.55Y+ term from equation 9 may be preferable (62). The similarity of 
values of N K L and log ( ^ / ^ O ) ( C H 3 C H 2 ) 3 O + P F 6

_ C A N D E S E E N ^ r o m Table III. 
Some surprising consequences and limitations of this evidence (60, 62) 

should be considered. Product data (22-27, 30-37) do not support the 
implications from NKL values (Table III) that the difference in nucleophilicity 
between C H 3 C H 2 O H and H 2 0 is the same as that between H 2 0 and 97% 
T F E , although nucleophilicities of binary aqueous mixtures are only approxi
mate guides to the nucleophilicities of the pure solvents. The revised m 
value, tentatively suggested for methyl [0.5 (60) or 0.55 (62)], is surprisingly 
close to the unequivocal m value for solvolyses of 2-endo-norbornyl tosylate 
[XI, m = 0.69 ± 0.02 (4)]. Replacement of m = 0.30 by m = 0.55 (equation 

O T s 

(XI) 
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18. BENTLEY Nucleophilicities of Aqueous, Alcoholic, and Acidic Media 263 

6) substantially reduces the Ν values for 97% H F I P and T F A (revised N 0 T s 

values would then be —5.2 and —6.7, respectively). These values could be 
compared with those derived from data for positively charged leaving groups 
(63). 

Separation of Nucleophilic and Electrophilic Contributions to Solva
tion Effects. The discussion on the appropriate choice of m value for the 
i V O T s scale (equation 7) is part of a more general problem of dissecting the 
nucleophilic contributions (corresponding to the IN term in equation 5) and 
electrophilic contributions (included in the mY term in equation 5) to solvent 
effects. When a substrate reacts by a nucleophilically solvent assisted path
way, m decreases and I increases, often in a uniform manner (equation 12). 
Schadt et al. proposed (3) that an increase in nucleophilic assistance (increase 
in t) caused derealization of positive charge, which led to a decrease in m. 
Al l of the deviations from the rates expected for SN1 (kc) reactivity were 
attributed to nucleophilic solvent assistance (3); Schadt et al. (3) assumed 
that m values for kc processes would be the same as for 2-adamantyl (H), and 
more recent data for 1-adamantyl (I), 1-adamantylmethylcarbinyl, and 1-
bicyclo[2.2.2]octyl tosylates support this assumption (4, 53). 

/ = (1 - m)/0.7 (12) 

A more complex alternative explanation can be illustrated by assuming 
that Y values should be dissected into two terms, π * for dipolarity-polar-
izability and α for hydrogen-bond donation. Therefore, SN1 substrates with 
the same leaving group may differ in sensitivity to α (i.e., to electrophilic 
assistance) (64). We now have sufficient data to test this proposal. The 
fluorinated alcohols (TFE and HFIP) have high α values, but these alcohols 
do not show a n o m a l o u s b e h a v i o r i n p lo t s of Y C L , YΒϊ9 Y L 5 

Y Q C I O 3 ' ^OTS> a n d p̂icrate ( a^ based on solvolyses of either I or II) (54, 58). 
Probably, differences in electrophilic assistance for adamantyl substrates over 
this wide range of leaving groups would be greater than differences in 
electrophilic assistance for two substrates having the same leaving group. 
Therefore, apparently electrophilic assistance and general electrostatic ef
fects can be satisfactorily included in the mY term of equation 5. This 
conclusion is particularly important for the extension of our solvolytic studies 
to aqueous acidic media. 

To avoid oversimplification, we note that changes in m values can occur 
independently of changes in I values when charge derealization occurs 
either within the carbocation [e.g., solvolyses of benzyl substrates (3, 65, 
66)] or within the anionic leaving group [e.g., solvolyses of picrates (58)]. (It 
has recently been shown (74) that solvolyses of benzyl tosylate do fit equation 
12 satisfactorily.) Such effects appear to be general electrostatic as opposed to 
specific electrophilic or nucleophilic. These effects can be observed in a 
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264 NUCLEOPHILICITY 
range of methanol-water mixtures for which changes in electrophilic as
sistance are less likely than for T F E and H F I P [the α values (43) are for 
C H 3 O H 0.93, for H 2 0 1.17, for T F E 1.51, and for H F I P 1.96]. 

Steric Effects on Solvent Nucleophilicity. The N 0 T s values (Table III) 
show that T F A is, by this measure, less nucleophilic than H F I P As the rate 
ratios 2-AdOTs:(CH 3 ) 2 CHOTs in T F A and 97% H F I P were very similar, we 
initially proposed (17) that solvolyses of (CH 3 ) 2 CHOTs in these two weakly 
nucleophilic solvents were kc processes. More detailed studies (4, 50) later 
showed that solvolyses of secondary tosylates in 100% H F I P were closer to 
limiting (kc) than those in T F A . This apparent reverse of the order of 
nucleophilicity could be caused by steric effects (50), which could also 
contribute to the lower precision of the iN/mY equation (5) in correlations of 
rate data for secondary substrates; for example, for 2-propyl tosylate, sol
volyses in T F E and H F I P are predicted to be slower than observed, whereas 
reaction in C F 3 C 0 2 H is predicted to be faster than observed (3). 

Although steric effects on nucleophilicity are difficult to quantify, the 
following two examples further illustrate results that appear to be caused 
primarily by steric effects on nucleophilicity. Rearrangement of 1 5N-labeled 
benzenediazonium tetrafluoroborate (equation 13) occurs in competition 
with dediazoniation. The overall rate of dediazoniation shows a low sensi
tivity to changes in solvent, even from water and fluorinated alcohols to 
F S 0 3 H (67). As might be expected, dediazoniation is slightly faster in T F E 
and H F I P than in F S 0 3 H (68). Remarkably, the extent of rearrangement 
after 70% dediazoniation follows the order H F I P > T F E > F S 0 3 H > H 2 Q 
and probably steric effects contribute significantly to this order (68). Steric 
factors also might explain the preference for equatorial attack in the order 
H F I P > T F E > H C 0 2 H , following 1,3-hydride shifts in substituted 
cyclohexyl cations (69). Steric effects were emphasized by McManus (70), 
who compared ionization potentials (IP) and Ν values with proton affinités 
(PA) in the series H 2 0 , C H 3 O H , C H 3 C H 2 O H , ( C H 3 ) 2 C H O H , and 
( C H 3 ) 3 C O H . A plot of IP versus PA was linear, but a similar plot of Ν values 
showed deviations (rate retardation) for the more sterically hindered alcohols 
[ ( C H 3 ) 2 C H O H and ( C H 3 ) 3 C O H ] . 

C 6 H 5 - N + = 1 5 N > C 6 H 5 - 1 5 N + = N (13) 

Solvent Effects on Competing Nucleophilically Solvent Assisted (ks) 
and Anchimerically Assisted (&Δ) Processes. Schleyer et al. s work (8) on 
solvolyses of 2-adamantyl (II) arose from earlier studies (71) of the competi
tion between ks and kA processes in β-arylalkyl systems (XII and XIII). 
Apparently, no crossover occurred between the two processes, because 
rate-product correlations were observed. Hence, any cationic intermediates 
in the ks process must be sufficiently strongly solvated to prevent attack by 
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18. BENTLEY Nucleophilicities of Aqueous, Alcoholic, and Acidic Media 265 

the β-aryl group. This work led subsequently to a substantial upward revision 
in estimates of the extent of nucleophilic assistance in acetolysis and for-
molysis, two of the classical solvolytic processes. 

A r C H 2 C H 2 X A r C H 2 C H X C H 3 

XII XIII 

Competition between ks and kA processes is strongly dependent on 
solvent nucleophilicity. Comparing solvolyses of XII with the nonparticipat-
ing model ethyl tosylate shows a 7500-fold change in relative rates from 
ethanol to TFA; the corresponding change for XIII compared with 2-propyl 
tosylate is 100-fold. The ks and &Δ processes were first separated by plotting 
the observed rates kt versus Hammett σ values for a wide range of aryl 
substituents. Deactivated systems reacted exclusively by the ks pathway. 
Although activated systems reacted extensively by the £ Δ pathway, the 
contribution of the ks pathway could be obtained by an iterative procedure 
based on a linear extrapolation of the data for deactivated systems (72). 

After the ks and kA contributions in each solvent were separated, the 
kinetic data for XII could then be correlated to give equations 14 and 15. 

log (kjks°) = 0.33Y + 0.78N (14) 

log (kJkA°) = 0.67Y (15) 

Inclusion of an IN term in equation 15 gave a small negative I value (-0.05) 
with only a slight improvement in the correlation. Similarly, for the second
ary system (XIII), equations 16 and 17 were obtained. 

log (kjks°) = 0.50Y + 0.46N (16) 

log ( W ) = 0.82Y (17) 

Surprisingly, inclusion of an IN term in equation 17 gave a sizable negative I 
value ( — 0.23), although again no great improvement in the correlation 
occurred. As these results are based on data for only five solvents and 
considering the need to dissect the ks and £ Δ contributions, the negative I 
value may not be significant. The equations for the ks processes (14 and 16) 
give m and I values similar to those for solvolyses of ethyl tosylate and 2-
propyl tosylate in the same solvents (72). These equations (14-17) imply that 
both increases in Y and decreases in Ν will favor &Δ more than ks processes, a 
situation attainable with aqueous sulfuric acid (39). Other dissections of ks 

more than kA processes have also been reported (32). 

Solvolyses in Aqueous Sulfuric Acid. Kinetic data (73) for solvolyses of 
CH 3 OTs and XI and derived values of N O T s and Y 0 T s are shown in Table IV. 
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266 NUCLEOPHILICITY 
Table IV. Kinetic Data for Aqueous Sulfuric Acid 

Rate Constants, KM'-V 
% H2SOf CH3OTs* XIe Ν d Y e 1OTs 

0 1.39 1.19 -0.44 4.10 
30 0.64 2.65 -0.87 4.43 
50 0.18 6.4 -1.57 4.90 
60 0.08 15 -2.02 5.29 
70 0.05 62 -2.5 6.1 

a Percent w/w H 2S0 4-H 20. 
b At 50 °C. 
c Mesylate at 25 °C. 
d Calculated from equation 7. 
e Calculated by assuming log (k/k0) for XI = 0.72YOTs + 0.05ΝΟτν 

These results show substantial increases in Y O T s and decreases in 2V 0 T s as the 
concentration of sulfuric acid increases. Quantitive dissections of &Δ and ks 

have been attempted (73). 
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Nucleophilicity Studies of Reactions 
in Which the Displaced Group 
Is a Neutral Molecule 

Dennis N. Kevill, Steven W. Anderson, and Edward K. Fujimoto 

Department of Chemistry, Northern Illinois University, DeKalb, IL 60115 

A comparison of the rates of solvolysis of the tert
-butyldimethylsulfonium ion and the 1-adamantyldimethylsulfonium 
ion presents strong evidence that the solvent dependence of the tert
-butyldimethylsulfonium ion solvolysis rates is governed primarily by 
solvent nucleophilicity effects. Leaving-group contributions based 
upon 1-adamantyldimethylsulfonium ion solvolyses are better incor
porated into the establishment of the solvent nucleophilicity scale 
based upon triethyloxonium ion solvolysis. Alternative solvent nu
cleophilicity scales based upon the solvolysis of S-methylbenzo-
thiophenium ions are discussed. Analyses of the extent of nucleophilic 
participation by the solvent in the solvolyses of methyldiphenyl-
sulfonium and benzhydryldimethylsulfonium ion will be presented. 
The relative nucleophilicities of various anionic and neutral nu-
cleophiles toward the triethyloxonium ion in ethanol have been deter
mined. 

JL HEORETICAL TREATMENTS OF S N 2 REACTIONS, in the presence of solvent 
molecules, using statistical mechanics simulations involving a large number 
of water molecules ( i , 2) or quantum mechanics calculations involving a few 
water molecules (3, 4\ are in their infancy. As an alternative, the roles of 
solvent nucleophilicity (N) and solvent ionizing power (Y) during solvolysis 
reactions can be treated in terms of a linear free energy relationship (LFER). 
In 1951, Winstein et al. (5) put forward equation 1 for the correlation of 
solvolysis rates of neutral substrates. In equation 1, k and k0 represent the 
specific rates of solvolysis of a substrate in a given solvent and in the standard 
solvent (80% ethanol), and / and m are measures of the sensitivity of the 

0065-2393/87/0215-0269$06.00/0 
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270 NUCLEOPHILICITY 
solvolysis of a given substrate toward changes in Ν and Y values. This 
equation can be considered as an extension of an earlier equation (without 
the IN term) put forward (6) to correlate the rates of unimolecular solvolyses. 

log (k/k0) = IN + mY (1) 

Recently, Swain et al. (7) have put forward equation 2, where Alog k is 
the incremented log k relative to the lowest value in the series, A and Β are 
measures of solvent electrophilicity and nucleophilicity, and a, b, and c are 
determined by details of the solvolysis under consideration. Although this 
equation appears to have an advantage over equation 1 in that A and Β values 
can be obtained without the study of solvolysis reactions, use of such values 
frequently leads to unreasonable predictions (8). 

Alog k = aA + bB + c (2) 

For the analysis of S N1 solvolyses, Abraham et al. (9) have proposed an 
equation (equation 3) based on sensitivities toward solvatochromatic proper
ties. In equation 3, π * is a measure of solvent dipolarity-polarization, α is a 
measure of solvent hydrogen bond donor acidity, and β is a measure of 
solvent hydrogen bond acceptor basicity. More recently, a term governing 
cavity effects has been added, and this term is considered to represent an 
important contribution (10, 11). The cavity term can be directly related to 
the square of the Hildebrand solubility parameter (10-12). A similar analysis 
by Koppel and Palm (13, 14) involves terms governed by solvent polarity, 
solvent polarizability, electrophilic solvation ability, and nucleophilic solva
tion ability. Recently, a cavity term has also been added to this analysis (12). 

log k = log k0 + sir* + aa + &β (3) 

For situations where solvent nucleophilicity may be a factor, Kevill (8) 
favors the use of the extended Grunwald-Winstein equation (equation 1). 
Scales of i V 0 T s and Y O T s values based upon the use of methyl tosylate and 2-
adamantyl tosylate as model S N 2- and SNl-reacting substrates have been 
developed (15, 16). Also Y scales have been developed for other anionic 
leaving groups using 1-adamantyl or 2-adamantyl derivatives (17-19), where 
S N 2 reaction is impossible or severely hindered. 

Solvolyses of tert-Butyl Derivatives 

When a scale of Y c l values (17) was used together with N O T s values within 
equation 2, an I value of 0.30 was determined for terf-butyl chloride sol
volysis. An S N 2 (intermediate) mechanism, involving both an intermediate 
and covalent interaction by a nucleophilic solvent molecule, was proposed 
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19. KEVILL ET AL. Neutral Molecule as a Displaced Group 271 

(17). Abraham et al. (9) and Dvorko et al. (12) suggested that the data can be 
alternatively rationalized by assuming that the moderate differences in the 
response of specific rates to solvent variation between 1-adamantyl chloride 
and tert-butyl chloride arise not from a higher response to changes in solvent 
nucleophilicity for tert-butyl chloride but from a higher response to changes 
in solvent electrophilicity for 1-adamantyl chloride. The basis for this alter
native explanation is the covarience between the Ν and Y scales usually 
observed for a binary solvent system. However, the proportionality factor 
involved in the covarience varies widely with the system, even changing 
from negative to positive, and by a judicious choice of standard solvents, 
including solvents from different systems, problems associated with 
covarience can be avoided (15, 20, 21). 

In an analysis of the solvolysis of tert-butyl chloride in terms of equation 
3, Abraham et al. (9) found that the specific rates could be correlated against 
π * and a, without the need to include a term relating to basicity (β) values. 
However, a new analysis with inclusion of the cavity term has indicated (11) a 
minor contribution from the 6β term. Conversely, an analysis (12) in terms of 
the Koppel-Palm equation, with inclusion of a cavity term, did not find any 
dependence on nucleophilicity (basicity). 

The situation regarding the analysis of tert-butyl chloride solvolyses in 
terms of a L F E R is clearly confused, a general acceptance of the beliefs that, 
at most, only a minor contribution arises from the term governed by solvent 
nucleophilicity and that the dominant contribution is from a combination of 
solvent dipolarity-polarizability, and that electrophilic solvation exists. 

We reasoned that the best approach toward estimating the extent of 
nucleophilic assistance during solvolysis of tert-butyl derivatives was not to 
try to refine the existing L F E R treatments (7, 9, 11-13, 17) by use of more 
sophisticated parameters or by addition of further parameters. Instead, the 
type of substrate studied should be changed in a manner that would remove, 
or greatly reduce in magnitude, the factors that dominate when the leaving 
group is anionic. An excellent substrate for such a study is the terf-butyldi-
methylsulfonium ion (f-BuSMe 2

+ ), conveniently used in conjunction with 
the essentially nonnucleophilic (22) trifluoromethanesulfonate (triflate) 
anion. Solvolysis of this cation will proceed with charge dispersal at the 
transition state and with ejection of a neutral molecule. This ion had been 
studied in a variety of solvents (23), and with the notable exception of the 
acetolysis, an approximately linear relationship, showing small rate reduc
tions with increasing Y values, was found (m ~ —0.09). The data were 
interpreted in terms of the Hughes-Ingold concept, with increased solvent 
polarity preferentially stabilizing the more intensely charged initial state, 
which led to a reduction in the rate. A l l of the binary systems studied were of 
the type where an increase in the Y value is accompanied by a decrease in 
the Ν value. We extended the study to 2,2,2-trifluoroethanol (TFE)-contain-
ing solvents (24, 25), and in particular, we studied T F E - H 2 Q mixtures, 
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272 NUCLEOPHILICITY 
which are unusual in that both Ν and Y values increase together (26). Kevill 
et al. (25) found for T F E - H 2 0 mixtures that the rate increased with increas
ing Y values (Figure 1). A rationalization of the variation in rates with solvent 
composition, consistent with all of the data, is that the specific rates increase 
with increasing solvent nucleophilicity. Consistent with this idea, acetic and 
formic acids, having very similar Ν values (15, 27) but very different Y values 
(15, 28), gave specific rates of solvolysis of £-BuSMe 2

+ that were very similar 
(8.10 X l O ^ s " 1 for acetolysis and 6.78 Χ 10" 6 s"1 for formolysis, at 50.0 °C). 
When specific solvolysis rates were plotted logarithmically against NKL val
ues (29), some lateral dispersion was found but the slopes of the plots (25) for 
a given binary system were around 0.35, consistent with the value estimated 
for tert-butyl chloride solvolyses (17). 

y 
Figure 1. Grunwald-Winstein plot for the solvolysis of the t-BuSMe2

+ ion. 
The line represents the best fit to the data of reference 23 (excluding 

acetolysis). The points represent our data for the solvolysis of 
t-BuSMe2

+OTf~ at 50.0 °C. 

Solvolyses of the 1-Adamantyldimethylsulfonium Ion 

If the relative rates of £-BuSMe 2

+ solvolyses are indeed governed by solvent 
nucleophilicity, then a study of 1-adamantyldimethylsulfonium ion (1-
A d S M e 2

+ ) solvolyses (equation 4) should show quite different characteristics, 
because specific nucleophile solvation from the rear is prevented by the cage 
structure. 
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19. KEVILL ET AL. Neutral Molecule as a Displaced Group 273 

•SMe2 OR 

+SMe 2 *ROh£*S0 3 CFâ (4) 

SO3CF3 

(1-AdSMeî) 

The specific rates of solvolysis have been found to vary very little with 
the solvent. For 41 solvent systems, the specific rates at 70.4 °C varied only 
by a factor of less than 7, from 1.09 X 1 0 - 6 s _ 1 in tert-butyl alcohol to 7.09 X 
10" 6 s - 1 in 97% hexafluoroisopropyl alcohol (HFIP). This lack of variation is 
even more remarkable considering the large temperature dependence, as 
reflected in enthalpies of activation of approximately 35 kcal/mol. Reasonable 
rates are observed at moderate temperatures only because of entropies of 
activation of approximately +18 eu. 

For each binary mixture within which both £-BuSMe 2

+ and l - A d S M e 2

+ 

were s tudied ( T F E - E t O H , T F E - H 2 0 , E t O H - H 2 0 , M e O H - H 2 0 , 
ace tone-H 2 0, and d ioxane-H 2 0) , the specific rates of solvolysis of 1-
A d S M e 2

+ always showed a variation with change in solvent composition in 
the opposite direction to that for £-BuSMe 2

+ . Further, the rate variations 
were more modest for l - A d S M e 2

+ . These observations can be rationalized in 
terms of an effect related to the Hughes-Ingold concept but with solvent 
nucleophilicity substituted for the more generalized concept of solvent polar
ity. For both substrates, the effect will favor a reduction in rate with in
creased solvent nucleophilicity because of a larger stabilizing effect at the 
more intensely charged initial state. However, for f -BuSMe 2

+ solvolyses, this 
effect is outweighed by an additional effect involving specific nucleophilic 
solvation of the developing carbenium ion, an effect prevented for 1-
A d S M e 2

+ solvolyses by the cage structure. For positively charged tert-butyl 
substrates, nucleophilic assistance from the solvent is the dominant influ
ence in determining solvent composition induced changes in specific rates, 
whereas nucleophilic assistance was only a minor factor for neutral tert-butyl 
substrates. 

Another feature supporting the importance of nucleophilicity is the 
observation that the ratio of specific solvolysis rates (^-Bux^i-Adx) m 97% 
H F I P gives a ratio of 2.56 (at 25 °C) for X = Br (30) and 2.60 (at 70.4 °C) and 
2.71 (at 49.7 °C) for X = SMe 2+. Electrophilic solvation would not be 
expected to be a factor for a positively charged leaving group, and the 
similarity of the specific rate ratio for X = S M e 2

+ or X = Br suggests that it 
is also not an important factor when X is a halogen; that is, f-BuCl and 1-
AdCl have similar responses to solvent electrophilicity. The value of approx
imately 2.6 can then be considered as a base point, perhaps reflecting a 
slightly better nonspecific nucleophilic solvation of the t-BuX relative to that 
from 1-AdX. The ratio then increases for either X = S M e 2

+ or C l as the 
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274 NUCLEOPHILICITY 
nucleophilicity of the solvent increases, because of the incursion of specific 
nucleophilic assistance for t-BuX substrates, but not for 1-AdX substrates. I£ 
as an alternative, the low ratio in 97% H F I P is ascribed as being due to a 
higher response to solvent electrophilicity for 1-AdCl relative to f-BuCl (9; 

12), then the similar ratio observed for the comparison with the terf-alkyldi-
methylsulfonium salts is difficult to explain. 

Solvent Nucleophilicity Scales Based upon R-X+ Substrates 

Kevill and L in (29) pointed out several years ago that solvent nucleophilicity 
scales are best developed by using a positively charged substrate, because 
the modified form required for the extended Grunwald-Winstein equation 
(equation 5) has solvent ionizing power (Y) replaced by a measure (Y +) of the 
influence of a given solvent upon the leaving-group ability of an initially 
positively charged leaving group. Because the range of Y + values is much 
narrower than that of Y values, any errors in solvent nucleophilicity scales are 
reduced due to an incorrect estimate being made of the m value. 

Kevill and L in developed (29) an N K L scale of solvent nucleophilicities 
using equation 6. 

log (k/k0) = IN + m Y + (5) 

N K L = log ( f c / g E t 3 0 + - 0 .55Y+, B u S M e 2 + (6) 

Two reasons led to the choice of f -BuSMe 2

+ : the analogy with the use of tert-
butyl chloride to establish the traditional Y scale (6) and the observation that 
several of the required values were available in the literature (23). Clearly, 
this choice was not good, and, indeed, the m Y + corrections (fortunately 
small) were in the wrong direction. The required Y + scale is better based on 
l - A d S M e 2

+ solvolyses, and we have developed a revised scale (NKL'), defined 
as in equation 7. The 0.55Y + term is, however, now so small that to a very 
good degree of approximation log (fc/&0)Et3O+values can be directly used as a 
solvent nucleophilicity scale (designated NEtp+). Indeed, NKL' and NEt3Q+ 
values, for 34 solvents (Table I), correlate very well (r = 0.9958) with each 
other: 

N K L ' = log (k/k0)EhO+ - 0.55 Y V A d S M ^ ( ?) 

NKL' = 1.06ΝΕψ+ - 0.042 (8) 

Either the N K L ' or the NEt^Q+ scale can do an excellent job of correlating 
the rates of both positively charged and neutral substrates. The logarithms of 
the specific rates of solvolysis of the N-(methoxymethyl)-N,N-dimethyl-ra-
nitroanilinium ion correlate linearly with NEt 0

+ values in aqueous ethanol 
and aqueous T F E with a value of 0.75 for tne slope (31). An analysis has 
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Table 1. Solvent Nucleophilicity Values Based upon the Solvolysis of the 
Triethyloxonium Ion at 0.0 °C. 

Solventab 
NEt30+C N K L ' d Solvent0* 

100% E t O H 0.55 0.56 80% dioxane - 0 . 1 0 -0 .04 

80% E t O H 0.00 0.00 70% dioxane -0 .24 -0 .22 

60% E t O H - 0 . 3 5 - 0 . 3 8 60% dioxane -0 .34 -0 .34 

40% E t O H - 0 . 6 4 - 0 . 7 0 40% dioxane - 0 . 6 0 - 0 . 6 0 

20% E t O H - 0 . 9 5 - 1 . 0 3 20% dioxane - 0 . 8 0 -0 .84 

100% M e O H 0.64 0.62 100% T F E - 2 . 1 7 -2 .42 

80% M e O H 0.19 0.14 97% T F E - 2 . 2 8 - 2 . 5 0 

60% M e O H - 0 . 2 5 - 0 . 3 0 90% T F E - 1 . 7 3 - 1 . 9 3 

40% M e O H - 0 . 4 9 - 0 . 5 6 70% T F E - 1 . 2 8 - 1 . 4 7 

20% M e O H - 0 . 8 8 - 0 . 9 6 50% T F E - 1 . 0 5 -1 .21 

95% acetone - 0 . 2 3 - 0 . 3 1 80% T-20% Ε -0 .92 - 1 . 1 0 

90% acetone - 0 . 1 2 - 0 . 2 0 60% T-40% Ε -0 .42 -0 .52 

80% acetone - 0 . 2 2 - 0 . 2 9 40% T-60% Ε - 0 . 0 5 -0 .12 

70% acetone - 0 . 3 6 - 0 . 4 2 20% T-80% Ε 0.41 0.38 

60% acetone - 0 . 4 6 - 0 . 5 2 100% H 2 0 -1 .01 - 1 . 1 5 

40% acetone - 0 . 7 1 - 0 . 7 8 100% A c O H -1 .42 - 1 . 4 6 

20% acetone - 0 . 8 6 - 0 . 9 6 100% H C 0 2 H -1 .71 - 1 . 7 3 

a O n a volume-volume basis (at 25.0 °C), except for T F E - H 2 0 mixtures, which are on a weight 
percentage basis. 

h Other component water, except for T F E - E t O H ( T - E ) mixtures. 
c Decimal logarithm of the specific rate of solvolysis of E t 3 0 + at 0.0 °C relative to the specific 

rate of solvolysis in 80% aqueous ethanol (values from references 24 and 29). 
d Defined according to equation 7, where Y+ is the decimal logarithm of the specific rate of 

solvolysis of l - A d S M e 2

+ at 70.4 ° C relative to the specific rate of solvolysis in 80% aqueous 
ethanol. 

recently been published comparing the use of ^Et 3 o + a n ( ^ N O X s , in conjunc
tion with Y 0 T s , for the correlation of the specific rates of solvolysis of allyl 
arenesulfonates (21). A minor source of irritation is that confusion can arise 
because I values based on the use of NKL' or NE^0+ values must be scaled 
before they can be compared with I values based on the use of A / 0 T s values. 
The need for scaling can be avoided by using a positively charged methyl 
derivative as the standard substrate. This usage will also have the advantages 
of maximizing the range of Ν values and minimizing steric interactions. 

We have recently completed a study, at 25.4 °C, of the solvolyses of S-
methyldibenzothiophenium trifluoromethanesulfonate (MeDBTh + OTf~) in 
37 solvents (equation 9): the 33 solvents studied for E t 3 0 + solvolysis plus four 
HFIP-containing solvents. A plot (Figure 2) shows that, for the 33 solvents 
studied with both substrates, a good linear plot is obtained when log (k/k0)Et 0+ 
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UJ 
Ο 

U) 
ο 

-2 

Ε φ * 

- 4 

<=0.69*Ό.04 
(0.77*0.03) 

r=0.962 
(0.971) 

-2 -1 

log(k/k 0)MeDBTh + 

Figure 2. A plot of log (k/k 0 J £ , o + (at 0 °C) against log (\dV0)MeDBTh+ 
(at 25 A °C). 

is plotted against log (k/k0)MeOBTh+. ^ n e ο η Ύ l a r ê e deviation is for the study in 
100% T F E , which has log (k/k0) values of -2 .17 for E t 3 0 + and of -4 .25 for 
M e D B T h + . The cause of this deviation is not known. For all solvents, the 
slope (/ value) is 0.69 ± 0.04 (r = 0.962) and, with omission of the data for 
100% T F E , the / value is 0.77 ± 0.03 (r = 0.971). 

Ο 
S ' 

•MeOR*ROH**S03CF3 (9) 

SO3CF3 
(MeDBTh4) 

Other SN2-reacting R X + - t y p e substrates have also been correlated 
against log (k/k0)MeOBTh+ (termed N M e D B T h + ) . The specific rates of solvolysis of 
the methyldiphenylsulfonium ion at 50.0 °C in 26 solvents led to an / value of 
0.86 ± 0.04 (r = 0.968). The specific rates of solvolysis of the S-methyl-
benzothiophenium ion, at 25.4 °C, in all of the 37 solvents studied for the 
M e D B T h + ion led to an excellent correlation, with an I value of 0.93 ± 0.02 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
7 

| d
oi

: 1
0.

10
21

/b
a-

19
87

-0
21

5.
ch

01
9

In Nucleophilicity; Harris, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1987. 



19. KEVILL ET AL. Neutral Molecule as a Displaced Group 277 

(r = 0.996). The S-ethyldibenzothiophenium ion, at 25.4 °C, in 11 solvents 
gave a linear correlation, with an I value of 0.97 ± 0.03 (r = 0.997). The data 
for the solvolysis of the A7-(methoxymethyl)-A7,A/-dimethyl-m-nitroanilinium 
ion (31) in six solvents gave, with inclusion of 100% T F E , an I value of 0.46 ± 
0.05 (r = 0.983) and, with exclusion of 100% T F E , an I value of 0.55 ± 0.04 
(r = 0.992). 

The lack of any need to include the mY+ term in correlations of the 
solvolyses of R X + substrates is nicely illustrated by the analyses presented in 
Table II. For each substrate, the / values and the correlation coefficients (r) 
are of essentially the same values, irrespective of whether log (fc/fc0)RX

+ is 
correlated with both Ν and Y + or only with N. Further, the m values follow 
no rational pattern and have extremely large associated standard deviations. 
The obvious conclusion is that the rates are adequately correlated by use of 
equation 10, where Ν can be represented by N K L ' , NEt^0+, NTh+ or N M e D B T h + . 
(A7Th

+ is defined in the same manner as 2VKL', but with M e D B T h + as the 
standard substrate). 

log (*/*oW = l N (1°) 

Table II. Correlation of Specific Solvolysis Rates for 
Thiophenium Ions at 25.4 °C. 

Ion n a 

Correlation 
Parameters Constant(s) Estimate 

ο ι ο ι ο 
k s 

I 
Me + 

S 
I 

Me+ 

33 

33 

1.25 ± 0.06 0.967c 

/ 1.19 ± 0.09 0 9 6 S d 

m - 0 . 3 5 ± 0.46 

/ 1.23 ± 0.05 0.9729c 

/ 1.25 ± 0.08 0 973Q,* 
m 0.17 ± 0.41 

Ο Ο Ί Ο 
S 
I 

Et+ 

11 N T h + , Y + 

m 

0.93 ± 0.03 

0.97 ± 0.04 
0.46 ± 0.30 

0.996c 

0.997^ 

a Number of solvents. 
b Correlation coefficient. 
c Using log (k/k0) = IN. 
d Using log (k/ko) = IN + mY. 
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278 NUCLEOPHILICITY 
Solvolyses of the Benzhydryldimethylsulfonium Ion 

Solvolyses of the benzhydryldimethylsulfonium ion have several features in 
common with solvolyses of the l - A d S M e 2

+ ion. For 38 solvents, the specific 
rates at 25.4 °C vary only by a factor of 16 (from 1.02 Χ 10" 4 s"1 in 80% 
acetone to 16.4 Χ 10" 4 s _ 1 in 70% HFIP). This variation is only slightly 
greater than the factor of seven observed for l - A d S M e 2

+ solvolyses. Also, the 
entropies of activation are very high, a value of +15.3 eu for ethanolysis can 
be compared to values of + 20.3 eu for the S N1 ethanolysis of l - A d S M e 2

+ and 
—13.4 eu for the S N 2 ethanolysis of the methyldiphenylsulfonium ion. 

A feature highly suggestive of SN1 reaction, but which was not observed 
for the corresponding l - A d S M e 2

+ solvolyses, is the observation that addi
tions of dimethyl sulfide to the solvolyses in 95% acetone lead to common-
molecule rate depression. For example, addition of 0.1 M dimethyl sulfide to 
the solvolysis at 25.6 °C led to a reduction in the specific rate from 3.39 X 
1 0 - 4 s"1 to 2.28 Χ 1 0 - 4 s"1. These findings are consistent with those for the 
corresponding halides. The adamantyl carbocation formed from the bromide 
is not captured by external nucleophiles during solvolysis (32, 33), but 
common-ion return is observed during solvolyses of benzhydryl chloride 
(34). Consistent with this difference in the nature of the capture of the two 
carbocations, the l - A d S M e 2

+ solvolyses in 96-60% aqueous ethanol show a 
slight preference for product formation by reaction with water (selectivity 
value S of 1.35 ± 0.11), but the corresponding solvolyses of the benzhydryl
dimethylsulfonium ion, at 24.9 °C, show a modest preference for reaction 
with the more nucleophilic ethanol (S value of 0.413 ± 0.032). Preference for 
reaction with the less nucleophilic water is usually taken to imply product 
formation at the solvent-separated ion pair stage, and a modest preference for 
reaction with ethanol would be consistent with capture at the free ion stage, 
as indicated by the common-molecule rate depression. 

Although the range of specific rates as the solvent is varied is only 
slightly larger than for l - A d S M e 2

+ , the detailed nature of the variations 
within a given binary mixed solvent system is more complex. In aqueous 
methanol, the rates decrease slightly with increasing water content. In 
aqueous acetone and aqueous ethanol, shallow rate minima are observed. 
Bunton et al. (35) have suggested that the dispersions in Grunwald-Winstein 
plots for solvolyses of benzhydryl chloride may arise because of differences 
between alkyl and arylalkyl derivatives in initial-state interactions. These 
effects are probably less well canceled in going to the transition state for 
solvolysis of arylalkyl derivatives relative to alkyl derivatives because of 
conformational constraints applied at the transition state by resonance ef
fects. This finding would also imply that use of benzhydryl halides as stan
dards for the analysis of solvation effects (12) might not, if adopted, lead to 
the desired reduction in the number of factors that must be considered. 
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19. KEVILL ET AL. Neutral Molecule as a Displaced Group 279 

Nucleophilicity of Addenda toward the Triethyloxonium Ion in 
Ethanol 

Kevill and Lins (27) earlier study of the ethanolysis of the triethyloxonium 
ion, at 0.0 °C, has been extended to a consideration of the competition 
between the solvent and added nucleophile, either anionic or neutral, for 
reaction with the substrate (equation 11). This study is related to earlier 
studies, at 25.0 °C, of competition between water and added nucleophile for 
reaction with methyl bromide (36), methyl iodide (37), or the cyclic pen-
tamethyleneiodonium ion (38) and of competition between methanol and 
added nucleophile for reaction with methyl iodide (39) or frans-Pt(py) 2Cl 2 

(39). The nucleophilicities are usually expressed, relative to the solvent, in 
terms of the Swain-Scott equation (36) (equation 12). In equation 12, k and 
k0 are second-order rate coefficients for reaction of a substrate with the added 
nucleophile and with the solvent, η is a measure of the nucleophilicity of the 
added nucleophile, and s is a measure of the sensitivity of the substrate 
toward changes in nucleophilicity. The value of s is taken as unity for the 
standard substrate. 

When the substrate is positively charged, as with the E t 3 0 + ion, the 
situation for attack by anions is complicated by k being a function of ionic 
strength (40, 41). We found empirically that a plot of log (k/k0), as determined 
from the product ratio, against concentration of added tetra-n-butylam-
monium salt was essentially linear over a range of 0.004-0.02 M . Five values 
measured within this range were extrapolated to give values at extremely low 
added salt concentration (but still with 0.0038 M E t 3 0 + P F 6 ) . These values 
are compared with literature values in Table III. The η values can be 
obtained for nitrate ion [previously estimated (39)] and p-toluenesulfonate 
ion (not previously measured). The range of values is somewhat less than for 
the same anions determined under other standard conditions; this result 
possibly reflects the high reactivity of the E t 3 0 + ion. However, the present 
study differs from each of the previous studies in four aspects: temperature, 
electrophilic site, leaving group, and solvent. In particular, the desolvation of 
the anions is a critical factor and large variations of relative nucleophilicities 

(11) 

log (k/k0) = sn (12) 
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280 NUCLEOPHILICITY 
Table III. Nucleophilicity Values (n)a for Various Anions 

Nucleophilicity Scales 
Anion SSb PSS(1)< PSS(2)d Pf KFz 

i - 5.08 7.42 5.46 5.41 4.11 4.59 
NCS- 4.77 6.70 5.75 5.42 4.06 4.21 
Br- 3.89 5.79 4.18 4.48 3.19 4.21 
c i - 3.04 4.37 3.04 3.36 2.40 3.67 
NO3- h (1.5) — — — 2.91 
TsO- — — — — — 2.23 
a From the Swain-Scott equation (equation 12) with an s value of unity. 
b Reference 36; C H 3 B r + H 2 0 at 25 ° C . 
c Reference 39; C H 3 I + C H 3 O H at 25 ° C . 
d Reference 39; Pt(py) 2 Cl 2 + C H 3 O H at 25 °C . 
• Reference 37; C H 3 I + H 2 0 at 25 ° C . 
/ Reference 38; C 4 H 8 I + + H 2 0 at 25 ° C . 
g This work; E t 3 0 + + E t O H at 0 ° C . 
h Not determined. 

with change of solvent are usually observed (42). Any attempt at a detailed 
comparison could not at this stage be justified. Variation only of the nature of 
the electrophilic site and of the identity of a halide ion leaving group has led 
to very poor correlations between the resultant η scales (39). 

For neutral nucleophiles, we have utilized a series of ring-substituted 
Ν,Ν-dimethylanilines. The second-order rate coefficients should now be 
independent of nucleophile concentration, and this was confirmed by show
ing that log (k/k0), obtained from the product ratios, was independent of the 
amine concentration for 0.008 to 0.08 M Λ/,Ν-dimethyl-p-toluidine. The log 
(k/k0) values could also be conveniently determined for m-CH 3 - , H - , p-Br-, 
and m-Cl-substituted derivatives (equation 13). For the m - N 0 2 derivative, 
even at 0.32 Μ, the dominant reaction is solvolysis and only an approximate 
value for log (k/k0) could be obtained. A Hammett plot against the tabulated 
σ values (43) (omitting the approximate m - N 0 2 data) led to a linear plot and a 
slope (p value) of —2.77 ± 0.15 (r = —0.996). This value is similar to values 
for reaction with other ethyl derivatives, derived from kinetically deter
mined k values: —3.60 for reaction with ethyl iodide in nitrobenzene at 
25.0 °C (44) and -2 .86 for reaction with ethyl perchlorate in benzene at 
25.0 °C (45). 
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19. KEVILL ET AL. Neutral Molecule as a Displaced Group 281 

Role of the Counterion in Silver Ion Assisted Reactions of Ethyl 
Iodide 

The study with tetra-n-butylammonium nitrate in competition with ethanol 
has been extended to the parallel reaction with silver nitrate. Also, the 
reaction of silver nitrate with ethyl iodide (at 20.0 °C) has been investigated. 
A preliminary account of these experiments has appeared (46). In a turn of 
the century study of the reaction of ethyl iodide with silver nitrate in ethanol, 
the rate was claimed to increase with an increase in nitrate ion concentration 
but without any change in the division of product between ethyl ether and 
nitrate ester. This observation had been used as evidence for the intermedi
ate formation of N 0 3 ~ R + or N 0 3 ~ R + X ~ A g + intermediates (47). Indeed, at 
the outset of our investigation, this finding was the only convincing evidence 
remaining for these intermediates. However, for all three systems, the 
product ratio responded very similarly toward changes in the concentration 
of the nitrate salt (Figure 3). Apparently, the previous claim of a constant 

Ξ nBu4N+NC>3 • Et 3 0 + at 0°C 

• AgN0 3 +Et 3 0 + attfC 

• AgN0 3 + Etlat 20°C 

0.08 0.04 0.02 0.016 0.012 0.008 0.004 

[Nitrate], M 

Figure 3. Percentage of reaction diverted to nitrate ester as a function of the 
concentration of added nitrate salt in the ethanolysis of 0.0038 M 

triethyloxonium hexafluorophosphate or ethyl iodide. 

product ratio in the reaction of ethyl iodide with silver nitrate in ethanol is 
erroneous. We conclude that silver ion assisted nucleophilic substitution 
reactions of alkyl halides can be considered as SN1 or S N2 reactions, involving 
an equilibrium concentration of a positively charged substrate. For S N 2 
reactions involving attack by an anion (equation 14), the kinetics are compli
cated both by the presence of the equilibrium and by the reaction being 
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282 NUCLEOPHILICITY 
between oppositely charged species. Other possible complications include 
aggregation of the silver salt (48) or of the intermediate and counter ion. 

R X 4- A g + ^ = ^ ( R X A g ) + (14a) 

Y " + R X A g + —» YR + X " A g + (14b) 
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Nucleophilicity, Advances in Chemistry Series 215 
Changes and Corrections to Chapter 20 

Please note that the following changes and corrections are necessary 
because of errors introduced by ACS staff or outside typesetters. 

The correct spelling of the author's name is Fârca^iu, not "Fàrca^ciu" as 
in the running heads at the top of each page. 

On page 286, in paragraph 2 under "Solvent Nucleophilicity", line 2, 
"(20a) and the counterion was derived from antimony pentafluoride (20b) 
in sulfur dioxide" should read "(20a)—the counterion was derived from 
antimony pentafluoride (20b)—in sulfur dioxide". 

On page 287, in paragraph 1 under "Method for Measuring Solvent 
Basicity", on line 2, "we used" should read "we had to use". 

On page 288, in the next to the last line, "although AA" should read 
"whereas AA". 

On page 289, in paragraph 2, line 1, "Although in the first set" should read 
"Whereas in the first set". 

On page 290, in the second complete paragraph, on the last line, 
references "(30-35)" should read "(29, 33)". 

On page 292, paragraph 2, line 6, "from the effect of the II" should read 
"from the effect of the 2NP". In line 7 of the same paragraph, "solution 
where" should read "solution, where". 

On page 295, in the Acknowledgments, "co-workers; the assistance of 
Gaye" should read "co-worker, Miss Gaye". In line 4 of the same 
paragraph, "with Herbert" should read "with Professors Herbert". 
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Basicity-Nucleophilicity-Electrophilicity 
in the Protonation of Aromatics 

Dan Fărcaşiu1 

Corporate Research Science Laboratories, Exxon Research and Engineering 
Company, Annandale, NJ 08801 

The relative strengths of weakly basic solvents are evaluated from the 
extent of protonation of hexamethylbenzene by trifluoro-
methanesulfonic acid (TFMSA) in those solvents or from the effect of 
added base on the same protonation in solution in trifluoroacetic acid 
(TFA), the weakest base investigated. The basicity TFA < di-
fluoroacetic acid < dichloroacetic acid (DCA) < chloroacetic acid < 
acetic acid parallels the nucleophilicity. 2-Nitropropane appears to 
be a significantly stronger base than DCA by the first approach, 
although in the second type of measurement, the two have essentially 
equal basicity. The discrepancy is due to an interaction, possible for 
hydroxylic solvents such as DCA, with the anion of TFMSA. This 
"anion stabilization" is a determining factor of carbocationic reac
tivity in chemical reactions, including solvolysis. A distinction is 
made between carbocation stability, determined by structure, and 
persistence (existence at equilibrium, e.g., in superacids), determined 
by environment, that is, by anion stabilization. 

Nucleophilicity and Basicity 

.A.LL NUCLEOPHiLES ARE BASES (I). In fact, within the definition of Lewis 
(2), nucleophil ic i ty is basicity. Following Ingold (3), however, phys
ical-organic chemists have normally used the Br0nsted-Lowry definition (4, 
5) of bases as affinity for protons. Likewise, nucleophilicity referred to 
affinity for nuclei of other elements, most often carbon (3). Another classifica
tion reserves basicity, and its counterpart acidity, for equilibrium measure
ments, while nucleophilicity and its counterpart electrophilicity refer to rate 
measurements (6). The terms "carbon basicity" and "hydrogen nu
cleophilicity" have been employed (7-9). This classification does not seem to 
have gained much acceptance. 

1Current address: Department of Chemistry, Clarkson University, Potsdam, NY 
13676 

0065-2393/87/0215-0285$06.00/0 
© 1987 American Chemical Society 
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286 NUCLEOPHILICITY 
In everyday practice, a restricted view is normally taken: basicity refers 

to the proton and is determined in equilibrium processes, although one can 
and does speak of kinetic basicity and acidity (10), which do not necessarily 
parallel the corresponding thermodynamic, or equilibrium, quantities (11). 
Likewise, nucleophilicity refers to all nuclei other than the proton and is a 
kinetic parameter, although, again, one can speak of equilibrium nu
cleophilicity (12). These practical meanings of basicity and nucleophilicity 
are used in this paper. 

A quantitative, or at least semiquantitative, relationship between 
basicity and nucleophilicity is intuitively expected and was sometimes ob
served (13). In other cases, however, not even a "limited orderly behavior" 
was seen (12). The present work was undertaken as a further study of the 
relationship between basicity and nucleophilicity. 

Solvent Nucleophilicity 

Nucleophilicity has been discussed by many investigators as one of the 
properties of the reaction medium that determine the reactivities in carboca-
tionic solvolysis reactions (6, 14-18). The nucleophilicity parameter of a 
solvent, Ν (15, 16), was determined for most systems by dissection of solvent 
effects into solvent ionizing power (described by the parameter Y) and 
nucleophilicity (IV), by a correlation technique (19) that could raise doubts as 
to whether the relevant solvent properties were fully separated into the two 
parameters. 

Other sets of Ν values were determined more directly from the rates of 
reaction between nucleophiles and tetramethylchloronium ions (20a) and the 
counterion was derived from antimony pentafluoride (20b) in sulfur dioxide 
solutions (20a) and of reaction between triethyloxonium fluorophosphate and 
nucleophiles used as solvents (21). The first approach (20a) has been criti
cized (21) on the ground that nucleophilicity of individual molecules or small 
clusters might be different from that of the compound as a solvent. The 
second approach (21) might be questioned for the assumption that solvent 
electrophilicity (18) has no effect on the measured rates. 

Although criticisms leveled at each of the experimental approaches 
employed to determine nucleophilicities are valid, we must start from the 
realization that these three scales of Ν parameters (19, 20a, 21) are all we 
have so far. Even though the numbers might not be quite correct, the 
ordering of solvents is in general as predicted from their structures. More
over, at least a rough parallelism among the three scales of Ν values exists 
(19, 20a, 21). 

Measurements of Superacidity 

We previously reported on a method of superacidic strength evaluation based 
on the measurement by 1 3 C - N M R spectroscopy of the degree of protonation 
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of aromatic hydrocarbons (22). Using benzene as the indicator base (equation 
1), Farca§iu and co-workers (23-25) established the acidity order H F - S b F 5 

and H B r - A l B r 3 > H F - T a F 5 

H H 

(D 

The high strength of the hydrogen bromide-aluminum bromide system has 
invalidated an entire scheme of classification of superacids (26). 

When the hydrocarbon base was hexamethylbenzene (I), which is esti
mated as 10 1 0 times more basic than benzene (27), the strength of acids such 
as trifluoromethanesulfonic acid (triflic acid) could be examined (28, 29). The 
position of the protonation equilibrium (I ^ II, equation 2) was also deter
mined by 1 3 C - N M R spectroscopy. 

Me 

M e ^ ^ k ^ M e 

M e - ^ ^ M e 
Me 

I 

Me 

M e ^ X x ^ M e 

M e ^ > < ^ M e 

H Me 

II 

Me 

M e Y > - v > r " M e 

Xv XMe! 
etc 

Me 

Equation 2 

The Hammett acidity function (30, 31) for triflic acid was reported as H0 = 
— 13 for an "aged" acid (32a) presumably containing small amounts of water 
and - 14.2 for an acid to which a little of its anhydride had been added (32b). 
We found that hexamethylbenzene is fully protonated to II when dissolved in 
triflic acid at a concentration of 0.5 M (acid-to-hydrocarbon ratio of about 22) 
(28, 29). 

Method for Measuring Solvent Basicity 

At smaller ratios of acid to aromatic, partial protonation of the aromatic was 
observed. To vary the ratio systematically, from zero up, we used a solvent 
that is nonacidic toward hexamethylbenzene. If the solvent had some 
basicity toward triflic acid, another protonation equilibrium was established 
(equation 3, in which Β is the basic solvent): 

Β + H + ̂  B H 4 (3) 

Protonation of hexamethylbenzene in such a solvent is effected both by the 
triflic acid (symbolized by H + in equations 2 and 3) and by the conjugate acid 
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288 NUCLEOPHILICITY 
of the solvent, B H + . The degree of protonation (percentage of II in the 
mixture with I) at given stoichiometric concentrations of triflic acid and 
hydrocarbon is determined by the actual concentration of triflic acid as 
determined by equation 3 and by the acidic strength of B H + (both dictated 
by the basic strength of B). For instance, if in two solvents, Β and B ' , triflic 
acid is converted to B H + and B ' H + to the extent of 99.0% and 99.9%, 
respectively, essentially all the observed protonation of the aromatic is ef
fected by the conjugate acid of the solvent in each case. The protonating 
ability of the former solution (in B) is about 1 order of magnitude higher than 
that of the latter solution (in B'), because of the higher acid strength of B H + . 
The amount of II at equilibrium, which is easily determined, is then a 
measure of the basic strength of the solvent. 

Relative Strengths of Weakly Basic Solvents 

Using this approach, we measured the relative base strengths of solvents of 
low basicity. Our intention was to compare the values obtained with the 
corresponding nucleophilicity parameters, Ν (19, 20α, 21), to determine 
whether a proportionality, or at least a parallelism, exists between the two 
properties. The solvents investigated were acetic acid (AA), chloroacetic acid 
(CA), dichloroacetic acid (DCA), difluoroacetic acid (DFA), trifluoroacetic 
acid (TFA), 2-nitropropane (2NP), and acetonitrile. To assure solubilization of 
the unprotonated aromatic, I, and to provide an internal N M R standard, we 
normally added 20-25% of chloroform to the samples. (Each sample con
tained approximately 0.4 mmol of hexamethylbenzene/mL of solvent.) Insuf
ficient solubilities in nitromethane and tetrahydrothiophene 1,1-dioxide pre
cluded their investigation. A l l other solvents, including C A , which is a solid 
at room temperature, gave samples that were homogeneous at 60 °C, the 
temperature at which all the proton shifts and transfers of equation 2 are fast 
on the 1 3 C - N M R (22.5-MHz) time scale. Clean 1 3 C - N M R spectra were 
obtained; these spectra contained, besides the signals of solvent and of acid, 
one signal for the aromatic and one for the methyl carbon of hexa
methylbenzene. The exception was the acetonitrile solutions, for which 
some small impurity peaks developed in the aliphatic region (16-20 ppm) 
upon heating at 60 °C. Consequently, acetonitrile was dropped from the 
study. 

The degree of protonation of hexamethylbenzene as a function of the 
acid-to-hydrocarbon ratio in some of the solvents is shown in Figure 1. The 
relative basicity could be assessed only for the least basic compounds in the 
series, namely, T F A < D F A < D C A . Protonation to a small extent might 
occur in C A at acid-to-hydrocarbon ratios of 10 and higher. The inherent 
error of our measurements, however, does not allow any confidence for levels 
of protonation of 5% or less. No protonation occurs at the acid-to-hydrocar
bon ratio of 10 in 2NP, although AA, certainly more basic than C A , was not 
tested. 
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NeatCF3S03H • 
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CF3S03H/C6Me6 (mol/mol) 

Figure 1. Protonation of hexamethylbenzene by triflic acid in carboxylic acid 
solvents. 

To differentiate among the more basic solvents of our group, we con
ducted another series of experiments, in which the base was added in small 
increments to solutions containing fixed quantities of triflic acid and hexa
methylbenzene in the least basic solvent of the series, TFA. The relative 
basicity could then be evaluated by the displacement of the protonation 
equilibrium of equation 2 to the left (less II) induced by B. 

Al though in the first set of experiments two reagents (hexa
methylbenzene and triflic acid) had to be measured accurately in small 
quantities for each sample, three reagents (hexamethylbenzene, triflic acid, 
and base) had to be likewise dosed for each sample in the second set of 
experiments; this situation led to higher errors. We resorted, therefore, to 
pairwise comparisons of bases. A batch solution containing 15 mmol of triflic 
acid and 10 m L of solvent (75:25 TFA-chloroform) was made and used to 
prepare four samples containing one base and four samples containing an
other base (0.5 mmol of hexamethylbenzene, variable quantities of base, and 
1 m L of batch acid solution). The samples were prepared in a dry box (24); 
the acid was added to the other components in an N M R tube that had been 
cooled to below —70 °C. The degree of protonation in each sample was 
measured and plotted on the same graph for the samples made with the same 
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290 NUCLEOPHILICITY 
batch solution of acid (comparison of two bases). In view of the reported 
"aging" of triflic acid (32), a batch solution of acid was used all at once, so each 
pair of bases was compared in experiments employing acid of the same "age". 
The comparisons are shown in Figures 2-4. 

Combination of data from Figures 1-3 leads to a basicity sequence (TFA 
< D F A < D C A < C A < AA) that parallels the nucleophilicity sequence 
found by Peterson and Waller (20). 

On the other hand, Figure 4 shows that little difference between 
basicities of D C A and 2NP exists. In fact, the difference between the 
experimental points is within the combined uncertainty of the respective 
measurements. This result was not expected on the basis of the experiments 
run with the two bases as solvents. Indeed, 22% protonation to give II was 
observed for an acid-to-hydrocarbon ratio of 9.5 with D C A as the solvent 
(Figure 1), while no protonation was seen with 2NP as the solvent for an acid-
to-hydrocarbon ratio of 10. These observations are in line with the concept of 
anion stabilization (30-35). 

Stabilization of ions in solution occurs by solvation, which has a non
specific, "polarity", component and a specific component involving a direct 
(quasi-chemical) interaction between ions and solvent. The specific interac
tion between a carbocation and a solvent is of a kind that destroys the 
carbocationic state. Thus, the protonation reaction of equation 2 is correctly 
written in the form of equation 4, in which X H is the acid: 

1 ι ι ι ι ι ι 1 1 1 1 
1 2 3 4 5 6 7 8 9 

Base/C6Me6 (mol/mol) 
Figure 2. Protonation of hexamethylbenzene by triflic acid in TFA solution, 

in the presence of DCA or CA. 
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τ 1 1 1 1 — l 1 1 r 

40 • 

I • • ι ι 1 1 1 1 * 

0 1 2 3 4 5 6 7 8 9 

Base/C6Me6 (mol/mol) 

Figure 3. Protonation of hexamethylbenzene by triflic acid in TFA solution, 
in the presence of CA or AA. 

10 h 

I , ! I I —I 1 1 ' » 

0 1 2 3 4 5 6 7 8 9 

Base/C6Me6 (mol/mol) 
Figure 4. Protonation of hexamethylbenzene by triflic acid in TFA solution, 

in the presence of DCA or 2NP. 
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292 NUCLEOPHILICITY 
X H + I «=t X - + Π (4) 

Any molecule that could specifically stabilize the cation II will be a base and 
combine with the proton; therefore, the equilibrium is displaced away from 
II. For other carbocations (such as the alkyl cations), the solvents interacting 
specifically with the positively charged species will be nucleophiles and 
combine with the carbocations. This relationship does not mean that car
bocations cannot be nucleophilically solvated as discussed recently (34, 35). 
Interestingly, though, apparently η donors interact preferentially with hy
drogen atoms rather than the cationic carbon (36), thus reacting as bases 
rather than nucleophiles (37). Also, Sharma et al. (34) concluded that nu
cleophilic stabilization is not the dominant solvation for carbocations in 
solution. In any event, nucleophilic solvation decreases rather than enhances 
carbocationic character. On the contrary, any specific interaction between 
the solvent (SOH) and the anion, such as formation of hydrogen bonds 
(equation 5), displaces the equilibrium of equation 4 toward formation of 
carbocations: 

(Hydrogen bonding is a quasi-chemical interaction because this bonding has 
a preferred, if not unique, space arrangement and a preferred, if not unique, 
stoichiometry. ) 

This representation explains why a carboxylic acid such as D C A , which 
forms hydrogen bonds with the anion, is a good solvent for carbocationic 
processes, while 2NP, which has a similarly low basicity but cannot act as a 
hydrogen bond donor to anions, does not provide a detectable amount of 
protonated hexamethylbenzene (II). The actual (low) basicity of 2NP can be 
assessed from the effect of the II on the position of the protonation equi
librium (equation 2 or 4) in T F A solution where anion stabilization is pro
vided by the solvent. 

Stable Carbocations and Persistent Carbocations 

In superacid systems consisting of a composite of a Br0nsted acid and a Lewis 
acid, the anion interacts chemically with one or more molecules of the latter. 
Thus, up to 4 equiv of SbF 5 has been recommended for conversion of alkyl 
halides to the corresponding carbocations (38). For those systems, the anion 
stabilization is accomplished by chemical bonding between the Lewis acid 
and the anion. The existence of carbocations in such solutions has been 
demonstrated by various physical methods. 

The often used phrase "stable carbocations in super acids" is misleading 
and should be abandoned. We "see" the carbocations by various spec
troscopic techniques because we remove from solution anything that can 
react with them. One species that cannot be removed is the anion; charge 

X - + nSOH «=± (SOH · · · ) n X " (5) 
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neutralization by combination of the anion and cation is the normal occur
rence even for "nonnucleophilic" anions (39). So that the carbocation can be 
"seen", the anion has to be specially stabilized. The cation is then "bare" and 
very reactive, rather than "stabilized" in solution. Indeed, as the solution 
(solvent and Lewis acid) is changed to make the carbocation more "stable" as 
judged by N M R spectroscopy, the reactivity of the carbocation increases in 
reactions such as carbon monoxide trapping or hydride transfer. 

A similar discussion (40) has been presented for free radicals, for which 
the distinction between stable and persistent has been introduced. The same 
distinction should be made for carbocations, stability being determined by 
structure and persistence by environment (degree of anion stabilization). 

While simple, nonstabilized ions like tert-butyl are generated only in 
strong superacids—e.g., with SbF 5 (41, 42), A l B r 3 (43, 44), TaF 5 (45), GaBr 3 

(46), or A1C13 (47) as Lewis acids—more stable species, such as II, can be 
obtained under milder conditions, in which the anion is stabilized by hydro
gen bonding with the excess of acid [cooperative effect (29, 33)] or with the 
solvent (equation 5). The term "cooperative effect" for the property of an acid 
to form X n H ~ _ 1 clusters is preferred over the older term "homoconjugation" 
(48) , because today homoconjugation is used to describe π-electron conjuga
tion in systems with an interruption in the σ skeleton; cf homoaromaticity 
(49) . The solvents that interact with anions and as a consequence favor 
carbocationic processes are called anion-stabilizing solvents. The anion-sta-
bilizing ability makes, for example, methanol a better solvent for carbocat
ionic solvolysis than acetonitrile or dimethylformamide, although the latter 
solvents are more polar (50a, 50b). 

Solvation Effects in Solvolysis Reactions 

On the basis of our findings, the standard representation of the ionization of 
an organic substrate in solution (51) should be amended as shown in Scheme 
I. The solvent is involved in the transition state (III) of ionization. In the 
general formulation (III), the solvent interacts nucleophilically with the 
organic moiety and electrophilically with the leaving group (52). For solvent 
mixtures, solvent sorting is predicted, so that the most nucleophilic compo
nent interacts with R ô + , and the most electrophilic component interacts with 
Χ δ " in III. Steric hindrance limits the nucleophilic participation to one 
solvent molecule (unless interaction with hydrogen atoms rather than the 
cationic carbon is considered), although several solvent molecules stabilize 
the departing anion by hydrogen bonding. Indeed, a combination of ab initio 
molecular orbital and statistical mechanics calculations indicates that about 
four water molecules are hydrogen-bonded to the entering nucleophile at 
the transition state of the S N 2 reaction between methyl chloride and the 
chloride anion (53); the same number of solvent molecules are bound to the 
structurally identical chloride leaving group (53). As the mechanism of the 
nucleophilic substitution changes gradually from S N2 to S N 1, the hydrogen 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
7 

| d
oi

: 1
0.

10
21

/b
a-

19
87

-0
21

5.
ch

02
0

In Nucleophilicity; Harris, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1987. 



294 NUCLEOPHILICITY 
bonds between the solvent and chloride leaving group become stronger and 
stronger. The specific interaction of the leaving group with the solvent 
(anion-stabilizing effect) is the main driving force of the heterolysis leading to 
the ion pair (IV). The polarity of solvent plays a lesser role. On the other 
hand, for ionization of tertiary alkyl substrates in solvents as nucleophilic as 
the aqueous alcohols, the nucleophilic interaction between solvent and the 
incipient carbocation in III, if present, should be much smaller than the 
electrophilic solvent interaction with the leaving group (18). 

S v δ + δ -
O-R - - - X ( » H O S ) n _ 1 

Η 

III 

RX + nSOH R(SOH)+ + X(SOH)p-

^O-.R Xi-HOSJi-! 
W 

IV 

Scheme 1 

A mechanistic model involving nucleophilic assistance, but not taking 
into account the variable electrophilic assistance in different solvents, has 
been proposed (54, 55) for the solvolysis of tert-butyl halides. The analysis 
was based on a comparison of solvent effects on the solvolysis rates of tert-
butyl and adamantyl substrates. The solvent properties were analyzed in 
terms of parameters Ν and Y; the electrophilic assistance was incorporated 
into Y (54, 56). Such an approximation had been acceptable in the original 
worlc (14-16), which dealt mostly with aqueous alcohols as solvents. This 
approximation is no longer permissible when materials like T F A and fluori-
nated alcohols are used as solvents. In fact, Fainberg and Winstein (56) 
pointed out that different solvent mixtures could not be placed on the same 
correlation line. 

The difference in behavior between tert-butyl and adamantyl sub
strates, observed essentially in solvents of low nucleophilicity but high 
anion-stabilizing power, is most probably due to the higher susceptibility of 
the "cage" substrate to the electrophilic assistance. In reference 18, we 
presented other known examples of reactions in which the increased sensi-
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tivity of adamantyl substrates to anion stabilization (electrophilic assistance) 
by the solvent is manifested. 

No treatment of solvent effects on carbocationic reactivity that does not 
treat explicitly the anion-stabilizing effect should be acceptable (18), even for 
processes in which the rate-determining step is solvent attack on an ion pair. 
Probably, backside anion stabilization by the solvent intervenes even in the 
contact ion pair. In fact, rotation of the anion in this pair can deliver a 
molecule of solvent attached to the anion to the cation from the front; thus, 
the predominant retention of configuration occasionally observed in the 
solvolysis products is explained. 

The process represented by V —• IV occurs, however, in the solvolysis of 
a preionized material, such as triethyloxonium fluorophosphate, which was 
employed by Kevill and L i n (21) to establish a scale of nucleophilicity 
parameters, N. Because the effect of variable anion stabilization by solvent 
was not subtracted, whether their Ν values measure true and only nu
cleophilic reactivities is uncertain. This doubt would be dispelled, however, 
by an experiment in which the reagent would be treated with small amounts 
of nucleophile in a better anion-stabilizing solvent, such as TFA, or even 
sulfuric acid. 
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21 
Equivalent Scales for Correlation Using 
Two Solvent Parameters 

Paul E. Peterson 

Department of Chemistry, University of South Carolina, Columbia, SC 29208 

Conversion of the Swain A and Β solvent parameter scales to nu
cleophilicity, N, and ionizing power, Y, is described. Results using Y 
values based on tert-butyl chloride rates are given, and the results of 
the comparable transformation using Y values based on adamantyl 
tosylate rates are presented. For hydroxylic "reaction" solvents and a 
few others, the converted values resemble published values or are 
reasonable. For other "nonreaction" solvents (the majority), we as
sign no meaning to the converted values, although we list them for 
others to examine. The nucleophilicity ratio of two solvents, chosen to 
be acetic and formic acid, may be arbitrarily chosen to give equiv
alent scales. The ratio may be adjusted to agree with chemical experi
ence independent of the effect of solvent variation. The nucleo
philicity of solvent component molecules in a constant solvent is an 
example of such independent chemical experience. 

THE GREAT TENDENCY OF CYCLOOCTANE OXIDE to react by transannular 
hydrogen shift in the solvent trifluoroacetic acid was ascribed to the suc
cessful competition of internal hydrogen nucleophiles with relatively non-
nucleophilic solvent (J). Subsequently, Peterson et al. (2) extended studies of 
neighboring-group participation in trifluroroacetic acid to other major types 
of solvolytic reactions, including tosylate solvolyses. 1,4-Halogen participa
tion was clearly revealed through halogen shifts and kinetic evidence (3a), 
whereas only limited evidence for such participation had been found by 
Winstein and co-workers [discussed in Peterson (36)] working in more nu
cleophilic solvents. 

With tosylate solvolysis rates available for the first time in trifluoroacetic 
acid, Peterson and Waller (4) noted that plots of log k versus the ionizing 
power, Y, for the solvolysis of methyl, ethyl and secondary tosylates showed 
deviations from linearity that could be attributed to solvent nucleophilicity. 

0065-2393/87/0215-0299$06.00/0 
© 1987 American Chemical Society 
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300 NUCLEOPHILICITY 
From the deviations, a scale of nucleophilicity was derived. Halogenated 
acetic acids were included, on the basis of reactivities with halonium ions. 
Other scales appeared from the Schleyer group (5, 6) at about the same time. 
The various nucleophilicity scales were used to correlate solvolysis rates by 
now familiar four-parameter equations A G = Ν + mY or A G = sN + mY. 
(G = free energy; Ν = solvent nucleophilicity; Y = solvent ionizing power; 
s = sensitivity; m = sensitivity.) Previously, parameters for such equations 
had not been determined. 

The availability of the above-mentioned scales and equations led Peter
son et al. (7) to reexamine an existing correlation of reaction rates by an 
equation involving two solvent parameters—the Swain-Moseley-Bown 
equation (8): 

A G = Cjdj + c2d2 (1) 

Here, the d's are solvent parameters and the cs are sensitivities to them. We 
were quite interested to find that a suitable transformation revealed an 
equivalent pair of solvent parameters that were in terpré table as nu
cleophilicity and ionizing power. The parameters had been listed in a num
ber of physical organic textbooks, but their significance had not been clear. 

Transformation of the A and Β Parameters 

Recently, Swain et al. (9) introduced another set of solvent and reaction 
parameters for the correlation of free energies. Further commentary regard
ing them has appeared (JO, 11). The free energies are given by equation 1. 

G = αΑ + bB + C (2) 

In equation 2, A and Β are parameters characteristic of the solvent. The 
parameters α and b are characteristic of the reaction. I have now converted 
these parameters to obtain Ν and Y values. The conversion is described in 
the Appendix. 

Kevill (12) reported a related transformation of A and Β to obtain Ν and 
Y that utilizes the assumption that methyl tosylate solvolysis rates obey the 
equation N 0 T s = log (k/kQ) — 0 . 3Y O T s to determine the proportions of Ν and 
Y in A and Β. Kevill tabulated values of Ν and Y for hydroxylic solvents. In 
common with Kevills treatment, these solvents and a few others that we 
designate as reaction solvents are the only ones for which we have inter
preted the converted values in terms of independent nucleophilicity and 
ionizing power parameters. 

In our conversion, the assumed nucleophilicity ratio for two chosen 
solvents is used to determine the proportions of Ν and Y in A and Β. We have 
given the formulas to determine sensitivity parameters, which were not 
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considered by Kevill (12). Although we give converted Ν values for all 
solvents in the Swain data set, we note that values for solvents that do not 
serve as nucleophiles in the Swain data set are presently regarded as arbi
trary numbers arising from the assumptions made. We shall see that these Ν 
parameters for nonreaction solvents tend, in fact, to be linearly related to the 
Y parameters. We have not determined whether the modest improvement in 
correlations presumably made possible by Swains determination of two 
solvent parameters for the nonreaction solvents may be traced to any solvent 
property that is describable in familiar terms. 

Here, we give an abbreviated description of our conversion, which is 
outlined fully in the Appendix. We assume that the parameters are separable 
into components as follows: 

A h e p

s i = nANhe P

S 1 + !^hep S 1 0) 

ShepS1 = « B N h e p

s l + yBYhep

sl (4) 

The superscripts and subscripts are solvent designations. The term A h e p

s l 

refers to the difference in A values between heptane, a zero point on the 
Swain scale, and solvent SI, for example. In our first investigated conver
sion, we base the Y values on the rates of solvolysis of terf-butyl chloride, as 
calculated from the A , B, a, and b parameters. As shown in the Appendix, 
making the additional assumption that the nucleophilicities of two solvents, 
Srefl and Sre£2, have the ratio R that allows the calculation of the constants 
needed to apply equations 3 and 4. The results are 

Ώ A Srefâ _ A Srefl 
= fiâîiSE A H * P (5) 

Λ D V Srefe _ V Srefl V ' nihep 2hep 

il R A Srefâ _ A Srefl 

η RA S2 A SI 

— = — = constant (7) il R RR, S2 _ y SI B 1 1 0 hep 1 hep 

*RX = FLRXNA + R̂X̂B (8) 
R̂X = + KXVB ^ 

Values of n A N or nBN for all solvents were obtained from equations 3 or 4, 
because the y value was available from equation 5, when the nucleophilicity 
ratio, R, for the reference solvents acetic and formic acid was chosen to be 1. 
The nN values for solvolysis solvents were compared wi th the 
Schadt-Bentley-Schleyer proposed set of nucleophilicity values. The lin-
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\ 
Slope «6.41 

0) 
DC 

. J I I I I I I—ÙL 
0 0.2 0.4 0.6 

Nucleophilicity, nN, from A and Β 

Figure 1. Plot of nucleophilicities of Bentley et al. (6) versus the unsealed 
nucleophilicitiesy nAN, from transformation of the A and Β parameters. 

Solvents were ethanol, methanol, 50% ethanol in water, water, acetic acid, 
formic acid (superimposed), and trifluoroacetic acid. 

earity of the plot (Figure 1) shows that the A and Β values are indeed 
interprétable in terms of familiar parameters. The slope of the plot was used 
to define the magnitude of nA. The numerical values used in our conversion 
are as follows (parameter, value): yA, 0.06274; yB, 0.09534; n A , -0.15595; 
and n B , 0.20386 (all data are devised from data having two to three significant 
numbers; the additional numbers are supplied to facilitate the reproduction 
of our values). The equations involving them are summarized in the Box. In 
Tables I and II, the "tert-butyl chloride based" A and Β values and s and m 
values, respectively, are given. 

Summary of Equations 

s = 0.15595α + 0.203866 

m = 0.06274α + 0.095346 

A S 1 S 2 = -0.15595NS 1S2 + 0.06274YS1S2 

B S 1 S 2 = 0.20386NS1S2 + 0.09534YS1S2 

NsiS2 = ( A s i S 2 - 0.06274YS1S2)/-0.15595 

Y S 1 S 2 = 7.37AS1S2 + 5.65BS1S2 
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Table I. Solvent Nucleophilicity (JV) and Ionizing Power (F) Obtained by Transformation 
of A and Β Parameters: ferf-Butyl Chloride Based 

Solvent Solvent 
j from Ν from Y from j from Ν from Y from 

Ref9 Structure A and Β A and Β Kef 9 Structure A and Β A and Β 

1 CC1 4 1.64 -6.61 32 (CH) 5N 2.53 -2.01 

2 CHC1 3 1.39 -1.98 33 PhBr 1.92 -3.85 

3 C H 2 C I 2 1.86 -2.25 34 PhCl 1.96 -4.05 

4 H C O O H -1.73 2.38 35 PhN0 2 2.00 -4.76 

5 H C O N H 2 1.15 1.25 36 PhH 2.00 -4.76 

6 M e N 0 2 1.92 -1.13 37 PhNH 2 2.64 0.17 

7 MeOH -0.27 -0.85 38 (CH 2 ) 5 C0 2.11 -2.90 

8 cs2 1.70 -6.31 39 (CH 2 ) 6 1.25 -8.71 

9 C1 2CCC1 2 1.40 -7.05 40 Me(CH 2) 4Me 1.12 -9.18 

10 C1CHCC1 2 1.85 -4.97 41 Et 3 N 
(Me 2N) 3P0 

1.33 -7.53 

11 CF3COOH -4.75 3.48 42 
Et 3 N 
(Me 2N) 3P0 3.61 -3.16 

12 MeCN 1.85 -1.62 43 PhCN 2.12 -2.08 

13 C1CH 2 CH 2 C1 2.01 -2.36 44 PhMe 1.96 -5.19 

14 MeCOOH -1.73 -1.61 45 PhOMe 2.12 -3.47 

15 EtOH -0.08 -1.79 46 PhNHMe 2.23 -0.21 

16 MeSOMe 2.46 -0.60 47 2.6-C 5 H 3 NMe 2 

Me(CH 2) 5Me 
2.40 -3.30 

17 H O C H 2 C H 2 O H 0.40 1.29 48 
2.6-C 5 H 3 NMe 2 

Me(CH 2) 5Me 1.18 -9.19 

18 MeCOMe 2.15 -2.78 49 PhCOMe 2.43 -2.42 

19 H C O N M e 2 2.25 -1.74 50 o-C 6 H 4 Me 2 
2.17 -5.76 

20 C H 3 C H 2 C H 2 O H 0.01 -2.07 51 m-C 6 H 4 Me 2 1.18 -9.19 

21 M e 2 C H O H 0.14 -2.36 52 p-C 6 H 4 Me 2 2.11 -5.93 

22 MeCOEt 2.07 -3.32 53 M e 3 C C H 2 C H M e 2 1.08 -9.29 

23 (CH 2 ) 4 0 2.11 -4.16 54 Bu 2 0 1.61 -7.17 

24 MeCOOEt 1.79 -4.32 55 H 2 0 0.00 3.82 

25 0 ( C H 2 C H 2 ) 2 0 2.04 -4.01 56 96% MeOH -0.06 -0.15 

26 MeCONMe 2 2.45 -1.73 57 80% EtOH 0.07 0.00 

27 BuOH 0.05 -2.27 58 60% EtOH 0.17 1.05 

28 EtOEt 1.54 -6.39 59 50% EtOH 0.17 1.36 

29 M e 3 C O H 0.76 -3.06 60 80% MeCOMe 0.63 -0.68 

30 M e O C 2 H 4 O M e 1.59 -4.83 61 70% MeCOMe 0.58 -0.16 

31 B u N H 2 3.32 -1.49 

Examination of the Α, Β , N , and Y Parameters 

Examination of the properties of only the hydroxylic solvents was facilitated 
by a plotting program I wrote for the I B M personal computer. Data from two 
separate files may be read to an array for plotting. A third file is read to 
discriminate points for plotting as large or small circles. 

As Taft et al. (10) noted, a large proportion of the solvents considered by 
Swain have A roughly linearly related to Β. As expected, the Ν and Y values 
in our conversion exhibit a similar phenomenon (Figure 2), as do related 
plots (Figures 3-6). Amines and amides, some of which served as nucleo
philes in the Swain data set, also deviate from the linearity of the plots for 
nonreaction solvents. 
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Table II. Sensitivities of Nucleophilicity(s) and Sensitivity to Ionizing Power (m) Obtained 

by Transformation of a and b: terf-Butyl Chloride Based 

[from s from m from [from s from m from 
Ref9 Reactant a and b a and b Ref9 Reactant a and b a and b 

1 MeBr 1.36 0.06 39 5-methylfurfural 0.26 0.18 
2 MeOTs 1.05 0.23 40 l-nitroso-2-naphthol 0.47 0.23 
3 BuBr 0.97 0.29 41 2-nitroso-l-naphthol 0.26 0.25 
4 PhCH 2 Cl 0.98 0.38 42 Et 4N + I- 0.08 1.59 
5 Me2CHOTs 0.22 0.57 43 Kosower Ζ -5.36 3.65 
6 cyclo-C5H9OTs 0.10 0.67 44 MPI 5.30 -3.53 
7 q/c/o-C 6H uOTs 0.03 0.76 45 3-MeOC 5H 4N + 0" (1) -1.24 0.53 
8 endo-C7HuOTs -0.13 0.71 46 3-MeOC 5H 4N + 0" (2) -2.23 0.56 
9 eio-C 7 H„OTs -0.10 0.86 47 3-MeOC 5H 4N + 0" (3) -2.13 0.49 

10 Ph 2CHCl -0.20 1.67 48 PhN0 2 0.27 0.21 
11 2-AdOTs -0.32 0.92 49 4-MeOPhN02 0.36 0.25 
12 Me 3CCl, Y 0.00 1.00 50 4-Et2NPhN02 0.30 0.36 
13 Me3CBr 0.37 0.94 51 Ph2CO 

pyrimidine 
-0.30 0.11 

14 PhCMe 20 2COPh -0.46 0.43 52 
Ph2CO 
pyrimidine -0.35 0.12 

15 Ph 3CF -1.95 1.11 53 pyridazine -0.53 0.23 
16 Ph3COAc -1.39 0.75 54 pyrroline oxide -0.47 0.24 
17 Mel + (EtCH2)3N 0.85 0.47 55 iron imine -0.45 0.23 
18 Mel + PhNMe2 0.78 0.50 56 oximate -3.15 1.61 
19 Mel + 3-ClPhNMe2 0.77 0.57 57 sulfoxide 0.57 0.17 
20 Mel + 4-ClPhNMe2 0.78 0.57 58 Dimroth E^O -3.83 2.33 
21 Mel + 3-MePhNMe2 0.78 0.49 59 Dimroth Er26 -3.70 1.89 
22 Mel + 4-MeOPhNMe2 0.78 0.47 60 BrookerxR 0.19 0.99 
23 EtI + Et 3N 0.75 0.48 61 Davis A -1.87 0.50 
24 Et0 2 CCH 2 Br + Et 3N -0.08 0.46 62 Davis Β -1.20 0.22 
25 Et0 2 CCH 2 I + Et 3N -0.02 0.42 63 Davis E C t -0.63 0.10 
26 4-02NPhF + Et 4N + 64 HCONMe 2 -2.29 2.93 

N 3 - -1.52 0.60 65 POCl 3 1.02 2.06 
27 PhS0 2Cl + PhNH 2 -1.11 -0.11 66 Me 2 CHCH 2 Cl, trans 2.49 1.42 
28 C1S0 2NC0 + hexene 1.26 0.34 67 Me2HPO, band 1 -4.14 3.63 
29 TCNE + 4-methoxy- 68 (Me3C)2NO, Ν -0.19 0.10 

styrene 0.52 0.65 69 piperidyloxy, Ν -0.17 0.09 
30 Br 2 + 1-pentene 0.17 1.06 70 pyrrolinyloxy, Ν -0.18 0.10 
31 Br2 + Me4Sn 0.17 1.04 71 4-AcC5H4NMe, 2-H -0.17 0.13 
32 2-PhSPhC03CMe3 -0.30 0.30 72 4-AcC5H4NMe, 3-H -0.20 0.12 
33 Berson Ω -0.05 0.04 73 4-AcC5H4NMe, 5-H -0.20 0.12 
34 sulfoxide rearrangement -0.13 0.11 74 4-AcC5H4NMe, 6-H -0.20 0.14 
35 PhC0 2 H 0.61 0.18 75 4-AcC5H4NMe, Ac-H 

2-fluoropicoline, F 
-0.61 0.26 

36 2-02NPhOH 0.50 0.12 76 
4-AcC5H4NMe, Ac-H 
2-fluoropicoline, F -1.09 0.33 

37 picramic acid 1.41 0.23 77 Et3PO, Ρ -9.62 3.60 
38 o-vanillin 0.32 0.22 

If the nonreaction solvents (the majority of the Swain solvents) exhibit 
linearity between two solvent parameters, the solvent properties can be 
represented by only one parameter. For the nonreaction solvents, the con
verted Ν values are independent of the converted Y values only to the extent 
that small deviations from linearity exist in the plot of Ν versus Y. The scaling 
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and zero points must arise from Swain s assumptions of the values of certain 
parameters, but we have not investigated this aspect. We list all of the 
converted values for the convenience of others who may discern meaning in 
the small deviations from linearity for the nonreaction solvents or for those 
who simply want to use the converted parameters for correlations. 
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Ionizing Power, Y, from A and Β χ 10~1 

Figure 2. Plot of Ν from A and Β versus Y from A and Β (t-BuCl-based). 
Hydroxylic solvents are shown as dots. 

Swain A 

Figure 3. Plot of Ν from A and Β (t-BuCl-based) versus A. Hydroxylic 
solvents are shown as the larger circles. 
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306 NUCLEOPHILICITY 
We now ask whether our converted Ν and Y parameters for the hydrox

ylic reaction solvents resemble the A or β values. This resemblance is not 
easy to judge from the data of Table I because the range of the various 
parameters affects the size of the multipliers, yA, yB? nA, and nB. Plots 
(Figures 3 and 4) where only the hydroxylic solvents (large circles) are 
considered significant show that our derived nucleophilicity, N, is roughly 

0 0.4 

Swain Β 

Figure 4. Flot of Ν from A and Β (t-BuCl-based) versus B. 
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Figure 5. Plot of Y from A and B (t-BuCl-based) versus A. 
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linearly related to the Swain A value (with a negative coefficient), whereas 
the Β value shows less correlation with Ν. 

Although it may seem surprising that the "electrophilic" A parameter 
correlates with — N , we surmise that the Ν parameter represents both bond-
forming "true nucleophilicity" and electrophilicity (the ability to promote 
the ionization of oxygen- or fluorine-containing leaving groups in solvents of 
low N). This hypothesis has been previously mentioned in connection with 
our conversion of Swains d parameters. (7). Apparently, neither A nor Β is 
closely correlated with Y (Figures 5 and 6). 

Swain Β 

Figure 6. Plot of Y from A and Β (t-BuCl-based) versus B. 

Examination of R 

We next investigate the effect of the ratio R in equation 5. In the original 
nucleophilicity scales, the nucleophilicities of acetic and formic acids were 
set equal, based on interpretations of solvolysis data in the literature and on 
the nucleophilicities of these in S 0 2 solvent, a property perhaps somewhat 
distantly related to the nucleophilicity in a pure solvent. We have now 
calculated yA as a function of R; yA changes sign at an R value near 1.2 (Figure 
7). Equation 3 shows that Ν values become scaled A values when yA becomes 
0 at an R value near 1.2. We note that changing R is merely a roundabout way 
to vary the proportion of A and Β in the Ν and Y parameters. 

For purposes of calculating the free energy change for a change of 
solvent in a reaction, whether we use solvent parameters based on R = 1.0 
or 1.2 or any value is irrelevant. A l l parameters are mathematically equiv-
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0 

ο 
1 - 0 

0 

1 2 

Assumed ratio, Ν (Acetic/Formic) 

Figure 7. Plot of y A from equation 5 versus the chosen Ν ratio, R, for acetic 
and formic acid. 

aient! For computational purposes, whether acetic and formic acid are as
signed the same nucleophilicity is irrelevant. Accordingly, concerns that the 
assignment of R = 1 has led to erroneous scales can be forgotten. Another 
way to view the situation is that Ν scales work when various proportions of 
the Y solvent property are added or subtracted, because any amount of the Y 
property may be resubtracted or added to Ν in choosing the proportion and 
sign of the two solvent parameters to represent a free energy change. 

What property independent of solvent effect correlation might be used 
to select a chemically reasonable Ν scale? One such possibility is to set the 
relative nucleophilicities of the reference solvents, acetic and formic acid in 
the example discussed here, to be the same as those values found for the 
molecules acting as nucleophiles in a constant solvent. That task, in fact, was 
done for acetic acid and formic acid reacting with halonium ions in S 0 2 . This 
assignment led to a nucleophilicity scale having additional properties in 
agreement with the properties found in the constant solvent. These proper
ties are the lower nucleophilicity of trifluoroacetic acid and the higher 
nucleophilicity of alcohols. We see that the Ν scale can be chosen to be 
chemically reasonable and preserve an accuracy of calculation identical with 
that of the AB scale (subject only to the two-significant-figure accuracy 
available in making the conversion). 

Examination of the Sensitivities 

We note that the sensitivities to nucleophilicity for methyl, primary, second
ary, and tertiary halides resemble those in constant solvent in our converted 
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V scale. This observation provides another reason to prefer our converted 
values in comparison to the original values, in which sensitivities were not 
readily interprétable in terms of independent chemical experience. The 
ethyl tosylate to methyl bromide s ratio in the Swain-Scott study is 0.66, 
compared to the butyl bromide to methyl bromide s ratio of 0.71 obtained 
from equation 8. The latter equation also gives a reasonable isopropyl tosy
late to methyl tosylate s ratio (0.21). As Swain noted, the b parameters, 
discussed as comparable to s, have no familiar order. Both a and b have large 
magnitudes for tert-butyl chloride reactions, for example, whereas the sensi
tivity of 0, set in the present conversion, leads to the familiar s order methyl 
> primary > secondary > tertiary. 

The s sensitivities are determined by the choice of a reaction whose 
sensitivity to Ν is set equal to 0 (see equation 8). If we explore parameter 
conversions that provide a closer match of sensitivities to those in constant 
solvent than those based on tert-butyl chloride rates, we can base Y on 
another standard reaction, or even an imaginary reaction correlated by any 
desired proportion of A and Β. 

Other Standard Reactions 

Because the solvolysis of adamantyl chloride has been used as a standard 
reaction, we list here the results of applying the conversion equations to this 
standard, using the equation given by Swain to represent the adamantyl 
rates. R of equation 5 was again set equal to 1 for acetic and formic acids. The 
yA value (equation 5) was found to be 0.04684, compared with 0.0627 when 
tert-butyl chloride solvolysis was the standard reaction for obtaining Y. 

The nAN values from solving equation 3 for nN, like those obtained by 
using Y values based on tert-butyl chloride, needed to be multiplied by a 
scale factor to ob t a in Ν va lues c o m p a r a b l e to those in the 
Schadt-Bentley-Schleyer scale. For simplicity, we used the previously used 
scale factor nA = 6.51 to derive the new adamantyl-based Ν scale. The 
spread of Ν values is slightly greater for the adamantyl-derived values 
obtained in this way. A plot (not given here) showed that the "Y f e r i_butyi based 

and "Yadamantyi based Ν scales are very similar. The Y scales themselves as 
obtained from the A and Β parameters showed slightly greater differences. 
The adamantyl-based Ν and Y scales are given in Table III. Sensitivity 
parameters are given in Table IV. 

Conclusion 

Perhaps a main benefit of converting A and Β parameters and sensitivities to 
them to other scales has been the clarification of how two-parameter equa
tions work as applied to solvent effects. Swains statistical method, which 
avoids the assignment of solvent parameters based on any one reaction, is an 
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Table III. Solvent Nucleophilicity (JV) and Ionizing Power (Y) Obtained by 
Transformation of A and Β Parameters: Adamantyl Tosylate Based 

Solvent Solvent 
j from Ν from Y from j from Ν from Y from 
Ref9 Structure A and Β A and Β Ref9 Structure A and Β λ and Β 

1 CC14 1.41 -6.56 32 (CH)5N 2.18 -2.62 
2 CHCLj 1.19 -2.23 33 PhBr 1.92 4.12 
3 CH 2 C1 2 1.60 -2.63 34 PhCl 1.69 -4.32 
4 HCOOH -1.49 2.75 35 PhN0 2 1.72 -4.98 
5 H C O N H 2 0.99 0.81 36 PhH 1.72 -4.98 
6 M e N 0 2 1.65 -1.62 37 PhNH 2 2.27 -0.66 
7 MeOH -0.23 -0.67 38 (CH 2) 5CO 1.82 -3.30 
8 CS 2 1.46 -6.30 39 (CH 2) 6 

1.07 -8.36 
9 C12CCC12 

C1CHCC12 

1.21 -6.88 40 Me(CH 2) 4Me 0.97 -9.75 
10 

C12CCC12 

C1CHCC12 1.85 -5.12 41 Et 3 N 1.15 -7.31 
11 CF3COOH -4.09 4.72 42 (Me2N)3PO 3.10 -4.02 
12 MeCN 1.60 -2.05 43 PhCN 1.82 -2.55 
13 C1CH 2CH 2C1 1.73 -2.78 44 PhMe 1.68 -5.36 
14 MeCOOH -1.49 -0.90 45 PhOMe 1.84 -3.84 
15 EtOH -0.06 -1.60 46 PhNHMe 1.92 -0.88 
16 MeSOMe 2.11 -1.31 47 2,6-C 5H 3NMe 2 2.06 -3.76 
17 H O C H 2 C H 2 O H 0.34 1.08 48 Me(CH 2) 5Me 1.01 -9.78 
18 MeCOMe 1.85 -3.21 49 PhCOMe 2.09 -2.97 
19 HCONMe 2 1.94 -2.29 50 o-C 6 H 4 Me 2 1.87 -5.95 
20 C H 3 C H 2 C H 2 O H 0.00 -1.88 51 m-C 6 H 4 Me 2 1.01 -9.78 
21 Me 2 CHOH 1.12 -2.19 52 p-C 6 H 4 Me 2 1.81 a 

22 MeCOEt 1.78 -3.68 53 Me 3 CCH 2 CHMe 2 0.93 -9.29 
23 ( C H ^ O 1.82 -4.46 54 Bu 2 0 1.38 -7.17 
24 MeCOOEt 1.54 -4.51 55 H 2 0 0.00 3.82 
25 0(CH 2CH2) 20 1.76 -4.31 56 96% MeOH -0.05 -0.15 
26 MeCONMe 2 2.11 -2.34 57 80% EtOH 0.06 0.00 
27 BuOH 0.04 -2.08 58 60% EtOH 0.14 1.05 
28 EtOEt 1.32 -6.39 59 50% EtOH 0.14 1.36 
29 Me 3 COH 0.66 -3.02 60 80% MeCOMe 0.54 -0.68 
30 MeOC 2 H 4 OMe 1.37 -4.91 61 70% MeCOMe 0.50 -0.16 
31 BuNH 2 2.85 -2.40 

a Not determined. 

interesting one. The A and Β parameters may be transformed to mathe
matically equivalent ones by choosing any reaction to represent one of the 
new solvent parameters, provided the reaction is not one of those that 
actually requires only one parameter for a reasonable correlation. The other 
new solvent parameter is, by definition, not present in the correlation 
equation for the chosen reaction. This observation leads us to the relative 
amounts of the second parameter to be used in the transformation (equation 
7). 
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21. PETERSON Correlation Using Two Solvent Parameters 311 

An infinity of scales for the second new solvent parameter are still 
available, because the reaction data offer no way to discern whether some of 
the first solvent property is admixed with the second. The chemist may elect 
to use one of the scales for the second parameter, which reflects his chemical 
experience under different circumstances—for example, experience with 
reactions in constant solvent. 

Table IV. Sensitivities of Nucleophilicity (s) and Sensitivity to Ionizing Power (m): 
Adamantyl Tosylate Based 

Solvent s from m from Solvent s from m from 
i Reactant a and b a and b i Reactant a and b a and b 

1 MeBr 1.61 0.07 40 l-nitroso-2-naphthol 0.64 0.25 
2 MeOTs 1.32 0.26 41 2-nitroso-l-naphthol 0.41 0.28 
3 BuBr 1.24 0.32 42 Et 4N + I- 0.73 1.73 
4 PhCH 2Cl 1.30 0.42 43 Kosower Ζ -4.76 3.98 
5 Me2CHOTs 

ct/c/o-C5H9OTs 
0.49 0.63 44 MPI -4.73 3.85 

6 
Me2CHOTs 
ct/c/o-C5H9OTs 0.39 0.73 45 3-MeOC 5H 4N + 0~ (1) -1.23 0.58 

7 q/c/o-C 6H uOTs 0.34 0.83 46 3-MeOC 5H 4N + 0" (2) -2.37 0.62 
8 endo-C7\{nOTs 0.14 0.78 47 3-MeOC 5H 4N + 0" (3) -2.28 0.53 
9 exo-C7HnOTs 0.23 0.94 48 PhN0 2 0.40 0.21 

10 Ph 2CHCl 0.45 1.82 49 4-MeOPhN02 0.52 0.27 
11 2-AdOTs -0.00 1.00 50 4-Et2NPhN02 0.49 0.40 
12 Me 3 CCl, Y 0.40 1.00 51 Ph2CO 

pyrimidine 
-0.31 0.12 

13 Me3CBr 0.81 0.02 52 
Ph2CO 
pyrimidine -0.36 0.13 

14 PhCMe 20 2COPh -0.36 0.47 53 pyridazine -0.53 0.26 
15 Ph 3CF -1.82 1.21 54 pyrroline oxide -0.47 0.26 
16 Ph3COAc -1.31 0.81 55 iron imine -0.43 0.25 
17 Mel + (EtCH2)3N 1.18 0.52 56 oximate -3.01 1.75 
18 Mel + PhNMe2 1.10 0.54 57 sulfoxide 0.60 0.18 
19 Mel + 3-ClPhNMe2 1.12 0.62 58 Dimroth Ej30 -3.51 2.54 
20 Mel + 4-ClPhNMe2 1.13 0.62 59 Dimroth £ r 2 6 -3.54 2.07 
21 Mel + 3-MePhNMe2 1.10 0.53 60 BrookerxR 0.62 1.08 
22 Mel + 4-MeOPhNMe2 1.09 0.51 61 Davis A -1.97 0.55 
23 EtI + Et 3N 1.06 0.52 62 Davis B -1.31 0.24 
24 Et0 2 CCH 2 Br + Et 3N 0.09 0.50 63 Davis E C T -0.69 0.11 
25 Et0 2 CCH 2 I + Et 3N 0.15 0.46 64 HCONMe 2 -1.48 3.20 
26 4-02NPhF + Et 4N + N 3 _ -1.52 0.66 65 P0C13 2.01 2.25 
27 PhS02Cl + PhNH 2 -1.33 -0.11 66 Me 2 CHCH 2 Cl, trans 3.47 1.55 
28 C1S02NC0 + hexene 1.26 0.37 67 Me2HPO, band 1 -3.35 3.96 
29 TCNE + 4-methoxystyrene 0.86 0.71 68 (Me3C)2NO, Ν -0.18 0.11 
30 Br2 + 1-pentene 0.62 1.15 69 piperidyloxy, Ν -0.16 0.10 
31 Br2 + Me4Sn 0.17 1.14 70 pyrrolinyloxy, Ν -0.16 0.11 
32 2-PhSPhC03CMe3 -0.23 0.33 71 4-AcC5H4NMe, 2-H -0.14 0.15 
33 Berson Ω -0.04 0.04 72 4-AcC5H4NMe, 3-H -0.19 0.13 
34 sulfoxide rearrangement -0.10 0.12 73 4-AcC5 H 4NMe, 5-H -0.18 0.13 
35 PhC0 2 H 0.78 0.20 74 4-AcC5H4NMe, 6-H -0.18 0.15 
36 2-02NPhOH 0.63 0.13 75 4-AcC5H4NMe, Ac-H 

2-fluoropicoline, F 
-0.61 0.28 

37 picramic acid 1.73 0.25 76 
4-AcC5H4NMe, Ac-H 
2-fluoropicoline, F -1.14 0.36 

38 
39 

o-vanillin 
5-methylfurfural 

0.32 
0.37 

0.24 
0.19 

77 Et3PO, Ρ -9.73 3.92 
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Appendix: A Full Description of the Conversion of A and Β to Ν 
and Y 

As already noted, the parameters are assumed to be separable into compo
nents as follows: 

A h e p

s l = n AJV h e pSi + y A Y h e P

S 1 (3) 

Bhe P

S 1 = n B N h e p

s l + ysYhep

sl (4) 

For a second solvent S2, equation 3 becomes 

Ahep

S2 = nANhe™ + ifcYhep82 (10) 

Calculating the y s and the Ratio of the ns. In our first calculation, we 
base the Y scale on terf-butyl chloride solvolysis rates as calculated from the 
expression given by Swain et al. (9): log k (tert-butyl chloride) = 7.37A + 
5.65B — 6.10. We simply subtract the result of the calculation of log k (tert-
butyl chloride) for the two solvents of interest to obtain the Y values to be 
used in equation 3. These Y values preserve the advantage of the Swain 
approach in that any unusually large error in one rate constant of a standard 
reaction is minimized, because the A and Β values are optimized for a 
number of reactions. We again note that the Swain parameters are compati
ble with an infinite group of Ν scales. Any one of these scales may be 
obtained by assuming a value of the ratio, R, of nucleophilicity of two 
reference solvents designated as follows: 

SI = Srefl and S2 = Sref2 

We replace N h e p

s l in equation 3 with RNHEP

S2. We then solve equation 3 for 
nNheP

S2- We solve equation 10 for the same quantity, where S2 is the 
reference solvent SrefS. Two equations that are equal to nN of solvent ref2 
result. Equating these equations and solving for yA gives 

v = ^hep S r e l 2 ~ Kef* 
A R Y h e p ^ - Y h e p s - n (5) 

A similar expression having Β in place of A and the same denominator is 
obtained for yB. Dividing the equations gives 

u R A S r e i 2 — A Srefl 

!/A = ^ V ^ h e p _ = / f R j ( 6 ) 

VB RBHEP^ - Y h e p s - n 

We may solve equations 3 and 4 for nA and nB in solvent SI where SI is 
any solvent. Dividing gives 
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n ΏΑ S2 _ A SI 
2* = « * ! S L V _ = c o n s t a n t ( 7 ) 

nB RB h e pS2 - y h e p s i 

This equation says that the ratio of the proportions of nucleophilicity 
that are present in the A and Β parameters may be obtained from the 
parameters for any solvent by subtracting the contribution of ionizing power 
from each (A and B) and dividing. Although the y values depend on the 
assigned value of the ratio, K, as do the yly ratios (equation 6), the quotient in 
equation 7 is, remarkably, independent of the y values, within the error 
limits posed by significant figures. Sample calculations have confirmed this 
result. A proof that this statement is correct comes from an alternative way to 
get the ratio. 

Calculating Sensitivities to Nucleophilicity and Ionizing Power. If the 
right-hand terms in equations 3 and 4 are put into equation 11, we can 
collect the terms 

AG = aA h e p Si + feB^i (11) 

that contain Ν and Y. The multipliers of Ν and Y are the sensitivities, usually 
called I and m (5) or s and m (7). As in our earlier conversion (7), sensitivities 
are 

= b^rig (8) 

™RX = + 
(9) 

In the conversion of A and Β to Ν and Y, the Y values represent the best fit of 
equation 1 to the rates of solvolysis of terf-butyl chloride. Clearly, none of the 
Ν solvent property should be added to Y to give a better fit, because the fit is 
already optimized. Therefore, s = 0 for the reactions of this compound. 
Equation 8 with 5 = 0 leads to 

nA ~^ fBuCI - 5 64 

— =— =—ψ£ =-0.76526 12 
nB a fBuCl 7.37 V ' 

Within the limits imposed by the availability of two significant figures in as 
and b s, this number agrees with the values obtained in equation 8 from A , B, 
and Y values in various solvents. 

Finding the Nucleophilicities. Values of nAN or nBN for any solvent 
can be obtained from equations 3 or 4, because we now have the y values 
from equations 5 and 6. The nN values may be compared with the proposed 
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sets of nucleophilicity values in the literature. Such a comparison will be 
appropriate only if we have chosen the ratio R for the nucleophilicities of 
acetic and formic acid to be 1, because this same assumption was made in 
setting up the scales in the literature. As has been noted, we have plotted the 
nAN values versus the Ν values of Schadt, Bentley and Schleyer (Figure 1). 

The slope of the plot is the nA value, which may be considered to be a 
scaling factor. Dividing nN by this η scale factor gives Ν values extracted 
from the A and Β parameters. This Ν scale initially has no chosen zero point, 
although a few values exist that are not far from zero. The Ν value for water 
may be subtracted from the Ν value in each solvent to get values that are 
comparable to the published scales. A l l of these Ν values based on A and Β 
are given in Table II. Y values obtained as described also appear in Table II. 
The s and m values (equations 8 and 9) are listed in Table III. In Table I, 
other numerical values and relationships are given. 
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22 
Solvolysis of Electron-Deficient 
1-Arylethyl Tosylates 
Kinetic and Stereochemical Tests for Nucleophilic 
Solvent Participation 

Annette D. Allen, V. M . Kanagsabapathy, and Thomas T. Tidwell* 

Department of Chemistry, University of Toronto, Scarborough Campus, 
Scarborough, Ontario M1C 1A4, Canada 

The rates and stereochemistry of solvolysis of 1-arylethyl tosylates 
with electron-withdrawing substituents on the α-carbon or the aryl 
ring have been determined and suggest initial formation of ion pairs, 
which undergo competitive return to reactant or formation of prod
ucts. The stereochemistry of substitution varies from major inversion 
to racemization to small net retention as a function of solvent and 
substrate. These electron-deficient carbocations show large magni
tudes of ρ+ values but modest values of the solvent parameter m. 
These results indicate strongly nucleophilic solvents assist the ioniza
tion of the less reactive substrates, whereas in the weakly nucleophilic 
media, solvent attack on reversibly formed ion pairs is rate-limiting. 
The first intermediate interacts with a solvent shell but without 
specific attachment to a single solvent molecule. 

H o w NUCLEOPHILIC SUBSTITUTION OCCURS has been one of the preemi
nent problems in mechanistic organic chemistry for more than 50 years 
(1-3), and the importance of this process more than justifies this sustained 
interest. An area that has received particularly close scrutiny is the "bor
derline" or "combat zone" (2) region where potential competition between 
mechanisms of the S N1 and S N 2 type exists. These processes involve forma
tion of a nonspecifically solvated carbocation intermediate in the former case 
and a direct displacement of the leaving group by a solvent molecule in the 
latter and are designated kQ and ks processes for solvolysis, respectively. 

* To whom correspondence should be addressed. 

0065-2393/87/0215-0315$06.00/0 
© 1987 American Chemical Society 
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316 NUCLEOPHILICITY 

The suggestion that a gradual transition occurs between these mecha
nisms so that in the intermediate region the two processes merge, and a five-
coordinate intermediate exists on the reaction coordinate has received inter
est recently. The possibility of partial covalent character in the solvolysis 
transition state has been considered for a long time (4) and was given 
particular prominence by the report of Doering and Zeiss in 1953 (5) that 
methanolysis of 3,5-dimethyl-3-hexyl phthalate proceeded with net 54% 
inversion of configuration and 46% racemization. The structure of this inter
mediate was depicted as I (equation 1) (5), and the reaction coordinate for the 
merging of the mechanisms is depicted in Figure 1 (6). 

I 

As the leaving group departs, the positive charge developing in the 
remaining organic moiety is not restricted to one atom but is delocalized 
throughout the structure where it interacts with many solvent molecules, 
and the electrophilic role of the solvent in assisting departure of the leaving 
group by hydrogen bonding has also been emphasized (1-7). The distinctive 
aspect of the "SN2-intermediate" (6) or Doering-Zeiss (5) proposals would 
appear to be the suggestion of a particularly strong backside interaction by 
one specific solvent molecule that exists for a sufficiently long time that a 
discrete chemical intermediate exists. 

As a test of the extent of nucleophilic solvent participation in transition 
states in the "borderline" or "combat zone" region, we studied 1-arylethyl 

A 

Figure 1. Schematic repre mtation of thv upper jrtion of potential energy 
surfaces for merging oj substitution mechanisms (6). Reproduced from 

reference 6. Copyright 1981 American Chemical Society. 
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22. ALLEN ET AL. Solvolysis of Electron-Deficient 1-Arylethyl Tosylates 317 

systems that are deactivated by electron-withdrawing fluorine atoms. These 
systems are chiral and thus permit determination of the stereochemistry of 
the substitution and furthermore have been the subject of intensive previous 
study (1-3, 8) and are known to have a reactivity in the region where S N1 and 
S N 2 processes are becoming competitive and a merging of mechanisms might 
occur. The presence of electron-withdrawing fluorine atoms either on the 
carbon adjacent to the substitution center or as part of ring substituents 
would be expected to destabilize (9) the developing carbocations by increas
ing their electron deficiency (10) and should thereby favor nucleophilic 
participation by the solvent. 

The preparation of the l-aryl-2,2,2-trifluoroethyl tosylates I—III and the 
mesylate IV was described (11-16) as well as the solvolytic rate constants of 
these derivatives in a range of solvents (11-16). Solvolytic and polarimetric 
rate constants were also obtained for optically active l-phenyl-2,2,2-tri-
fluoroethyl triflate Va and solvolytic rate constants for the ot-deuterated 
analogue Vb (11). Solvolytic and polarimetric rate constants were also meas
ured for optically active Vla-c (17). 

Results 

la, 
lb, 
Ic, 
Id, 

X 
X 
X 
X 

C H 3 0 
C H 3 

H 
Br 

H a , X 
H b , X 
IIc,X 
H d , X 
H e , X 
Hf, X 

C H 3 ; R 
CH3O; R 
H ; R 
H ; R 
C H 3 ; R 
H ; R 

C F 3 

C F 3 

C F 3 

C N 
C N 
1 3 C H 3 

IV 
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318 NUCLEOPHILICITY 

For comparative purposes, the solvolytic rate constants for I-VI at 25 °C 
in hexafluoroisopropyl alcohol (HFIP) are given in Table I, together with the 
m values, which measure the dependence of the rates on the solvent ionizing 
power parameter Y O T s by the equation log (k/k0) = m Y O T s (3, 6). 

Table I. Rate Dependence on Solvent Ionizing Power of Benzylic Sulfonates ArCR(CF3)OTs 
Relative to C6H5CH2OMs at 25 °C in HFIP 

Ar R No. m k(25 °C) Kel Ref 
ArCR(CF3)OTs 

p-anis Η la 0.76 0.583 63 11 
p-tol Η lb 0.94 5.66 x ΙΟ"5 6.1 x ΙΟ"3 11 
C 6 H 5 Η Ic 0.69 4.03 x ΙΟ"8 4.4 x 10"6 11 
C 6 H 5 CH 3 Ilf 1.01 2.95 x 10"3 0.32 14 
^βΗ5 CF 3 lie 1.2 x ΙΟ"8 12 
C 6 H 5 CN lid 6.1 X io- 7 12 
p-tol CN He 0.66 1.94 x 10"4fl 2.1 x ΙΟ"2 15 
p-anis CF 3 lib 0.76 0.235a 25 12 
1-naphthyl Η III 0.94 1.50 x ΙΟ"3 0.16 16 
9-anthryl Η IV 0.64 0.124 13 16 
C6H5CH2OMs 9.23 x ΙΟ"3 1.0 32 

ArCH(OTs)CH3 

m-BrC6H4 Via 0.82* 0.267 29 17 
p-CF 3C 6H 4 VIb 0.78fc 2.19 Χ ΙΟ"2 2.4 17 
3,5-(CF3)2C6H3 Vic -c 1.36 x 10-5 1.5 X IO-3 17 

NOTE: kre] = k(25 ° C ) / ( 9 . 2 3 x 10"3). 
a Interpolated from the mY correlation. 
b Derived from the plot excluding C H 3 C H 2 O H solvents. 
c Derived from rates for T F A and H F I P only: log k = 1 .36Υ Ο Τ 5 - 9.74. 

The products of the reactions involve substitution at the central carbon 
with the exception of l-(9-anthryl)-2,2,2-trifluoroethyl mesylate (VI), which 
undergoes extensive ring substitution at the 10-position (16), and lib (11,12, 
14-17). The stereochemistry of substitution of Va and Vla-c was also deter
mined (11, 17). 

A r C H C H o 
I 0 

O T s 

Via, Ar = m - B r C 6 H 4 

Mb Ar = p - C F 3 C 6 H 4 

Vic Ar = 3 , 5 - ( C F 3 ) 2 C 6

H 3 

The reaction of lib in T F E gave the expected substitution product Vila, 
but solvolysis in C H 3 C H 2 O H gave a mixture of Vllb and VIIc in a ratio of 
50:50 as determined by vapor pressure chromatographic separation and 
isolation (Chart I) (15). Solvolysis in C D 3 O H gave Vlld and Vile in a ratio of 

Va, R = H 
Vb, R = D 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
7 

| d
oi

: 1
0.

10
21

/b
a-

19
87

-0
21

5.
ch

02
2

In Nucleophilicity; Harris, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1987. 
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CF„CH 9 OH 
C H 3 ° \ U / - C ( C V 2 O T s 

lib 
C H 3 0 - < 0 > " C ( C F 3 ) 2 O C H 2 C F 3 

Vila 

n b

 E t 0 H » S 0 - ( f ^ ) - C ( C F „ ) 9 0 E t 3'2" 

VII b , S = CH„ VII c , S = Et 

CD„OH 
lib ^ +- S O - O J > - C ( C F 3 ) 2 O C D 3 

VU d , S = CHg VII e, S = CD g 

Chart I 

69:31 as analyzed by the relative intensity of their respective M + peaks at 291 
and 294. 

Trifluoromethyl Substituent Effects 

The destabilizing effect of the C F 3 group adjacent to a developing carboca
tion center is illustrated by the fact that CF 3-substituted alkenes are ΙΟ^-ΙΟ 7 

times less reactive in protonation according to equation 2 (R = Ar or 
C H 3 C H O ) than the corresponding derivatives where hydrogen replaces C F 3 

(18, 19). These rates are predicted by equation 3, where the electrophile 
substituent parameters σ p

+ (21) for the group R and C F 3 are summed (20). 
The strong electron-withdrawing power of the C F 3 group is manifested by its 
σ p

+ value of 0.61 (21), and use of this parameter permits quantitative predic
tion of the kinetic effect of this group by using equation 3. 

R R 

/ „ , / 
C H 2 = C ^ H + C H 3 C + ( 2 ) 

C F , C F , 

l ° g V = - 1 0 . 5 Σ σ p

+ - 8.92 (3) 
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320 NUCLEOPHILICITY 

In solvolytic reactions, the presence of C F 3 groups in positions rather 
remote from the reaction center leads to significant rate depressions com
pared to hydrogen (22-26), as in examples V I I I - X (22-24), where the rate 
accelerations for replacement of the C F 3 groups by hydrogen are shown in 
parentheses. 

VIII (2 x 105) (22) IX (1011) Χ (1012) 
Mos = p - C H 3 O C 6 H 4 S 0 2 

Trifluoromethyl substituents in the α position are also strongly de
stabilizing in the solvolysis of 2-(trifluoromethyl)propyl triflate (XI), which is 
less reactive than 2-propyl triflate by factors ranging from 1.5 x 104 in 
C H 3 C H 2 O H to 4 Χ 106 in T F A (27). Comparable factors were found for the 
tosylate corresponding to X I (28). These compounds may be interpreted as 
reacting through an ion-pair mechanism (equation 4) on the basis of the large 
rate deceleration due to the C F 3 group, the exclusive formation of 2-(tri-
fluoromethyl)propene as the only product in all solvents, the large rate 
enhancements caused by basic salts, and the noncumulative isotope effect 
k(d0)/k(d3) = 1.78 and k(d0)/k(d6) = 3.80 for deuteration of one or both 
methyl groups (27). 

C F 3 C ( C H 3 ) 2 O T f «=• CF 3 <Î(CH 3 ) 2 OTf- — C F 3 C ( C H 3 ) = C H 2 (4) 

X I 

The observed absence of a correlation of the rates of X I with the Y 0 T s 

solvent ionizing power parameter (3, 6) or with the new Y O T f parameters for 
triflates (29, 30) is also indicative of a significant kinetic effect of the solvent 
acting as a base in assisting the elimination according to equation 4. This 
process is an example of the E 2 C

+ mechanism and has also been invoked to 
explain the results of solvolysis of some α-carbonyl- and a-phosphoryl-
substituted mesylates (31-34). 

Such solvent-assisted elimination could result by the "SN2-intermedi-
ate" mechanism (6), but the high degree of carbocation character indicated 
by the large decelerating effect of C F 3 in X I and the noncumulative isotope 
effect, which was quantitatively accounted for on the basis of the ion-pair 
scheme in equation 4 (27), argues against the former interpretation. 
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22. ALLEN ET AL. Solvolysis of Electron-Deficient 1-Arylethyl Tosylates 321 

Solvolyses of systems ArAr 'C(OTs)CF 3 and the related bromides have 
also been studied and also show rate decelerations of approximately 105 for 
C F 3 relative to hydrogen (35, 36). The highly crowded nature of these 
substrates appears to preclude any kinetically important nucleophilic solvent 
participation. The constancy of the fc(H)/fc(CF3) rate ratios in comparison to 
less crowded systems suggests either that no steric effects involve the C F 3 

groups on the kc reactivity of these substrates or that any such effects tend to 
cancel. 

Tertiary Benzylic Derivatives 

The solvolyses of the tertiary α-trifluoromethyl-substituted benzylic tosy
lates Ila-f would be expected to be protected from any involvement of direct 
nucleophilic solvent participation during departure of the leaving group for 
steric reasons, and the experimental evidence is consistent with this inter
pretation. Thus, for the ring-substituted analogues of lie and Ilf p + values 
(21) of - 10.7 (15) and - 6.85 (37), respectively, indicate a very high degree of 
cationic character with a high demand for electron donation by the aryl 
substituent, particularly in the former doubly destabilized system. For Ilf, 
the isotope effect k(CO3)/k(CH3) of 1.3-1.6 (depending on solvent), the 
modest kinetic effects of added salts, and the calculated rate acceleration of 
2 x 105 for replacement of the C F 3 by H are all indicative of a carbocation 
route, as indicated in equation 5 (14). The question of the reversibility of the 
initial ionization cannot be definitely answered in the absence of any data on 
optically active or specifically l sO-labeled derivatives. 

C F 3 ^ C F 3 

ArCOTs ^==± A r C + OTs" >· products (5) 

I \ 
R R 

The dependence of the rates of solvolysis of the tertiary systems lib and 
Ilf on the solvent ionizing power by the single-parameter equation log (A/fc0) 
= m Y O T s (6) is listed in Table I along with a number of other values for 
destabilized systems. Interestingly, the m value of 0.76 for lib is consider
ably less than that of 1.01 for Ilf, and a plausible explanation of this result is 
that the former system, which is destabilized by two C F 3 groups, has greater 
charge derealization into the ring and a consequent lower demand for 
charge dispersal by the solvent. 

The product from lib in C H 3 C H 2 O H or C D 3 O H involves attack of the 
solvent on the ring, as evidenced by the formation of the ipso substitution 
products VIIc and Vile (15). Evidently, the carbocation intermediate XII 
reacts with solvent to form the intermediate XIII, as shown in equations 
6-8. Two processes may be envisaged for the conversion of XIII to the 
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322 NUCLEOPHILICITY 

products, one involving reionization of XIII to XII and the other involving 
direct formation of VII from XIII by a 1,5 shift (equation 9). 

CH30^^3V"C(CF3)2 J = = 
\ / H +(k 3) 

SO 

XII 

CFo 

C F , 
(6) 

XII 

SOH 
C H 

CH 3O 

XIII (a, S = Et; b, S = C D 3 

Vllb (S - Et) 
C(CF 3 ) 2 OS (7) 

Vlld (S = C D 3 

XIII 

CH,0 

VIIc (S = Et) 
C(CF 3 ) 2 OS (8) 

VIIe(S = CD 3 ) 

-A -# Vllb, Vlld (9) 

However, the mechanism of equations 6-8 is evidently favored, as the 
results are consistent with this process but not that of equation 9. Thus, no 
product was observed from reaction of lib in either C H 3 C H 2 O H or C D 3 O H 
that resulted from a shift of the C H 3 0 group to the benzylic carbon, and 
particularly for XHIb such a shift should be equally probable as the shift of 
C D 3 0 . 

Mass spectrometric analysis of the product in C D 3 O H shows that the 
ratio of M + ions corresponding to Vlld and Vile is 69/31. A simple steady-
state analysis of equations 6-8 predicts the ratio of products Vlllb/VIIc or 
Vlld/VIIe w i l l equal 2Jfc1/Jfc2, so that for C D 3 O H , k2 = 0.9kv For 
C H 3 C H 2 O H , Vllb equals VIIc, so k2 = 2kv The greater preference of 
C H 3 C H 2 O H for attack at the ipso carbon relative to C H 3 O H may reflect a 
steric preference with the larger nucleophile attacking at the para position. 

Secondary Derivatives 

The solvolyses of the secondary l-aryl-2,2,2-trifluoroethyl derivatives I and 
III-V would be more likely candidates for kinetically significant solvent 
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22. ALLEN ET AL. Solvolysis of Electron-Deficient 1-Arylethyl Tosylates 323 

participation than the tertiary derivatives because of the greater steric ac
cessibility to the carbinyl center by solvent and because of the increased 
electron demand of the secondary derivatives compared to Ilf. However, by a 
number of criteria no strong evidence exists for a major role for rate-limiting 
solvent participation concurrent with leaving-group departure. 

Thus, the p + values for I range from —6.7 to —11.9 depending upon 
the solvent, with the smallest magnitude of p + occurring for T F A (II). The 
large magnitudes of these values provide strong evidence for carbocationic 
intermediates. The isotope effects k(H)/k(D) for V range from 1.21 to 1.34 
depending upon the solvent, and this finding is also consistent with rate-
limiting formation of carbocations (II). 

The evidence on the stereochemistry of the solvolysis was obtained from 
optically active C 6 H 5 C H ( O T f ) C F 3 (Va), which gave ratios of ka, the polar
imetric rate constant, and fcuv, the rate of product formation, of 7.3, 27, 1.2, 
1.1, and 1.0 in T F A , HFIP, T F E , HOAc, and C H 3 C H 2 O H , respectively (II). 
The acetolysis product from (-)-Va was 41% inverted and 59% racemized 
(II). 

These kinetic and stereochemical results for the tosylates I and triflates 
V may be consistently interpreted in terms of initial ionization to an ion pair 
that undergoes some return to optically inactive starting material and is 
converted to product by attack of solvent (Scheme I). The observation of 
substrate racemization during solvolysis appears to be incontrovertible evi
dence for an ion pair that has a rather long lifetime in the poorly nucleophilic 
T F A and H F I P and hence has considerable opportunity for racemization and 
ion-pair return. In the more nucleophilic solvents, the ion pair is captured by 
the solvent more rapidly so that racemization and ion-pair return are no 
longer competitive. The fact that acetolysis of ( — )-Va gave partial net inver
sion indicates the triflate leaving group effectively shielded one side of the 
cation so that the solvent preferentially attacked the other side. 

ph4 V V ψ 
COli Ç+OTf" TfO" C* * ^ TfOC^ 

CF3 CF, , CF, CF3 

PhCH(0S)CF3 

Scheme I 
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The m values for Ia-c, III, and IV from the relationship lot (k/k0) = 
m Y 0 T s (6, 38) are all less than 1.0; thus, a lower response to solvent ionizing 
power results for these benzylic substrates than for 2-adamantyl tosylate. A 
plausible explanation of this result is that the developing charge in the former 
systems is largely delocalized onto the aryl ring and therefore less demand 
exists for solvent stabilization. Also, a number of studies of formation of 
carbocationic systems with adjacent carbonyl groups show similarly low m 
values (31-34). These latter systems may have charge derealization onto the 
adjacent carbonyl group and in some cases adjacent aryl groups as well and, 
hence, a lower demand for solvent stabilization. 

These correlations of reaction rate with solvent ionizing power Y 0 T s are 
somewhat scattered, so some uncertainty exists in the resultant m values, but 
nevertheless a sufficient number of examples are available to suggest that a 
charge derealization effect on the response to solvent ionizing power occurs. 
Such an effect might well also occur in systems reacting by &Δ (neighboring 
group participation) routes in which the developing charge is partially dis
persed onto a participating neighboring group. Studies of solvent effects on 
reactivity in such systems are just beginning to emerge and will provide an 
independent test of this theory of solvent effects. In one recent study, the 
solvolysis of mustard chlorohydrin ( H O C H 2 C H 2 S C H 2 C H 2 C l ) , a substrate 
known to react by a &Δ path, showed abnormally low rates in mixed solvents 
containing C F 3 C H 2 O H , as compared to rates in aqueous C H 3 C H 2 O H and 
acetone (39). The cause of this effect has not been established, but the 
solvation requirements of the delocalized &Δ transition state are clearly 
relevant to this phenomenon. 

The naphthyl and anthryl derivatives III and IV are considerably more 
reactive than the corresponding phenyl or tolyl compounds l b and Ic (Table 
I), a result expected for the greater electron-donating ability of the naphthyl 
and anthryl rings in carbocation stabilization (16, 40, 41). A value of 1.3 for 
kjkuy (the ratio of the polarimetric rate constant and the rate of product 
formation determined spectrophotometrically) was found for IV in T F E , but 
the high reactivity of IV precluded polarimetric rate measurements in other 
fluorinated solvents (16). Because of the stabilizing character and large size of 
the aromatic rings in III and IV, solvent participation at the central carbon is 
quite unlikely in these compounds, and the reactivity data obtained are 
consistent with an ion-pair mechanism similar to Chart I or equation 5. 

The formation of the ring-substituted products XIV during solvolysis of 
IV provides a unique probe of the reaction mechanisms in this case, as both 
the reactant and product are chiral. A possible mechanism for formation of 
the product could involve solvent attack at the relatively unhindered 10-
position of IV or on a chiral ion pair with a stereoelectronic preference for 
addition either syn or anti to the leaving group, analogous to proposals for the 
S N 2' mechanism (42). However the products XIV from optically active IV 
were completely racemic, ruling out the operation of such a process. 
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1-Arylethyl Derivatives 

The electron-withdrawing effect of the a - C F 3 group in I-V would be ex
pected to reduce the possibility of carbocation formation, but the net effect of 
an a - C F 3 group is also known to inhibit nucleophilic attack, possibly due to 
the unfavorable interaction of the nucleophile with the lone pairs on fluorine 
(43). Therefore, the 1-arylethyl tosylates Vla-c bearing electron-withdraw
ing halogen groups on the ring were examined as substrates where the effects 
of nucleophilic solvent participation would be likely to be manifested (17). 

The rates of Via and VIb in different solvents gave somewhat different 
correlations by the equation log (k/k0) = mY0Ts for aqueous ethanols and for 
other solvents, with m values of 0.82 and 0.78 for the latter, whereas Vic gave 
a very scattered correlation by this equation (17). Therefore, the rates were 
correlated by the equation log (k/k0 = m Y 0 T s + IN (38), where Ν is a measure 
of solvent nucleophilicity and I expresses the dependence on Ν. For Via, 
VIb, and Vic, values obtained in this way for m and / were 0.90, 0.91, and 
0.93 and 0.26, 0.37, and 0.72, respectively, with correlation coefficients of 
0.994, 0.994, and 0.977, repsectively. Whatever the merits of the dual 
correlation with Y O T s and N, all three substrates showed enhanced rates in 
the ethanol solvents compared with the trends for the other solvents; this 
result suggests that nucleophilic interactions are important. 

The p + values derived from the rates of reaction of Vla-c in different 
solvents are - 4 . 9 (TFA), - 5 . 1 (100% HFIP), - 5 . 9 (97% HFIP), - 6 . 3 
(100% TFE) , - 5 . 1 (97% TFE) , - 3 . 9 (HOAc), - 3 . 0 (80% EtOH), - 3 . 3 
(90% C H 3 C H 2 O H ) , and - 3 . 4 (100% C H 3 C H 2 O H ) . These p + values may be 
compared to those of —5.0 to —6.3 for 1-arylethyl derivatives attributed to 
reactions involving carbocations by Richard and Jencks (8) and that of —2.9 
for the S N 2 reaction of 1-arylethyl derivatives with azide (8). 

The net stereochemistry of the solvolysis of Vla-c in different solvents 
and the ratios of polarimetric rate constants ka and the rate constants for 
product formation kuy are summarized in Table II (17). 

The results in the less nucleophilic solvents, particularly the large 
magnitudes of p + and the high kjkuy ratios, are consistent with reversible 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
7 

| d
oi

: 1
0.

10
21

/b
a-

19
87

-0
21

5.
ch

02
2

In Nucleophilicity; Harris, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1987. 



326 NUCLEOPHILICITY 

Table II. kjkuv and Net Stereochemistry (in Parentheses) for Solvolysis of 
ArCH(OTs)CH 3 (VI), 25 °C (17). 

Solvent 3-BrC6H4 (Via) 3-CF3C6H4 (VIb) 3,5-(CF3)2C6H3 (Vic) 
TFA 1.4* 
HFIP 9.2* 2.1' 
TFE 1.9 (rac) 1.4' 
HOAc l.l(40%inv) 1.1* e 

EtOH l.l(72%inv) 1.0/ g 
a 6% retention. e 77% inversion. 
b Racemic. f74% inversion. 
c Product optically active, stereochemistry unknown. s 87% inversion. 
d 46% inversion. 

formation of ion pairs that undergo rate-limiting attack by the solvent as 
shown in Scheme I. The occurrence of 6% net retention in the tri-
fluoroacetolysis of Vic could occur through an interaction of the leaving 
group with the solvent directing attack to the front side and has been 
observed in other systems (17, 34, 44, and references cited therein). 

The lower magnitude of the p + values for Vla-c in the more nu
cleophilic solvents, particularly those containing C H 3 C H 2 O H , is evidence 
for nucleophilic solvent participation in these solvents. A quantitative esti
mate of the acceleration due to this cause in 100% C H 3 C H 2 O H may be 
obtained by comparing the observed rates to those calculated from m Y O T s 

correlations for the remaining solvents in which such solvent participation is 
less important or absent. Thus, m values of 0.82, 0.78, and 1.35 are obtained 
for Vla-c, respectively, by using data for all the n o n - C H 3 C H 2 O H solvents in 
the former two cases and for T F A and H F I P in the latter. Rate constants 
calculated in this way in C H 3 C H 2 O H at 25 °C in the absence of nucleophilic 
solvent participation are 1.6 X 10 - 5 , 2.9 Χ 10" 6, and 8 X 10" 1 3 s _ 1 for Via, 
VIb, and Vic, respectively. The last value, based on extrapolation of a two-
point correlation, is only approximate. 

Comparison of the calculated nucleophilic accelerations of 9, 17, and 106 

to the degree of inversion (72, 74, and 87%, respectively) for Vla-c shows 
that even though the kinetic effects of solvent assistance are significant, this 
fact does not lead to the complete inversion characteristic of the S N2 reaction 
as found in acetolysis of 2-octyl tosylate (45). The best description of the first 
intermediate in the solvolysis of Vla-c would thus appear to be the solvated 
ion pair shown in Scheme II. In this species, the solvent is involved in 
nucleophilic solvation of the central carbon as well as the remainder of the 
carbocation and also participates in electrophilic solvation of the anion. 
Numerous solvent molecules are involved, and no strong interaction of a 
single nucleophilic solvent molecule at the central carbon leading to ex
clusive inversion occurs. 

Thus, these studies of 1-arylethyl systems provide excellent insight into 
the behavior of reactive systems where mechanistic changeover occurs. 
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Scheme II. Solvated ion pairs in solvoly 

Other quite different approaches to the same problems exist, and the con
tinued pursuit of such studies will provide increasingly more accurate under
standing of transition-state structure. 
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23 
Relationship between Nucleophilic 
Reactions and Single-Electron Transfer 
Application to Reactions of Radical Cations 

Addy Pross 

Department of Chemistry, Ben-Gurion University of the Negev, Beersheva, 
Israel,* and Department of Chemistry, Stanford University, Stanford, CA 94305 

Nucleophilic reactions often compete with single-electron-transfer 
(SET) processes. The configuration mixing (CM) model, which builds 
up reaction profiles qualitatively, is utilized to provide simple experi
mental criteria for predicting the factors likely to encourage one 
pathway over the other pathway. The analysis suggests both nu
cleophilic and SET processes involve a single-electron shift. Factors 
that favor a SET process include (1) strong donor-acceptor pair 
ability of nucleophile and electrophile, (2) steric interactions in the 
transition state, (3) delocalization of the odd electrons that make up 
the nucleophile-substrate bond, and (4) the nucleophile-substrate 
bond strength. The apparent reluctance of aromatic radical cations to 
undergo direct nucleophilic attack is explained on the basis of the 
single-electron shift model for nucleophilic reactions. 

TTHE CLASS OF SINGLE-ELECTRON-TRANSFER (SET) processes in organic 
chemistry (for a recent review on organic electron-transfer reactions, see 
reference 1) has expanded enormously over recent years so that organic 
reaction mechanisms may be broadly divided into two general classes: the 
polar reactions in which electrons seem "to move about in pairs" and the so-
called one-electron processes in which electrons are transferred one at a time 
(2). Yet, strangely, the relationship between these two pathways is far from 
clear. For the specific case of nucleophilic reactivity, the question arises: 

* Where correspondence should be sent. 

0065-2393/87/0215-0331$06.00/0 
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332 NUCLEOPHILICITY 

Why do nucleophiles at times follow a polar pathway, for example, the S N2 
reaction or nucleophilic addition to the carbonyl group, whereas at other 
times these same nucleophiles might react via a SET process? What is the 
relationship between these two general pathways and what factors influence 
which reaction pathway will be followed in any particular case? This chapter 
analyzes this problem using the configuration mixing (CM) model (3-5) by 
comparing both reaction processes. 

Finally, we will turn to the chemistry of odd electron species. The 
reaction of radical cations with nucleophiles has been extensively studied 
over recent years. In a detailed review, Parker (6) concluded that certain 
radical cations, which were previously thought to undergo direct nu
cleophilic attack, actually react via a series of electron-transfer steps. Using 
the C M analysis, this chapter provides a simple explanation for the puzzling 
reactivity properties of odd-electron species and shows how their behavior 
fits into the polar-S E T mechanistic picture. 

Discussion 

An S N 2 reaction, depicted in equation 1, seems to come about by an electron 
pair on the nucleophile "displacing" a second electron pair—the R - X σ 
bond. Four valence electrons appear to be involved. The problem with this 
representation is that the electronic rearrangement seems radically different 
from that in a SET process, such as the initiation step of the S R N 1 process (7), 
equation 2. Clearly, just a single electron has been transferred from the 
nucleophile to RX. As a consequence of these quite different descriptions, 
the relationship between the two processes becomes obscure. What factors 
encourage one pathway over the other is not clear. 

N : " + R — X ^ N — R + : X " (1) 

N : ~ + R — X — N - + ( R ^ X ) - (2) 

Despite the fact that polar nucleophilic reactions are commonly termed 
"two-electron" processes, what the term really signifies must be understood. 
The term does not mean that during the course of the reaction, electron pairs 
relocate within the molecule two by two, in the way that the curly arrow 
convention implies. Two-electron processes merely indicate that all electrons 
that were spin-coupled in reactants remain spin-coupled in the products. 
Actually, the S N 2 process and indeed all other polar nucleophilic reactions 
are really just single-electron-shift processes (2, 3). The approximate wave 
function that describes the reactants of the S N 2 process (equation 1) is given 
by x R , equation 3, and differs from the corresponding wave function describ
ing products, x P , equation 4, by just a single-electron shift. The single-
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23. PROSS NucleophileSingle-Electron Transfer Reactions 333 

electron-shift nature of the reaction becomes even more apparent when 
simple V B structures are used to represent χ β and χ Ρ , as shown in I and II 
respectively. 

x« = yfc [ΦΝ(1)ΦΝ(2)Φη(3)ΦΧ(4) - φ Ν (1)φ Ν (2)φ κ (3)φ χ (4)] (3) 

X* = \ 7 Γ [ΦΝ(1)ΦΚ(2)ΦΧ(3)Φχ(4) - φ Ν (1)φ κ (2)φ χ (3)φ χ (4)] (4) 

N : " R Χ Ν R :Χ" 

I II 

To convert I to II all that is needed is to shift a single electron from N : ~ to · X . 
In other words, the barrier to an S N 2 reaction may be thought of as coming 
about through the avoided crossing of χκ and χ Ρ (3, 8-10) or, using the D 
(donor)-A (acceptor) terminology, by a DA-D + A~-avo ided crossing (9, 11). 
Consideration of the S N 2 process in these terms provided a means of assess
ing the factors governing reactivity in these systems (8, 11, 12). 

In the context of this chapter, we demonstrate that only by considering 
polar nucleophilic processes as SET processes can the factors that govern the 
competition between polar and SET processes as well as nucleophilic reac
tions of radical cations be adequately understood. 

Consider the reaction of a carbonyl compound with a nucleophile, the 
hydroxide ion: 

H O r + \ = 0 — H O — C — O r (5) 
/ I 

For this reaction, reactant and product configurations are depicted by III and 
IV, respectively. Here again, we see that reaction comes about by a single-
electron shift. The product configuration has two spin-paired electrons on Ο 
and C that can form a bond once that electron shift has occurred. So we see 
that the différence between a nucleophilic addition process and SET lies not 
in the number of electrons that are shifted but in whether two coupled 
electrons in close proximity are generated following the electron shift. This 
statement is the essence of the polar-S E T competition. In a SET pathway D , 
A reacts to form D + , A ~ , while in a polar process such as that in equation 5, 

H O : " C — Ο 

III 

H O C — O -

IV 
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D , A react to form D + - A _ . The difference is that in the polar pathway two 
odd electrons on D + and Α · ~ , brought about by the single-electron shift, 
are paired into a single bond. In the case of the SET process, no such 
interaction occurs. 

SET versus Polar Pathways 

Any factor that inhibits or disallows coupling of the two odd electrons after 
the single-electron shift wil l encourage SET over a polar nucleophilic path
way. This statement forms the basis for understanding the competition 
between these two routes. The following factors will have a bearing on the 
polar-S E T competition (2). 

Donor-Acceptor Pair Ability. The better the donor-acceptor pair, the 
earlier the avoided crossing between D A and D + A - configurations so that 
the degree of coupling between the two odd electrons is reduced. This 
relationship will lead to an increase in the likelihood of a SET process, and 
numerous examples where this trend is observed exist (13-18). 

Steric Interactions between D and A. If D or A is sterically hindered, 
then coupling between D + and A _ is impeded and a SET pathway is 
encouraged (13, 19, 20). 

D - A Bond Strength. The stronger the D - A bond, the more likely 
D - A coupling will occur. If the D - A bond that is to form is weak, the SET is 
encouraged. The tendency for iodide ion to act as an electron donor but 
fluoride ion as a nucleophile (21-22) may be explained in this manner. 

Radical Derealization. If the two radical centers on D and A are 
extensively delocalized, coupling is inhibited and a SET pathway is encour
aged. This actually represents a special case of D - A bond strength, because 
the coupling of delocalized radicals leads to weak bonds. Numerous exam
ples of all of these predictions exist (2); these examples make the foregoing 
analysis a most useful one. We see therefore that only by viewing the polar 
process as a single-electron shift does the relationship between the polar and 
SET pathways become clear. 

Nucleophilic Attack on Radical Cations 

What is the mechanism of attack of nucleophiles on radical cation species 
such as anthracene or thianthrene radical cations? Extensive studies by a 
number of groups have been conducted on the reaction of radical cations 
with nucleophiles (6, 23, 24). Two main mechanisms have been proposed: the 
disproportionation pathway, equations 6 and 7, in which the nucleophile, 
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Nu, attacks the dication formed by the disproportionation of the cation 
radical A + ; and the half-regeneration mechanism, equations 8 and 9, in 
which nucleophilic attack takes place directly on the radical cation. A third 
mechanism, termed the complexation mechanism, is closely related to the 
disproportionation mechanism but differs from it in that one of the reacting 
radical cation molecules of equation 6 is complexed to a molecule of the 
nucleophile in a donor-acceptor charge-transfer ττ complex. The role of the 
nucleophile donor is to facilitate electron transfer to the second radical cation 
group. The disproportionation step of the complexation mechanism is indi
cated in equation 10. 

2A-+-+ A 2 + + A (6) 

A2+ + Nu — ( A - N u ) 2 + (7) 

Α · + + Nu;=± ( A - N u ) - + (8) 

(A-Nu)-+ + Α· + — ( A - N u ) 2 + + A (9) 

A - + / N u + A - + — A 2 + / N u 4- A (10) 

The actual mechanism that is followed in any given case has been a 
subject of considerable controversy. As Parker and co-workers noted (6, 24\ 
these reactions are exceedingly complex because they involve multistep 
pathways through a large number of intermediates. Despite the complexity, 
evidence for each of the three pathways has been presented (6, 24). Most 
recently, however, in an excellent review of the subject, Parker (6) reassessed 
the existing data and concluded that in certain cases the half-regeneration 
pathway is not operative, as was initially thought. Thus, for example, di-
phenylanthracene radical cation in its reaction with pyridine is now thought 
to react via the complexation pathway (6), and not via the half-regeneration 
pathway (25) (for a selection of papers on the reaction of radical cations with 
nucleophiles, see references 26-37; for a more extensive list of references, 
see references 6 and 24). Indeed, on the basis of Parkers analysis, we believe 
that the reaction of radical cations with nucleophiles proceeds predomi
nantly, if not exclusively, via the disproportionation mechanism (or the 
closely related complexation mechanism). 

The question now arises: Why does a dication, whose formation is 
governed by an equilibrium constant of approximately 10 - 9 , appear to be the 
species that actually undergoes nucleophilic attack? What is the factor that 
inhibits direct attack of the nucleophile on the highly reactive radical cation 
itself? On the basis of the C M analysis, the likelihood of direct attack—the 
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central feature of the half-regeneration pathway—is considered to be slight, 
as shown by comparing the reactions of normal cations, R + , with their radical 
cation counterpart, A · + . 

The direct attack of a nucleophile, N , on a cation, R + , involves a single 
electron shift (3, 38). The reaction may be described by the avoided crossing 
of D A and D + A " curves as indicated in Figure la . A single-electron shift 
from N : to R + in the R+ :N pair generates the R N + radical pair, which can 
collapse to form an R - N σ bond. The case of a radical cation is, however, 
quite different. An electron shift from Nu: to a radical cation A + merely 
regenerates A, the parent hydrocarbon; therefore, a simple nucleophilic 

R E A C T I O N C O O R D I N A T E R E A C T I O N C O O R D I N A T E 

(a) (b) 

Figure I. (a) Schematic energy diagram illustrating the way in which the 
reaction profile for nucleophilic attack on a normal cation may be built up 

from the avoided crossing of DA and D+A~ configurations, 
(b) Corresponding diagram for nucleophilic attack on a radical cation, in 

which the product configuration is now D+ 3*A~. Because D + 3*A~ is 
doubly excited with respect to DA, while D+A~ is just singly excited, 

E* 2 > E*,. 
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addition process is precluded. In simple terms, after the electron shift no 
odd electron exists in the hydrocarbon moiety with which the nucleophile 
radical, N u + , can couple. Thus, a D A - D + A _ crossing for a radical cat-
ion-nucleophile pair does not describe a nucleophilic addition process but 
describes an electron transfer reaction from the nucleophile to the radical 
cation. A nucleophilic addition process on a radical cation is brought about 
by exciting the D A configuration to D + 3 * A _ (Figure lb). Only this doubly 
excited configuration is electronically set up to bring about the nucleophilic 
addition reaction: the shift of an electron from the nucleophile to the radical 
cation prepares the nucleophile for covalent bonding, while excitation of the 
hydrocarbon moiety to the triplet state uncouples an electron pair; therefore, 
the electron pair is also prepared for covalent bonding. However, as seen in 
Figure l b , a high-energy product configuration is likely to lead to a high-
energy pathway, so that we believe direct nucleophilic attack on a radical 
cation is an unfavorable process. For this reason, competing pathways, which 
only involve singly excited D + A - product configuration (i.e., electron-trans
fer reactions), are preferred for radical cations. This result is indeed what is 
observed (6). The disproportionation and complexation mechanisms involve 
the radical cation species in just electron-transfer steps. Only at the dication 
stage does direct nucleophilic attack occur. At this point, a D A - D + A -

crossing, that is, a single-electron shift, will lead to a nucleophilic addition. 
Formation of the radical cation species as a consequence of the electron shift 
from Ν to A 2 + leads to an A + N + radical pair, which can collapse to give 
A + - N + ; nucleophilic attack has occurred. The inexplicably slow protonation 
reaction of radical anions may be understood in similar terms and will be 
discussed elsewhere (A. Pross, to be published). 
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24 
Reduction versus Substitution 
in the Reaction of Nitroaryl Halides 
with Alkoxide Ions 
Cristina Paradisi and Gianfranco Scorrano * 

Centro Meccanismi Reazioni Organiche del C.N.R., Dipartimento di Chimica 
Organica, Via Marzolo 1, 35131 Padova, Italy 

The competition between reduction of the nitro group and nu
cleophilic substitution of chlorine in the reaction of 4-chlo-
ronitrobenzene with alkoxide ions in alcoholic solutions was studied. 
The substitution reaction is sluggish except for short-chain primary 
alkoxides but is greatly activated by the addition of suitable cation 
complexing agents or tetraalkylammonium ions. When oxygen is care
fully excluded from the reaction mixture, the reduction path prevails. 
Rather surprisingly, however, reduction is strongly inhibited in the 
presence of crown ether complexed cations, to the point that, even in 
deoxygenated solutions, only the substitution reaction takes place. 
Mechanistic features are discussed on the basis of results of electron 
paramagnetic resonance and electrochemical investigations and of 
product and kinetic analysis. 

ΤΉΕ NATURE OF T H E INTERACTION between an electron-rich species, a 
nucleophile N u : - , and a substrate S capable of electrophilic reactivity has 
concerned chemists for a long time. A widely used mechanistic distinction is 
made between single-electron transfer (SET), leading to radical species 
(Scheme I, path a), and two-electron processes, involving direct coordination 
via a pair of unshared electrons (Scheme I, path b). 

a 

N u : " + S 
[Nu-S] 

b 
Scheme I 

0065-2393/87/0215-0339$06.00/0 
© 1987 American Chemical Society 
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340 NUCLEOPHILICITY 

When S bears a nucleofugal substituent, Y, substitution of Y by Nu may 
occur. Examples are provided by S R N 1 (1-3), S N2 (4\ and S N A r (5, 6) 
reactions. 

Mechanistic assignment in terms of path a or b is not always straightfor
ward. Recently, the proposal was advanced that also "apparent" two-electron 
processes, such as S N 2 substitution reactions, proceed via single-electron 
transfer with synchronous coupling of the electron pair of the ensuing radical 
pair (7, 8). The opposite situation has also been encountered. Evidence was 
recently reported that the reaction of nitrobenzene with f-BuOK in THF, a 
system in which radicals are observed, is not a straightforward electron-
transfer process but proceeds via initial nucleophilic attack (9). 

Perhaps of more general interest, also for the synthetic chemist, are 
systems in which channels a and b compete to give different products. In the 
course of our studies of the reactivity of nitroaromatic compounds in alkaline 
alcoholic solutions, we encountered one such system when we used 4-
chloronitrobenzene (10). 4-Chloronitrobenzene falls into the category of 
those aryl halides, bearing electron-withdrawing substituents (W) in 
ortho-para arrangement, that are considered activated toward nucleophilic 
aromatic substitution according to the S N A r mechanism. Alkoxide ions form 
an important class of nucleophiles in these reactions, leading to alkyl aryl 
ethers (5, 6, 11) (X is a halide): 

Χ X OR 

Ô + B0"= jS)-
w w 

Nitroarenes, on the other hand, are strong electron acceptors and easily 
undergo one-electron reduction (12, 13). Thus, nitrobenzene, to cite one 
example, has been customarily used as an effective "quencher" in chain 
reactions involving radical anion intermediates, such as in S R N 1 reactions (3). 
Under different conditions, nitroarene radical anions are reactive species. In 
particular, Zinin (14) reported that treatment of nitroarenes with hot alkaline 
alcoholic solutions results in products of reduction, mainly the azoxy deriva
tive (equation 2). These complex multistep processes involve nitroarene 
radical anion intermediates and are quite effectively inhibited by oxygen (10, 
15, 16). In 1964, Russell et al. (17) wrote that "apparently much of the 
chemistry of aromatic nitro, nitroso and azo compounds in basic solution 
involves electron-transfer processes". 

A r N 0 2 R O H - R O ) ArN=NAr + other products (2) 
Δ Ο " 

major 
product 
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24. PARADisi AND SCORRANO Nitroaryl Halide-Alkoxide Ion Reactions 341 

We found that, under certain conditions, with 4-chloronitrobenzene 
products of substitution and of reduction, are formed independently and in 
competition along channels b and a (Scheme I). The relative para orientation 
of the two functionalities is necessary to have comparable kinetic reactivities, 
the ortho isomer being too reactive and the meta totally unreactive in the 
S N A r mode. 

In this chapter, we describe this competition, the factors that influence 
it, and strategies to obtain the desired product in good yield by properly 
adjusting the reaction conditions. Some remarkable ion-pairing effects dis
closed recently will be described in particular detail. These studies have led 
to significant progress in our understanding of the mechanism of the reduc
tion process. 

Substitution Channel 

4-Chloronitrobenzene is a rather poor substrate in S N A r reactions with 
alkoxide ions in the parent alcohol. The percent yield of 4-nitroalkoxy-
benzene obtained in the reactions 4 - C l C 6 H 4 N 0 2 + R O " — (ROH) 4-
R O C 6 H 4 N 0 2 + CI" is as follows: for M e O " and E t O " , >95; for 1 - C 8 H 1 7 0 " , 
<5; for 2-PrO", >50; and for f - B u O - , <2. Except for short-chain primary 
alkoxides (10), the substitution product is obtained in very poor yield: a mere 
few percent in the case of 1-octanol (18, 19) and tert-butyl alcohol (10, 20) 
and less than 50% in 45 h even with the simplest secondary alcohol, 2-
propanol (10). The data in 2-propanol refer to experiments run with oxygen 
bubbling through the reaction mixture in order to "quench" the reduction 
process. Without this expedient, the yield of ether product is usually lower 
because of the competing reduction process. In equation 3, the product 
distribution is reported for a typical reaction of 4-chloronitrobenzene with 2-
PrOK in 2-PrOH at 75 °C, run without atmospheric control. The variety of 
products obtained and the highly irreproducible yields observed under these 
conditions reflect the complexity of these systems. 

C l ^ N Q 2 2 - P r O K - 2 - P r O H r 2 , p r 0 ^ N Q 2 + H 0 ^ N 0 2 + 

9% 5% 

c i O N = N O c l + c l 0~N=N0*C1 + ci<Q>'NH£ w 
33% 23% 28% 

More reproducible behavior is observed under controlled atmosphere. 
Scheme II is a summary of the behavior of 4-chloronitrobenzene in 2-
P r O K - 2 - P r O H solutions under oxygen and argon. The effect of oxygen as a 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
7 

| d
oi

: 1
0.

10
21

/b
a-

19
87

-0
21

5.
ch

02
4

In Nucleophilicity; Harris, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1987. 



342 NUCLEOPHILICITY 

powerful inhibitor of the reduction process is clearly evident. Accordingly, 
we found (18, 19) that reflux conditions, which lead to degassing of the 
solution, favor the reduction path. tl/2 data reported in Scheme II allow for a 
crude comparison of the reactivities of 4-chloronitrobenzene in the S N A r and 
reduction processes. Given a chance to occur, by excluding oxygen, reduc
tion is significantly faster than substitution. 

7 | 2 - P r O K - 2 - P r O H 

substitution of C l , tw = H h 

Ar 

-reduction of N 0 2 , tm = 15 min 

Scheme H 
We found (18, 19) that ion pairing is one of the most important factors 

that influence the competition between reduction and substitution. Ion 
pairing usually depresses the rate of these S N A r reactions because "free" 
alkoxide ions display a superior reactivity, although the opposite situation 
was found in some instances (21). Examples of rate enhancements observed 
upon addition of cation complexing agents or tetraalkylammonium ions are 
reported in Table I. The use of n-Bu 4NBr, for example, allows one to obtain 
substitution products in good yields and convenient times in reactions with 
otherwise poorly reactive alkoxides. 

Table I. Data Relative to the Reaction 

4C1C 6H 4N0 2 ROH-KOH 4 _ R O C 6 H 4 N 0 2 + Cl" 

I II 

Reaction % Yield 
ROH Catalyst Time (h) Temperature (°C) / u 
2-propanol a 46 75 12 59 
2-propanol 18-crown-6 3 75 2 80 
2-propanol n-Bu4NBr 3 75 2 79 
2-propanol Carbowax 20M 5 75 3 79 
2-propanol Glyme 5 22 75 1 75 
1-octanol a 0.75 100 >0.5 3 
1-octanol n-Bu4NBr 0.28 100 1 96 
2-butanol a 22.4 90 8 33 
2-butanol n-Bu4NBr 1.7 90 1 81 
PhOK in PhCl a 5 reflux 93 1 
PhOK in PhCl n-Bu4NBr 5 reflux >0.5 93 
a None. 
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24. PARADisi AND SCORRANO Nitroaryl Halide-Alkoxide Ion Reactions 343 

More quantitative indications of the impact of ion-pairing effects on 
these S N A r processes emerged from kinetic studies of the reaction of 4-
chloronitrobenzene with M e O K , E tOK, and 2-PrOK in their respective 
alcohols with and without 18-crown-6 (19). Complexation of K + by the crown 
compound results in increased S N A r reactivity, the effect being maximum for 
the 2 -PrOK-2-PrOH system. Rate enhancements for MeO~, E tO " , and 2-
P r O - are 1.6, 4.0, and 28.0, respectively, and follow the trend of the 
association constant for R O K in R O H (22). When ion association is elimi
nated or reduced as in the case of crown-complexed K + , the observed 
relative reactivities, 1.0 for M e O " , 3.6 for E t O " and 11.4 for 2-PrO~, follow 
the order of the alkoxides basicity [pK f l values for M e O H , E t O H , and 2-
P r O H are 15.09, 15.93, and 17.1, respectively (23)]. 

The rate enhancements observed in these nucleophilic aromatic sub
stitution reactions when using crown-complexed ions and tetraalkylam-
monium ions are indeed not surprising. Many examples are known of in
creased reactivity in nucleophilic substitutions due to complexation with 
crown compounds (24\ also in S N A r reactions (25, 26). In our system, 
however, this "normal" effect is accompanied by an inhibiting effect on the 
competing reduction path, which is discussed under Reduction Channel. 

Reduction Channel 

As anticipated in Scheme II, reaction of 4-chloronitrobenzene with 2-PrOK 
in 2-PrOH at 75 °C under argon leads exclusively to products of reduction of 
the substrate (equation 4) and of oxidation of the solvent to acetone (27). A 

CI N O : 2 
2 - P r O K - 2 - P r O H , 

75 °C, Ar 
CIHTVN=N-(~̂ CI + 

o -
57.2% 

N H 2 + C : P 0 " N = r ^ O ^ c l + C l ^ ~ ) - N H C O O C H ( C H 3 ) 2 + 

5.6% 1.0% 12.1% 

6.0% 1.0% 

(4) 

1.0% 
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344 NUCLEOPHILICITY 

common precursor of all the products of reduction is the nitroso derivative, 
ArNO. This intermediate reacts further according to two competing paths. 
The first and major path involves one-electron reduction followed by di-
merization and leads to the azoxy derivative ArN(0)NAr (JO, 27, 28). The 
second path involves condensation with acetone enolate ion to give the imino 
derivative A r N = C H C O C H 3 . This compound, in turn, can undergo hydro
lysis to A r N H 2 or engage in further redox processes leading eventually to the 
remaining minor products of equation 4 (27, 29). A detailed description of all 
the processes involved, now sufficiently well understood, is beyond the 
scope of this paper, and the interested reader is referred to the cited 
literature. The outline sketched in Scheme III suffices for our purposes. 
Worth mentioning is the fact that conditions have been optimized to obtain 
either anilines or azoxybenzenes cleanly and in good yields (30). 

l e 
* > A r N O - " — A r N = NAr 

/ ° 
A r N O , 2Ë „ A r N O 

\ C H 2 = C C H 3 

\ _ , _ A r N = C H C O C H 3 — A r N H 2 

Scheme III 

Under the reaction conditions employed, reduction of A r N O is much 
faster than of the corresponding A r N 0 2 . The rate-limiting step in the reduc
tion of A r N 0 2 is, therefore, in the first stage of the overall process (equation 
5). 

A r N O , +2e> + H + » A r N O (5) 
- H O -

Kinetic studies (31) have disclosed the following about these reactions: 
(1) They are first order in A r N 0 2 and approximately first order (1.2) in 
alkoxide. The deviation from unit slope of the log k vs. log alkoxide con
centration is probably caused, at least in part, by the use of concentration 
rather than activity data. This value can be a rather severe approximation, 
particularly in the high concentration region of the range used, 0.05-0.54 M . 
(2) These reactions are activated by electron-withdrawing substituents, a p 
value of +2.35 being derived from a rate correlation with the σ p constants. 
(3) The reactions have "normal" activation parameters (Ea = 21.5 kcal 
mol" 1). 

A study (32) on the effects of changing the ion association state has been 
very informative. We found that ion pairing has a significant kinetic effect on 
the reduction path, although in striking contrast to that on the S N Ar reaction. 
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24. PARADisi AND SCORRANO Nitroaryl Halide-Alkoxide Ion Reactions 345 

Reduction is indeed favored by ion association phenomena. We found, for 
example, that the rate of reduction of nitrobenzene in degassed solutions of 
2-PrOK in 2-PrOH decreases as a function of the concentration of 18-
crown-6, as shown in Figure 1. The leveling off corresponding to a rate 
reduction of a factor of approximately 200 is reached when approximately 2 
equiv of crown compound/equiv of 2-PrOK is present; under these condi
tions, complexation of K + is presumably quantitative (24). 

kx104 

CM'1 Ο 

Ç i e - C R O W N -6 ] 

[_2-PrOK] 

Figure 1. Influence of 18-crown-6 on the rate of reduction, k, of 
nitrobenzene in 2-PrOK-2-PrOH at 75 °C under Ar.k was derived from the 

slope of plots of In [nitrobenzene] vs. time. 

An analogous study involving 4-chloronitrobenzene (32) provided a nice 
picture of how subtly the balance between substitution and reduction is 
determined by the extent of ion association phenomena. In Figure 2, plots 
are shown of the dependence of the rate constants for the substitution (ks) 
and the reduction (kr) processes on the [18-crown-6]:[2-PrOK] ratio. As is 
evident, ks and kr follow opposite trends. 

Tetraalkylammonium ions have an effect similar to that of crown-com-
plexed K + in depressing the rate of reduction, much as they similarly 
enhance the S N A r reactivity as seen in Table I. With K + as a reference, 
relative rates for reduction of 3-chloronitrobenzene with 2 - P r O " M + in 2-
P rOH at 75 °C under argon are as follows: (M + , kk+/km+): K + , 1.00-Na+, 
0.90; K +-18-crown-6, 0.09; and n - B u 4 N + , 0.10 (kk+ = 7.0 Χ 10" 3 m^s" 1 ) . 
(C. Paradisi and G. Scorrano, unpublished results). 

Interestingly, significant counterion effects are also found in the elec
trochemical reduction of nitroarenes in 2-PrOH at a graphite electrode 
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k x l O 3 

4.0 

3.0 S k 
ο ο 

2.0 

1.0 ο · 

O.Ol 
0 

j ι ι ι ι 
0.2 0.4 0.6 0.8 1.0 

Q6- crown- 6] 
[2-PrOK] 

Figure 2. Influence of 18-crown-6 on the rates of competing substitution (ks) 
and reduction (kr) for 4-chloronitrobenzene in 2-PrOK-2-PrOH at 75 °C 
under Ar. ks was determined directly as the slope of plots In [4-(2»PrO)-

C6H4N02'] vs. time. kr was calculated as the difference k - ks, where k is 
the observed rate of disappearance of 4-chloronitrobenzene. 

studied by means of cyclic voltammetry (CV) (33). C V profiles for reduction 
of 4-chloronitrobenzene in 2-PrOH in the presence of various cations are 
shown in Figure 3. Marked differences are clearly evident. In the presence 
of n - B u 4 N + and of crown-complexed alkali ions, the C V reduction profile 
consists of two peaks, the first one due to the reversible one-electron transfer 
step ArN0 2i=±ArN0 2*~ and the second due to an irreversible overall three-
electron process, comprising also chemical steps and leading to A r N H O H 
(13). In the presence of uncomplexed alkali ions, the second peak is progres
sively anticipated ( K + < N a + < L i + ) , to the point that it merges into the first. 
The peak potential of the first reduction wave is, on the other hand, un
affected by the nature of the positive ion. Nitrobenzene and 3-chlo-
ronitrobenzene behave similarly. 

Observations of this sort led us to propose (33) that the mechanism of 
electrochemical reduction of nitroarenes in 2-propanol involves short-lived 
nitroarene dianion intermediates (Scheme IV). These intermediates form via 
one-electron reduction of A r N 0 2

, _ at the electrode and engage in a series of 
chemical and electrochemical steps, initiated by protonation. Ion pairing 
facilitates electrochemical reduction of nitroarenes in 2-propanol by lowering 
the reduction potential of ArN0 2 *~; this reduction thus makes the second 
stage of the overall process more accessible. No effect is observed on the 
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1-20 © 

- 2.0 

Figure 3. CV curves for the reduction of 4-chloronitrobenzene (1.3 X J O - 3 

M) in 2-propanol on a glassy carbon electrode in the presence of 0.08 M 
M+SCN~, and, for e-g, of 0.08 M 18-crown-6. M+: Li+ (a, e), Na+ (b, f), 
^+ (°> g)> and n-Bu4N+ (d). Units are volts, V, for the abscissa (potentials 

are more negative toward the left) and μΛ for the ordinate. The broken line 
in plot g refers to an experiment in which the potential sweep was reversed 

at a value of —1.3 V. (Reprinted with permission from reference 31. 
Copyright 1981 S. Ventura.) Continued on p. 348. 

American Chemical Society 
Library 

1155 16th St., N.W. 
Washington, O.d 20036 
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(D L 2 0 

- 2 . 0 

Figure 3 continued 

potential of the first peak; thus, reduction of A r N 0 2 to its radical anion is not 
facilitated by the possibility of ion pairing. 

An analogous explanation can be invoked to account for the counterion 
effects observed in the base-promoted reduction of nitroarenes described 
earlier. Indications in this sense have been obtained by means of in situ 
electron paramagnetic resonance (EPR) analysis of reacting solutions (32). In 
Figure 4, for example, plots are shown of the concentration of 4 - C l C 6 H 4 N 0 2 

and of the intensity of the E P R signal due to 4 - C l C 6 H 4 N 0 2 ' ~ as a function of 
time. Experiments of this sort provide evidence that these alkoxy-promoted 
reductions involve nitroarene radical anion intermediates. 

We also found (unpublished results) that the amount of ArN0 2 *~ formed 
during these reactions, crudely estimated from the intensity of the E P R 
signal, depends on the specific substrate used. In particular, slow-reacting 
substrates give rise, during their reactions, to most intense E P R signals. 
Thus, the signal intensity due to A r N 0 2 - ~ decreases in the order C 6 H 5 N 0 2 > 
4 - C l C 6 H 4 N 0 2 > 3 - C l C 6 H 4 N 0 2 , which is exactly the opposite of the reac
tivity order (relative reactivities are 1.0, 3.2, and 5.4, respectively). We thus 
conclude that the overall reactivity is determined by the rate of decay of the 
first reaction intermediate, ArN0 2 *~. 

Reactions of nitrobenzene and of 3-chloronitrobenzene, substrates not 
subject to competing S N Ar, were also monitored by E P R in solutions of 2-
PrOK in 2-PrOH containing 18-crown-6. Far from inhibiting the formation of 
the A r N 0 2

e ~ intermediate, disruption of ion pairing by crown-complexation 
of K + caused minor changes in the fine structure of the signal but apparently 

A r N 0 2 A r N 0 2 - - _ J U . A r N 0 2

2 H + 

ArN' 

Scheme IV 
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350 NUCLEOPHILICITY 

no reduction in its intensity. In fact, an increase in the concentration of 
A r N 0 2 ' " in crown-containing solutions could be deduced from the observa
tion of line broadening phenomena in the case of nitrobenzene reactions. 
Thus, apparently A r N 0 2

, _ intermediates accumulate in the presence of 
crown-complexed K + ion. The step in which A r N 0 2

, _ is consumed must 
benefit from the possibility of ion pairing. 

In the light of these observations, we propose that reduction of A r N 0 2 

to A r N O proceeds via two successive reduction steps leading, respectively, 
to A r N 0 2

, _ and A r N 0 2

2 " , much as is the case for the electrochemical process 
(Scheme V, path a). The possibility that ArN0 2 *~ intermediates, species with 
pKa < 4 (34), undergo protonation prior to further reduction (Scheme V, path 
b) is unlikely under the strongly basic conditions employed. Protonation of 
P h N 0 2

, _ by 2-propanol is unfavorable in liquid ammonia (35). Moreover, 
protonation is not compatible with the counterion effects observed in these 
processes. Proton transfer involving oxygen and nitrogen anions should not 
be significantly influenced by ion pairing. Contrary to carbanions (36, 37), 
protonation should actually be faster for the "free" anions (38). 

A r N Q 2 

ArNOoH" 
i ' 

ArNO 

Scheme V 

Where Does the Electron Come From? 

Crucial questions concern the identity of the species that act as electron 
donors in forming the A r N 0 2

, _ and A r N 0 2

2 " intermediates. The simplest 
possibility is that ArN0 2 *~ is formed via direct SET from the alkoxide ion 
(Scheme I, path a). The resulting alkoxy radical should rapidly give an alkyl 
radical via H abstraction from the solvent. The α-hydroxy radical so pro
duced is in acid-base equilibrium with its conjugate base, the acetone 
radical anion. The equilibrium constant for the dissociation of the 2-propanol 
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24. PARADisi AND SCORRANO Nitroaryl H alide-Alkoxide Ion Reactions 351 

radical, Κ = [ (CH 3 ) 2 C O - ] [ H + ] / [ ( C H 3 ) 2 C O H - ] , is 6.3 χ 10" 1 3 in aqueous 
solution (39, 40). These processes are described by equations 6-8. Alterna
tively, ( C H 3 ) 2 C O " can form directly from the alkoxy radical via Η abstraction 
from an alkoxide ion (corresponding to the sum of equations 7 and 8). Both 
radicals, ( C H 3 ) 2 C O H - and its ionized form, (CH 3 ) 2 CO-- , are known (40-43) 
to reduce effectively nitrobenzene to its radical anion in aqueous solution 
(equations 9 and 10); the rate constants are 1.6 Χ 109 and 3.0 Χ 109 

m o l _ 1 l s _ 1 , respectively (42). 

H 3 C H 3 q 
A r N 0 2 + C H O - — A r N C y " + C H O - (6) 

H 3 C H 3 C 

H 3 C H 3 C H 3 C H 3 C 
N C H O - + C H O H ^ N C H O H + b o H (7) 
/ J / 

H 3 C H 3 C H 3 C H 3 C 

H X H 3 C H 3 C HoC 
\ 3 \ \ 
• C O H + C H O " τ± - C O " + ^ H O H (8) 

H 3 C H 3 C H 3 C H 3 C 

H 3 C H 3 C 
A r N O , + - C O H — ArNO, - " -I- S C = 0 + H + (9) 

/ / 
H 3 C H 3 C 

HoC HoC 

A r N 0 2 + ^ C O - A r N 0 2 - + C = 0 (10) 

H 3 C H 3 C 

The feasibility of electron transfer from alkoxides to acceptor species, 
attractive as it is for its simplicity, has been prospected as a real possibility 
only in a few instances (44, 45a) and, in some cases, questioned (9, 45b, 46a). 
Buncel and Menon (45b) estimated that electron transfer from r-BuO~ to 4-
nitrotoluene in f -BuOH is energetically unfavorable to the extent of about 3 
eV. The estimate is based on calculations involving gas-phase electron affinity 
data for i -BuO" (1.93 eV) instead of its oxidation potential in solution, which, 
as is the case for other alkoxides, is not known. The approximation is 
necessarily crude, because solvation effects could be of significant magni
tude; nevertheless, the estimated value has met wide acceptance. 

Carbanions of many different types, on the other hand, are known to 
undergo one-electron oxidation at the expense of nitroarenes (17). Examples 
range from enolates to the conjugate base of (CH 3 ) 2 SO (11) and include the 
interesting studies on fluorene derivatives of Guthrie (37). Because of the 
ascertained ability of carbanions to produce nitroarene radical anions, mech-
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352 NUCLEOPHILICITY 

anistic proposals have been advanced for the alkoxide-promoted reduction 
based on the involvement of carbanions of some sort in the key electron-
transfer step. These comprise Meisenheimer complexes or Janovski-type 
intermediates and nitroaryl anion (17), according to Schemes VI and VII, 
respectively, shown here for nitrobenzene. 

Scheme VI is not consistent with our findings, as it requires the forma
tion of alkoxy-substituted products in significant amount. Scheme VII is 
more attractive. Evidence has been reported that nitroarenes undergo aro
matic proton abstraction in basic solutions (46b). Moreover, preliminary 
experiments performed with an ion cyclotron resonance (ICR) mass spec
trometer indicate that proton abstraction is a major path in the reaction of 
f-BuO" with 4-chloronitrobenzene in the gas phase at low pressures (C. 

RO 

R O " + C 6 H 5 N 0 2 • ΧΖ̂ Ν°2 

Η 

I 

RO 

I + C 6 H 5 N 0 2 * C 6 H 5 N 0 2 - - + /X^)-N0 2 

Η 

II 

II + R O ' — R O H 4- R O H 6 H 4 N 0 2 - " 

R O C 6 H 4 N 0 2 - ~ + C 6 H 5 N 0 2 ^ R O C 6 H 5 N 0 2 + C 6 H 4 N 0 2 - -

Scheme VI 
Giancaspro, C. Paradisi, G . Scorrano, and M . Speranza, unpublished re
sults). However, difficulties arise in deriving a kinetic expression with first-
order dependence in alkoxide and nitroarene. 

C 6 H 5 N 0 2 + R O " «=• C 6 H 4 N 0 2 " + R O H 

C 6 H 4 N 0 2 " + C 6 H 4 N 0 2 C 6 H 5 N 0 2 - + C 6 H 5 N 0 2 - -

C 6 H 4 N 0 2 - + H C O H — C 6 H 5 N 0 2 + j £ O H 

•)tX)H + C 6 H 5 N 0 2 + R O " — C 6 H 5 N 0 2 - - j b = 0 R O H 

Scheme VII 

An alternative proposal involves Η transfer from the α-C of the alkoxide 
to one of the oxygens of the nitro group followed by ionization of the neutral 
radical so obtained to its conjugate base, the nitroarene radical anion (16). 
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24. PARADisi AND SCORRANO Nitroaryl Halide-Alkoxide Ion Reactions 353 

This mechanism, however, is certainly not of general validity, because nitro
arenes are also reduced in f-BuO~-£-BuOH solutions (10, 15). 

A complete mechanistic description is not possible at present. Kinetic 
analysis needs to include, possibly, a description in terms of the radical anion 
intermediate. The data presently available seem to be best accommodated 
by a scheme comprising reversible electron transfer from the alkoxide ion, 
equation 6, or possibly the enolate ion of acetone adventitiously present in 
the solvent (47), followed by rate-limiting reduction of ArN0 2 *~ to A r N 0 2

2 ~ . 
This step may occur via dismutation of ArN0 2 *~ (equation 11), or via one-
electron reduction of ArN0 2 *~ by the strongly reducing radicals present in 

2 A r N 0 2 - - — A r N 0 2

2 " + A r N 0 2 (11) 

the system (equations 7 and 8). Dismutation of nitroarene radical anions is 
amply precendented. Behar and Neta (43) found that ArN0 2 *~ species 
(including A r = 4 - C l C 6 H 4 ) generated via electron transfer from e a q or 
( C H 3 ) 2 C O H in irradiated aqueous solutions decay by a second-order 
process. Moreover, Guthrie and Cho (48) reported a clean second-order 
decay of the E P R signal intensity of P h N 0 2 ' ~ generated photochemically in 
methanol-methoxide solution. We note that both systems differ from ours in 
that the decay of ArN0 2 *~ is monitored in the absence of the A r N 0 2 " 
forming step. This procedure is done because the source of radicals is 
removed before analysis occurs. We also note that transfer of a second 
electron (eaq) on Α Γ Ν 0 2 · " to give A r N 0 2

2 ~ species is kinetically as fast as the 
first (49). Therefore, one-electron reduction of ArN0 2 *~ by the strongly 
reducing acetone radical anion (or its conjugate acid) could successfully 
compete with dismutation under our conditions. 
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Nucleophilicity, Advances in Chemistry 215 
Chapter 24 

Additions and Corrections 

On page 341, the sentence "The percent yield , <2." beginning on line 
15 should be deleted. 

On page 341, in equation 3, second line, the first product should read 

C l - ^ ^ N = N - - ^ - C l instead of C1-Q-N=N^C^-C1 
o -

33% 33% 

On page 343, the first product of equation 4 is 

C 1 CH=N<>C1 
o -

O" 
I 

On page 344, in Scheme III, lower section, C H 2 = C C H 3 should replace 
C H 2 — C C H 3 . 

On page 345, lines 4 and 5 from the bottom of the page, kk+ and kk+/km+ 
should read kK+ and k K + / k M + , respectively. 

On page 347, Figure 3 is reprinted with permission from reference 33. 

On page 348, Scheme IV, upper line, the two figures underneath the arrows, 
7.3 and 11.8, should be ignored. 

On page 350, Scheme V: the product of path b is A r N 0 2 H and not A r N 0 2 H . 
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On page 351, equations 7 and 8 should read as follows: 

H 3 C . H 3 C H3O H 3 C 
/ C H O - + J C H O H — • / C H O H + / C O H (7) 

H3C H 3 C H 3 C H3C 

H3C H 3 C v H 3 C ^ H 3 C v 

^•CHO + , C H O - ^ C O - + ; C H O H (8) 
H 3 C H 3 C H 3 C H 3 C 

On page 352, Scheme VI. In the first equation, intermediate I is ^ > ^ y = N 0 2 

In the third equation, R O H 6 H 4 N 0 2 " should read R O C 6 H 4 N 0 2 ^ . In the fourth 
equation, the products should read R O C 6 H 4 N 0 2 and C e H 5 N 0 2 ~ . 

On page 352, in Scheme VII the last three equations should read as follows: 

C 6 H 4 N 0 2 " + C 6 H 5 N 0 2 — * C 6 H 4 N 0 2 + C e H 5 N O r 

C e H 4 N 0 2 + HÇOH — * C 6 H 5 N 0 2 + £ θ Η 

; C O H + C e H 5 N 0 2 + RO- — • C e H 5 N O r + £ = 0 + ROH 

On page 353, the section Conclusions has been omitted. It reads as follows: 

Conclusions 

Alkoxide ions can react with nitroaryl halides as two-electron and one-
electron donors leading to substitution and reduction products, respectively. 
Major factors governing the balance between the two processes are the 
presence of oxygen and ion-pairing effects. Reduction is facilitated, but 
substitution is hindered by ion-pairing phenomena. Conditions leading to 
substitution involve high temperature, however, below the solution boiling 
point, and use of tetraalkylammonium ions or alkali ion-complexing agents. 
On the contrary, oxygen must be carefully eliminated from the reaction 
mixture and alkali metal alkoxides used if reduction of the nitro group is to 
be obtained. 

Strong indications exist that the overall rate of the reduction process 
depends on the rate of decay of the intermediate nitroarene radical anion 
A r N 0 2 ~ to the dianion species A r N 0 2

2 ~ . It is not known whether this step 
occurs via second-order dismutation (equation 11) or electron transfer from 
alcohol-derived reducing radicals formed in the process. 
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25 
Reactions of Alkyl Radicals 
with Nucleophiles 

Glen A. Russell and Rajive K. Khanna 

Department of Chemistry, Iowa State University, Ames, Iowa 50011 

The relative reactivities of nucleophiles in the series R1R2C=NO2-, 
R1R2C=C(O-)Ph and RC(CO2Et)2- or toward Me3C· and PhC
-OCH2· reveal strong polar effects in the addition of a radical to a 
nucleophile (R· + N- -> RN·-). Toward the electron donor Me3C·, 
reactivity decreases (R1, R2 = Ph > Η > Me) with an increase in 
basicity of the nucleophile, whereas toward the electrophilic PhC
-OCH2·, reactivity increases (R1 and R2 = Η < Me) with basicity. 
Benzylic-type anions undergo electron transfer (R· + N- -> R- + 
N·) with PhCOCH2· but not with Me3C·. The transition state for the 
addition of a radical to a nucleophile seems to be controlled by SO 
molecular orbital-lowest unoccupied molecular orbital interactions 
for nucleophilic radicals like Me3C· but by SO molecular or
bital-highest occupied molecular orbital interactions by electrophilic 
radicals such as PhCOCH2·. 

ΊΓΗΕ REACTION OF A F R E E RADICAL with an anion to form a radical anion 
(equation 1) appears to be a simple reaction whose rate might be expected to 
increase with the exoergicity of the reaction. Indeed, the reaction is recog
nized to occur only when the fragments R or Ν contain unsaturation such 
that R N ' ~ is a reasonably stable species. Among the functional groups that 
can lead to stability of a radical anion are aromatic rings and nitro, cyano, or 
carbonyl groups, that is, groups recognized to readily undergo facile one-
electron reduction by suitable reducing agents such as alkali metals. 

R- + N ~ —• R - N - - (1) 

Substituent effects in reaction 1 have received little attention because of 
the lack of suitable methods of generating specific free radicals under basic 
conditions. One general process involving reaction 1 is the S R N 1 substitution 

0065-2393/87/0215-0355$06.00/0 
© 1987 American Chemical Society 
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356 NUCLEOPHILICITY 

R- + Ν " — R N - -
R N - - + R X - * R N + R X - -
RX- - » R» + X -
RX + Ν " —• R N + X " 

Scheme I 

process (Scheme I) where R- can be either an alkyl or aryl radical (1-3). This 
reaction sequence was originally recognized in aliphatic substitution reac
tions in which R* was an α-nitroalkyl, a-(p-nitrophenyl)alkyl, or a-(p-nitro-
benzoyl)alkyl radical derived from RX*" where X = halogen, N O £ , PhS, 
PhSO, PhS0 2 , S C N , M e 3 N + , or M e 2 S + (4, 5). Aliphatic free radicals not 
containing a nitro group will participate in the S R N 1 scheme if a nitronate 
anion ( R 1 R 2 C = N 0 2 ~ ) is used as the radicalphile (6-14). Some examples of 
such systems and the substrate (RX) leading to RX*~ and R* are given in 
Table I. 

Table I. Aliphatic Radicals (R*) Not Containing a Nitro Group 
That Adds to Me 2 C = N 0 2 -

R- X ofRX-- Reference 

(Et0 2C) 2CEt N 0 2 6 
Me2CCN« N 0 2 6-9 
Me 2 CC(=0)R, Me 2 CC0 2 R N 0 2 7, 8 
RCMe 2 (R = alkyl, aryl)* N 0 2 10 
N _ C 6 F 13» N" C8 F17 I 11 
PhCOCMe 2, p -NCC 6 H 4 COCMe 2 CI, Br 12 
p-NCC 6 H 4 CHBr, p -Me0 2 CC 6 H 4 CHBr Br 13 
p - N C C 6 H 4 C H 2 N(Me)3+ 14 
p-NCC 6 H 4 CMe 2 CI 14 
o,p-(NC)2C6H3CMe2« PhSQ2 14 

"Radicals also trapped by (Et0 2 C) 2 CR- and PhS~. 
Trapped by H 2 C = N0 2". 

Alkyl and substituted alkyl radicals can also be generated from the 
corresponding alkylmercury halides or carboxylates by the chain sequence of 
Scheme II (15-17). The reactivity of R H g C l in Scheme II decreases dras
tically from R = f-Bu to R = i-Pr to R = η-Bu as expected for a dissociative 
electron transfer from RN*~ to R H g C l (18). The following discussion will 
concentrate on results obtained by competitive reactions of pairs of nu
cleophiles (N A ~, N B " ) with R* = Me 3 C* or P h C O C H 2 - generated from the 
corresponding R H g C l in the photostimulated chain reaction of Scheme II. 
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25. RUSSELL AND KHANNA Reactions of Alkyl Radicals with Nucleophiles 357 

R- + N " —• R N - ~ 
R N - - -f R H g X —• R N + R- + Hg° + X ~ 
R H g X + Ν " — R N + Hg° + X -

Scheme II 

By use of large excess (~5-20-fold) of the radicalphiles, the relative reac
tivities (kAlkB) can be calculated from the relative yields of the products, 
R - N A and R - N B (reaction 2). The relative yields of R - N A and R - N B in a 
competitive chain process will be determined only by the relative values of 
kK and kB when all intermediate radical anions ( R N A

, _ , RNB*~) are converted 
to products by electron transfer to RHg Cl . Thus, at a kinetic chain length of 
> 20, the ratio of products formed will be essentially independent of the 
possibly different rate constants for the electron-transfer reaction of R N A * ~ 
and R N B - ~ . The photostimulated reaction of f-BuHgCl with M e 2 C = N 0 2 " 
gives an i n h i b i t i o n per iod wi th ( i - B u ) 2 N O * from w h i c h , under 
the conditions employed (0.1 M f-BuHgCl, 0.1 M M e 2 C = N 0 2 - / K + - 1 8 -
crown-6, and Me 2 SO, 35 °C), it is calculated that the rate of photostimulated 
initiation is 9.3 X 10~7 M s - 1 . In the absence of inhibitor, or after the 
inhibitor is consumed, the rate of the free radical chain substitution leading 
to M e 3 C C M e 2 N 0 2 is 4.5 Χ 10" 5 M s"1, that is, a kinetic chain length o f -50 . 
Longer kinetic chain lengths are observed in the absence of 18-crown-6, 
which apparently can divert ί-Bu· from the desired chain reaction. 

N A - ^ R N A - " R - N A 

R . + RHgX* + r . + Hg° + Χ" (2) 

N B - h R N B - " R - N B 

Evidence for Alkyl Radical Intermediates 

Determination that a given reaction proceeds by a free-radical chain mecha
nism is usually experimentally simple because a chain mechanism involves 
initiation and termination reactions. Thus, reactions of M e 2 C ( C l ) N 0 2 , p-
0 2 N C 6 H 4 C H 2 C 1 , p - 0 2 N C 6 H 4 C ( = 0 ) C M e 2 C l , or R H g C l (R = 1°, 2°, and 3° 
alkyl and benzyl) with M e 2 C = N 0 2 ~ do not occur in the absence of pho
tostimulation at ambient temperatures, and the irradiated reactions can be 
inhibited by radical traps such as 0 2 , P h 3 0 , or (f-Bu) 2 NO\ Powerful elec
tron acceptors such as ( 0 2 N ) 2 C 6 H 4 are also excellent inhibitors for processes 
involving radical anions as intermediates (19). 

Evidence for the intermediacy of R* in the free-radical chain reaction of 
R H g C l with M e 2 C = N 0 2 " was obtained by a study of the reaction of the 5-
hexenylmercurial with M e 2 C = N 0 2 ~ . The reaction yields the unrearranged 
and cyclized cyclopentylcarbinyl derivatives ( R C M e 2 N 0 2 ) in a ratio linearly 
dependent upon [Me 2 C = N 0 2 ~ ] . By use of the known cyclization rate 
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358 NUCLEOPHILICITY 

constant of the 5-hexenyl radical as a standard, the bimolecular rate constant 
for trapping of the 5-hexenyl radical by M e 2 C = N 0 2 " is calculated to be 2.4 
Χ 105 M " 1 s"1 at 40 °C in M e 2 S O or H M P A with M e 4 N + as the counterion 
(20). This rate constant decreases by a factor of 2-3 when L i + is used as the 
counterion. 

In Scheme II, the reaction between RN*~ = Me 3 CC(Me) 2 (N0 2 )*~ and 
M e 3 C H g C l must occur quite rapidly and irreversibly because not only does 
M e 3 C C ( M e ) 2 N 0 2 fail to retard the reaction but also better electron acceptors 
such as P h N 0 2 have a negligible effect on the rate of the substitution process 
and C 6 H 4 ( N 0 2 ) 2 is not an efficient inhibitor for the substitution process 
whereas (Me 3 C) 2 NO* is effective. 

If a free alkyl radical is being trapped by anions in a competitive reaction 
sequence (e.g., reaction 2), the relative reactivity (kA/kB) should be indepen
dent of the group X in the radical anion (RX*~) that is the precursor of R \ For 
example, the reaction of X C M e 2 N 0 2 with pairs of anions from the group 
( E t 0 2 C ) 2 C M e - , M e 2 C = N 0 2 - , (EtO) 2 PO", and (EtO) 2PS" gives a relative 
reactivity independent of the nature of X for X = CI, N 0 2 , and S 0 2 P h (21). 
This observation excludes substitution processes involving direct reaction 
between the nucleophiles and X C M e 2 N 0 2 * ~ and requires the intermediacy 
of M e 2 C ( N 0 2 ) - in the chain reactions. 

Important effects of ionic association are found when the relative reac
tivity of anions toward M e 2 C ( N 0 2 ) - are thus measured (21). Toward the free 
anions observed in Me 2SO-K +-[2.2.2]-cryptand, the relative reactivities of 
( E t 0 2 C ) 2 C M e : M e 2 C = N 0 2 : ( E t O ) 2 P S : ( E t O ) 2 P O - toward M e 2 C ( N 0 2 ) -
are 10:1.0:0.90:0.54. However, in the presence of L i + where selective ion 
pairing can occur, the observed relative reactivities were 0.24:1.0:1.2:<0.05 
([N"] 0 = [ L i + ] = 0.2 M). The reactivities of M e C ( C 0 2 E t ) 2 - and (EtO) 2 PO" 
are drastically reduced relative to the reactivity of M e 2 C = N 0 2 ~ or 
(EtO) 2PS~ because of preferential ionic association, which decreases the 
reactivity of the ion-paired nucleophiles in reaction 1. Solvents such as 
Me 2 SO or H M P A and counterions such as R 4 N + or K+-18-crown-6 are often 
the preferred choices for aliphatic S R N 1 substitution reactions. In a less polar 
solvent such as T H F with L i + as the gegenion, extensive ionic association 
occurs with both M e 2 C = N 0 2 " and M e C ( C 0 2 E t ) 2 " . Now the relative reac
tivity toward M e 2 C ( N O ) 2 greatly favors the chelated ion pair of the malonate 
anion by at least a factor of 70. If structural effects upon reaction 1 are 
analyzed, the effects of ion pairing between the gegenion and N " must be 
taken into consideration. 

Reactivity of a Series of Anions Toward the tert-Butyl Radical 

Table II summarizes the yields of the substitution products obtained in the 
photostimulated reaction of f-BuHgCl with a variety of anions. In the dark, 
the reactions occurred at a significant rate only above 60 °C where the 
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25. RUSSELL AND KHANNA Reactions of Alkyl Radicals with Nucleophiles 359 

Table II. Reaction of Nucleophiles with i-BuHgCl 

Nucleophile0 Time (h) Product (% Yieldf 

Me 2C = N 0 2 - 2 Me 3 CCMe 2 N0 2 (69) 
MeCH = N 0 2 - 2 Me 3CCH(Me)N0 2 (74) 
MeC(Ph) = N 0 2 - 2 Me3CC(Me)(Ph)N02 (67) 
H 2 C = N 0 2 " 2 M e 3 C C H 2 N 0 2 (68) 
PhCH = N 0 2 " 2 Me 3CCH(Ph)N0 2 (71) 
N 0 2 - 2 M e 3 C N 0 2 (71) 
(Phthalimide)"c 5 N-terf-butylphthalimide (72) 

8 M e 3 C N 3 (34) 
PhCHCN- 5 Me 3CCH(Ph)CN (4); PhCH 2 CMe 3 (11) 
Ph 2 CCN- 2 Me 3 CCPh 2 CN (48); P h 2 C = C = NCMe 3 (26) 

Ph 3 C- 2d Ph 3 CCMe 2 (39); 6-terf-butyl-3-benz-
hydrylidene-1,4-cyclohexadiene (21) ; 
p-Me 3 CC 6 H 4 CPh 2 CMe 3 (5) 

Ph 2 CH- 2d Ph 2 CHCMe 3 (36) 
(Fluorenyl)- 2d 9-terf-butylfluorene (44) 
PhC(C0 2Et) 2- 7 PhC(C0 2Et) 2CMe 3 (43) 
M e 3 C ( 0 - ) = C H 2 8 Me 3 CCOCH 2 CMe 3 (7) 
Me 3C(0-) = CPh 2 6 Me 3 CCOCPh 2 CMe 3 (6) 
PhC(0")=CH 2 6 PhCOCH 2 CMe 3 (54) 
PhC(0~) = CHMe 4 PhCOCH(Me)CMe 3 (34) 
PhC(0-)=CMe 2 5 PhCOCMe 2 CMe 3 (21) 
PhC(0-) = CHPh 2 PhCOCH(Ph)CMe3 (63) 
PhC(0-)=CPh 2 2 PhCOCPh 2CMe 3 (57) 
PhC(Q-) = Fluorene 8 9-£er£-butyl-9-benzoylfluorene (8) 

NOTE: Reactions were performed in nitrogen-purged M e 2 S O in the presence of equimolar 
amounts of 18-crown-6, with irradiation from a 275-W sunlamp positioned approximately 15 cm 
from the Pyrex reaction flask. 
a Generated by the action of potassium terf-butoxide on the conjugate acid. 
b Yields determined by ^ - N M R spectroscopy and G L C on a 1-mmol scale for reactions 0.1 M 

in f - B u H g C l and N " . 
c Commercially available potassium salts were used. 
d Hexamethylphosphoric triamide solvent. 

thermolysis of f-BuHgCl to form M e 3 C - becomes important. This dark 
reaction was completely inhibited by 10 mol % of (f-Bu) 2 NO\ In addition to 
nitronate anions, the anions derived from phenones [PhC(0~)=C(R 1)(R 2)] 
and phenylacetonitriles [PhC(R)=C = N _ ] were capable of trapping t-Bu 
radicals. Benzylic anions such as (Ph)3C:~, (Ph) 2 CH", or (fluorenyl)" also 
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360 NUCLEOPHILICITY 

yielded tert-butylation products. In the case of P h 2 C C N ~ , products of both 
C and Ν alkylation were observed while Ph 3 C:~ gave substitution at both the 
α and para positions: 

P h 2 C = C = N " , P h 2 C ( C M e 3 ) C N -
M e 3 C - + 

P h 0 C = C = N : 

— e, 
P h 2 C ( C M e 3 ) C N 

+ (3) 
P h 2 C = C = N C M e 3 - - P H 2 C = C = N C M e 3 

r—Ph 3 CCMe 3 -

M e 3 C - + Ph 3 C: 1 
- e 

Ph 2 C 
f = \ / C M E 3 

Λ = Λ „ -

P h 3 C C M e 3 

+ (4) 

Ph 2 C CMeo 

Among the anions that failed to give at least 3% of the substitution 
products in 8 h were Η Ο ( Ν 0 2 ) 2 " , C ( N 0 2 ) 3 " , E t 0 2 C C P h 2 - , M e 3 C C ( 0 - ) 
= C P h 2 , M e C ( C 0 2 E t ) 2 - , P h C ( 0 ) = C H C O P h , P h C ( 0 ) = C(Ph)COPh, 
P h C ( 0 ) C H C N , P h C ( 0 ) C H C 0 2 E t , and (9-nitrofluorene)". 

The relative reactivities of a series of carbanions determined by com
petitive reactions using M e 2 C = N 0 2 ~ as a standard nucleophile are summa
rized in Table III. The absolute rate constant for the trapping of 5-hexenyl 
radical by M e 2 C = N 0 2 in Me 2 SO at 40 °C is -2.5 x 105 M - V 1 (20). 
Presumably, the rate constant for trapping of Me 3 C* will be less than that for 
a primary alkyl radical although aliphatic S R N 1 processes are remarkably 
insensitive to steric effects. Those anions that were unreactive in the absence 
of M e 2 C = N 0 2 ~ not only failed to react in competitive experiments in the 
presence of M e 2 C = N 0 2 " but also failed to interfere with the trapping of 
M e 3 C - by M e 2 C = N 0 2 ~ . A maximum reactivity of not greater than 0.005 
that of M e 2 C = N 0 2 - was observed for 0 2 N C H = N 0 2 " , ( Ο 2 Ν ) 2 0 = Ν Ο 2 " , 
F 1 = N 0 2 " , M e 3 C C ( 0 ) = C P h 2 , H C ( C 0 2 E t ) 2 - , M e C ( C 0 2 E t ) 2 - , 
P h C ( 0 ) = C H C O P h , P h C ( 0 ) = C P h C O P h , P h C ( 0 ) = C H C N , and 
P h C ( 0 ) = C H C 0 2 E t . 

As illustrated in Scheme III, the basicity of an anion plays an important 
role in determining the change in standard free energy (AG°) for reaction 1 
[AG°(A")] (22). When comparing a series of nucleophiles with the same 
functional group, literature data indicates that the reduction potential (E°) 
remains essentially constant. If AG°(AH) remains constant, variation in the 
pKa of the conjugate base of the nucleophile results in a change of AG° for 
reaction 1 equal to —1.4 ΔpΚ α: that is, an increase in basicity of the 
nucleophile by 1 pKa unit increases the exoergicity of reaction 1 by 1.4 kcal/ 
mol if E° and AG°(AH) remain constant. Thus, if the rate of reaction 1 is 
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25. RUSSELL AND KHANNA Reactions of Alkyl Radicals with Nucleophiles 361 

A " + H + + M e 3 C - " " v " / M e 3 C = A - - + H + 

1I w 1 I(£0) 

A H + M e 3 C - ^ e M e 3 C = A + H -

Scheme III 
controlled by the change in free energy of the reaction, the rate should 
increase with the basicity of the anion if the stability of the radical anion is 
held constant. This situation is obviously not the case for many of the entries 
in Table III. In Table IV, the pertinent pKa data for the various acetophenone 
derivatives and calculated AG°(A~) values are listed. The calculated values 
are based upon literature E° values and values of AG°(AH) calculated by 
Benson's group additivity rules (18). 

Table III. Relative Reactivity of Anions toward M e 3 0 at 35 °C 
in Dimethyl Sulfoxide (K+-18-Crown-6) 

Anions 
Relative 

Reactivities Anions 
Relative 

Reactivities 

Me 2C = N 0 2 - 1.00 PhC(0")=CHMe 0.20 
MeCH = N 0 2 " 6.1 PhC(0-)=CMe 2 0.03 
H 2 C = N 0 2 " 35 PhC(0-)= CHPh 1.1 
PhCH = N 0 2 " 1.0 PhC(0-)=CPh 2 2.2 
PhC(Me) = N 0 2 - 7.4 PhC(0-)=fluorene 0.01 
N 0 2 - 0.4 PhC(C0 2Et) 2- 0.02« 
Ph 2 CCN- 6.5 EtC(C0 2Et) 2-, HC(C0 2 Et) 2 - <0.005 
PhCHCN- <0.1 

"Limiting value at high [ M e 3 C H g C l ] (>0.3 M) with [ Ν ~ ] = [ M e 2 C = N02-] = 0.1 M . 

Table IV. Reaction of Me 3 C- with PhC(0)=C(R 1)(R 2) to Yield 
PhCiO-XXRiXR^CMeg 

Ri R2 pK a AG° ΣσΒί, R2 Rehtive Reactivity 

Η or Ph PhCO ~9 -16 2-3 <0.005 
ο, ο ' -biphenyleny 1(F1) 10.1 14.4 -1.4 0.01 

Ph Ph a a 1.2 2.2 
H Ph 21.5 -1.6 1.1 1.1 
H Me 24.4 -6.4 0.5 0.2 
Me Me 26.3 -8.6 0.0 0.03 

"Not determined. 
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362 NUCLEOPHILICITY 

Table IV reveals an inverted reactivity order as a function of pK f l , AG°, 
or Σσ* for R 1 and R 2 . For the enolate anions of low basicity (R1 and R 2 = Η 
and PhCO; Ph and PhCO; Η and C N ; and Η and C0 2 Et ) , process 1 is highly 
endoergic and no reaction is observed. The reactivity increases sharply from 
R 1 and R 2 = ο,ο'-biphenylenyl (pKf l = 10.1) to R 1 = R 2 = Ph (pKa - 20), 
but then the reactivity decreases as the enolate anion is made more basic by 
changing R 1 and R 2 from phenyl to methyl or hydrogen (17). This decrease in 
reactivity parallels the σ* values for the substitutents R 1 and R 2 (p* = 1.5). 

The tert-butyl radical is a nucleophilic species and prefers to react via a 
transition state in which an electron has been transferred to the substrate. 
Apparently, the nucleophilicity of the tert-butyl radical becomes the domi
nant factor for the exoergic reactions of Table IV where an early transition 
state is involved. The reactions of nitronate anions seem to follow a similar 
rate profile. Very weakly basic anions such as C H ( N 0 2 ) 2 ~ , C(NO) 2 ) 3 ~, or 
f luorene=N0 2 - fail to trap M e 3 C - . With R 1 and R 2 = Η and C 6 H 5 (Σσ* = 
1.1), a lower reactivity is observed than for the more basic C H 2 = N 0 2 " (Σσ* 
= 0.98). However, as the electron-donating ability of the substituents in
creases further, the reactivity now decreases in a linear fashion with Σσ* 
giving p* = 1.6 (r = 0.997) for H 2 C = N 0 2 " , M e C H = N 0 2 " , MeC(Ph) 
= N 0 2 ~ , and M e 2 C = N 0 2 " . The same effect seems to occur with 

acetonitrile derivatives where P h 2 C C N " is 65 times more reactive than the 
more basic P h C H C N " . 

Reactivity of a Series of Anions Toward the Phenacyl Radical 

The phenacyl radical (PhCOCH 2 *) can be generated by electron transfer to 
P h C O C H 2 H g C l . Because of the stability of P h C ( 0 ) = C H 2 , the phenacyl 
radical should be an electrophilic species in contrast to the nucleophilic 
character of M e 3 C - and other unsubstituted alkyl radicals. Reaction of PhC-
O C H 2 H g C l with N " = M e 2 C = N 0 2 - leads to the alkylation product PhC-
O C H 2 C M e 2 N 0 2 , which readily undergoes an E 2 elimination of H N 0 2 to 
yield P h C O C H = C M e 2 as the major product. 

When the photostimulated reaction of P h C O C H 2 H g C l with a series of 
anions was surveyed (Table V), several obvious differences between 
P h C O C H 2 H g C l or P h C O C H 2 - and f-BuHgCl or t-Bw are apparent. The 
mercurial now will undergo alkyl exchange with C H 2 = N 0 2 ~ , leading to 
P h C O C H 3 and isolable 0 2 N C H 2 H g C l . Phenylated anions that had given 
s u b s t i t u t i o n p r o d u c t s w i t h f - B u H g C l [ e . g . , P h 2 C = C = N ~ , 
P h 2 C = C ( 0 ) P h , P h C H = C ( 0 ) P h , P h C ( C H 3 ) = N 0 2 - , P h C H = N 0 2 " , 
and PhC(C0 2 Et ) 2 ~] now give products of oxidative dimerization [e.g., 
Ph 2 C(CN)C(CN)Ph 2 ] with P h C O C H 2 H g C l , presumably from electron trans
fer with P h C O C H 2 * (Scheme IV). In reactions with anions such as 
P h 2 C = C = N ~ , P h C ( 0 " ) = C P h 2 , or P h C ( 0 ) = C H P h , the phenacyl radical 
is similar to the electrophilic 2-nitro-2-propyl radical, which reacts with 
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Table V. Photostimulated Reaction Products between 
PhCOCH2HgCl and Various Nucleophiles 

Nucleophile0 Time (h) Products (% Yield)h 

M e 2 C = N 0 2 - 2 P h C O C H 2 C M e 2 N 0 2 (22); P h C O C H = C M e 2 (65) 

M e C H = N 0 2 - 4 P h C O C H 2 C H M e N 0 2 (32); P h C O C H = C ( M e ) N 0 2 (4) 

H 2 C = N 0 2 - 5 P h C O C H 2 C H 2 N 0 2 (3); 0 2 N C H 2 H g C l ; P h C O C H 3 

P h C H = N 0 2 - 3 P h C O C H 2 C H ( P h ) N 0 2 (7); P h C H = C ( P h ) N 0 2 (48); 

P h C H ( N 0 2 ) C H ( N 0 2 ) P h (11) 

PhC(Me) = N 0 2 - 3 PhC(Me)(N0 2)C(Me)(N0 2)Ph (56); PhC(Me) = C(Me)Ph (13) 

E t C ( C 0 2 E t ) 2 - 2 P h C O C H 2 C ( E t ) ( C 0 2 E t ) 2 (70) 

M e C ( C 0 2 E t ) 2 - 2 P h C O C H 2 C ( M e ) ( C 0 2 E t ) 2 (61) 

H C ( C 0 2 E t ) 2 - 6 P h C O C H 2 C H ( C 0 2 E t ) 2 (27) 

P h C ( C 0 2 E t ) 2 - 2 PhCOCH 2CH(Ph) (C0 2 Et) 2 (21); PhC(C0 2Et) 2C(C0 2Et) 2Ph (64) 

M e 3 C ( 0 ) = C H 2 4 P h C O C H 2 C H 2 C O C M e 3 (37) 

P h C ( 0 ) = C M e 2 2 P h C O C H 2 C M e 2 C O P h (52) 

P h C ( 0 ) = C H M e 4 P h C O C H 2 C H ( M e ) C O P h (24) 

P h C ( 0 ) = C H P h 3 P h C O C H ( P h ) C H 2 C O P h (4); PhCOCH(Ph)CH(Ph)COPh (63) 

PhC(0 - ) = C P h 2 2 PhCOC(Ph) 2 C(Ph) C O P h (71) 

P h 2 C = C = N " 2 P h 2 C ( C N ) C ( C N ) P h 2 (69) 

NOTE: Reactions were performed in hexamethylphosphoric triamide under N 2 with pho
tostimulation from a 275-W sunlamp approximately 15 cm from the Pyrex reaction flask. 
Reactions were performed on a 1-mmol scale with [ P h C O C H 2 H g C l ] = [N~] = 0.1 M . 
° G e n e r a t e d by the reaction of the conjugate acid with M e 3 C O L i . 
^Yields were determined by ^ - N M R and G L P C analysis. 

these anions by essentially complete electron transfer to form the oxidative 
d imer iza t ion products, that is, Scheme I V wi th 0 2 N C M e 2 C l and 
M e 2 C ( N 0 2 ) - in place of P h C O C H 2 H g C l and P h C O C H 2 - (23). The phenacyl 
radical adds to some anions [e.g., N " = H C ( C 0 2 E t ) 2 " , M e C ( C 0 2 E t ) 2 ~ , or 
M e 3 C C ( 0 ~ ) = C H 2 ] that are unreactive toward terf-butyl radicals. In these 
cases, apparently the stability of P h C ( 0 ~ ) C H 2 N relative to M e 3 C N * " causes 
reaction 1 to be more exoergic with R* = P h C O C H 2

e than with R* = M e 3 C \ 

P h C O C H 2 - + P h 2 C = C = N " — P h C O C H 2 " + P h 2 C C N 
P h 2 C C N + P h 2 C = C = N " - , Ph 2 C(CN)C(CN)Ph 2 --
Ph 2 C(CN)C(CN)Ph 2 -- + P h C O C H 2 H g C l — 

Ph 2 C(CN)C(CN)Ph 2 + P h C O C H 2 - - + Hg° + C l " 

2 P h 2 C = C = N " + P h C O C H 2 H g C l ^ 
Ph 2 C(CN)C(CN)Ph 2 + P h C O C H 2 " 4- Hg° + C l " 

Scheme IV 
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364 NUCLEOPHILICITY 

The reactions of P h C O C H 2 H g C l with the nucleophiles of Table V were 
retarded by the presence of 18-crown-6. Higher yields were observed in 
(Me 2 N) 3 PO (HMPA) than in Me 2 SO. In H M P A and in the absence of 18-
crown-6, essentially the same yields were observed with K + and L i + as the 
counterions. As in the case of Me 3 C% no reaction was observed between 
P h C O C H 2 - and very stable anions such as 0 2 N C H = N 0 2 " , ( 0 2 N ) 2 C 
= N 0 2 - , P h C ( 0 ) = C H C O P h , and P h C ( 0 ) = C H S 0 2 P h . 

Competitive reactions with M e 2 C = N 0 2 " as the standard were per
formed with three series of anions, R 1 R 2 C = N 0 2 " , R C ( C 0 2 E t ) 2 - , and R X R 2 C 
=C(0~)Ph in the H M P A - L i + system. Ion pairing may have some effect on 
the reactivity observed, but for a given series of closely related anions, this 
effect should be reasonably constant. The results of these competitive reac
tions are given in Table VI where the relative reactivity is based on the yield 
of the coupling product (PhCOCH 2 N) or its elimination product formed by 
loss of H N 0 2 . Phenylated anions, such as Ph 2 C=C(0~)Ph , have a much 
higher total relative reactivity than the values in Table VI because of the 
formation of oxidative dimerization products. For example, in the competi
tion of equal molar amounts of M e 2 C = N 0 2 " and P h 2 C = C ( 0 ) P h for PhC-
O C H 2 - , only 4.3% of the P h C O C H 2 - was trapped to y i e ld P h C -
O C H 2 C M e 2 N 0 2 - - , although approximately 96% of the P h C O C H 2 - reacted 
to give P h 2 C C O P h , and coupling products from P h C O C H 2 C P h 2 C O P h - -
were not detected. In terms of total reactivity toward PhCOCH 2 % Ph 2 C = 

Table VI. Relative Reaction of Nucleophiles in 
Reaction 1 toward PhCOCH 2 -

Nucleophile Relative Reactivity1 

Me 2 C = N 0 2 - 1.00 
MeCH = N 0 2 " 0.65; 0.56* 
C H 2 = N 0 2 - 0.17 
PhCH = N 0 2 - 0.10 
EtC(C0 2 Et) 2 - 1.98 
MeC(C0 2 Et) 2 - 1.87 
HC(C0 2 Et) 2 - 0.22 
PhC(C0 2Et) 2- 0.02 
P h C ( 0 ) = C M e 2 0.69 
PhC(0-) = CHMe 0.27 
PhC(0-)=CHPh 0.09 
PhC(0-)=CPh 2 <0.01 

aBased upon a series of experiments with different N ~ and M e 2 C 
= N 0 2 - concentrations (0.05-0.20 M) with [ P h C O C H 2 H g C l ] = 0.01 

M at 35 ° C in hexamethylphosphoric t r i a m i d e - L i + . Yields of substitu
tion derived products were in the range of 65-95% except for C H 2 

= N 0 2 ~ or the benzylic-type carbanions where yields were —25%. 
^Dimethyl sulfoxide-K +-18-crown-6. 
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25. RUSSELL AND KHANNA Reactions of Alkyl Radicals with Nucleophiles 365 

C(0~)Ph is about 25 times as reactive as M e 2 C = N 0 2 ~ , whereas in terms of 
formation of the addition products from reaction 1 (RN*~), M e 2 C = N 0 2 " is 
more reactive than P h 2 C = C ( 0 ) P h . 

Comparison of an Electrophilic and a Nucleophilic Radical in 
Reaction 5 

The data of Tables IV and VI form an interesting comparison. Within the 
series R 1 R 2 C = N 0 2 " , R 1 R 2 C = C ( 0 " ) P h , or R C ( C 0 2 E t ) 2 - , the relative reac
tivities in reaction 5 vary in completely opposite directions for M e 3 0 and 
P h C O C H 2 - : that is, for Me 3 C% H 2 C = N 0 2 " > M e C H = N 0 2 " > M e 2 C 
= N 0 2 " ; P h C ( 0 ) = C P h 2 > P h C ( 0 ) = C H P h > PhC(Cr) = C H M e > 
P h C ( 0 ) = C M e 2 ; and P h C ( C 0 2 E t ) 2 - > C H 3 C ( C 0 2 E t ) 2 - . For P h C O C H 2 - , 
H 2 C = N 0 2 - < M e C H = N 0 2 " < M e 2 C = N 0 2 - ; P h C ( 0 ) = C P h 2 < 
P h C ( 0 ) = C H P h < P h C ( 0 ) = C H M e < P h C ( 0 ) - ) = C M e 2 ; and 
P h C ( C 0 2 E t ) 2 - < H C ( C 0 2 E t ) 2 - < M e C ( C 0 2 E t ) 2 - . Toward P h C O C H 2 - , reac
tivity increases with the basicity of the nucleophile, whereas toward Me 3 C% 
reactivity decreases with basicity. This decrease in reactivity with increasing 
exoergicity of reaction 1 with Me 3 C* seems to be mainly an effect on the 
value of Δ//*, at least as judged from the temperature effect on the competi
tion between M e C H = N 0 2 ~ and M e 2 C = N 0 2 ~ . When competitive ther
mally initiated reactions of f-BuHgCl with M e 2 C = N 0 2 ~ and M e C H = N 0 2 ~ 
were performed at 55-85 °C in the dark, the relative reactivity of M e C H 
= N 0 2 - decreased from 5.0 at 55 °C to 4.4 at 65 °C to 4.05 at 75 °C and 3.8 at 

85 °C. These data yielded A H * ( M e 2 C = N 0 2 - ) - A/ /* (MeCH = N 0 2 ) = 2.2 
kca l /molandAS*(Me 2 C=N0 2 - ) - AS*(MeCH = N 0 2 ) = 3.6 eu. Extrapo
lation to 35 °C yields A G * ( M e 2 C = N 0 2 - ) - 8G*(MeCH = N 0 2 ) = l . l k c a l / 
mol and a calculated relative reactivity of M e C H = N 0 2 " of 6.2 versus the 
photostimulated value of 6.1. 

P h C O C H 2 - + R 2 C - Q — P h C O C H 2 C R 2 Q - - (5) 

The energy of activation in the addition of a radical to a nucleophile is a 
function of the oxidation-reduction potentials of both the anion and the 
radical. An easily oxidized radical such as Me 3 C* has a lower energy of 
activation for attack upon an anion if the anion can accept an electron in its 
lowest unoccupied molecular orbital. Phenylated anions are particularly 
reactive toward electron-donor radicals such as Me 3 C* because of this SO 
molecular orbital ( S O M O ) - L U M O interaction in the transition state, (I). 
Substitution of methyl for hydrogen at the reacting center of the carbanion 
leads to a decrease in reactivity because of a higher energy of the transition 
state I despite an increase in the exoergicity of the overall reaction. On the 

M e 3 C - + R a C Q " 1 — [ M e 3 C + R 2 C Q " 2 ] — M e 3 C C R 2 Q - -

I 
(6) 
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366 NUCLEOPHILICITY 

other hand, an electrophilic radical such as P h C O C H 2

e prefers to add to the 
more highly methylated anion (ie., the more basic anion) for the pairs, M e 2 C 
= N 0 2 - > H 2 C = N 0 2 - ; M e C ( C 0 2 E t ) 2 - > H C ( C 0 2 E t ) 2 - ; M e 2 C = C ( 0 ) P h 
> M e C H = C ( 0 ~ ) P h . This finding is consistent with a transition state resem
bling II in which the S O M O - H O M O interaction is dominant. However, if 
the transition state resembles II, low reactivity of the phenylated nu
cleophiles in this reaction is now surprising. Although the phenylated anions 
are admittedly less basic than the hydrogen analogues, the stability of II 
should be greater with the phenyl than with the methyl substituent. Indeed, 
the phenylated anions react to give nearly exclusively the oxidative dimeriza-
tion products derived from radicals such as Ph 2 CCOPh . If reaction 5 with 
transition state II and reaction 8 were occurring in competition, the rates of 
both reactions should increase in the order R = Ph > Me > H . Reaction 8 
does occur much more readily for R = Ph than for R = Me or H when the 
attacking radical is electrophilic in character, whereas with the nucleophilic 
M e 3 0 , no evidence for reaction 8 is observed even with R = Ph. Toward 
P h C O C H 2 % reactions 5 (proceeding via transition state II) and 8 cannot be 
independent reactions occurring in competition with each other. Instead, if 
reaction 5 proceeds by transition state II, it must merge into reaction 8 as the 
stability of the species R 2 C Q increases. Of course, II may be a transition 
state for R = H or Me but may become a reaction intermediate for R = Ph. 
Alternately, II may be a real intermediate for R = H , Me, or Ph, but cage 
collapse to P h C O C H 2 C R 2 Q * ~ occurs for R = H or Me although escape from 
the cage is the preferred route when R = Ph and P h 2 C Q is less reactive and 
more persistent. A third possibility is that the products of reaction 8 result 
from the instability of the product from reaction 5, for example, P h C O C H 2 * 
+ R 2 C Q — P h C O C H 2 C R 2 Q - - — P h C O C H 2 " + R 2 C Q . Attempts to iden
tify the adduct radical anion as an intermediate in oxidative dimerization 
processes by using an excess of an electron acceptor, such as P h C O C H 2 H g C l 
or 0 2 N C M e 2 C l , have been unsuccessful in converting an oxidative dimeriza
tion sequence (Scheme IV) into a substitution process (Scheme I). The 
conclusion is that the two processes do not involve P h C O C H 2 C R 2 Q - ~ as a 
common intermediate, although an intermediate such as II may be common 
to both processes. 

P H C O C H 2 - + R 2 C Q _ 1 — [ P h C O C H 2 : " R 2 C-Q] — PhCOCH 2 CR 2 Q«- (7) 

II 

P h C O C H 2 - + R 2 C - Q — P h C ( 0 ) = C H 2 + R 2 C Q (8) 

Although the reactions of P h C O C H 2 - with P h C O C R 2 " and R 2 C = N 0 2 " 
can perhaps be rationalized by a transition state resembling II, the reac
tivities in the series R C ( C 0 2 E t ) 2 " is difficult to explain by this transition state 
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25. RUSSELL AND Κ Η Α Ν Ν Α Reactions of Alkyl Radicals with Nucleophiles 367 

or intermediate. The relative reactivity decreases from R = Me = 1.0 to R 
= H = 0.12 to R = Ph = 0.01 (addition, reaction 5) and 0.03 (electron 
transfer, reaction 8). Here the total reactivity of PhC(C0 2 Et) 2 ~ is less than 
that of the methyl or hydrogen analogue with the total reactivity increasing 
with the exoergicity of the reaction. For malonate, and perhaps for PhC-
O C R 2 " and R 2 C = N 0 2 " nucleophiles, the relative reactivities in reaction 5 
seem to be best explained by a highest occupied molecular orbital 
( H O M O ) - S O M O interaction with a transition resembling the product 
PhC(0~)C(R)(C0 2 Et) 2 (i.e., a transition state with extensive carbon-carbon 
bond formation). Apparently, the relative orbital energies are such that the 
S O M O - H O M O interaction is more stabilizing as the H O M O orbital energy 
of the nucleophile increases from R = Ph to H to Me. Reaction 7 would thus 
be a separate and competing process whose rate increases from R = H to Me 
to Ph. 

A given radical can be considered to be either nucleophilic or elec
trophilic in character depending upon the nature of the nucleophile being 
attacked in reaction 5. Thus, toward nitronate anions in H 2 0 , methyl radical 
gives a nucleophilic relative reactivity series comparable to M e 3 0 in Me 2 SO 
( H 2 C = N 0 2 - > M e C H = N 0 2 ~ > M e 2 C = N 0 2 ) , that is, faster reaction 
with the least basic anion (24). On the other hand, toward the more easily 
oxidized Ph 3 C~ and p - P h C 6 H 4 C P h 2 " , Me - adds preferentially to the strong
est base (Ph 3C~) even though the exoergicity of this process is less than for 
addition to p - P h C 6 H 4 C P h 2 - (22, 25). 

Substitution reactions occurring by reaction 5 are of considerable value 
in organic chemistry, particularly in view of the tolerance of this reaction to 
appreciable steric repulsion (e.g., tertiary radicals will add to tertiary carb
anions). The scope of the reaction is limited by the fact that highly nu
cleophilic radicals wil l add only to anions of low basicity irrespective of the 
overall exoergicity of reaction 5. However, with electrophilic radicals, the 
rate of reaction 5 increases with the basicity of the carbanion and with the 
exoergicity of the reaction, but now oxidative dimerization can become an 
important competing reaction. 

Acknowledgment 

Acknowledgment is made to the donors of the Petroleum Research Fund, 
administered by the American Chemical Society, for support of this work. 
This work was also supported by a grant from the National Science Founda
tion (CHE-8119343). 

Literature Cited 

1. Kornblum, N . ; Michel, R. E.; Kerber, R. C. J. Am. Chem. Soc. 1966, 88, 5660, 
5662. 

2. Russell, G. Α.; Danen, W. C. J. Am. Chem. Soc. 1966, 88, 5663. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
7 

| d
oi

: 1
0.

10
21

/b
a-

19
87

-0
21

5.
ch

02
5

In Nucleophilicity; Harris, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1987. 



368 NUCLEOPHILICITY 

3. Kim, J. K.; Bunnett, J. F. J. Am. Chem. Soc. 1970, 92, 7463, 7464. 
4. Russell, G. Α.; Norris, R. K. Rev. React. Species in Chem. React. 1973, 1, 65. 
5. Kornblum, N . Angew. Chem., Int. Ed. Engl. 1975, 14, 734. 
6. Russell, G. Α.; Norris, R. K.; Panek, E. J. J. Am. Chem. Soc. 1971, 93, 5839. 
7. Kornblum, N . ; Boyd, S. D.; Stuchal, F. W. J. Am. Chem. Soc. 1970, 92, 5783. 
8. Kornblum, N . ; Boyd, S. D. J. Am. Chem. Soc. 1970, 92, 5784. 
9. Kornblum, N . ; Singh, H . K.; Boyd, S. D. J. Org. Chem. 1984, 49, 358. 

10. Kornblum, N . ; Erickson, A. S. J. Org. Chem. 1981, 46, 1037. 
11. Feiring, A. J. Org. Chem. 1983, 48, 347. 
12. Russell, G. Α.; Ros, F. J. Am. Chem. Soc. 1985, 107, 2506. 
13. Freeman, D. J.; Norris, R. K.; Woolfenden, S. K. Aust. J. Chem. 1978, 31, 2477. 
14. Kornblum, N . ; Fifolt, M . J. J. Org. Chem. 1980, 45, 360. 
15. Russell, G. Α.; Hershberger, J.; Owens, K. J. Am. Chem. Soc. 1979, 101, 1312. 
16. Russell, G. Α.; Hershberger, J.; Owens, K. J. Organomet. Chem. 1982, 225, 43. 
17. Russell, G. Α.; Khanna, R. K. J. Am. Chem. Soc. 1985, 107, 1450. 
18. Russell, G. Α.; Khanna, R. K. Tetrahedron 1985, 41, 4133. 
19. Kerber, R. C.; Urry, G. W.; Kornblum, N. J. Am. Chem. Soc. 1965, 87, 4520. 
20. Russell, G. Α.; Guo, D. Tetrahedron Lett. 1984, 25, 5239. 
21. Russell, G. Α.; Ros, F.; Mudryk, B. J. Am. Chem. Soc. 1980, 102, 7601. 
22. Tolbert, L. M . J. Am. Chem. Soc. 1980, 102, 3531. 
23. Russell, G. A.; Jawdosiuk, M . ; Makosza, M. J. Am. Chem. Soc. 1979, 101, 2355. 
24. Veltwisch, D.; Asmus, K.-D. J. Chem. Soc., Perkin Trans. 2 1982, 1143. 
25. Tolbert, L. M . J. Am. Chem. Soc. 1980, 102, 6808. 

R E C E I V E D for review October 21, 1985. A C C E P T E D FEBRUARY 10, 1986. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
7 

| d
oi

: 1
0.

10
21

/b
a-

19
87

-0
21

5.
ch

02
5

In Nucleophilicity; Harris, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1987. 



26 
Reactions of Ambident Nucleophiles 
with Nitroaromatic Electrophiles and 
Superelectrophiles 

E. Buncel1, J. M. Dust1, Κ. T. Park1, R. A. Renfrow2, and M. J. Strauss2 

1 Department of Chemistry, Queen's University, Kingston, Ontario K7L 3N6, 
Canada 
2 Department of Chemistry, University of Vermont, Burlington, VT 05405 

This study reports on the reactions of ambident nucleophiles with 
electron-deficient nitroaromatic and heterοaromatic substrates; 
anionic σ complex formation or nucleophilic substitution result. Am
bident behavior is observed in the case of phenoxide ion (O versus C 
attack) and aniline (N versus C attack). Ο or Ν attack is generally 
kinetically preferred, but C attack gives rise to stable σ complexes 
through thermodynamic control. "Normal" electrophiles such as 
1,3,5-trinitrobenzene or picryl chloride are contrasted with super
electrophiles such as 4,6-dinitrobenzofuroxan or 4,6-dinitro-2-(2,4,6-
trinitrophenyl)benzotriazole 1-oxide (PiDNBT), which give rise to 
exceptionally stable σ complexes. Further interesting information was 
derived from the presence in PiDNBT of two electrophilic centers 
(C-7 and C-1') susceptible to attack by the ambident nucleophilic 
reagent. The superelectrophiles are found to exhibit lesser selectivity 
toward different nucleophilic centers of ambident nucleophiles com
pared with normal electrophiles. 

TTHE ANIONIC σ COMPLEXES FORMED between polynitroaromatic com
pounds and bases (I, 2), commonly known as Meisenheimer complexes, are 
used as models of the reaction intermediates that are considered to be 
formed in activated nucleophilic aromatic substitution reactions (3-6), as 
well as being of intrinsic interest. Thus, numerous studies describe the 
formation and transformation of such σ complexes (7-14). As a result, a 
variety of structural types of these species have been characterized and 
subjected to detailed investigation. A number of theoretical studies relating 
to these species have also been reported (15). 

0065-2393/87/0215-0369$06.00/0 
© 1987 American Chemical Society 
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370 NUCLEOPHILICITY 

Attention focused recently on the interaction of nitroaromatic and het-
eroaromatic compounds with potentially ambidentate nucleophiles. These 
studies revealed novel structure-reactivity relationships. 

Acetonate σ Complexes of Nitroaromatics 

The first observations in this area were made 100 years ago, when in 1886 
Janovsky and Erb (16) reported the formation of an intensely colored purple 
substance in the reaction of acetone with 1,3-dinitrobenzene (DNB) in 
alkaline solution. After a period of controversy as to whether the structure of 
the species formed was 1 or 2 (17-19), the 2 was unambiguously proven by 
^ - N M R spectroscopy (20). The corresponding adduct of 1,3,5-trinitro-
benzene (TNB), which is also obtained readily on solvolysis of the 
T N B ' C H 3 0 " complex in acetone, was similarly shown by ^ - N M R spec
troscopy to have the structure 3 (21). More recent 1 3 C ~ and 1 5 N - N M R 
spectroscopic studies confirmed these formulations (22). The structures of σ 
complexes such as 3 are now more correctly depicted as the delocalized 
species, in accord with experimental results (e.g., X-ray crystal structure) 
and theoretical considerations (23) 

0 0 

H V . C H 2 - Î - C H 3 H > / C H 2 - C - C H 3 
| ^ V - N 0 2 0 2 N - T < > T - N 0 2 

N 0 2 " 

2 

Thus, the α-carbon of enolate anion has a much greater basicity toward 
the electron-deficient carbon of D N B or T N B than does the enolate oxygen. 
A comparison of the thermodynamic stabilities of acetonate adducts of nitro
aromatics with those formed by oxygen nucleophiles confirms this conclusion 
(24). Moreoever, kinetic studies have shown that the unusual stability of 
enolate complexes derives primarily from the low rate of their uncatalyzed 
decomposition (25). The poor leaving-group ability of enolate ions can be 
explained by the requirements of rehybridization and solvent reorganization 
that must accompany the expulsion of this carbanion nucleofuge, as com
pared with an oxygen nucleofuge such as methoxide ion. 

Phenoxide Ion as Ambident Nucleophile 

The first instance of the ambident reactivity of phenoxide ion toward nitro
aromatics was reported from this laboratory. Thus, phenoxide ion reacted 
with T N B to yield the carbon-bonded adduct 7 (26); up to that time only the 
oxygen-bonded adduct 8 had been reported (27): 
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26. B U N C E L E T A L . Electrophile and Superelectrophile Reactions 371 

These results can be explained by the reactions in Scheme I and the 
potential energy profile in Figure 1. Attack by C 6 H 5 0 ~ via oxygen is kinet-
ically preferred; the energy barrier for this process should be lower than that 
for attack via carbon, because in formation of the C adduct 6 aromaticity 
would be disrupted. However, whereas the O-bonded adduct 8 can revert 
back to the reactants, the C-bonded adduct 6 initially formed will rapidly 
rearomatize by proton loss to give the final product 7; this pathway is 
effectively irreversible. The C-bonded adduct is therefore obtained as the 
product of thermodynamic control. 

6 7 

Scheme I 

A variety of other C-bonded phenoxide complexes of nitroaromatics 
have since been reported; in most cases, the oxygen-bonded adduct is not 
observed. For example, in the reaction of T N B with 1-napthoxide, only the 
1:1 and 2:1 C-bonded adducts 9 and 10 were formed (28): 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
7 

| d
oi

: 1
0.

10
21

/b
a-

19
87

-0
21

5.
ch

02
6

In Nucleophilicity; Harris, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1987. 
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9 10 

Interestingly, the reaction of l-phenyl-2,4,6-trinitrobenzene gives only the 
C-bonded 1,3 adduct 11 formed by attack at C-3 of the substrate: 

0 2 N 
(1) 

11 

No evidence was found for the formation of a 1,1 C adduct or for any Ο 
adducts. Buncel et al. (29) concluded that F strain, relief of steric compres
sion, and delocalizability considerations play dominant roles in accounting 
for the observed reaction course in this system. 

When the ortho and para positions on the phenoxide are all substituted 
by alkyl groups, attack by oxygen of the phenoxide moiety is realized. Thus, 
for 2,4,6-trimethylphenoxide, the O-bonded adduct 12 was identified by 1H-
N M R spectroscopy as well as by its characteristic electronic absorption 
spectrum (30, 31). However, a competitive displacement of N 0 2 by phenox-
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26. BUNCEL ET AL. Electrophile and Superelectrophile Reactions 373 

ide takes place in this system to give the diphenyl ether 13 as the final 
product (Scheme II). 

A direct comparison of the rates and equilibria associated with Ο and C 
attack by phenoxide on T N B is not currently available. However, in the case 
of 2,4,6-trinitroanisole (TNA), rate data for Ο attack by phenoxide can be 
compared with that by methoxide (32). Using fast reaction techniques 
(stopped flow and Τ jump), Bernasconi and Muller (32) found that the 
reaction of T N A with C 6 H 5 0 ~ in (CH 3 ) 2 SO-water media gives rise in a rapid 
process to the O-bonded 1,1 phenoxide adduct as a transient species, which 
is then converted to the 1,3 hydroxide adduct of T N A in a slower process. 
The data showed that C 6 H 5 0 " attack (H 2 0) is faster than C H 3 0 ~ attack 
(CH 3 OH) by a factor of 2.9, but C 6 H 5 0 " expulsion is faster by 4.5 Χ 106, 
with the result that the equilibrium constant for 1,1 phenoxide adduct 
formation is smaller than for 1,1 methoxide adduct formation by 1.5 Χ 106. 

Vicryl Chloride-Phenoxide and TNB-Phenoxide Contrast 

Whereas in the reaction of T N B with phenoxide ion the adduct from C attack 
is obtained, picryl chloride and other nitroaryl halides react with phenoxide 
ion to give only 14, the product of Ο attack. This is in fact the normal route 
for the formation of picryl phenyl ethers, and no instance of a picryl halide 

NO 2 0" 

0 

13 

Scheme II 
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reacting with phenoxide ion to give the product of C attack, the biphenyl 
derivative 15, has been reported. 

A rationalization of this seeming anomaly follows on consideration of 
Scheme III and the accompanying reaction profile in Figure 2. The scheme 
depicts the possible pathways in the S N A r reaction of a picryl halide (PiCl) 
with phenoxide ion. The boxed-in portion of this scheme is viewed as an 
extension of the T N B - C 6 H 5 0 " system in which case X is H , as compared 
with X = CI for the P i C l - C 6 H 5 0 - system. 

The potential energy profile for the P i C l - C 6 H 5 0 " system (Figure 2) can 
similarly be viewed as an extension of that for the T N B - C 6 H 5 0 ~ system 
(Figure 1). The energy barriers to formation of the initial Ο and C adducts in 
the two cases, that is, when X is Η or CI, should be quite similar, and the 

ι 1 ι J 

Figure 2. Free energy profile for reaction of picryl halides with phenoxide 
ion shown as an extension of the TNB-C6HsO~ system. 
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26. BUNCEL ET AL. Electrophile and Superelectrophile Reactions 375 

stabilities of the initially formed adducts 8 and 6 will also be nearly indepen
dent of whether X is CI or H . However, the O-bonded adduct 8 - X can now 
lose C l ~ as a good leaving group to form the displacement product 14 so that 
this reaction will occur preferentially. Therefore, in the P iC l system nu
cleophilic displacement by the oxygen of phenoxide is the kinetically pre
ferred pathway over displacement by the carbon of phenoxide. 

Aniline as an Ambident Nucleophile: Normal versus 
S uperelectrophiles 

The demonstration of ambident nucleophilic reactivity of aryl oxides in their 
reactions with nitroaromatics raises the question whether aromatic amines 
might function similarly. However, T N B does not react with aniline alone to 
form a stable σ complex; only a charge transfer or π complex is formed (33). 
This result is perhaps surprising because T N B is well-known to form stable σ 
complexes with primary or secondary aliphatic amines (7, 8). 

We showed, however, that in the presence of a tertiary amine catalyst 
[ ( C H 3 C H 2 ) 3 N or diazabicyclo[2,2,2]octane (DABCO)] T N B readily reacts 
with aniline or with N-methylaniline to form spectrally observable anilide σ 
complexes, that is, via Ν bonding (34, 35). σ-Complex formation via C 
bonding was not detected. 

4,6-Dinitrobenzofuroxan (DNBF) as a Superelectrophile 

Possibly a stronger electrophile than T N B might react with aniline via its 
carbon center. Recent work (36-38) has shown that D N B F (16) is a much 
stronger electrophile than T N B . For example, D N B F reacts with neutral 
H 2 0 or M e O H to give the respective σ complexes 17 (equation 2), whereas 
T N B requires H O " or C H 3 0 ~ for reaction to occur. D N B F has therefore 
been called a superelectrophile. (In equation 2, R is Η or C H 3 . ) 

We found in fact that D N B F reacts with aniline in (CH 3 ) 2 SO or 
(CH 3) 2SO-methanol to give initially the N-bonded adduct 19 but that this 
reverts to the C-bonded adducts 21 and 22, which are formed as the ther-
modynamically preferred species (39, 40). The reaction sequence is shown in 
Scheme IV, which is the analogue of Scheme I for the T N B - C 6 H s O ~ system. 
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3 7 6 NUCLEOPHILICITY 

Scheme IV 

In the TNB-ani l ine system, a detailed kinetic analysis showed that the 
lack of formation of a stable σ complex in the absence of a tertiary amine 
catalyst was the result of a thermodynamic, rather than a kinetic, factor (34). 
That is, the equilibrium constant for formation of the initial zwitterionic 
adduct ( T N B - N H 2 C 6 H 5 ) ± is very small, such that in the absence of tertiary 
amine the overall equilibrium for complex formation is unfavorable. Addition 
of a tertiary amine, however, causes the equilibrium to be shifted to the 
right, due to the much more favorable deprotonation of the zwitterionic 
adduct to the anionic adduct, corresponding to the increased basicity of 
( C H 3 C H 2 ) 3 N or D A B C O as compared to C 6 H 5 N H 2 . 

The contrasting behavior in the D N B F - C 6 H 5 N H 2 system, where terti
ary amine catalysis is not required, reflects the greater stability of σ com
plexes formed by this highly electron deficient substrate. These results and 
Scheme IV indicate that the more reactive DNBF electrophile can differenti-
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26. BUNCEL ET AL. Electrophile and Superelectrophile Reactions 377 

ate less between the two nucleophilic centers of aniline, compared with 
T N B , which would be expected on the basis of reactivity-selectivity consid
erations. 

Also, the σ complex 23 could be prepared, in which one D N B F moiety 
is bonded to aniline via the para carbon center and another D N B F moiety is 
bonded via the nitrogen center. This diadduct was readily obtained by 
addition of D N B F to a solution of 21 in (CH 3 ) 2 SO followed by 2 equiv of 
triethylamine (39). 

Phenoxide ion was found to react with D N B F to yield the carbon-
bonded adduct 24. The ^ - N M R chemical shifts for 24 are close to those of 
the corresponding protons in 7, the carbon-bonded phenoxide adduct de
rived from T N B . Also, the adduct 24 is stable to acidification, as was found to 
be the case with the TNB-phenoxide adduct 7. No evidence for the forma
tion of the oxygen-bonded adduct 25 was found. 

Contrasting with the reaction of phenoxide ion, thiophenoxide ion 
reacts with D N B F to give only the S-bonded adduct. 4-Aminothiophenoxide 
ion reacts in a similar fashion; C-bonded complexes could not be detected in 
these systems. 

The ΤΓ-excessive five-membered ring heterocycles furan, pyrrole, and 
N-methylpyrrole add readily to C-7 of D N B F to yield the C(a) adducts 27 
(41): 

N0 2 

23 

X = 0,NH,NMe 
26 27 
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The intermediate zwitterionic species 26 could not be detected, which is in 
accord with a rapid rearomatization of the five-membered ring as a driving 
force in this process. Further reaction of 27 with D N B F yields the C(a),C(a') 
diadducts 28, which are formed as a 1:1 mixture of two diastereomers. 
D N B F also reacts at the 3-position of indole and IV-methylindole to give the 
corresponding adducts 29 (R is H and C H 3 ) (42). 

Interestingly, pyrrolide, indolide, and imidazolide ions react with T N B 
to give initially the N-bonded adducts, which subsequently undergo conver
sion to the C adducts (43). The fact that anionic nucleophiles are required for 
reaction with T N B , as compared with neutral bases in the D N B F case, is in 
accord with the less electron deficient character of T N B relative to D N B F . 
Further, for the anionic nucleophiles, a charge-controlled process takes place 
to give initially the kinetically preferred Ν adducts. The neutral bases, 
however, react with the softer carbon nucleophilic center in an orbital-
controlled process. Further work will be required to establish the generality 
of these observations. 

4,6-Dinitro-2-(2,4,6-trinitrophenyl)benzotriazole 1-Oxide (PiDNBT) 
as an Ambident Superelectrophile 

A new superelectrophile was recently prepared in our laboratories, namely, 
the picryl dinitrobenzotriazole derivative 30 (44, 45). This interesting mole
cule has two likely electrophilic sites available for attack, that is, via path a at 
C-7 of the benzotriazole moiety or via path b at C-Γ of the picryl moiety (see 
Scheme V). Path a gives rise to a spectrally observable adduct 31, however, 
the adduct 32 formed via path b loses the benzotriazole moiety as the 
nucleofuge and the products of displacement 33 and 34 are obtained 
(Scheme V). 

Phenoxide ion reacts with P i D N B T via path b as an oxygen nucleophile. 
Also, aniline reacts via path b as a nitrogen nucleophile. However, with the 
more sterically hindered 2,6-dimethylaniline, or Ν,Ν-dimethylaniline, route 
a is followed with the amines acting as carbon-nucleophiles to yield the 
adducts 35 and 36. 
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33 34 
Scheme V 

These results thus reveal further contrasts in the reactivity of P i D N B T 
compared with that of T N B as the standard electrophile, because T N B does 
not react with dimethylaniline to give a stable adduct. Formation of the 
carbon-bonded complexes 35 and 36 substantiates the powerful electrophilic 
properties of this novel heterocyclic system. 

The potential energy profile for the reaction of P i D N B T with ambident 
nucleophiles is unusual, because two reaction pathways must be represented 
corresponding to two electrophilic sites in the substrate and each pathway 
should accommodate the possibility of attack by two nucleophilic centers in 
the ambident reagent. However, a simplified view can be given in the form of 
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a dual potential energy-reaction coordinate diagram (not shown). Thus, 
attack via path a at C-7 of the benzotriazole moiety would be represented by 
the analogue of Figure 1 for the attack of an ambident nucleophile on T N B 
giving rise to products of kinetic and thermodynamic control. On the other 
hand, path b would be represented by the analogue of Figure 2 for the attack 
of an ambident nucleophile on picryl chloride, with the benzotriazole moiety 
taking the place of the chloride nucleofuge in P iCl . (The profiles for the 
ambident aniline-nitroaromatic system would include in each case an addi
tional energy min imum corresponding to the zwitterionic species 
A r X - N H 2 C 6 H 5

± where A r X represents the nitroaromatic moiety, that is, 
T N B , P i C l , or P iDNBT, but the overall argument and conclusions would be 
analogous to the phenoxide system.) 

Therefore, the reactions of phenoxide ion or aniline with P i D N B T follow 
path b and are analogues of the P i C l - C 6 H 5 0 " system as depicted in Figure 
2, while 2,6-dimethylaniline and Ν,Ν-dimethylaniline follow path a, being 
analogues of the T N B - C 6 H 5 0 ~ system shown in Figure 1. Though in this 
case the change in reaction course, from path b to path a, could be influ
enced by inhibiting the reactivity of the aniline through ortho or N-methyl 
substitution, in general which pathway, a or b, will be favored in a given 
system cannot readily be predicted. Kinetic studies currently under way (46) 
should shed further l ight on this p roblem. To what extent reac-
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tivity-selectivity correlations apply in these systems then can be determined 
in a more quantitative manner. 

Experimental Section 

Preparation. Dimethyl sulfoxide was dried by stirring with calcium hydride 
and distilled under nitrogen. (CD3)2SO was stored over molecular sieves. Methanol 
was distilled from barium oxide. 

Anhydrous potassium phenoxide was prepared by the method of Kornblum and 
Lurie (47). Picryl chloride was prepared from picric acid by published procedures 
(48). DNBF (16) was prepared by nitration of benzofuroxan (49) and recrystallized 
from glacial acetic acid. The potassium salt of the methoxy adduct 17 was obtained 
from the reaction of methanolic DNBF with potassium hydroxide (50). PiDNBT (30) 
was prepared by cyclization of 2,2',4,4',6,6'-hexanitrohydrazobenzene (51) with 
concentrated sulfuric acid and recrystallized from glacial acetic acid: yellow plates; 
mp 291-294 °C (decomposition); NMR [100 MHz, (CH3)2SO-d6] 9.09 (d, 1 H J = 
1.9 Hz), 9.48 (s, 2 H), 9.45 (d, 1 H, / = 1.9 Hz). 

Caution: PiDNBT (30) is a sensitive high explosive and should be handled with 
caution. Impact sensitivity studies show 30 to be more sensitive than dry picric acid 
and approximately as sensitive as l,3,5-trinitrohexahydro-l,3,5-triazine. 

NMR Experiments. For monitoring by NMR spectroscopy, reactions of the 
nitroaromatics with nucleophiles were generally carried out in situ by addition of the 
appropriate reagent to a (CD3)2SO solution of the given nitroaromatic (DNBF, 0.4 M ; 
PiDNBT, 0.1 M). The reagents were applied to the sides of the NMR tube, which was 
then capped and shaken vigorously. Spectra were recorded at given time intervals on 
a JEOL MH-100 spectrometer with tetramethylsilane as the internal standard. 

The σ complexes showed the following NMR parameters. 

DNBF COMPLEXES. 19: δ 8.74 (s, 1 H, H-5), 6.08 (s, 1 H, H-7), 6.9 (m, 5 H, 
ArH). 21: δ 8.79 (s, 1 H , H-5), 5.40 (s, 1 H , H-7), 7.41, 7.26 (A 2 B 2 , 
/ = 8 Hz, 4 H , ArH), 9.72 (br, s, 3 H , NH3+). 22: δ 8.78 (s, 1 H , H-5), 5.18 (s, 1 H, 
H-7), 6.96, 6.61 (A 2B 2 , / = 9 Hz, 4H, ArH). 23: δ 8.72 (s, 1 H , H-5), 6.05 (d, / = 9 
Hz, 1 H , H-7), 8.79 (s, 1 H , H-5'), 5.17 (s, 1 H , H-7'), 6.94, 6.64 (A 2B 2, / = 9 Hz, 4 
H, ArH), 6.35 (d, / = 9 Hz, 1 H , NH). 24: δ 8.72 (s, 1 H , H-5), 5.45 (s, 1 H, H-7), 
6.97 (m, 4 H , ArH), 9.63 (br s, 1 H , OH). 

PiDNBT COMPLEXES. 35: δ 9.27 (s, 2 H , H'), 8.79 (s, 1 H , H-5), 5.46 (s, 1 H , 
H-7), 7.06 (s, 2 H , ArH), 2.29 (s, 6 H , CH 3). 36: δ 9.26 (s, 2 H , H»), 8.79 (s, 1 H, 
H-5), 5.57 (s, 1 H , H-7), 7.43 (s, 4 H, ArH), 3.12 (s, 6 H , CH 3). 
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27 
Sulfonyl Transfer to Nucleophiles 

J. F. King, S. Skonieczny, K. C. Khemani, and J. D. Lock 

University of Western Ontario, London, Ontario N6A 5B7, Canada 

Sulfonyl-transfer mechanisms are briefly reviewed, and two recent 
studies described in greater detail. (1) From comparison of the la
beled CH3SO3- from the reaction of CH3SO2Cl with (CH3)3N in a 
buffered D2O-organic medium with that from the products of the 
reactions of CH3SO2N+(CH3)3FSO3- and BrCH2SO2- under similar 
conditions, part of the reaction with (CH3)3N (~40%) was found to 
occur by net direct displacement of Cl- by (CH3)3N, with most of the 
remainder by elimination of HCl to give sulfene. (2) Hydrolysis of 2-
hydroxyethanesulfonyl chloride is shown to proceed largely by way of 
β-sultone, which reacts with water or added nucleophiles (Nu-) to 
give HOCH2CH2SO3- and NuCH2CH2SO3-, respectively; the pos
sibility of sulfur-oxygen cleavage of β-sultone by Cl- is discussed. 

S U L F O N Y L TRANSFER TO NUCLEOPHILES may be illustrated by such reac
tions as (1) sulfonyl chloride hydrolysis (RS0 2C1 + H 2 0 — R S 0 3 H + HCl), 
(2) esterification of an alcohol or phenol (RS0 2 X + R ' O H — R S 0 2 O R ' + 
HX), (3) synthesis of sulfonamides (RS0 2 X + 2 R ' 2 N H — R S 0 2 N R ' 2 + 
R ' 2 N H 2 + X") , (4) desulfonation of an episulfone (the final stage of the 
Ramberg-Backlund reaction) (episulfone 4- O H " —• C H 2 = C H 2 + HS0 3 ~), 
(5) the sulfonamide-aminosulfone rearrangement [ C 6 H 5 N H R S 0 2 A r —• 
(R'Li) 0 - R N H C 6 H 4 S O 2 A r ] , and (6) arene transsulfonylation [ A r S 0 2 C H 3 + 
A r ' H — (H + ) A r H + A r ' S 0 2 C H 3 ] . Most of these reactions have been well-
known for many years, but efforts to elucidate the mechanism of these 
processes are, however, much more recent and by no means complete. In 
this chapter, we shall briefly outline current knowledge of the mechanisms of 
some of these reactions and then present a progress report on two specific 
topics currently under study in our laboratory. 

The older work was summarized by Vizgert (i), and aspects of the more 
recent studies up to about 1978 were critically reviewed by Kice (2). Some 
topics in sulfonyl transfer are not discussed here: intramolecular sulfonyl 
transfers with sulfonic esters (3, 4), episulfone cleavage (5), the sul-

0065-2393/87/0215-0385$06.00/0 
© 1987 American Chemical Society 
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386 NUCLEOPHILICITY 

fonamide-aminosulfone rearrangement (6-8), and arene transsulfonylation 
(9). 

The earliest mechanistic studies of sulfonyl transfer were concerned 
primarily with solvolysis in alcoholic or aqueous media and were invariably 
interpreted in terms of a direct displacement process (J, 2): 

R S 0 2 X + R O H 

χ δ -

I 
r — s e 

R " 

Ό 

-Ο 

- Η 

R S 0 2 O R ' + H X 

A much discussed question arising in the direct displacement process 
concerns the timing of bond formation and breakage, that is, whether I (or a 
similar species) corresponds to a transition state or intermediate. A good case 
for a two-step process proceeding via a pentacoordinated intermediate has 
been put by Kice (2) and supported by the isolation of hypervalent analogues 
by Perkins and Martin (10). Williams and co-workers (IJ, 12), however, argue 
that in the particular case of displacement of aryloxide from arenesulfonic 
ester with hydroxide, their evidence is in better agreement with a one-step 
mechanism. 

Such uncatalyzed solvolytic processes are synthetically unimportant; as 
a procedure for making esters, for example, the reaction is usually highly 
inefficient because of the tendency of these esters to alkylate an alcohol 
about as fast as the sulfonyl chloride sulfonylates an alcohol, and so by the 
time the starting material is consumed, extensive further reaction of the 
product will have occurred. On the other hand, the promotion of esterifica-
tion by tertiary amines is a routine synthetic procedure with both 
arenesulfonyl and alkanesulfonyl species. 

For the reaction of arenesulfonyl chlorides with pyridine bases, Rogne 
(13, 14) concluded that the amines function as nucleophilic catalysts, for 
example, II. 

R O H 
A r S 0 2 X + C 5 H 5 N • [ A r S 0 2 N + C 5 H 5 X ] • A r S 0 2 O R + H X 

II 

When the aryl group is replaced by a 1-alkenyl (e.g., vinyl) grouping, 
nucleophilic catalysis of a different kind is observed (15): 

C H 2 = C H S 0 2 C 1 + C 5 H 5 N — [ C 5 H 5 N + C H 2 C H = S0 2 ] + C l " 

III 
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27. KING ET AL. Sulfonyl Transfer to Nucleophiles 387 

[ C 5 H 5 N + C H 2 C H = S0 2 ] + R O H — C 5 H 5 N + C H 2 C H 2 S 0 2 O R 

III IV 

C H 2 = C H S 0 2 O R + C 5 H 5 N H + 

V 

In this case, the nucleophile attacks the vinylogous carbon to form the 
cationic sulfene III, which on subsequent reaction gives either the betylate 
(IV, R = alkyl or aryl group) or the simple overall substitution product (V). 

With alkanesulfonyl halides bearing an α-hydrogen, however, the nor
mal attack of a tertiary amine is evidently at the α-hydrogen with elimination 
to form the sulfene (VI). The key piece of evidence was the observation, in 
our laboratory (16) and that of Truce (17), of the monodeuterated product 
(VII) in the presence of the deuterated reagent (e.g., ROD). 

R C H 2 S 0 2 X + ( C H 3 C H 2 ) 3 N — [ R C H = S0 2 ] + ( C H 3 C H 2 ) 3 N H + X " 

VI 

[ R C H = S0 2 ] + R O D —* R C H D S 0 2 O R ' 

VII 

These experiments, however, were interpreted by the two groups some
what differently (18, 19). Truce and Campbell (19) noted that under their 
conditions [ C H 3 S 0 2 C 1 in benzene at room temperature with 1.3 equiv of 
( C H 3 C H 2 ) 3 N and 1.2 equiv of C H 3 O D ] typically about half of the product 
was monodeuterated (with the rest undeuterated); these researchers sug
gested that the monodeuterated material arose from the sulfene (VI) and the 
u n d e u t e r a t e d p r o d u c t f r o m the s u l f o n y l a m m o n i u m s a l t , 
C H 3 S 0 2 N + ( C H 2 C H 3 ) 3 C l " (VIII), which was formed both (1) by direct 
displacement of chloride ion by triethylamine and (2) from the sulfene (VI), 
which "collapses with the triethylammonium chloride produced" (19). Our 
conditions (using a large excess of R O D , often as the solvent) led to a large 
proportion (usually >90%) of the monodeuterated product (VII), and our 
view was that most of the product (>90%) was formed directly from the 
sulfene (VI) with much of the undeuterated material being formed by trap
ping of the sulfene with return of the protium originally on the sulfonyl 
chloride (and which had been removed in forming the sulfene). Truce and 
Campbell regarded this latter process as unlikely, citing control experiments 
in which no exchange was observed between C H 3 O D and preformed 
crystalline triethylammonium chloride in benzene. In our opinion, however, 
the possibility of protonation in the sulfene trapping process or of H - D 
exchange with R O D prior to precipitation is not ruled out by the control 
studies. Truce and Campbell explained their results by invoking participa-
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388 NUCLEOPHILICITY 

tion of triethylammonium ion in an unprecedented reaction (with sulfene); 
our simple notion that the same species is involved in proton transfer or 
exchange seems much more attractive to us. 

This chapter describes subsequent experiments to clarify the mecha
nism of reactions of alkanesulfonyl chlorides and related compounds with 
water, alcohols, and aromatic amines. In the course of these studies, we also 
noted a third-order term in the rate law and further work on this led to the 
observation of hydrogen-deuterium multiexchange with small tertiary 
amines. These results prompted further study, which has proceeded gradu
ally over a number of years. The current state of this work is described. 

Mechanism of Reaction of Methanesulfonyl Chloride and 
Anhydride with Trialkylamines and Water or Alcohols: 
Multiexchange of Hydrogen with Small Amines 

Reaction of methanesulfonyl chloride with excess D 2 0 and trimethylamine 
in 1,2-dimethoxyethane (DME) gave a mixture of isotopically labeled meth-
anesulfonate salts of the following composition (20, 21): C H 3 S 0 3 " , 1.8%; 
C H 2 D S 0 3 " , 25.6%; C H D 2 S 0 3 " , 24.7%; and C D 3 S 0 3 " , 48.0%. Rather more 
C D 3 product was obtained with quinuclidine or l,4-diaza[2.2.2]bicyclo-
octane (DABCO), although successive replacement in the trimethylamine of 
the methyl groups by ethyl reduced the proportion of C D 3 and C H D 2 

products until with triethylamine the product consisted of 9.6% C H 3 , 89.8% 
C H 2 D , and 0.5% C H D 2 materials. A reasonable route to these products is 
shown in Scheme I. In accord with this, we found a number of years ago that 
sulfonylammonium salts, for example, C H 3 S 0 2 N + ( C H 3 ) 3 F S 0 3 ~ , give a 
larger proportion of the C D 3 product than the sulfonyl chloride under the 
same conditions (22). To make a quantitative assignment of the relative 
importance of the competing pathways in Scheme I, especially of the ratio 
k2lkY, we devised a buffered aqueous-organic medium [ K 2 C 0 3 - K D C 0 3 in 
D 2 0 - D M E - M e C N (62:7:10) adjusted to the specific p H with DC1] (1) in 
which reagents and products were soluble and (2) that maintained pseudo-
first-order reaction conditions. The reactions of a series of tertiary amines 
with methanesulfonyl chloride and with the corresponding sulfonyl-am-
monium fluorosulfate were carried out, and though in principle the rate 
constant ratios of all of the competing reactions in Scheme I can be derived 
from the combined product compositions from the sulfonyl chloride and the 
sulfonylammonium salt, in practice the complexity of the mechanism and the 
limited accuracy of the data lead to considerable uncertainty in values so 
obtained (23). 

To generate sulfene without any possibility of simultaneous formation of 
the sulfonylammonium salt, we turned to the "abnormal route" to sulfene 
(17), specifically that from bromomethanesulfinate anion, B r C H 2 S 0 2 ~ . This 
reaction, though not ideal because of complication by a competing displace-
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390 NUCLEOPHILICITY 

ment of Br by ( C H 3 ) 3 N to give ( C H 3 ) 3 N C H 2 S 0 2 - (25), is believed, nonethe
less, to form methanesulfonate anion only by way of sulfene; the C H 3 S 0 3

_ so 
obtained shows a small but clearly observable proportion of the C D 3 product 
(see Table I). Simple comparison of the products from the sulfonyl chloride 
with those of the sulfonylammonium salt the bromomethanesulfinate salts 
would lead to the conclusion that k2 ~ fc2 in the reaction of C H 3 S 0 2 C 1 . This 
result was placed on a more quantitative basis by deriving analytical ex
pressions relating products to rate constant ratios for a simplified scheme in 
which proton uptake from the medium was neglected. The parameters so 
derived were then used in a computer-simulated version of the full scheme, 
and these parameters were allowed to vary systematically so as to generate a 
minimum value for the squares of the differences between the found and 
simulated percentages of the labeled products. In this way, a set of param
eters (listed in Table II) was obtained which provided the simulated values 
shown in Table I. The agreement of the found and simulated numbers is well 

Table I. Experimental and Simulated Values for the Percentages 
of the Labeled Methanesulfonate Anions 

CH3 CH2D CHD2 CD3 

Substrate Found" Simulatedb Found" Simulated}3 Found* Simulatedb Found" Simulated1 

C H 3 S 0 2 N + ( C H 3 ) 3 F S O 3 - 1 1 4 4 8 8 88 88 
B r C H 2 S 0 2 ~ 8 8 79 79 2 2 11 11 
C H 3 S 0 2 C 1 8 8 47 46 3 5 42 41 
C H 3 S 0 2 O S 0 2 C H 3 21 20 12 12 6 8 62 60 

N O T E : The reaction was carried out by addition of the substrate (4-5 mmol) in C H 3 C N (10 mL) 
to a solution of trimethylamine (80 mmol) in D 2 0 (-62 mL) plus D M E (7 mL) with 
K 2 C 0 3 - K D C 0 3 buffer (1 M) adjusted to p H 10.2 with DC1, at 25 °C . 

experimental value from mass or 1 3 C - N M R spectra. 

^Obtained by computer simulation using parameters initially calculated from analytical ex
pressions derived from a simplified scheme (ignoring k5 and k8 terms) and then modified fitting 
(least squares) to a computer simulation of the full reaction scheme. Values for kl2/k4, kjkly 

kn/k4, and k^/k^ were obtained in this way from the sulfonylammonium salt and bro
momethanesulfinate results; these parameters were held constant while k^ and k/ki were 
optimized for the reactions of the sulfonyl chloride and anhydride. 

within experimental uncertainty and is therefore consistent with the mecha
nism in Scheme I. Though high accuracy is not claimed for the parameters so 
obtained, the values in Table II (which include also those for experiments 
with diethylmethylamine) show a satisfying consistency. For example, as 
expected from simple considerations of steric accessibility, for the tri
methylamine reaction k^kx is larger and both tyk7 and k6/kl0 are smaller than 
those for diethylmethylamine. Interestingly, direct attack on sulfur is the 
major initial reaction of the anhydride (—70% of the total) with direct sulfene 
formation contributing only a minor part (—11%). Very recent experiments at 
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27. KING ET AL. Sulfonyl Transfer to Nucleophiles 391 

Table II. Optimized Parameters for Hydrolyses of Methanesulfonyl Chloride and 
Methanesulfonic Anhydride 

Reaction0 tyk7 

CH 3 S0 2 C1 + (CH 3 ) 3 N 
CH 3 S0 2 C1 + ( C H 3 C H 2 ) 2 N C H 3 

C H 3 S 0 2 O S 0 2 C H 3 + (CH 3 ) 3 N 

0.77 
0.46 
6.5 

0.1 
0.004 
1.8 

0.013 
0.02 
0.013 

5.9 
28. 
5.9 

0.029 
0.33 
0.029 

N O T E : The parameters were determined as described in footnote b of Table I. Al l k values 
except k6 are pseudo-first-order rate constants and therefore all ratios refer to the specific 
concentrations used. 

"Reaction conditions as described in the note of Table I except for the experiment with 
( C H 3 C H 2 ) 2 N C H 3 , which was carried out at p H 10.7. 

lower p H raise the interesting possibility of significant reversal of the forma
tion of the sulfonylammonium chloride. In this event, the various k^jkY ratios 
as found in this work may not reflect simply the relative rates of reaction of 
the base at sulfur versus hydrogen but may well require more complex 
interpretation; further work is in progress. 

We have not prepared C H 3 S 0 2 N + ( C H 3 C H 2 ) 3 X ~ and therefore cannot 
determine k2lkx for triethylamine in the same way. Extrapolating from the 
diethylmethylamine results indicates that the nucleophilic catalysis route 
would only be a minor, but not necessarily negligible, pathway. Because we 
saw no sign of C D 3 S 0 3 ~ with triethylamine, we may conclude that the 
sulfonylammonium salt, if formed, goes to the sulfene, that is, k6/kl0 is fairly 
large. 

We also have carried out a parallel series of experiments with C H 3 O D in 
organic solvents such as benzene and methylene chloride and find a very 
similar pattern, but limitations of space preclude further description here. 

Returning to the Truce-Campbell scheme, our more recent work, 
including that using pure sulfonylammonium salts as starting materials, 
indicates that some reactions ascribed by these authors to C H 3 S 0 2 C 1 and 
C H 3 S 0 2 N + ( C H 3 C H 2 ) 3 do not occur. We suggest that the most likely mecha
nism for the reaction of methanesulfonyl chloride with triethylamine and 
D 2 0 or C H 3 O D is one proceeding almost entirely via sulfene that has been 
formed largely (at least 80%) by a direct elimination. In the light of our 
previous observation that ethanesulfonyl chlor ide gave only 13% 
C H 3 C D 2 S 0 3 " with D A B C O - D 2 0 , apparently the direct elimination process 
is the normal route for the reaction between a typical tertiary amine and 
most alkanesulfonyl chlorides bearing an α-hydrogen. 

One final note concerning Truce and Campbells mechanism. Their 
proposal apparently arose from a belief that the hydrogen removed from the 
sulfonyl chloride (CH 3 S0 2 C1 in this case) could not become incorporated in 
the C H 3 S 0 2 group of the C H 3 S 0 2 O C H 3 product. The following experiment 
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392 NUCLEOPHILICITY 

shows, however, that such an exchange can take place. Reaction of an 
equimolar mixture of C H 3 S 0 2 C 1 and C 6 H 5 C D 2 S 0 2 C 1 (the latter compound 
being much more reactive) with triethylamine and excess methanol in ben
zene gave methyl methanesulfonate containing —12% of C H 2 D S 0 2 O C H 3 ; 
clearly, some of the hydrogen from one sulfonyl chloride is capable of 
appearing in the product derived from the other sulfonyl chloride. 

Hydrolysis of 2-Hydroxyethanesulfonyl Chloride 

We recently reported (26) on the synthesis and some aspects of the reactivity 
of 2-hydroxyethanesulfonyl chloride (9) (Scheme II). Our early experiments 
gave not only the expected 2-hydroxyethanesulfonate anion (XI) but also 
other materials as well: the reaction in water yielded (except at the lowest 
initial concentrations) a clearly detectable amount of 2-chloroethanesulfonate 
(XII), which increased with addition of chloride ion to the reaction mixture. 
When the reaction was promoted by a tertiary amine, the major product was 
the betaine (XIII). These products are conveniently accounted for by assum
ing that β-sultone (X) is formed in the major path from IX as in Scheme II. β-
Sultone itself (1,2-oxathietane 2,2-dioxide, X) is unknown though simple 
substituted β-sultones were first shown to be formed as rather fragile species 
on careful sulfonation of olefins by Bordwell and co-workers (27-29). Those 
β-sultones with electron-withdrawing groups on position 4 of the ring may be 
made by the formal cyclization of sulfene with the appropriate carbonyl 
precursor (e.g., chloral) and are stable, readily isolable materials (for a 
summary of the literature, see reference 30). The reactivity of β-sultones 
lacking electron-withdrawing groups, however, would appear to increase 
with diminishing substitution, and X would be expected to be very reactive 
indeed. Hence, more insight into its chemistry might well be obtained from 
a study of the reactions of IX than by possibly fruitless attempts at isolation. 

H 0 C H 2 C H 2 S 0 2 C 1 

IX y 

H 2 0 

H O C H 2 C H 2 S 0 3 - C 1 C H 2 C H 2 S 0 3 -

X 

ci-
• 

R 3 N + C H 2 C H 2 S 0 3 -

R 3 N 

XI XII XHI 

Scheme II 
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27. KING ET AL. Sulfonyl Transfer to Nucleophiles 393 

The rates of hydrolysis were conveniently measured in water maintained 
at constant ionic strength (0.3 M , with NaC10 4) at 25.0 °C by the pH-stat 
technique as described elsewhere (15). These data gave the pH-rate profile 
shown in Figure 1 and which is described by the rate law kohsd = 2AO X 
10" 4 + (5.38 Χ 106) [OH~]. The product of the reaction under kinetic 
conditions (c0 = 1 0 _ 3 - 1 0 - 5 M) was almost entirely XI with small amounts 
(—2-5%) of XII. Addition of sodium chloride to the reaction mixture led to 
more XII. In the presence of sodium thiocyanate IX gave a mixture of XI and 
N S C C H 2 C H 2 S 0 3 - (XIV) with the concentration dependence shown (for 
reactions at two different p H values) in Figure 2. In addition, fcobsd was found 
to be independent of the thiocyanate concentration; that finding is, of course, 
the classic rate-product criterion for the presence of an intermediate formed 
in a rate-determining reaction and consumed in a fast step. From the fact that 
each of the lines in Figure 2 tends to approach a constant limiting value, we 
conclude that in both the uncatalyzed and hydroxide-induced processes 
another route, in addition to the reaction proceeding by way of the inter
mediate that reacts with thiocyanate, exists that is unaffected by thiocyanate. 

The reaction in the presence of added chloride ion showed two further 
features of interest: (1) a small but unmistakable rate suppression (see Figure 
3 and the dashed curve in Figure 1) and (b) an informative pH-product ratio 
profile (Figure 4). These observations led to the mechanism shown in 
Scheme III (A and Β indicate acid and base, respectively.) 

-501 i -
0 1 2 3 

PH 

Figure 1. pH-Rate profile for hydrolysis of 2-hydroxyethanesulfonyl 
chloride (IX) in water at 25.0 °C.; circles (Q) refer to reaction in a medium 
maintained at ionic strength 0.3 M with NaCl04; squares (•) refer to the 

reaction in 1 M NaCl (no NaCl04). 
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[NCSCHgCHgSOâ] 
[HOCH2CH2S03 

[SC Ν"] 

Figure 2. Variation in the ratio of 2-thiocyanoethanesulfonate to 2-
hydroxyethanesulfonate (XTV:XI) with concentration of thiocyanate anion in 
the hydrolysis of 2-hydroxyethanesulfonyl chloride; circles (O) refer to the 

reaction at pH 3.50, squares (\J) to the reaction at pH 6.00. 

1 

Ο 0.02 0.04 0.06 008 010 0.12 

[cr] 
Figure 3. Variation in the pseudo-first-order rate constant for the reaction 

of 2-hydroxyethanesulfonyl chloride (IX) with aqueous sodium chloride 
solution (pH 5.00 and ionic strength was 0.3 M with NaCl04, 25.0 °C). 
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27. KING ET AL. Sulfonyl Transfer to Nucleophiles 395 

Ρ Η 

Figure 4. pH-product ratio (14:11) profile for the hydrolysis of 2-hydroxy-
ethanesulfonyl chloride (IX) in the presence of NaCl (1 M) at 25.0 °C. 

k4 + fc4,B[OH-] 

*! + Jfc1 B[OH-] Q — S 0 2 k 3 + ^ [ O H - ] \ , 

) C H m a k + . | C |_ ] [ H 1_J + U H , , H O C H ^ S O , -

M C I " ] + *5,A[C1-][H+] 

N C S — C H ^ C H 2 S 0 3 - C 1 C H 2 C H 2 S 0 3 -

XIV XII 
Scheme III 

Observation of the reaction course by ^ - N M R spectrometry showed no 
sign of any intermediates; we therefore applied the steady-state assumption 
and obtained the following expressions: 

= Φι + *ι,„[ΟΗ-]) + (α + k2[C\-]lk3 + fc2,A[H+][Cl-]/fc3) (fc4 + fc4,,[OH-]) 

° b s d « + M C l - ] / * 3 + * 2 A [ H + ] [ C l - ] / * 3 

where a = 1 + k3A[H+}/k3 + k3B[OH-]/k3 + k5[C\-]lk3 + k5A[H+][C\-]/k3 and 

M5[c\-}k3 + k-JC\-}[H+}lk3 

[XII] = 
[XI] be + (kt + Jt4.„[OH-]) {(fc2.A + fcj [Cl-][H+]/<:3 + (*2 + fc5) [CI"]/*3 + c} 

where 6 = Jk, + * 1 B [ O H - ] and c = k3B[OH~]/k3 + k3A[H+]ik3 + 1. From 
these equations with the data shown in Figures 1-4, we obtained the 
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2-Hydroxyethanesulfonyl Chloride Hydrolysis: 
Estimated Rate Constants and Ratios 

= 1.62 x ΙΟ" 4 s"1 k6/k3 = 50 
klB = 5.0 x 106 M 1 s"1 k3B/k3 = 1.1 x 103 M " 1 

k4 = 7.8 x ΙΟ" 5 s"1 (k2A/k3 = 6 x 103 M " 1 ) 
jfc4i„ = 3.8 x 10 5 M - 1 s"1 (k3A/k3 = 6 x 102 M " 1 ) 
k2/k3 = 20 (hA/k3 = 6 x 102 M " 1 ) 
k5/k3 = 8 

N O T E : The ratios for the acid-catalyzed terms are approximate only and 
are given in parentheses. 

approximate (and preliminary) rate constants and ratios given in the Box; 
these values in turn were used to obtain the actual lines shown in Figures 
1-4. Except perhaps for the low-pH region (note the dashed line in Figure 4 
and the footnote to the Box), the agreement between calculation and experi
ment is acceptable, and we conclude that the mechanism in Scheme III is 
consistent with observation. 

Of the features that emerge from an inspection of this mechanism and 
the contents of the Box, perhaps the most remarkable is that chloride would 
appear to react with β-sultone faster at the sulfur than at the carbon atom. 
This finding is noteworthy for two reasons. (1) The usual reaction of nu
cleophiles with alkyl esters of sulfonic acids—even those of hindered alkyl 
groups—is alkyl not sulfonyl transfer. (2) With β-propiolactone, the carbonyl 
analogue of XII , the usual reactivity pattern is also altered, but in precisely 
the opposite way, that is, from the usual carbonyl-oxygen cleavage to al-
kyl-oxygen breaking of the β-lactone (31, 32). To be sure, reaction of the 
trichloromethyl-substituted β-sultone X V reportedly gives sulfonamides 
(33), but the S N 2 reactivity of a carbon bearing a trichloromethyl group is 
well-known to be dramatically reduced and no special effect specifically 
favoring attack at sulfur need be invoked for this reaction. In the present 
study, however, alkyl transfer would be expected to be, at most, only slightly 
inhibited by the β-sulfonyl group (34). If indeed the sulfur-oxygen cleavage 
by C l ~ is real (and the rate suppression not merely due to a special salt effect, 
for example), we must look for a factor that accelerates sulfonyl relative to 
alkyl transfer. Inspection of molecular models and looking at the internuclear 
distances reported for the isolable analogue of the supposed intermediate or 

CI. 
X V 
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transition state for substitution at the sulfonyl group (J9) suggest that the 
energy of the transition state is probably significantly raised by nu-
cleophile-O s and nucleofuge-O s nonbonding interactions (where O s refers 
to a sulfonal oxygen). Incorporation of the sulfur atom in a four-membered 
ring would be expected to lead to a distortion of the usual 180° angle of the 
N u - S - L g system such that the Nu • · • Os and O r • · · Os distances (where 
O r refers to the ring oxygen) would be increased and the nonbonding 
interactions thereby diminished. Reasonably, smaller nonbonding interac
tions can be expected in the attack at an ordinary methylene group and the 
analogous effect for attack on carbon in the four-membered ring would be 
smaller. We must caution, however, that sulfur-oxygen cleavage of X by CI" 
(or other nucleophiles) is only a hypothesis at this stage, and further experi
ments are being carried out. 
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28 
Nucleophilicity in Reactions at a Vinylic 
Carbon 

Zvi Rappoport 

Department of Organic Chemistry, The Hebrew University, Jerusalem 91904, 
Israel 

The probes and methods for determining the relative nucleophilicities 
of nucleophiles toward electrophilic olefins and toward vinyl cations 
were examined. Literature data were used in an attempt to construct 
a substrate-independent nucleophilicity scale toward vinylic carbon. 
The nucleophilicities are found to be dependent on electronic, steric, 
and symbiotic effects, and limited series obeyed a "constant selec
tivity", a "reactivity-selectivity", or a dual-parameter linear free
-energy relationship. The conclusion made was that because of differ
ent blends of the effects, the construction of a substrate-independent 
nucleophilicity scale was impossible at present, but an approximate 
scale was presented. In nucleophilic reactions on relatively long lived 
vinyl cations, the steric effects predominate, but at constant steric 
effects, reactivity-selectivity relationships were found for very short 
series of substrates. Additional data are required for constructing 
more reliable nucleophilicity scales toward neutral and positively 
charged vinylic carbons. 

^ Î U C L E O P H I L I C I T Y TOWARD VINYLIC CARBON is discussed in this review. 
This review is not intended to be comprehensive and it avoids overlap with 
reviews of Bernasconi and Hoz in the present volume, which are related to 
this topic. We divide our discussion into two parts. In the first, we will 
discuss nucleophilicity in processes where bond formation between the 
nucleophile (Nu) and the vinylic carbon of a neutral electrophilic olefin is 
rate-determining. In the second, we will present the limited data related to 
nucleophilicity toward vinyl cations. 

Nucleophilicity in Reactions of Electrophilic Olefins 

Scheme I presents several nucleophilic reactions on electrophilic olefins 1 
that lead to different processes and types of products (1-3). Y or Y ' are 

0065-2393/87/0215-0399$06.50/0 
© 1987 American Chemical Society 
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400 NUCLEOPHILICITY 

carbanion-stabilizing groups. R 1 is a substituent, X may be another substi
tuent or a leaving group, and the nucleophile can be anionic as shown in 
Scheme I, can be neutral (e.g., RNH 2 ) , or can carry a leaving group (e.g., 
CIO - ) . The basic assumption is that the nucleophilic attack is rate-determin
ing and it generates the carbanion 2 when the nucleophile is negatively 
charged or the corresponding zwitterion when the nucleophile is neutral. 
The fate of 2 depends on the system (1). Addition of proton can lead to an 
adduct in a Michael-type reaction. Intramolecular rotation around the cen
tral C - C bond followed by expulsion of the nucleophile can lead to an Ε ^ Ζ 
isomerization. When X is a leaving group, its expulsion will give substitution 
(2-3), and if the nucleophile carries a leaving group X ' , it may be expelled 
with the formation of a (usually small) ring. 

Nu~ + c=c\ 
X Y ' 

Ri Nu _ , Y 

X Y ' 

1. internal Nu = N u ' X ' 
rotation 

2. - N u ~ - Χ  + H + -x-
T Ι t y 

R i x J ' 

/ C = C s 
X Y 

c= 
Nu Y ' 

Nu —J2 — 
X 

J ' 
- C - H 

R 1 N u ' 

x > -
isomerization substitution addition cyclization 

Scheme I 

A priori, each of these processes, as well as others (i), can serve as a 
probe for evaluating the nucleophilicity order of a series of nucleophiles. 
However, several practical and mechanistic problems should be recognized 
in trying to chose a probe process or in assembling literature data in an 
attempt to construct a nucleophilicity scale. 

First, the process may not involve a nucleophilic attack on the vinylic 
carbon. This fact is well recognized in vinylic substitution (2, 3), and a typical 
example is the substitution of (£)- and (Z)^-halovinyl sulfones (3 and 4; X = 
CI or Br) by PhS" and M e O " in M e O H (4-6). Both reactions of both 
substrates are of a second order and give retention of configuration, and the 
"element effects" khJkc] are 2.3 (E) and 2.2 (Z) with PhS" and 0.84 (E) with 
M e O - , values that are consistent with rate-determining nucleophilic attack 
on the vinylic carbon (2). However, for the Ζ isomer, kBJka with M e O - is 
185, and because α-hydrogen exchange is rapid under the substitution 
conditions, the reaction of the Z-bromide probably proceeds via élimina-
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28. RAPPOPORT Nucleophilicity in Reactions at a Vinylic Carbon 401 

tion-addition. This finding would not be recognized if the only mechanistic 
information is the reaction order and the stereochemistry and could lead to a 
distortion in a nucleophilicity scale based on 4, X = Br. 

TolS0 2v H T o l S 0 2 V yX 

H Χ H H 

A different problem exists if kx is not the rate-determining step. This 
situation is sometimes easily recognized by the kinetics. A large number of 
nucleophilic additions (7, 8), isomerizations (9, 10) and substitutions (11, 12) 
by amines are of a kinetic order higher than that in the amine, and proton 
transfer in a step following the initial nucleophilic attack is probably the rate-
determining step. However, this result is not always revealed by the kinetics. 

An example is the use of Ε ±=r Ζ isomerization as a nucleophilicity 
probe. This process has practical advantages because it does not require the 
characterization of different products for each nucleophile, and the ther
modynamics of the process is independent of the nucleophile. Table I gives 
the kinetic parameters for the amine-catalyzed (Z)-5 to (E)-5 isomerization 
(equation 1) (13, 14). The k2 values are easily interpreted in terms of elec
tronic and steric effects on a rate-determining nucleophilic attack. However, 
the very low ΔΗ* values suggest that the observed rate constant is not ^ but 
a more complex expression, and the internal rotation step krot may be rate-
determining. In view of this, this process should not be used as a probe. Very 
low activation enthalpies in several vinylic substitutions [e.g., ΔΗ* = 
0.8-2.0 kcal m o l - 1 for the reaction of the para position of N,N-dialkylanilines 
with tricyanovinyl chloride in chloroform (15)] may also indicate a composite 
rate constant. 

R 2 N H + R 2 N H 
o - M e O C 6 H 4 N . C 0 2 E t fc o - M e O C 6 H 4 v J C 0 2 E t k^ 

H C N * - i H C N 
(Z>5 

o - M e O C 6 H 4 R 2 N H C N o - M e O C 6 H 4 C N 
(D 

X C — C v . ^ . C = C + R 2 N H 
\ : 0 2 E t k > 1 H \ o 2 E t 

(E)-5 
Equation 1 

Finally, whereas most vinylic substitutions proceed via Scheme I, the 
nucleophilic attack and leaving-group expulsion may be concerted in rela-
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402 NUCLEOPHILICITY 

Table I. Kinetic Parameters for the (Z)-5 ^ N (E)-5 Isomerization in Benzene at 
40 °C (14) 

Parameter Ru2NH i-Bu2NH Bu3N i-Pr2NH C5H5N 2,6-Lutidine 

10% (L mol-i s-i) 750 149 10.6 5.8 1.1 0.09 
ΔΗ* (kcal mol-i) 4.4 2.2 2.1 4.0 2.5 2.6 
-AS* (eu) 43 53 58 54 66 63 

tively unreactive systems (16). The nucleophilicity scales for processes that 
involve and that do not involve a C - X bond cleavage in the rate-determining 
step should not necessarily be identical, and data for processes of Scheme I 
and for a suspected concerted vinylic substitution should not be combined. 

Taking into account these reservations (as much as possible), we 
searched the literature to answer the following questions: (1) Is there a 
substrate-independent nucleophilic scale toward vinylic carbon? (2) If not, 
are different scales applicable for addition and substitution? (3) What is the 
role of electronic and steric effects and hard-soft interactions on the nu
cleophilic order? Because of the lack of space, we will mention only briefly 
the solvent dependence of the nucleophilicity. 

In a search for a nucleophilicity scale, correlations of nucleophilic (17, 
18) reactivities in terms of the Ritchies "constant selectivity" N+ scale, the 
Swain-Scott scale (19), or other scales should be attempted. A remarkable 
correlation with the N+ scale was reported recently by Hoz and Spiezman 
(20, 21). A plot of log k for the reaction of the fluorenylidene derivative 6 
versus JV +, which includes eight nucleophiles covering 11 orders of magni
tude in reactivity (slower Nu = M e O H ; faster Nu = N 3

_ in Me 2SO), was 
linear. Fewer nucleophiles gave a similar plot for 7, whereas 8 gave substitu
tion of the nitro group by three nucleophiles and addition to C-9 by two 
nucleophiles. M e O " in M e O H gave reactions at both positions. The slopes 
for 6 and 7 were 1.23 and 1.29, and the conclusion is that a selectivity 
parameter should be incorporated in Ritchies equation. In spite of the 
position-dependent selectivity and the nonunity slope, the obedience to the 
N+ scale for 6 and 7 is remarkable. An explanation in terms of an extensive 
electron transfer from the nucleophiles to the low lowest unoccupied mo
lecular orbital (LUMO) substrates (e.g., 6) in the transition state was offered 
(20, 21). 

Few other attempts to correlate data with a constant selectivity scale 
were less successful. Ritchie studied the substitution of £rans-3-methoxy- (9) 
and £rans-3-(methylthio)acrylophenones (10) with nucleophiles (22). Ratios of 
nucleophilicities for two nucleophiles toward 9 and 10 were not constant, for 
example, kOH~/kMeONH = 22 and 0.3, respectively, whereas a ratio of 7.4 is 
predicted from the Δ/ν*4". Correlations with N + were not discussed, and we 
found them to be nonlinear. 
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28. RAPPOPORT Nucleophilicity in Reactions at a Vinylic Carbon 403 

Y 

6, X = Y = N 0 2 

7, X = Y = C N 
8, X = H ; Y = N 0 2 

M e O C H = C H C O P h M e S C H = C H C O P h M e O C H = C H C O C 6 H 4 O M e - p 
9 10 11 

The log k values were correlated with two other sets of data. When 
plot ted against the log k for reaction of the [(p-dimethylamino)-
phenyl]tropylium ion with nucleophiles, two approximately parallel lines, 
one for reactions in M e O H and one for reactions with water, were obtained. 
A plot of log k for the reaction of 9 versus log k for the reaction of 2,4-dinitro-
phenyl acetate with several nucleophiles was linear; thus, similarities existed 
in the transition states for nucleophilic attack on activated vinylic and aro
matic carbon. 

The substitution of the analogue 11 with imidazole, O H - , n -BuNH 2 ; 
and ethyl glycinate gave a linear log k versus N+ plot with a slope of 1.02 ± 
0.23 (23). However, other nucleophiles, morpholine, for example, deviated 
from this plot. The possibility was raised that the N+ treatment is invalid for 
these systems. 

If the scale applies to another highly activated system, benzylidene-
Meldrum acid, 12, then the slope calculated for the pair of nucleophiles 
PhO~ and O H ~ is higher than unity, because log (fcpho-^OH-) = 1-39 
whereas Δ Ν + = 0.85, but the scale is lower than unity when calculated for 
the O H " - N 2 0 and P h O - H 2 0 pairs (24). 

C O - O 
£ H 3 

An extensive work by Friedman and co-workers (25-27) on the addition 
of amino acids and peptides to singly activated electrophilic olefins serves as 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
7 

| d
oi

: 1
0.

10
21

/b
a-

19
87

-0
21

5.
ch

02
8

In Nucleophilicity; Harris, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1987. 



404 NUCLEOPHILICITY 

an additional example for the operation of a constant selectivity relationship 
for closely related nucleophiles and substrates. The active nucleophile is the 
amino acid anion (A - ) (equation 2; R = H or Me; Y = C N , C 0 2 M e , or 
C O N H 2 ) and plots of log fcA_ versus the pKa of the acid are linear and parallel 
for addition to several R C H = C H Y systems (β Ν ι 1 = 0.43) when the steric 
environments of the nucleophilic site are similar (26). For a few thio amino 
acids, β Ν ι 1 = 0.45 (27). Parallel lines were obtained in the addition of 
nucleophiles to the same substrate for amino groups attached to primary, 
secondary, and tertiary carbons (25). Three conclusions emerge from the 
data. (1) A nearly constant selectivity of pairs of amino nucleophiles or amino 
and thio nucleophiles of the same steric environment exist in their addition 
to different, but sterically similar, olefins. (2) Br0nsted plots with β Ν υ < 0.5 
reflect the response to basicity at a constant steric environment. (3) Steric 
effects decrease the reactivity of crowded nucleophiles. 

- O O C C H 2 C H 2 N H 2 + R C H = C H Y —• O O C C H 2 C H 2 N H 2 C H 2 C H Y 
- H + O O C C H 2 C H 2 N H C H 2 C H 2 Y (2) 

In the majority of reactions studied, a constant selectivity relationship 
does not apply. In the addition of morpholine, glycine, and M e O " to 
C H 2 = C H X systems, X = P O ( O E t ) 3 , C O N H 2 , C N , C 0 2 M e , S 0 2 M e , 
C O M e , COPh , and C H O plots of log k versus pK f l (MeX) are linear but not 
parallel (28); thus, the reactivity ratios for each pair of nucleophiles are not 
constant. 

The reactivity ratios of several pairs of nucleophiles in their reactions 
with different substrates are compared in Tables II-VIII . A constant ratio 
should indicate a Ritchie-type behavior. Each table reflects a different aspect 
of the nucleophilicity. Table II gives selected reactivity ratios for piperidine 
and morpholine, two amines of the same bulk that differ by 2.8 pK f l units in 
water. The ratios are not constant, and values between 1.5 and 22.3 were 
found. A characteristic feature is the decrease of the ratios from M e C N to 
tetrahydrofuran to E t O H (31). The lower values for substitution compared 
with addition in protic solvents may have mechanistic significance, but 
generalizations are unwarranted. In each case, β Ν ι 1 for these amines is low; 
this finding indicates an early transition state for the addition. 

Table III gives fcN3_/fcpiperidine ratios. The values for the three β-chlo-
rovinyl ketones (35) demonstrate two important features. First, they increase 
in the dipolar aprotic solvent, by relative increase in the reactivity of the 
anionic nucleophile. Second, and less expected, the order of the ratios 
changes from N3 < piperidine for E - P h C O C ( P h ) = C H C l to N 3 " > 
piperidine for the cyclic β-haloketone. Consequently, difficulties are ex
pected in attempts to construct even a qualitative nucleophilicity scale 
toward vinylic carbon. 
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28. RAPPOPORT Nucle iphilicity in Reactions at a Vinylic Carbon 405 

Table II. Several ^ p Î p e r i d i „ e / ^ m o r p h o i i n e Ratios 

Substrate Solvent τ (°c) Reference 

C H 2 = C H C N H 2 0 25 10.1 29 

C H 2 = C H C 0 2 M e M e O H 45 17.4 30 

p - 0 2 N C 6 H 4 C ( O T s ) = C ( C 0 2 E t ) 2 M e C N 30 15.2 31 

T H F 30 9.1 31 

E t O H 30 5.5 31 

p - 0 2 N C 6 H 4 C ( O M s ) = C ( C 0 2 E t ) 2 E t O H 30 22.3 31 

( £ ) - P h C ( C l ) = C ( N 0 2 ) P h E t O H 30 3.2 32 

(E)-PhC(I) = C ( N 0 2 ) P h E t O H 30 4.8 32 

(E)-PhC(N0 2 ) = C ( N 0 2 ) P h E t O H 30 3.4 32 

. C O O C H 3 

P h C H = C yi 
X C O O C H 3 

50% M e 2 S O -

50% H 2 0 

20 1.5 33 

P h C H = C ( C N ) 2 50% M e 2 S O -

50% H 2 0 20 3.4 34 

Table III. fcN,.(98% EtOH) { A ) a n d 

fcpiperidiJEtOH) 

tN,.(98% DMF) ( B ) R a t i o s 

*piperidi„e(DMF) 

Compound 

N C 

Ph 

P h C O J 
P h C O 

M e / 

Η 

= C 

C l 

= c 

of C O M e c 

0.04 (EtOH) 

0.03 

0.14 

2.67 

0.39 

2.92 

38.40 

"Reference 36. 
b Not determined 
Reference 35. 
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Table IV. Several kvhsJkMe0- Reactivity Ratios in M e O H at 0° C 

Substrate Ε Ζ Reference 

2 , 4 - ( 0 2 N ) 2 C 6 H 3 C H = = C H B r 13,445 a 37 

p - 0 2 N C 6 H 4 C H = C H B r 4,060 — 37 

p - 0 2 N C 6 H 4 C H = C H C l 1,069 — 38 

p - 0 2 N C 6 H 4 C H = = C H F 28 — 38 

p - M e O C 6 H 4 C O C H = = C H B r 540 — 39 

p - 0 2 N C 6 H 4 S 0 2 C M e = C H B r 43.3 128.8 40 

p - T o l S 0 2 C H = C H B r 16.2 0.14 4 

p - T o l S 0 2 C H = C H C l 6.3 24.2 5, 6 

p - 0 2 N C 6 H 4 S 0 2 C H = C H C 1 13.7 17.1 5 

a Not determined. 

Table IV compares the reactivity ratios of a soft (PhS~) to a hard (MeO - ) 
nucleophile in vinylic substitution. P h S - is always more reactive, and ratios 
lower than unity, as for 4, X = Br (4), are certainly due to elimina
tion-addition with M e O - . The ratios change by >2000-fold and are sensitive 
to the geometry of the substrate. An important feature is that for β-halo-p-
nitrostyrenes the ratio decreases strongly with the increased "hardness" of 
the β-halogen (38). The lowest ratios are for the β-fluoro derivative, whereas 
the differences between the chloro and bromo compounds are not so large. 
This behavior is similar to that in S N A r reactions. This behavior can be 
rationalized by symbiotic effects, which favor the soft-soft P h S _ - B r interac
tion and the hard-hard M e O - F interaction. A reactivity-selectivity rela
tionship for vinyl bromides of different electrophilicities does not exist. 

Table V compares E t S - and E t O " and shows similar features. The 
kEiS~/kEt0~ ratios are relatively low for the vinyl fluorides (41). Although 
values at the same temperature are not available for the heavier halogens, 
fcEtS-(18 °C) /* E l O - (0 °C) values for X C H = C H C 0 2 E t are 344 (Cl), 329 (Br), 
and 1991 (I) (42). The operation of steric effects is shown by the kEtS_klf-BuS~ 
ratios of >20 in spite of the expected higher basicity of ί-BuS". A combina-

Table V. Reactivity Ratios for Substitutions in EtOH at 0 °C (41) 

Compound ^EtS- ^EtO-

& E t O - fcf-BuS-

( E ) - M e C F = C H C N 15.7 31.6 2.0 
( Z ) - M e C F = C H C N 5.0 21.0 4.2 
( E ) - M e C F = C H C 0 2 E t 9.4 37.8 4.0 
( Z ) - M e C F = C H C P 2 E t 28.1 39.1 1.4 
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408 NUCLEOPHILICITY 

tion of the symbiotic and steric effects makes E t O " a better nucleophile than 
f-BuS~. Again, the order of thio and oxygen nucleophiles seems to be 
substrate-dependent. 

Table VI shows that although the nucleophilicity of alkoxy nucleophiles 
follows their basicity, the ratios are substrate-dependent. 

Comparison of relative reactivities at constant steric effects in terms of a 
few selected Hammett s p values is shown in Table VII for ArS~ and in Table 
VIII for anilines. Although some of the data in Table VII are based only on 
two points, clearly the p values are structure-dependent. Moreover, these 
values show no clear trend. The reactivity of β,β-dihalovinyl sulfones are 
similar to those of the β-halovinyl sulfones, but their p values are much 
lower. The addition reactions with A r S " show higher p values than for most of 
the substitutions, but for the structurally similar vinyl sulfones, the p for the 
substitution is higher. In general, the p values for the anilines are signifi
cantly higher, but this fact does not necessarily mean an earlier transition 
state for the anionic nucleophiles because the p values for the equilibrium 
acidities of the anilinium ions are higher than those for the thiols. 

Table VII. Several p Values for Reactions of ArS - with Electrophilic Olefins 

Substrate Process0 Τ (°C) 1 Solvent Nb p Reference 
p - M e O C 6 H 4 S 0 2 C H = C B r 2 s 0 M e O H 6 - 0 . 8 * 49 

p - C l C 6 H 4 S 0 2 C H = = C C l 2 s 0 M e O H l 5 -0.72 e 50 

P - C 1 C 6 H 4 S 0 2 C H = C C 1 2 S 30 M e O H l 5 -0.36 e 50 

( £ ) - T o l S 0 2 C H = C H C l S 0 M e O H ί 1 -1.55 5 

P h S 0 2 C H = C H 2 A 25 50% E t O H ( 3 -1.22 51 

( £ ) - C l C H = C ( C N ) P h s 30 E t O H ί l -0.51 36 

p - 0 2 N C 6 H 4 C ( O T s ) = C ( C 0 2 E t ) 2 s 30 M e O H ί 1 -0.39 31 

N-Ethylmaleimide A 25 95% E t O H ; * — 2 52 

flA represents addition; S represents substitution. 
^Number of substituents studied. 
'The best correlation is with σ + . 

Table VIII. p Values for Substitution of Vinyl Halides by ArNH 2 

Substrate Solvent T (°C) N« P Reference 

PhCOCH=CHBr i-PrOH 25 8 -2.35 53 
ClCH=C(C0 2 Me) 2 MeCN 30 5 -2.40 54 
(E)-PhC(Cl)=CHN0 2 MeCN 30 7 - 2 . 9 9 55 
p-0 2 NC 6 H 4 C(Br)=C(CN) 2 MeCN 30 2 -3.5 31 
p-0 2NC 6H 4C(Br) = C(CN) 2 T H F 30 2 -3.5 31 

"Number of substituents studied. 
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28. RAPPOPORT Nucleophilicity in Reactions at a Vinylic Carbon 409 

The contribution of increased steric effects to a lower nucleophilicity 
was mentioned earlier. Russian workers (29, 56) who studied addition and 
substitution of a large number of amines with electrophilic olefins analyzed 
the reactions in terms of dual-parameter equations involving polar and steric 
effects. 

For example, substitution of the vinyl sulfone 13 by primary, secondary, 
and teriary amines (equation 3) obeys a single equation (equation 4) (56), 
where Σσ* is the sum of the inductive effects of the amine substituents, and 
EN is an isosteric parameter where the steric effect of an amine R 1 R 2 N H is 
taken as similar to Es of C H R ^ 2 . Twenty-two amines obeyed the equation 
with p* = —4.8 and δ = 1.70 where p* and δ are the sensitivity parameters 
to the inductive and steric effects, respectively. As a demonstration of the 
electronic effects, fccyciohexyiarnine/fcaniiine ~ 1 0 4 i n s P i t e o f t h e i r s i m i l a r s i z e > 
whereas steric effects are reflected in the ^Εί2ΝΗ^ι-ΡΓ2ΝΗ °f approximately 
3000 in spite of the similar basicities. Similar L F E R s were observed in other 
reactions (Table IX) (29). 

( Z ) - p - 0 2 N C 6 H 4 S 0 2 C H = C H C l -

13 

R J R 2 N H 
> p - 0 2 N C 6 H 4 S 0 2 C H = C H N R 1 R 2 

(3) 
R 1 R 2 R 3 N 

^ p - Ο 2 Ν 0 6 Η 4 8 Ο 2 0 Η = 0 Η Ν ^ Ή 3 

log k = log k0 + p*Σσ* + bEN (4) 

Nevertheless, the less bulky primary amines are often less reactive than 
secondary amines. In addition to tolyl vinyl sulfone, ^ E t 2 N ^ B u N H 2

 = 2.9 in 
E t O H (57). A preferred solvation of the primary amine was held responsible 
for this result, and indeed, in the bulky, less solvating f-BuOH, the ratio 
decreases to 0.09. 

An interesting contribution of steric effects to solvation is the addition of 
benzenethiolate ions to N-ethylmaleimide in 95% E t O H (52). The reactivity 
ratio of the 4-H:4-Me:2-Me:2,6-Me 2 derivatives is 1:2.16:1.6:1.6; thus, a 
small steric retardation is superimposed on a small electronic acceleration. 
However, the 2-f-Bu derivative is 8.7 times faster than its 4-f-Bu isomer. This 
finding was ascribed to a rate-enhancing steric inhibition to solvation of the 
anion, which raises its reactivity by more than the reactivity decrease due to 
crowding in the transition state. 

Both electronic and steric effects also operate in addition reactions of 
carbon nucleophiles. For addition of R C ( N 0 2 ) 2 to methyl acrylate, the reac
tivity order for R of 1 (Me) < 1.2 (Et) < 1.6 (Cl) < 3688 (F) was observed (58) 
and ascribed to the destablization of the ground state of the fluorocarbanion, 
for example, by a p(F)-p(C~) electron repulsion. The electronic effects are 
less pronounced in the addition of X C 6 H 4 C ( N 0 2 ) 2 to methyl vinyl ketone, 
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28. RAPPOPORT Nucleophilicity in Reactions at a Vinylic Carbon 411 

where p = -0 .33 to -0 .38 at 0-50 °C and β Ν υ = 0.21-0.25 (59). However, 
ortho substituents deviated from the linear plot, but a linear correlation was 
found between log k for them and the difference in the van der Waals radii of 
Η and X . 

From this discussion, clearly, a quantitative nucleophilicity scale toward 
vinylic carbon cannot be constructed. Neither Ritchie s nor S wain-Scott s 
correlations are applicable. Different blends of contribution of polar, steric, 
and symbiotic effect can change the reactivity order. Whether a qualitative 
order prevails could be inferred by comparing the three substitution reac
tions of chloro olefins, which are the only processes for which a relatively 
extensive change in the type of nucleophile was conducted (Table X). 

Piperidine, which is common to the three series, serves as the standard. 
Comparison of the kTo]^/kpipendine ratios show a very large variation, which is 
not reflected to the same extent in reactions of other nucleophiles. For most 
other systems studied (31, 36), these ratios are very appreciable. Moreover, 
PhO~ appears in a different relative position in the second and the third 
series. 

Some short reaction series can supplement the data of Table X . The 
halide ions C l ~ , Br~, and I~ should be added at the bottom of any nu
cleophilicity list as inferred from the very slow rates of substitution of β-
halo-p-nitrostyrenes (60), the exchange of labeled chloride with the 1,1-
diaryl-2-haloethylene system (61), and the very slow halide promoted E^Z 
isomerization of activated haloolefins (62; 63; A. Gazit and Z. Rappoport, 
unpublished results). 

The EtS~ > f-BuS" > EtO~ order can be taken from Table V. In the 
substitution of fran5-3-methoxy-4 ,-(dimethylamino)acrylophenone, 
*OH^morphoiine

 = ° - 2 7 > t n a t is> morpholine > O H " (64). In addition to 
substituted 12, the order H 2 0 « O H " < p - B r C 6 H 4 0 " < PhO" was 
established (24). The order M e O " > C N - in M e O H for 6 and 7 can also be 
added (20, 21). 

In the basic epoxidation of o-chlorobenzylidenemalononitrile, where 
the nucleophilic species is X O ~ (X = CI, OH), the reactivity order is H O O " 
> C l O ~ (65). In addition to acrylonitrile, the relative order is piperidine (51) 
> S 0 3

2 - (18) > B u 2 N H (0.76) (29, 66), whereas in the Michael addition to 
acrylonitrile, the reactivity order is MeO~ > C H ( C O M e ) 2 > CH(COMe)-
C 0 2 E t (67). 

We tried to construct a qualitative nucleophilicity scale by combining 
the data for the three main systems of Table X and addition of the other data 
from the short reaction series. In most cases, the relationship between a 
nucleophile from the main series and only one of the nucleophiles in the 
short series is known. Hence, our combined nucleophilic scale is given in 
Figure 1 in the form of two lines. The main one (in boldface type) is a single 
reactivity scale, whereas short series are introduced above in the appropriate 
places (other orders are H O O " > C l O ~ and F C " ( N 0 2 ) 2 > R C " ( N 0 2 ) 2 where 
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28. RAPPOPORT Nucleophilicity in Reactions at a Vinylic Carbon 413 

Table XI. α and a' Values for Capture of a-Anisylvinyl 
Cations Formed in the Solvolysis of AnC(Br)=CRR' (69) 

α — ^Br-^AcO- a' — k B r _/k S 0 H in 

Ion in AcOH TFE 80% EtOH 

An-(5=CH 2

Û 0.0 b 0 

A n - ( Î = C M e 2 4.3 394 0 

A n - ( Î = C A n 2 21.7 78 3 

A n - é = Q = 0 75.0 1200 158 

a A n = p-Anisyl 
b Not determined. 

R = Me, Et, or CI). We are well aware of the limitation of this series, such as 
the possibility of reversal of the order (hence the question mark before N 3 ~ 
and the ~ sign for ArO~ and piperidine) as a function of the substrate and the 
reaction conditions. These drawbacks were mentioned previously. Solvent 
effects that should be important were also neglected. We believe that a 
further study of a few selected series with a large series of nucleophiles 
would be very helpful in solving some of the discrepancies and in filling the 
gaps. 

An interesting conclusion is that in spite of the fact that the chloro-
substituted vinylic carbon is relatively soft, several of the reactive nu
cleophiles of the Swain-Scott scale such as N 3 ~ , Br~, S C N ~ , and S 0 3

2 ~ show 
relatively low nucleophilicity in Table XI . When a more quantitative scale 
will be available, comparing it with the nucleophilicity order toward acti
vated aromatic carbon would be constructive. 

Nucleophilicity toward Vinyl Cations 

A complementary part to the reaction with neutral, although polarized, 
vinylic carbon is the reaction of nucleophiles with vinyl cations 14 (equation 
5). The data in this case are much more limited, for two reasons: (1) very few 
vinyl cations had been prepared with sufficiently long lifetime that allows 
their direct reaction with nucleophiles to be followed and (2) a very few 
capture experiments of a solvolytically generated vinyl cation by several 
nucleophiles were conducted. 

R 2 R i R 2 R 2 ^ ^ R i R 2 ^ NU 

C = C C=C-RL C = C + y C = C (5) 
/ \ / / \ / \ 

R 3 X R 3 R 3 Nu R 3 R 1 

14 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
7 

| d
oi

: 1
0.

10
21

/b
a-

19
87

-0
21

5.
ch

02
8

In Nucleophilicity; Harris, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1987. 



414 NUCLEOPHILICITY 

Four different probes gave short reactivity orders toward vinyl cations: 
(1) common ion rate depression in solvolysis; (2) competitive capture of 
solvolytically generated ions; (3) direct reaction of a vinyl cation with nu
cleophiles; and (4) competition between intra- and intermolecular nu
cleophilic capture. A short reactivity order is obtained in each case, but 
because of the different solvents and conditions the orders cannot be com
bined to a single series. However, a selectivity rule that governs the relative 
reactivities toward different vinyl cations in terms of a constant selectivity or 
a reactivity-selectivity relationship can be determined. 

According to the Winstein-Ingold solvolysis scheme (68), the observa
tion of a rate decrease in the solvolysis of RX by either the formed or an 
added X ~ ("common ion rate depression", CIRD) serves as evidence for 
product formation from an intermediate free vinyl cation R + . The simplified 
solvolysis scheme, when ion pairs are neglected and both the solvent S O H 
and its conjugate base SO" may be present, is shown in Scheme II. 

S O H 
1 • R O S 
*SOH 

s o -
— — >ROS 
*so 

Scheme II 

The rate equations for Scheme II are 

*t = kj(l + a'[X"]/[SOH]); a ' = fc^son (6) 

kt = kj(l + a[X-]/[SO-]); a = J ^ s o " (7) 

The appearance of C I R D is a relatively rare phenomenon because it is 
observed only when R + is sufficiently selective to react competitively with 
the more nucleophilic X ~ that is present in low concentrations and with the 
less nucleophilic S O H that is present in much higher concentrations. The 
selectivity constants α and a ' are the ratios of the rate constant for the 
reverse reaction with X ~ (k_x) to the product-forming rate constant (kSOH or 
kso-). Consequently, α or a ' could be used to evaluate the selectivity 
behavior. The experimental difficulties associated with the measure of α in 
vinylic systems, the question whether the capturing nucleophile in a buff
ered solvent is S O H or SO" , and the reasons for the high selectivity are 
discussed extensively in reviews (69, 70) and will not be repeated here. 

The largest number of α and a ' values are available for the solvolysis of 
a-anisyl-p^-disubstituted vinyl bromides. Evidence exists from C I R D that 
product formation is mainly or exclusively from the free ion (69), and α and a ' 

RX fcions R + _ 

+ χ -
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28. RAPPOPORT Nucleophilicity in Reactions at a Vinylic Carbon 415 

values for the derived ions (An = p-methoxyphenyl = anisyl) are given in 
Table XI . Clearly, Ritchie s constant selectivity (which requires that α and a ' 
will be constant for different substrates) does not hold. The ratios change 
strongly with the nature of the ion. Comparison of the solvolytic reactivities 
of the precursor bromides shows that a reactivity-selectivity relationship, 
which calls for a higher fcion for the more selective ion (i.e., higher α or a ' 
accompanies higher fcion) does not hold. Instead, the selectivities are gov
erned mainly by steric effects: the bulkier is the β-substituent, the higher is 
the a's in A c O H - N a O A c or the a ' in 80% E t O H and trifluoroethanol (TFE) 
(with one exception). This finding was ascribed to the severe steric hindrance 
to the in-plane approach of the nucleophiles to the vacant orbital. Because of 
this hindrance, a polarizable nucleophile such as Br~, which can form a bond 
from a longer distance than a less-polarizable harder nucleophile such as 
AcO~, becomes more reactive. The difference between the selectivities, that 
is, α (or α'), should therefore increase with the increased bulk of the β-
substituents as was indeed observed. 

What happens when the bulk of the β-substituents remains constant? 
Difficulties in obtaining the order of α values if their difference is small 
results, but for the anthronylidene derivatives 15 (Ar = An, Toi, o-An, or 
Ph), Rappoport et a l . (71) showed that the log α values in 1:1 
A c O H - A c 2 0 : A c O " and the log a ' values in TFE-2,6-lutidine increase 
linearly with log kt (equation 8). The solvolysis rate constant kt should be 
close to log kion (72), and for these structurally related systems, strong 
evidence exists that the products are formed from the free ion (71, 72). This 
apparent reactivity-selectivity behavior finds strong support in the study of 
the solvolysis and 8 2 B r " exchange of 15, Ar = An or Toi, and of three 
triarylvinyl bromides in A c O H - A c O ~ - E t 4 N 8 1 B r (73). This technique meas
ures independently kt and α and is therefore superior to the C I R D method 
where kt and α are obtained from a single experiment. The fcex

cor (exchange 
rate constants corrected for the natural decay of 8 2 Br), kt, and α values are 
given in Table XII . Clearly, the α values for both series increase with the 
increase in kt. Evidently, at constant steric effects, reactivity-selectivity 
behavior is obtained. 

Ο C 
\ X 

Ar 

15 
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log kt° = -25 .5 + 8.12 log a ' (8) 

An interesting observation is that in the presence of a large excess of 
Br" , the reaction of AcO~ with 15, Ar = An, is of a second order (71). This 
result is a rare example of an S N 2(C + ) route where the cation-anion recom
bination is rate-determining in a solvolysis reaction, and in principle, such a 
process could be used for obtaining directly rate constants for capture of vinyl 
cations. 

Common ion rate depression for solvolysis of RX with the same R but 
with different leaving groups X was followed only for a single system. From 
the α values obtained in the solvolysis of (£)- and (Z)-l,2-dianisyl-2-phen-
ylvinyl-X, 16, in A c O H - A c O - (equation 9), relative reactivities toward the 
derived ion 17 were measured (74) (nucleophile, relative reactivity): OMs~, 
0.16; OAc, 1.0; CI" , 15.2; Br" ; 45.5; and A c O H , 0.0024. From other data, Γ 
will probably be at the top of a similar order (75) and 2,4,6-trinitrobenzene-
sulfonate at the bottom (76). 

An , 
—X \ + *AcO 

AnC(Ph) = C(X)An c ^ ^ = Ο Α η + X " * AnC(Ph)=C(OAc)An (9) 
16 k~ Ph 

X 17 
The order of these data is similar to the Swain-Scott order in spite of the 

different solvents and the degree of hardness of the electrophilic center. 

Table XII. Reactivity-Selectivity Relationships from Exchange-Solvolysis Experiments in 
AcOH-NaOAc-Et4N82Br at 120 °C (73) 

Compound* ΙΟ5!*,/*»" 10% a 

A n 2 C = C(Br)An 

( £ ) - P h C ( A n ) = C(Br)An 

P h 2 C = C(Br)An 

22 

13 

8.8 

114 

75 

53 

21.7 ± 0.7 

19.5 ± 1.6 

18.6 ± 0.8 

Ο 
0 \ V 

Ar 
y 

— C Ar = A n 
64 96 75.0 ± 1.4 

Ar = Toi 0.084 0.77 12.2 ± 0.8 

û A n = p-anisyl; Toi = p-tolyl . 
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Table XIII. Capture Ratios in the Solvolysis of 18a in Binary 
Solvent Mixtures at 35 ° C (77, 78) 

% TFE in % TFE in 
^EPH^TFE TFE-H20 TFE-EtOH ^EPH^TFE 

97 1.50 (0.93) 90 11.0 
94 1.43 (0.85) 80 9.4 
90 1.25 (0.96)* 70 11.5 
80 1.45 (0.76) 60 12.2 

a The value for 18c is in parentheses. 
H.37 for 18b. 

Interestingly, the order of the fractions of ion pairs returned from the 17·Χ~ 
ion pairs (0.47, 0.38, and 0.24 for X " = Br" , C l ~ , and O M s - , respectively), 
which reflects the intramolecular nucleophilicity in the ion pair, is parallel to 
the α values (74). The order of return from ion-paired X " or from external X " 
seems therefore to be governed by similar factors. 

Solvolysis reactions of vinylic substrates in binary protic solvents are 
numerous (69), but in the majority of cases, the distribution of the two 
products is not useful for evaluating the relative reactivities of the two 
solvents. The main reason is that the vinyl ethers formed in H 2 0 - R O H 
mixtures, the vinyl formates, and sometimes the vinyl acetates formed in 
H C O O H - A c O H or A c O H - H 2 0 mixtures are frequently unstable under the 
solvolytic conditions. Their hydrolysis to the ketones will give erroneous 
capture ratios. In addition, in most cases the nature of the product-forming 
intermediate is not clear and it is frequently the ion pair. 

The only values that seem reliable to us are given in Table XIII. 
Solvolysis of 18a in buffered T F E - H 2 0 (77) and buffered T F E - E t O H (78) 
mixtures and of 18c in buffered T F E - H 2 0 mixtures (77) was conducted over 
an extensive solvent composition range. The ethers are stable under the 
reaction conditions and 18b forms the products from the free ion (77). The 
similarity of products from 18b and 18a suggested that products are formed 
in all cases from the free ion. The kH^0/kTFE and kEt0H/kT¥E

 r a t l o s w e r e 

calculated from the product ratios (cf equation 10) and found to be reasona
bly constant in 97-80% T F E - H 2 0 and in 90-60% T F E - E t O H . A large 
change was observed in more aqueous solvents. 

A r C ( X ) = C M e 2 

18a, Ar = An; X = OTs 
18b, Ar = An; X = Br 
18c, Ar = o -An; X = OTs 

fcTFE [ H 2 0 ] [ R O C H 2 C F 3 ] 
fcH2o [TFE][ROH] 

(10) 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
7 

| d
oi

: 1
0.

10
21

/b
a-

19
87

-0
21

5.
ch

02
8

In Nucleophilicity; Harris, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1987. 



418 NUCLEOPHILICITY 

The ratios of Table XIII give the approximate reactivity order E t O H (11) 

> H 2 0 (1.4) > T F E (1.0) toward A n - C = C M e 2 and H 2 0 (0.9) T F E (1.0) for 
its o-methoxy analogue. The former order is reasonable in terms of nu
cleophilicities of both species. The nearly similar reactivities of T F E and 
H 2 0 are somewhat surprising, but they do not differ much from the kTFE/kH2Q 

values calculated for the solvolysis of 1-adamantyl bromide and f-BuCl (78). 
In a single unpublished study ( M . Oka, H . Taniguchi, and S. 

Kobayashi), Taniguchi s group studied the competitive capture of the vinyl 
cation formed in the solvolysis 19 in 0.1 Ν aqueous NaOH by several 
nucleophiles. C I R D studies showed that >90% of the products are formed 
from the free ion. The data that are given in Table XIV in terms of log 
(kN~/k0^) a r e compared with Richie's ΔΝ+ values of the two nucleophiles. 
The agreement between only half of the values argues against correlation 
with N+. 

M e 2 C = C ( B r ) C 6 H 4 O C H 2 C O O - p 
19 

A "direct" determination of the relative nucleophilicities of neutral 
nucleophiles toward vinyl cations was recently reported (79). The vinyl 
cations 20a-c were generated by flash photolysis and their decay was fol
lowed simultaneously by U V spectroscopy and photocurrent measurements. 
The similar rates, the absence of effect of oxygen, and the identical spectra of 
20b formed from the precursor chloride and bromide argue strongly that the 
species studied are indeed the ions 20. 

R 2 C = C - A n 
20a, R = An 
20b, R = Ph 
20c, R = Me 

The decay rates in M e C N increased in the presence of nucleophiles 
such as alcohols, water, and T H E The order of decay rates M e O H > E t O H 
> i -PrOH > H 2 0 > f-BuOH was established for both 20a and 20c and log k 
for 20c was linear with that for 20a with a slope of 0.83. The reactivity order 
of the alcohols probably reflects the increased steric hindrance to capture 
with the increased bulk of the alcohol (the deviation of H 2 0 was ascribed to 
cluster formation). Because 20a is more reactive than 20c, the reac
tivity-selectivity principle applies for this limited series. 

A similar reactivity order was found recently for competition between 
intramolecular cyclization and intermolecular capture. The AgBF 4-assisted 
solvolysis of trimesitylvinyl chloride 21 in alcohols gives both the ether 23 
and 2,3-dimesityl-4,6-dimethylindene, 24 (equation 11; Mes = 2,4,6-
M e 3 C 6 H 2 ) (80). These compounds are derived from the trimesitylvinyl cation 
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28. RAPPOPORT Nucleophilicity in Reactions at a Vinylic Carbon 419 

Table XIV. Reactivity Ratios [log (ANu-/kOH~)] for Capture of 
M e 2 C = C - C 6 H 4 O C H 2 C O O -p by Nucleophiles 

in 0.1 Ν NaOH at Room Temperature 

Nu~ log (kNuJk0H_) N+(Nu-) - N+(OH~)» 
SCN- 0.14 b 
N 3 - -0.57 2.85 
C N - -1.19 -1.08 
F - -1.97 -1.30 
N 0 2 - -1.97 -1.71 

N O T E : Data are from Oka, M . ; Taniguchi, H . ; Kobayashi, S . , 
unpublished results. 
a F r o m reference 17. 
fcNot determined. 

22 by capture and by cyclization on a β-ο-methyl group, respectively. The 
23:24 ratios given in equation 11 strongly decrease with the increased bulk of 
the alcohol. Because the cyclization rate was assumed to be relatively sol
vent-insensitive, the main effect is on the capture rate. A log (fcR0H^cyc) P ' o t 

for R = Me, Et, and i-Pr is linear with log k for the reaction of 20a with the 
three alcohols. Consequently, steric effects on the nucleophilicity play a 
similar role in both cases. 

Mes Mes Mes Mes Mes Mes 
\ / A g B F 4 \ + \ / 

C = C • C = C - M e s — C = C + 
/ \ R O H / / \ _ 

Mes C l Mes Mes OR Nfe ^ Mes 
21 22 23 24 

R O H 23:24 
M e O H 89:11 
E t O H 82:18 (H) 

i -PrOH 24:76 
f-BuOH <5:>95 

Other aspects of nucleophilicity toward vinyl cations are the site of 
capture of ambident ions and the easy intramolecular cyclization by o-
methoxy and o-thiomethyl substituents on a β ring. The extensively studied 
β-aryl rearrangement across the double bond could be regarded as intra
molecular substitution by the aryl ring, and data are available on the relative 
rate of rearrangement and capture by the solvent (69, 70). These topics are 
not discussed here for lack of space but should be addressed in a more 
complete discussion of the nucleophilicity. 
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29 
Micellar Effects on Nucleophilicity 

Clifford A. Bunton 

Department of Chemistry, University of California, Santa Barbara, CA 93106 

Aqueous cationic micelles speed and anionic micelles inhibit bi-
molecular reactions of anionic nucleophiles. Both cationic and 
anionic micelles speed reactions of nonionic nucleophiles. Second
-order rate constants in the micelles can be calculated by estimating 
the concentration of each reactant in the micelles, which are treated 
as a distinct reaction medium, that is, as a pseudophase. These 
second-order rate constants are similar to those in water, except for 
aromatic nucleophilic substitution by azide ion, which is much faster 
than predicted. Ionic micelles generally inhibit spontaneous hydro
lyses. But a charge effect also occurs, and for hydrolyses of 
anhydrides, diaryl carbonates, chloroformates, and acyl and sulfonyl 
chlorides and SN hydrolyses, reactions are faster in cationic than in 
anionic micelles if bond making is dominant. This behavior is also 
observed in water addition to carbocations. If bond breaking is 
dominant, the reaction is faster in anionic micelles. Zwitterionic 
sulfobetaine and cationic micelles behave similarly. 

SUBMICROSCOPIC, COLLOIDAL AGGREGATES can influence chemical reac
tivity. Aqueous micelles are the most widely studied of these aggregates, and 
these micelles form spontaneously when the concentration of a surfactant 
(sometimes known as a detergent) exceeds the critical micelle concentration, 
cmc (1-3). Surfactants have apolar residues and ionic or polar head groups, 
and in water at surfactant concentrations not much greater than the cmc, 
micelles are approximately spherical and the polar or ionic head groups are at 
the surface in contact with water. The head groups may be cationic, (e.g., 
trimethylammonium), anionic, (e.g., sulfate), zwitterionic (as in carboxylate 
or sulfonate betaines), or nonionic. The present discussion covers the behav
ior of ionic and zwitterionic micelles and their effects on chemical reactivity. 

Micelles can incorporate hydrophobic solutes, and by virtue of their 
charge, ionic micelles attract counterions and repel co-ions. Micelles influ
ence reaction rates and products in various ways. They provide a reaction 
medium apparently distinct from the bulk solvent, and rate constants may be 

0065-2393/87/0215-0425$06.00/0 
© 1987 American Chemical Society 
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426 NUCLEOPHILICITY 

different in aqueous and micellar pseudophases. In addition, micelles can 
speed bimolecular, nonsolvolytic reactions by bringing reactants together or 
inhibit reactions by keeping reactants apart. For example, cationic micelles 
speed attack of nucleophilic anions, and anionic micelles inhibit these reac
tions, but depending upon the reaction type, spontaneous reactions may be 
speeded or retarded. 

Quantitative analysis of these rate effects requires estimation of the 
contributions of the reactions in the bulk, aqueous medium and in the 
micellar pseudophase. This separation can be made provided that the reac-
tant concentrations in each pseudophase can be estimated by direct meas
urement or by calculation (4-16). 

The bulk of the experiments described were carried out by using 
surfactants of four different types: cationic [cetyltrimethylammonium salts, 
C 1 6 H 3 3 N ( C H 3 ) 3 X (CTAX), X = halide, mesylate, azide, or hydroxide]; 
anionic [sodium dodecyl sulfate, C ^ H ^ O S O g N a (SDS)]; zwitterionic [N,N-
dimethyl-N-dodecylglycine, C 1 2 H 2 5 N + ( C H 3 ) 2 C H 2 C 0 2 - (Bl-12), or sulfobe-
taine, C 1 6 H 3 3 N + ( C H 3 ) 2 ( C H 2 ) 3 S 0 3 - (SB3-16)]; and nonionic. 

The following discussion covers the effects of these surfactants upon 
spontaneous reactions, but for bimolecular, nonsolvolytic reactions, only 
cationic and anionic micelles are discussed. 

Water is the bulk solvent in all the experiments described here, al
though normal micelles form in a variety of three-dimensional associated 
solvents including 1,2-diols, formamide, and 100% sulfuric acid (17-19), and 
some kinetic work has been done on micelles in aqueous 1,2-diols (20). 

Quantitative Treatment 

The relation between rate constant and surfactant concentration is simple for 
spontaneous, or micellar-inhibited, nonsolvolytic reactions for which the 
distribution of only one reagent has to be considered (11, 12). 

D i s t r i b u t i o n of substrate, S, between aqueous and micel lar 
pseudophases (denoted by subscripts W and Μ, respectively) is written in 
terms of equation 1 where [D] — cmc is the concentration of micellized 
surfactant and K s is the binding constant of S to micellized surfactant (12): 

[ S J = K S [S W ]([D] - cmc) (1) 

The first-order rate constant for the overall reaction, is given by 

*Φ = [k'w + k'MKs([O] - cmc)]/[l + K S ([D] - cmc)] (2) 

where k'w and k'M are respectively the first-order rate constants in the 
aqueous and micellar pseudophases. 

Equation 2 does not fit rate-surfactant profiles for micellar-assisted, 
bimolecular, nonsolvolytic reactions, because the distribution of both reac-
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29. BUNTON Micellar Effects on Nucleophilicity 427 

tants must be considered (4-10). In addition, the question of the appropriate 
measure of concentration in the micelles must be answered. 

For reaction of a nucleophile, Y, the first-order rate constants in equa
tion 2 can be written as (5, 9) 

k'w — kw[Yw] (3) 

k'M = kMmYs = * M [ Y J / ( [ D ] - cmc) (4) 

and kM has the dimensions of reciprocal time, because mole ratios are 
dimensionless, so that 

*ψ = (MYwl + kMKs[YM])/[l + K S ([D] - cmc)] (5) 

Application of equation 5 requires estimation of [Y M ] . For some organic 
nucleophiles, the distribution of Y between water and micelles can be 
determined experimentally, and this approach has been used for reactions of 
imidazoles, oximes, amines, and phenoxide and thiophenoxide ions (6-8,13, 
14) (Table I). 

Table I. Micellar Effects on Reactivity of Organic Nucleophiles 

Reaction Kel 
C 6 H 1 3 C 0 2 C 6 H 4 - 4 - N 0 2 + imidazoles a ~10-2fc 

C 6 H 1 3 C 0 2 C 6 H 4 - 4 - N 0 2 + imidazolide ions a -10* 
C H 3 C 0 2 C 6 H 4 - 4 - N 0 2 + C 6 H 5 S " 69 0.42 c 

(C 6 H 5 0) 2 P0 2 C 6 H 4 -4-N0 2 + C 6 H 5 0 - 3000 0.53^ 
l-fluoro-2,4-dinitrobenzene + C 6 H 5 N H 2 

l-fluoro-2,4-dinitrobenzene + C 6 H 5 N H 2 

3-8 
~3 

0.17* 
0.12*/ 

N O T E : In C T A B r unless specified. k2

m is the second-order rate constant in the micelles. 
a Not determined. 
h Reference 6. 
c Reference 8. 
d Reference 14. 
e Reference 31. 
/ I n SDS. 

The problem is more complex for bimolecular reactions of inorganic 
anions unless the ionic concentration in micelles (or water) can be measured 
directly (15, 16). Generally, the reaction solution contains both the reactive 
ion and the inert counterion of the surfactant, which compete for the 
micellar surface; Romsted showed (4, 5) how this competition can be de
scribed by equations similar to those applied to binding to ion-exchange 
resins, and his treatment has been applied to many micellar-assisted reac
tions. Table II gives some examples of reactions of nucleophilic anions in 
CTABr. 
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428 NUCLEOPHILICITY 

Table II. Micellar Effects on Reactions of Hydrophilic Anions 

Reaction K B r V 
k m/k 
κ2 / K W CH 3 C0 2 C 6 H 4 N0 2 (4 ) + O H - 13 0.14* 

C 7 H 1 5 C0 2 C 6 H 4 N0 2 (4 ) + O H - 13 0.11* 

nc_h(Q)n+CioH21 + 0H 13 3.4* 

H 3 C—^Q^-S0 2 CH 2 OS0 2 -H (g)_Cl + O H - 25 0.14* 

< ^ N + C 1 6 H 3 3 + C N - 1 2.5* 

(C 6 H 5 CO) 2 0 + H C 0 2 - 10 0.21* 

2 400/ 

NO, 
C 6 H 5 C0 2 C 6 H 3 -2 ,4-(N0 2 ) 2 + N 3 ~ 2 1/ 
N O T E : In CTABr. 
a Reference 73. d Reference 22. 
b Reference 5. e Reference 75. 
c Reference 74. / Reference 37. 

An alternative approach is to prepare a reactive-ion surfactant for which 
the counterion is itself the reactant and inert counterions and interionic 
competition are absent (21-23). In principle, this method simplifies estima
tion of the concentration of an ionic nucleophile, for example, in the micellar 
pseudophase. Both these treatments of ionic reactions involve assumptions 
and approximations that seem to be satisfactory, provided that ionic con
centrations are low, e.g., <0.1 M . These assumptions and approximations fail 
when electrolyte concentrations are high (24-25). A more rigorous treatment 
is based on application of the Poisson-Boltzmann equation in spherical 
symmetry (26-28), and this treatment accounts for some of the failures of the 
simpler models (29, 30). 

Equations 2 and 5 assume that reactions are sufficiently slow for equi
librium to be maintained between aqueous and micellar pseudophases, but 
this condition is easily satisfied for most thermal reactions. The form of 
equation 5 is such that rate-surfactant profiles can be fit relatively easily, but 
the second-order rate constants, kw and kM, have different dimensions and 
cannot be compared directly. Comparison can be made by converting con
centration in the micellar pseudophase from a mole ratio (equation 4) into a 
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29. BUNTON Micellar Effects on Nucleophilicity 429 

molarity. This conversion involves estimation of the molar volume element of 
reaction, VM, in the micellar pseudophase (4-10, 31), and most workers use 
values of 0.14-0.37 L . If the lower value is taken, we obtain 

V = O.UkM (6) 

and kw and k2

m (the second-order rate constant in the micelles) have the 
same dimensions and their values can be compared directly. 

Thus, rate constants can be extracted for both spontaneous and bi
molecular, nonsolvolytic reactions in micelles, and when these rate constants 
are compared with rate constants in water, the factors that control micellar 
rate enhancements can be identified. Micelles can exert a medium effect on 
reaction rate because the polarities of their surfaces appear to be lower than 
that of water (32, 33), and micelles could also, in principle, reduce the 
nucleophilicity or basicity of water. They could also affect the reactivity of 
nucleophilic anions, and this aspect of the problem will be considered first. 

Nucleophilicities at Micellar Surfaces 

Second-order rate constants at micellar surfaces can be calculated by using 
the pseudophase model, and a considerable amount of evidence exists for the 
generalization that for most nucleophiles second-order rate constants are 
similar in aqueous and micellar pseudophases (5-10). The evidence comes 
from the work of a number of groups and the quantitative conclusions 
depend on assumptions regarding the volume element of reaction and, for 
ionic reactions, the value of the ion-exchange constant (5). Various values of 
these parameters are used, which complicates precise comparisons of the 
results, but differences are generally within a factor of 2, so that qualitative 
comparisons are valid. An additional point is that a parameter such as the 
volume element of reaction probably depends upon the hydrophobicities of 
the reactants, because hydrophilic reactants wi l l stay at the water-rich 
micellar surface whereas more hydrophobic reactants may penetrate more 
deeply into the micelle (34, 35). In addition, this volume may be sensitive to 
ionic concentrations (36). This problem is probably less serious than appears 
at first sight because most nucleophilic reactions involve polar substrates that 
are located at the surface and close to the micellar head groups. Detailed 
analysis of these questions is outside the scope of this chapter but is given 
elsewhere (5, 7, 9). 

The second-order rate constants, k2

m (Tables I and II), are calculated 
with volume elements of reaction varying between 0.14 and 0.37 depending 
upon the assumptions made by the various authors, but generally values of 
k2

m and kw are not very different. The reagents vary considerably in their 
affinities for micelles and a wide range of rate enhancements has been 
observed, depending largely upon the hydrophobicities of the reagents and 
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430 NUCLEOPHILICITY 

the surfactant concentration. Only a very small sampling of the data is shown 
here, and much more extensive compilations are available (5). For reactions 
of nucleophilic anions, values of k2

m calculated by using the ion-exchange 
model differ slightly from those based on the Poisson-Boltzmann equation 
(30), but these differences do not invalidate the general conclusions. 

The data in Tables I and II, together with extensive additional evidence, 
allow several generalizations to be made about micellar effects upon bi
molecular reactions (5). First, overall rate constants follow the distribution of 
both reactants between water and micelles. Second, second-order rate con
stants for reactions of nonionic nucleophiles are lower in micelles than in 
water. Third, second-order rate constants for reactions of anionic nu
cleophiles are similar in water and micelles except for some reactions of azide 
ion (37). 

Second-order rate constants in the micelles (k2

m) do not depend in any 
obvious way upon the hydrophobicities of the reactants or, for anionic 
nucleophiles, upon the surfactant counterion. The relatively small inhibitory 
micellar medium effect on reactions of nonionic nucleophiles is readily 
explained by the lower polarity of the micellar surface relative to water (32, 
33). The generally small effects of the medium upon the ionic reactions are 
also understandable because water activity and ionic hydration are similar at 
the micellar surface and in water (34, 35, 38). 

Small rate enhancements occur for aromatic nucleophilic substitution as 
compared to deacylation or dephosphorylation. These effects may be due to 
favorable interactions between cationic micellar head groups and the transi
tion states whose structures are akin to those of Meisenheimer complexes. 

Nonionic micelles often have little effect on reactions of anionic nu
cleophiles, although if the substrate is very hydrophobic, it may penetrate 
the micelle and therefore be shielded from attack by hydrophilic anions (39). 

Anionic micelles exclude reactive anions from their surfaces and there
fore inhibit reaction. However, addition of high concentrations of electrolyte 
reduces the potential at the micellar surface so that anions may approach that 
surface sufficiently closely to react with micellar-bound substrate. However, 
these (residual) reactions are generally very much slower than reaction in 
water and can be neglected except in special cases (40). 

Reactions of Azide Ion 

Aromatic nucleophilic substitution, S N Ar, by azide ion is a significant excep
tion to the generalization that second-order rate constants are similar in 
water and micelles (37). Values of k2

m and kw in cationic micelles are similar 
for deacylation, an S N 2 reaction and addition to (2,2\4,4',4"-pentamethoxy)-
triphenylmethyl cation (Table II and references 37 and 41). These results 
suggest that the nucleophilicity of N 3 ~ is not increased by interaction with 
cationic micelles. But k2

m is considerably larger than kw for aromatic nu
cleophilic substitution in reactions of N 3 ~ with 2,4-dinitrochlorobenzene, 
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29. BUNTON Micellar Effects on Nucleophilicity 431 

2,4-dinitrochloronaphthalene, and hydrophobic N-alkyl-2-bromopyridinium 
ions (37). Therefore, the anomalous rate effect does not depend in any 
obvious way upon substrate hydrophobicity or charge. 

In water, N 3 ~ is much less reactive in aromatic nucleophilic substitution 
than expected from its reactivity toward carbocations, that is, its N + value. 
Ritchie (43) initially developed his N+ scale from nucleophilicities toward 
preformed carbocations and the scale fits the data for nucleophilicities toward 
many electrophiles, regardless of their charge. However, in water, and 
similar hydroxylic solvents, the nucleophilicity of azide ion, relative to that of 
other anions, seems to be related to the carbocation-like character of the 
electrophile. An acyl derivative with its sp 2 carbonyl group is somewhat akin 
to a carbocation stabilized by an alkoxide group, > C = 0 «·—• > C + - 0 ~ , just 
as a triarylmethyl carbocation is stabilized by electron derealization into the 
aryl groups and azide ion is a good nucleophile toward these electrophiles. 
As compared with anions such as O H ~ or C N " , azide ion, in water, is very 
reactive toward carbocations and in deacylation but is relatively unreactive 
toward dinitrohaloarenes (44). 

The marked difference between k2

m and kw for reaction of azide ion and 
aromatic substrates may be due to unusually low reactivity in water, rather 
than high reactivity in micelles. Nucleophilicity of azide ion in micelles 
toward the various substrates is consistent with its N+ value. Azide ion is 
unusual in that it is generally an effective nucleophile but also a reasonably 
good leaving group, and the different behaviors in water and micelles may 
also be related to partitioning of covalent intermediates in S N A r reactions 
(45). 

Generalizations on Nucleophilicity 

The overall conclusion is that cationic micelles do not increase the nu
cleophilicity of anions (Tables I and II), except as noted for some reactions of 
azide ion. Nonionic nucleophilicity is slightly lower in micelles than in water 
simply because of their lower polarity. The overall rate enhancements are 
generally due to increased concentration of reagents in the micelles, and 
similar conclusions can be drawn for reactions in microemulsions (46) vesi
cles (47, 48), and inverse micelles in apolar solvents (49). 

Micelles of functional surfactants have the reactive group, typically an 
oximate, a hydroxamate, a thiolate, or an alkoxide, covalently bound in the 
surfactant head group. These micelles often give very large rate enhance
ments, which, as with nonfunctional micelles, are due largely to a high 
concentration of the reactive group at the micellar surface (5, 9, 50, 51). 

Any conclusion about solvent effects upon bimolecular, nonsolvolytic, 
reactions depends upon a definition of concentration. Conventionally, for 
solution reactions, concentration is written as molarity and generally, for 
nonmicellar reactions, in terms of total solution volume. The same approach 
is used for micellar reactions, although other measures, for example, mole 
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fraction, might be more appropriate. The calculation of second-order rate 
constants in terms of an estimated molarity at the micellar surface is open to 
criticism, but the situation is no different when comparison is made between 
reactivities in different homogeneous solvents. 

Spontaneous Uni- and Bimolecular Reactions 

Spontaneous hydrolyses of alkyl halides, sulfonic esters, and acid chlorides 
and deacylations are typically micellar-inhibited. These reactions are also 
inhibited by a decrease in the water content of aqueous-organic solvents, 
although the extent of inhibition depends upon the reaction mechanism. 
Inhibition by micelles can be ascribed to their having lower polarities (32, 
33) than bulk water, and comparisons of reaction rates in micelles and 
aqueous-organic solvents have been used to estimate effective dielectric 
constants or polarities at micellar surfaces (52). These comparisons require 
that the rate constant, k'M (equation 2) can be estimated directly or indirectly 
by analysis of rate-surfactant profiles generally by use of equation 2, or 
equations similar to it (12, 52-55). k'M is difficult to estimate for reactions 
that are strongly micellar inhibited, because even when most of the substrate 
is bound, the contribution of the residual reaction in water is important. 
Under these conditions, values of k'M/k'w, that is, kre], contain uncertainty, 
but this finding is not sufficient to invalidate the qualitative conclusions 
regarding micellar rate effects. Most of the original work with cationic 
micelles was done by using CTABr, whose limited solubility restricted the 
concentration that could be used (54). Recently, CTAC1 was used and its 
relatively high solubility allows use of higher [surfactant] and better estima
tion of k'M. 

In addition to a generalized medium effect, micelles also have a charge 
effect that seems to be related to the reaction mechanism. Most of the 
experiments were made by using CTAX as the cationic and SDS as the 
anionic surfactant, and the rate constants for reaction of fully micellar bound 
substrates are designated k+ and k~; that is, k+ and k~ are values of k'M in 
cationic and anionic micelles, respectively (54, 55). 

A l l the results to date are covered by a simple generalization: if bond 
making is dominant in the transition state, k+/k~ > 1, but if bond breaking is 
dominant, k+/k~ < 1. Some examples of these S N reactions are given in Table 
III, and compounds that react by mechanisms at the extremes of the 
S N 1 - S N 2 spectrum fit the generalization. For example, hydrolyses of ada-
mantyl substrates, for which k+/k~ < 1, involve rate-limiting formation of a 
carbocation (or its ion pair): 

H 2 0 
R - X — R + + Χ" — • R O H + H + 

fast 
(7) 
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Table III. Spontaneous SN Reactions 

433 

Substrate io3k' w (s-η SDS CTABr SB k+/k 
C H 3 0 3 S C 6 H 5 0.0 390 700* 1.8 

2-Ad0 3SC 6H 4-4-Br 1.6 ~4 1 0.2 

2-Ad0 3SC 6H 4-4-N02 9.5 4 1 2 0.3 

Pin-0 3SC 6H 4-4-Br 7.1 15 8 0.5 

Pin-0 3 SC 6 H 4 -4-N0 2 70.0 10 5 5 0.5 

(CH 3 ) 3 CCHC 6 H 5 C1 0.5 7 1 0.1 

C 6 H 5 C H 2 B r 0.2 130 90 0.7 
S O U R C E : References 5 4 and 55 . 
a In cetyltrimethylammonium mesylate. 

Reaction of methyl benzenesulfonate, for which k+/k > 1, involves bi-
molecular nucleophilic attack by water in the transition state: 

H 2 0 + C H 3 0 3 S C 6 H 5 ^ [ H 2 0 - C H 3 - 0 3 S C 6 H 5 ] ^ 
C H 3 O H + C 6 H 5 S 0 3 H (8) 

The data also suggest that bond breaking plays a major role in most S N 

hydrolyses in aqueous micelles except for a methyl substrate. 
Bond making is clearly dominant in spontaneous hydolyses of carboxylic 

anhydrides and diaryl carbonates and here k+/k~ > 1 (Table IV). These 
values of k+/k~ are not related in any obvious way to the reactivity or 
hydrophobicities of the substrates, although hydrophobicity seems to affect 
the overall micellar inhibition, probably because the more hydrophobic 
substrates penetrate the micelles and are shielded from water molecules. 

Table IV. Hydrolyses of Anhydrides and Diaryl Carbonates 

Substrate io3k' w (s-η Kel k+/k-

(4-0 2 NC 6 H 4 CO) 2 0 26.60 0.06 0.20 3.4 

(C 6 H 5 CO) 2 0 0.33 0.02 0.06 2.2 

[4-i-(CH 3) 3CC 6H 4CO] 20 0.21 0.01 0.02 1.8 

(4-0 2NC 6H 4CO) 2CO 0.45 0.10 0.54* 5.0 

N O T E : Reference 54 . 
a In the sulfobetaine ( S B 3 - 1 6 ) , krel = 0 . 6 2 . 
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Acyl triazoles and carboxylic anhydrides have similar mechanisms of 
hydrolysis, and consistently ionic micelles inhibit hydrolysis of triazoles with 
k+/k~ > 1 (52). 

Hydrolysis of Acid Chlorides 

Hydrolysis rates show a striking dependence upon micellar charge. Micellar 
inhibition is generally observed, but for a series of benzoyl chlorides there is 
a relationship between values of k+lk~ and electronic effects of para substi-
tuents. Strongly electron-withdrawing substituents, for example, N 0 2 , CI, 
or Br, lead to values of k+/k~ > 1, whereas a strongly electron-donating 
substituent, for example, O C H 3 , leads to k+/k~ < 1 (Table V). These changes 
in k+/k~ can be related to changes in the relative importance of bond making 
and breaking. 

Table V. Hydrolysis of Acyl Chlorides and Chloroformâtes 

Substrate i0^k' w (s-i) SDS CTAX SB3-16 W k -
3,5-(0 2N) 2C 6H 3COCl 200 0.30 >2 >7 
4-0 2 NC 6 H 4 COCl 53 0.12 ~2 -2.70 -16 
4-BrC 6 H 4 COCl 190 0.01 0.50 0.07 5.0 
4-ClC 6 H 4 COCl 214 0.01 0.05 5.0 
C 6 H 5 C O C l 1410 0.01 0.008" 0.02 0.6 
4-CH 3 C 6 H 4 COCl ~3 x 103 0.00 0.00 0.1 
4-CH 3 OC 6 H 4 COCl ~7 x 103 0.01 0.00 0.00 0.1 
C 6 H 5 OCOCl 14 0.18 0.3° 0.48 1.7 
4 -0 2 NC 6 H 4 COCl 76 0.32 1.7- 2.20 5.5 
S O U R C E : Reference 54 and unpublished data of M . M . Mhala and J. R. Moffatt. 
N O T E : X = C I unless specified. 
A X = Br. 

Hydrolyses of acyl halides are sometimes described in terms of the 
S N 1 - S N 2 duality of the mechanism, or variants of it (56, 57), but these 
descriptions are unsatisfactory because they neglect the possibility of re-
hybridization of the carbonyl group in the course of reaction. Strongly 
electron withdrawing substituents favor nucleophilic addition by water to 
acyl centers, with assistance by a second water molecule acting as a general 
base (58-60), and good evidence for this mechanism exists in hydrolyses of 
carboxylic anhydrides and diaryl carbonates. This addition step should be 
followed by very rapid conversion of an anionic covalent intermediate into 
products, and the intermediate should have only a transient existence, at 
most, in polar, nucleophilic solvents. 

At the other mechanistic extreme, hydrolysis of 4-methoxybenzoyl chlo
ride, breaking of the C - C l bond has probably made considerable progress in 
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29. B U N T O N Micellar Effects on Nucleophilicity 435 

the transition state, and nucleophilic participation by water has made corre
spondingly less progress. However, little evidence exists for acyl cations as 
intermediates in hydrolyses of this, and similar, acyl chlorides, in water-rich 
solvents (61). 

Scheme I illustrates these mechanistic pathways at the simplest level of 
description. 

RCOX 

Scheme 

Values of k+lk~ (Table V) give an indication of the relative importance of 
bond making and breaking in hydrolyses of acyl chlorides, and the electronic 
effects upon these steps can be rationalized in terms of three-dimensional 
free-energy diagrams that consider reactions involving either prior addition 
or prior ionization as the mechanistic extremes (62-64). Aryl chloroformâtes 
should be similar to nitrobenzoyl chlorides in their hydrolytic mechanisms 
because aryloxy groups are strongly electron withdrawing and as expected 
k+/k~ > 1 (Table V). 

Most spontaneous deacylations are inhibited by aqueous ionic micelles, 
and the only exceptions to date are hydrolyses of 4-nitrophenyl chloroformate 
and nitrobenzoyl chlorides. These hydrolyses are faster in cationic micelles 
than in water, although anionic micelles of SDS inhibit reaction, and nu
cleophilic addition should be most dominant for these reactions. 

Micellar effects upon these hydrolyses can be compared with those 
upon water addition to a preformed carbocation. The choice of carbocation is 
critical because, if it is too hydrophilic, it will not bind to a cationic micelle 
and, if it is too stable, reaction does not go to completion. 

Addition to Carbocations 

The 2,2',4,4',4"-pentamethoxytriphenyl methyl cation (I) is a suitable sub
strate for this work. Anionic micelles of SDS have little effect on the rate of 
water addition, but cationic micelles of CTAC1 and CTABr speed the reaction 
(41). This micellar effect of k+/k~ ~ 5 is as predicted for a reaction in which 
water addition is dominant (Scheme II). 
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H O / \ 0 H 

i l V l e O ^ ^ J C — ® — O M e — ( M e O - ^ j C - ® - O M e 

OMe 2 OMe 2 

Scheme II 

Hydrolysis of Benzenesulfonyl Chlorides 

Most of the experiments have involved nucleophilic reactions at a carbon 
center, but the general principles can be applied to reactions at heteroatoms 
although only hydrolysis of arenesulfonyl chlorides has been examined to 
date (65). 

Spontaneous hydrolyses of sulfonyl chlorides are believed to involve 
nucleophilic attack in the rate-limiting step although questions arise as to the 
timing of the bond-making and -breaking steps, because attack of water and 
loss of CI" could be concerted or stepwise (66-68). The rate sequence for 
reactions of para-substituted benzenesulfonyl chlorides in water is H 3 C O > 
C H 3 > H > Br < N 0 2 . 

Rate extremes with systematic variation of substituents are often consid
ered to be evidence of changes in the molecularity of a reaction, but for 
hydrolyses of arenesulfonyl chlorides, rate extremes are more reasonably 
ascribed to variations in the extents of S - O bond making and S - C l bond 
breaking. Variations in k+/k~ support this hypothesis (Table VI), and as for 
hydrolyses of acid chlorides (Table V), bond making seems to be important 
but introduction of electron-donating groups increases the importance of 
bond breaking in the transition state. 

Table VI. Hydrolysis of Benzenesulfonyl Chlorides 

Substituent I03k'w (8-0 SDS CTACl SB3-16 k+/k" 

4-N0 2 2.45 0.04 0.86 0.89 21 
4-Br 1.96 0.04 0.21 0.17 5 
4-H 3.07 0.01 0.05 0.05 3 
4-CH 3 3.86 0.01 0.03 0.03 3 
4-CH 3 0 6.10 0.01 0.01 0.01 1.1 

N O T E : At 2 5 . 0 ° C . 
S O U R C E : Reference 6 5 . 

Betaine Surfactants 

Thus far, only ionic micelles have been discussed, but some results were 
obtained for reactions in zwitterionic micelles of the betaine (Bl-12) and the 
sulfobetaine (SB3-16). These surfactants differ in that the carboxylate moiety 
of B l - 1 2 could react nucleophilically, and this behavior is observed in 
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29. BUNTON Micellar Effects on Nucleophilicity 437 

deacylation and in hydrolyses of acid chlorides (65). In these reactions, the 
overall effect is due to nucleophilic attack, which opposes an inhibition due 
to the medium effect of the micelle. The balance between these effects 
depends largely upon the susceptibility of the substrate to nucleophilic 
attack. 

The sulfonate moiety is only weakly nucleophilic in water, and the 
effects of micellized SB3-16 upon hydrolyses are generally very similar to 
those of cationic micelles (Tables IV-VI) . This behavior suggests that in both 
systems the substrates bind close to the quaternary ammonium centers and 
that the sulfonate moiety, like a micellar-bound counteranion, is in the water 
and therefore not interacting strongly with the substrate (65). The only 
exceptions to this generalization were observed with hydrolyses of some acid 
chlorides (Table V). In these reactions, the balance between bond making 
and breaking seems to be very sensitive to the reaction medium (58). 

Duality of Mechanism in Spontaneous Reactions 

The molecularity of nonsolvolytic substitutions is given by the kinetic order, 
although second-order, bimolecular reactions may be concerted or stepwise. 
Other tests have to be used for spontaneous reactions, and many tests have 
been developed especially for reactions at saturated carbon (69-71). Compel
ling evidence suggests that ionization occurs in solvolyses of alkyl halides or 
arenesulfonates where a carbocation or its ion pair can be trapped in the 
course of reaction, and nucleophilic attack on methyl groups is all important, 
so that in these cases a clear distinction exists between the so-called SN1 and 
S N 2 mechanisms. The concept of the duality of mechanism that developed 
from these reactions has been applied to a wide variety of organic and 
inorganic reactions and has tended to dominate thinking about reaction 
mechanisms in solution (69). Even here problems arise in the mechanistic 
description because nucleophilic protic solvents can not only participate at 
the electrophilic center nucleophilically (70) or by dipole-dipole interactions 
but can also solvate a leaving group (72). 

Despite earlier controversy, the weight of evidence suggests that the 
SN1 and S N 2 models are extremes in a mechanistic spectrum. Many sol
volytic reactions at saturated carbon seem to involve linked bond making and 
breaking, as well as stabilization of the transition state by hydrogen bonding 
to a leaving anion, and the relative importance of these steps depends on 
substrate structure and on nucleophilicity of the solvent and its interaction 
with leaving groups. 

Water is not an especially nucleophilic solvent, but water effectively 
solvates anionic leaving groups so that in water considerable ionization in the 
transition state should occur (72). The surfaces of micelles are water-rich (34, 
35) and values of k+/k~ for hydrolyses of alkyl halides and arenesulfonates 
suggest that nucleophilic participation is dominant in reactions at methyl 
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438 NUCLEOPHILICITY 
groups but that increased alkyl and especially aryl substitution leads to bond 
breaking becoming dominant. 

The situation is more complex for spontaneous hydrolyses of acyl deriva
tives, and values of k+/k~ depend upon the ease of departure of the leaving 
group and attack of water and, for a given leaving group, upon electronic 
substituent effects. 

For relatively poor leaving groups, for example, R C 0 2 ~ or A r O " where 
bond making is all important, a carbonyl addition mechanism can be written 
that is equivalent to the B A c 2 mechanism of ester hydrolysis. The situation is 
more complicated when a good leaving group is present, as with acid 
chlorides or chloroformâtes. If strongly electron withdrawing groups are 
present, nucleophilic addition is dominant, and for hydrolysis of aryl chlo
roformâtes and nitrobenzoyl chlorides, the mechanism is similar to that of 
anhydride hydrolysis (Tables IV and V). But electron-donating groups favor 
bond breaking, and the mechanism of hydrolysis of benzoyl chloride and its 
4 - C H 3 and 4 - C H 3 0 derivatives has considerable SN2-like character, with 
extensive bond breaking in the transition state, which will have an open 
structure with extended bonding to the entering and leaving groups (54, 61). 

The relative importance of bond making and breaking in the transition 
state depends not only upon the substrate structure but also upon the 
reaction medium. Electronic effects upon solvolyses of benzoyl chlorides are 
very sensitive to changes in the solvent (58). In formic acid, a weakly 
nucleophilic solvent, but one that should effectively solvate leaving anions, a 
plot of log k against Hammett s p parameter has a slope of p = - 4.4, but in a 
poorly ionizing solvent (95% acetone-5% H 2 0) , p ~ 2, but a shallow mini
mum occurs at ~ p —0.2 for strongly electron denoting groups (e.g., C H 3 

and OCH 3 ) . In 50% acetone-50% H 2 0 , the corresponding plot has a very 
well defined minimum at ~ 0.2. For reaction in water, p = —3.4, based on 
hydrolyses of benzoyl chloride and its 4-C1, — C H 3 , and — O C H 3 deriva
tives, but a minimum occurs at ~ 0.5. This behavior is understandable 
because water is a much better nucleophile than formic acid and a much 
better ionizing medium than aqueous acetone (71). 

Whether changes in the relative importance of bond making and break
ing, as in solvolyses of acyl chlorides, are to be regarded as changes in 
reaction mechanism is a matter of opinion, but clearly micelles, like any 
other reaction medium, can influence transition-state structure. Therefore, 
although values of k+/k~ can be considered as indicative of "mechanism", the 
conclusions apply only to reactions taking place at micellar surfaces. How
ever, these surfaces are water-rich, so the transition-state structures are 
expected to be similar to those in water. 

A l l the evidence to date fits the hypothesis that micellar charge effects 
are related to mechanism, but the results are not so easy to explain. In a 
reaction dominated by bond breaking, positive charge developing at the 
reaction center should interact favorably with an anionic head group and the 
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29. BUNTON Micellar Effects on Nucleophilicity 439 

leaving anion will interact with water molecules adjacent to the micellar 
surface. For a spontaneous reaction, dominated by bond making, positive 
charge develops on the attacking water molecule but is distributed into 
nearby water molecules by hydrogen bonding. At the same time, negative 
charge will develop at, or adjacent to, the reaction center and will interact 
favorably with a micellar cationic head group. A preformed carbocation 
interacts unfavorably with a cationic head group, and this interaction will 
decrease as water adds to the carbocation, and for this reaction and those of 
strongly electrophilic acid chlorides, cationic micelles speed reaction, de
spite their general inhibitory effect upon spontaneous hydrolyses. 
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List of Symbols 

klJi Overall first-order rate constant, s"1 

k'w First-order rate constant in water, s - 1 

kw Second-order rate constant in water, M _ 1 s _ 1 

k'M First-order rate constant in the micelles, s"1 

kM Second-order rate constant in the micelles, s - 1 , with concentration 
written as a mole ratio 

k2

m Second-order rate constant in the micelles, M - 1 s - 1 ; with concentra
tion written as a molarity 

kre] Ratio of the overall rate constants in the presence and absence of 
micelles 

Ks Binding constant of solute to the micelles 
KX

Y Ion-exchange constant for ions Y and X , given by [Y W ] [X M ] / [Y M ] [X W ] 
m y

s Mole ratio of micellar-bound Y to micellized surfactant 
cmc Critical micelle concentration 
[D] Stoichiometric concentration of surfactant (detergent) 
[ D J Concentration of micellized surfactant 
VM Volume element of reaction, sometimes identified with partial molar 

volume of a micelle 
W Aqueous pseudophase when used as a subscript 
M Micellar pseudophase when used as a subscript 
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30 
Cation Effects on Solvents, Ligands, 
and Nucleophiles 
Effect of Side Arms on Cation Binding 
by Macrocycles 

G. W. Gokel, L. Echegoyen, Κ. A. Arnold, T. P. Cleary, V. J. Gatto, 
D. A. Gustowski, C. Hanlon, A. Kaifer, M. Kim, S. R. Miller, C. Minganti, 
M. Ouchi, C. R. Morgan, I. Posey, R. A. Schultz, T. Takahashi, 
A. M. Viscariello, B. D. White, and H. Yoo 

Department of Chemistry, University of Miami, Coral Gables, FL 33124 

Macrocyclic polyether compounds having one (lariat ethers) or two 
(bibracchial lariat ethers, BiBLEs) donor-group-bearing side arms 
exhibit Na+-, K+-, NH4+-, and Ca2+-binding affinities and selec
tivities different from those of the unsubstituted macrocycles. Mac
rocycles utilizing a nitrogen atom as the point of attachment (pivot 
atom) show generally higher flexibility and binding strength than 
compounds having the sidearm(s) attached at a carbon (carbon 
pivot). The more flexible and less polar compounds favor K+ over the 
more charge-dense cations irrespective of hole size. The cation bind
ing involves both the macroring and the side arms. This fact is 
demonstrated for solutions as well as the solid state. Ν-pivot BiBLEs 
can be prepared by a very convenient single-step cyclization or by a 
two-step approach that is more conventional but that affords high 
yields of product. Both lariat ethers and BiBLEs can be elec-
trochemically "switched" to alter the cation-binding affinities and 
strengths. 

V̂ ROWN ETHERS AND THEIR RELATIVES have proved so interesting to the 
chemical community in part because of their ability to complex and stabilize 
various cations. In the process, these compounds may alter the properties of 
associated anions. Nowhere has this anion effect been more exploited than in 
phase-transfer catalysis (1-3). 

The two classes of macrocyclic polydentate cation binders that have 
been known the longest and have been most studied are the crown ethers 
developed by Pedersen (4) and the cryptands invented by Lehn (5, 6). Not 

0065-2393/87/0215-0443$07.00/0 
© 1987 American Chemical Society 
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444 NUCLEOPHILICITY 

long after their introduction, efforts were made to incorporate these mac
rocycles into polymeric matrices of one sort or another. This work had several 
goals. First, incorporation in the polymer matrix possibly would enhance 
catalyst stability. Second, unusual selectivities might be realized from the 
polymer that were not observed in the monomers. Third, improvement in 
recoverability and thus the economics of using these relatively expensive 
compounds was anticipated. 

One method for attaching macrocycles to polymers is to use a molecular 
tether such as a hydrocarbon or polyethylene glycol chain. A hydrocarbon 
chain attached to the macrocycle should function largely in a mechanical 
sense to connect backbone and ring. A polyethylene glycol chain could serve 
as a mechanical link but also "cooperate" with the macroring in cation 
binding. Also, possibly a side arm containing donor groups could dominate 
the cation binding and render useless the crown ether. Two types of mo
lecular tethers and two possible methods for attaching them to crown ethers 
are as follows: 

When the tether is attached to the macroring at carbon, the molecule is 
said to have a carbon pivot atom. When the side arm is attached as illustrated 
at the right, the pivot atom is nitrogen. Because the molecular models of 
these compounds resemble lassos and because the combination of side arm 
and macroring donors can permit a cation to be "roped and tied", we have 
called such macrocycles "lariat ethers". 

Classes of Lariat Ethers 

Because crown ethers and cryptands are composed most commonly of re
peating - C H 2 C H 2 0 - or related units that differ by the number of carbons or 
the identity of heteroatoms, we can predict that side arms are likely to be 
attached either at carbon or at nitrogen. Sulfur and oxygen are usually 
divalent and therefore unavailable to serve as pivot atoms. To be effective, 
the side arms themselves must have embedded Lewis basic donor groups 
that can augment the macrorings cation-binding ability. Our own studies 
have thus far focused only on carbon- and nitrogen-pivot molecules and on 
compounds having only one or two arms. This focus was done so that detailed 
and systematic information about the cation-binding strengths and selec-
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tivities could be developed. Such a systematic survey should permit an 
understanding of cation binding in general, and this understanding, in turn, 
should permit an understanding of anion chemistry. 

Single-Armed, Carbon-Pivot Lariat Ethers 

Our survey of sidearm-bearing materials began with the readily accessible 
1 5 - m e m b e r e d r i n g , c a r b o n - p i v o t s y s t e m s . G l y c e r o l , 
H O C H 2 - C H O H - C H 2 O H , was chosen as the basic pivot unit because it is 
both inexpensive and versatile. The glycerol unit was incorporated into the 
macrorings by using one of the primary and the secondary hydroxyl groups. 
The remaining hydroxyl group was used to attach the tether. Practically, 
attachment was accomplished by the reaction of epichlorohydrin with either 
an alcohol or a phenol as the nucleophile. The glycidyl ethers were then 
hydrolyzed to yield the R - 0 - C H 2 - C H O H - C H 2 O H derivatives required 
for cyclization. The diols were cyclized in the standard way [NaH, tetra-
hydrofuran (THF)] with tetraethylene glycol ditosylate or tetraethylene 
glycol dimesylate (7). 

C 1 - C H 2 - C H — C H 2 + (Ar )R-OH -+ ( A r ) R - 0 - C H 2 - C ^ H — C H 2 -> 

Ο Ο 

, v T s O C H 2 ( C H 2 O C H 2 ) n C H 2 O T s 
( A r ) R - 0 - C H 2 - C H O H - C H 2 O H -

N a H , T H F , reflux 

O C H , 

I, ortho 
II, para 

Early results with these systems were encouraging. A comparison of 2-
(I) and 4-(methoxyphenoxy)methyl (II) ( C H 3 - 0 - C 6 H 4 - 0 - C H 2 - ) derivatives 
of 15-crown-5 (111) with the latter compound proved instructive. Liotta (8) 
reported that the cyclization yield for 15-crown-5 was 29%. We found that 
when the methoxy group was para and too remote to interact with a ring-
bound cation, the cyclization yield was 30%. When the methoxy group was 
ortho, the cyclization yield more than doubled (ca. 70%). Two-phase extrac
tion constant studies (9) also proved encouraging. The method involves 
extraction of sodium picrate from water into a nonpolar solvent like chlo
roform or dichloromethane. The picrate anion is highly colored and its 
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crown-cation-facilitated extraction into the nonpolar solvent from water can 
be measured with considerable accuracy. 15-Crown-5 extracts about 7% of 
the available sodium picrate into chloroform. Para isomer II extracts about 
6% and ortho isomer I extracts about 18% of the available N a + . 

At an early stage in the work, we felt two reservations about using the 
extraction technique for determining cation-binding information. First, the 
extraction "constant" values depend on a variety of factors such as ionic 
strength in the salt-containing aqueous solution, temperature, the particular 
solvent pair chosen, the solvent volumes, the ratio of metal cation to picrate 
anions, and so on. Although useful information can be obtained by using this 
technique, all of the many variables must remain constant for data to be 
comparable. Our second reservation about this method was our feeling that 
the best binding information available was equilibrium stability constant (Ks 

or log Ks) values determined by Ν MR, calorimetry, conductivity, and other 
methods. Tables of these values in a variety of solvents are now readily 
available (10). When we compared the homogeneous sodium cation binding 
strengths of I—III to the values obtained by the two-phase method, quite 
different results were obtained. In 90% aqueous methanol solution, the N a + -
binding constants (log Ks) were, for 15-crown-5 (III), 2.97; for para (II), 2.56; 
and for ortho (I), 2.97. In other words, the sidearm did not enhance binding 
at all and diminished it when the donor group was inappropriately placed on 
the sidearm. 

Although we prepared a variety of carbon-pivot macrocycles, the cation-
binding strengths of these molecules was never impressive. At first, we 
attributed this finding to "sidedness", that is, the sidearm must always be 
over the same face of the macroring. In collaboration with Okahara (11, 12), 
we prepared a number of macrocycles having a geminal methyl group at the 
pivot atom. The binding strengths for these quaternary-methyl lariats were 
substantially higher than when the methyl group was absent. We believe that 
this is due to a conformational effect that disfavors the best binding conforma
tion of the ring. We therefore turned our attention to the nitrogen-pivot 
species, which have the advantage of rapid nitrogen inversion to enhance 
overall molecular flexibility. 

Single-Armed, Nitrogen-Pivot Lariat Ethers 

The monoaza crown ethers can be conveniently prepared from N,N-di-
ethanolamine. Sidearms are incorporated as electrophiles rather than as 
nucleophiles in the carbon-pivot series. Alkylation is generally accomplished 
in acetonitrile solution using N a 2 C 0 3 as the base. The sidearm-bearing 
precursor fragment, R - N ( C H 2 C H 2 O H ) 2 is then cyclized. In this case, two 
ethyleneoxy units are incorporated from the precursor. Reaction of 
R - N ( C H 2 C H 2 O H ) 2 with triethylene glycol ditosylate affords the 15-mem-
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bered ring system, and reaction with tetraethylene glycol ditosylate affords 
monoaza-18-crown-6 derivatives. 

R-X + HN(CH2CH2OH)2-> R-N(CH2CH2OH)2 ζ - Ο 
OL + TsOCH2(CH2OCH2)<CH2OTs — R - N ^ 

Monoaza-12-crown~4 Derivatives 

When certain long polyethyleneoxy side arms were present, formation of 
monoaza-15-crown-5 and 18-crown-6 derivatives by cyclization sometimes 
proved difficult. In such cases,the parent compounds were N-alkylated to 
give the desired lariat ethers. The parent compounds were obtained from the 
N-benzyl derivatives, prepared as described previously, which were hydro-
genolyzed to the parent macrocycles. Such a procedure was used to prepare 
a number of monoaza-12-crown-4 derivatives as well (13). 

O N - C H 2 C 6 H 5 Ο N H + R - X 

Ο 

O N-R 

Ο 

Other monoaza-12-crown-4 derivatives were prepared by using the 
cyclization method developed by Calverley and Dale (14, 15). This method 
involves reaction between a primary amine and tetraethylene glycol di-
iodide. 

R - N H 2 + I ( C H 2 C H 2 0 ) 3 C H 2 C H 2 I - R - N Ο 

Ό -

American Chemical Society 
Library 

1155 16th St., N.W. 
Washington, O.C 20036 
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Cation Binding by Crown Ethers: The "Hole-Size Relationship" 

Before proceeding with a discussion of how lariat ethers bind various cations, 
we will consider how simple monocyclic crown ethers (12-crown-4, 15-
crown-5, 18-crown-6, etc.) interact with N a + , K + , C a 2 + , and N H 4

+ . The 
binding of many other ions would doubtless be of interest, but those ions 
noted here are biologically relevant and of special interest to us. 

The "hole-size" relationship between cations and crown ethers has been 
a part of the lore in the cation binding area for nearly two decades. Although, 
to our knowledge, no formal definition of this principle has ever been 
offered, the general concept seems to be that cation binding will be op
timized when the cation diameter and macrocycle cavity size are identical. A 
simple consequence of this concept is the notion that 15-crown-5 is selective 
(binds more strongly) for N a + over K + . We have measured the homogeneous 
(equilibrium) stability constants for the reaction 

ligand + M + ^± (ligand* M ) + 

with several macrocycles and cations (16). The N a + - , K + - , and NH 4+-binding 
constants (determined in anhydrous methanol at 25 °C) are listed in Table I 
for the simple crown ethers. 

Table I. Cation Stability Constants for Simple Crowns 

Crown Na+ K+ NH4+ 
12-crown-4 1.7 1.7 1.3 
15-crown-5 3.24 3.43 3.03 
18-crown-6 4.35 6.08 4.14 
21-crown-7 2.54 4.35 3.27 
24-crown-8 2.35 3.53 2.63 

If N a + is selected by 15-crown-5 rather than 18-crown-6, then Ks for the 
formation of (Na* 15-crown-5)+ should exceed the binding constant for 
(Na*18-crown-6)+. In fact, the reverse is true. An alternate interpretation of 
the hole-size rule is that 15-crown-5 binds N a + more strongly than 18-
crown-6 binds N a + . In fact, the log Ks values are 4.35 versus 3.24. This 
difference is more than 1 order of magnitude in the wrong direction. In fact, 
if any "rules" operate for these simple systems, these rules are as follows: (1) 
for this series of macrocycles, K + binding is greater for all ligands; and (2) all 
cations in this series are bound more strongly by 18-crown-6 than by any 
other ligand. These results are for homogeneous systems where a single 
equilibrium constant describes the reaction. "Extraction constants" give data 
of a different sort depending on how the experiments are conducted. 
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Several factors affect this selectivity, and they are unlikely to apply 
equally well to more rigid macrocycles than those noted so far. A major factor 
is the solvation enthalpy of each cation (17). Potassium cation is less charge 
dense (zle is greater) than L i + , N a + , or C a 2 + (see Table II) (18). Geometry, 
conformation, and ridigity all play roles in determining binding strength and 
selectivity, but charge density is of paramount importance for flexible sys
tems. The special stability of 18-crown-6 complexes is explained, at least in 
part, by symmetry and a lack of strain in the complexed (D3d) conformation. 

Table II. Ionic Radii and Charge Densities of 
Alkali and Alkaline Earth Cations 

Ion r(A) Charge Densities0 

Li+ 0.68 12.1 
Na + 0.95 4.46 
K+ 1.33 1.62 
Rb + 1.48 1.18 
Mg2+ 0.66 26.8 
Ca2+ 0.99 7.90 
Sr2+ 1.12 5.46 
Ba2+ 1.34 3.17 
Source: Adapted from reference 18. 
a In 10 2 0 coulombs/A 3 . 

Cation Binding by Monoaza Lariat Ethers 

The series of iV-substituted monoazacrown compounds having 12-, 15-, and 
18-membered rings and short to relatively long ( C H 2 C H 2 0 ) n C H 3 side chains 
was prepared as described previously. Sodium cation binding was measured 
by ion-selective electrode methods (19) and is shown graphically in Figure 1. 

If a simple hole-size relationship operated for these systems, a binding 
maximum might be expected for the 15-membered rings. This situation is 
not the case at all. The binding maximum in each case (filled circles, squares, 
and triangles) occurs when six oxygen and one nitrogen atoms are present in 
the donor group array. For the case of a hard ion like N a + , it seems 
reasonable to focus on the number of oxygen atoms (20) in the donor array, as 
done in Figure 1. Peak N a + binding occurs when six oxygen atoms are 
present irrespective of how the donor atoms are arranged: The macroring 
may be 12-, 15-, or 18-membered and the side arm that complements it may 
contain one, two, or three oxygen atoms. Proof that the binding array is 
indeed three dimensional is found in the K + complexes of N-2-[2-(2-
methoxyethoxy)ethoxy]ethylmonoaza-12-crown-4, IV, and N-(2-methoxy-
ethyl)monoaza-18-crown-6, V (21). Complex IV· K + has the unique "cal
abash" structure we have previously reported (22) (Figure 2). 
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I ι • ι I I I - J 1 1 L 
4 5 6 7 8 9 10 11 12 13 

Total Number of Oxygen Atoms 

Figure 1. Cation binding by 12-, 15-, and 18-membered ring, nitrogen-pivot 
lariat ethers. Ring sizes: triangles, 12; squares, 15; circles, 18. Cations: 

filled symbols, Na+; open symbols, NH4+. 

Ammonium Cation Binding by Lariat Ethers 

Another proof of intramolecular cation complexation is found in the N H 4

+ ion 
binding data (23). Ammonium ion differs from N a + , K + , or C a 2 + because it is 
tetrahedral rather than spherical: its N - H bonds exhibit directionality. Be
cause the distance appropriate to form three O - H - N hydrogen bonds favors 
an 18-membered ring, N H 4

+ ion binding is predicted to be stronger for 18-
membered rings than for either of the smaller macrocycles. In addition, an 
examination of Corey-Pauling-Koltun molecular models shows that the 
second oxygen atom in a > N C H 2 C H 2 O C H 2 C H 2 O C H 3 side chain is ideally 
placed to hydrogen bond the apical N H 4

+ hydrogen. The binding constant 
data (open circles and squares) shown in Figure 1 corroborate this appraisal. 

Another interesting observation emerges from the ammonium cation 
binding data (19). Presumably, all four Ν H bonds are associated with an 
oxygen when optimal binding occurs. In methanol solution, peak binding 
occurs at 4.8 log units or 1.2 "binding" units per hydrogen bond. The 15-
membered rings exhibit more modest binding and presumably never coordi
nate more than three Ν H groups at a time. Surely, that peak binding occurs 
for the 15-membered ring systems in methanol solution at 3.6 log units is no 
coincidence. 
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Figure 2. (a) Framework drawing of N-(2-methoxyethyl)monoaza-18-crown-6 
complexed by KI. Framework drawing (b) and molecular structure (c) of the 
complex between K+ and CH3OCH2CH2OCH2CH2OCH2CH2N(CH2 CH20)3, 

the so-called "calabash" complex. 
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Bibracchial Lariat Ethers, BiBLEs 

Clearly a single arm augments the cation binding of monoaza lariat ethers. 
Wi l l two arms increase or diminish cation binding strength and by how 
much? Wil l two-armed compounds exhibit similar or altered cation-binding 
selectivity? Wi l l a higher level of cation involvement afford enhanced nu
cleophilicity of associated anions even though the lariat ethers and B i B L E s 
are "dynamic" cation binders? To answer these questions, we have con
structed a series of Ν,Ν'-disubsti tuted diaza-15-crown-5 and -18-crown-6 
compounds. When two arms are present, we use the Latin bracchium for 
arm and refer to the compounds as bibracchial lariat ethers, B i B L E s . 

Synthesis of Diaza-BiBLEs 

4,13-Diaza-18-crown-6 derivatives (24-42) can be prepared by using a 
unique, single-step reaction of primary amines with triethylene glycol di-
iodide (42): 

/ V \ / \ N a 2 C 0 3 C H 3 C N \ 
R - N H 2 + I Ο Ο I — R - N N - R 

Ο Ο 

The synthesis of the 15-membered rings is accomplished by a more 
conventional, two-step approach: 

R - N H 2 + C l - C O - C H 2 - 0 - C H 2 - C O - C l — ( R - N H - C O - C H 2 - ) 2 — 
R - N H - C H 2 - C H 2 - 0 - C H 2 - C H 2 - N H - R + I C H 2 ( C H 2 O C H 2 ) 2 C H 2 I — 

R - N N-R 
Ο Ο 

W 

Although the latter method appears both more cumbersome and less 
imaginative when applied to the 18-membered ring systems, it has the 
advantages of high yield and ease of operation. Using this approach, we have 
been able to obtain both 15- (43-47) and 18-membered ring systems in yields 
of approximately 70% overall. Using this synthetic approach, we have been 
able to compile the cation-binding data shown in Table III. 

Several conclusions can be made from the data tabulated in Table III. 
First, more polar donor groups in the side arms afford selectivity for the 
more charge-dense cations. This trend is clear from the binding constants for 
compounds XIa,b and XVIa,b . Second, there is a temptation to invoke a 
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Table III. Na+, K+, and C a 2 + Binding for 15- and 18-Membered Ring 
Bibracchial Lariat Ethers 

Stability Constant (log K s in Methanol at 25 °C 

Compd 
No. Sidearm 

15-Membered Rings (a) 18-Membered Rings (b) 
Compd 

No. Sidearm Na+ K+ Na+ Ca2+ 

VI H <1.5 <1.5 nda 1.5 1.8 nd 
VII n-butyl b — — 2.84 3.82 nd 

VIII n-hexyl — — — 2.89 3.78 nd 
IX n-nonyl — — — 2.95 3.70 nd 
X C H 2 C 6 H 5 2.59 2.12 2.34 2.72 3.38 2.79 

XI CH 2 CH 2 OH — — — 4.87 5.08 6.02 
XII CH 2 CH 2 OCH 3 5.09 4.86 4.97 4.75 5.46 4.48 

XIII CH2-2-furyl 3.99 3.87 3.45 3.77 4.98 nd 
XIV CH 2 C 6 H 4 -2-OCH 3 3.59 3.13 3.04 3.65 4.94 3.27 
XV CH 2C 6H 4-2-OH — — — 2.40 2.59 2.95 

XVI CH 2 COOCH 2 CH 3 5.34 4.65 6.04 5.51 5.78 6.78 
XVII CH 2COOH — — — nd -1.8 nd 

a nd is not determined; 
h — is not prepared. 

hole-size effect to account for the K + selectivity of Xllb or XlVb whereas the 
corresponding 15-membered rings (Xlla and XlVa) are N a + selective. Of 
course, neither the simple bis(benzyl) compounds Xa and Xb nor the glycine 
derivatives XVI exhibit this trend. Although hole size, at least as generalized 
to donor-group geometry, is not without its significance, charge density 
continues to play a major role. Finally, differences in binding strengths for 
ligands such as Xlla, XHIa, and XlVa reflect not only the presence of sp2-
versus sp 3-hybridized oxygen donor groups in the sidearms but also quite 
different steric considerations for the sidearms (48). Studies to ascertain the 
influence of dynamic cation envelopment on associated anions are under way. 

Cation-Binding Enhancement by Reduced Lariat Ethers and 
Cryptands 

A variety of "switchable" lariat ethers containing ionizable functional groups 
like carboxylic acids and phenols have been shown to exhibit enhanced 
cation binding upon deprotonation. Our approach to cation-binding enhance
ment and potentially to "molecular switching" involves the incorporation of 
an electron-deficient side arm that can be reversibly reduced to its corre
sponding anion radical (49, 50). Upon reduction, the anionic side arm, if 
correctly disposed geometrically, is able to interact strongly with the macro-
ring-bound cation (Scheme I). The result is an overall binding enhancement 
(KSE/KS > 1). 

Of the componds tested so far, optimum enhancement factors have been 
observed for N-(2-nitrobenzyl)monoaza-15-crown-5'Na+ (see the table in 
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Scheme II. Synthesis of 4y13-[3,3i-bis(methyleneazobenzene)]diaza~18-
crown-6. Synthetic steps: I, LiAIH4 in THF; 2, N-bromosuccinimide in 

CCl4; 3, 4,13-diaza-18-crown-6 and Na2C03 in CH3CN. 
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reference 51). Enhancement values as high as 107 have been determined 
electrochemically, which result in appropriate overall binding near the range 
of some cryptand complexes. We noted (49) that enhancement factors are 
always largest for L i + , than N a + , and finally K + , as expected on an elec
trostatic basis. Because binding by the neutral ligand (Ks) follows the reverse 
order (see previously), the enhanced constants (KSE) are more or less con
stant. This finding translates into a lack of selectivity. 

An attempt to confer selectivity for K + upon reduction succeeded by 
using the azocryptand pictured in Scheme II. Upon electrochemical reduc
tion of the azocryptand portion of the cryptand, enhanced binding by more 
than a hundredfold was measurable for K + although no enhancement with 
N a + was observed (52). Fine tuning of molecular parameters should afford 
both binding enhancement and selectivity. 
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Manipulation of Nucleophilic 
Displacement Reactions by Host-Guest 
Complexes 
Models for Enzyme Analogue Catalysis and 
Inhibition 
Hans-Jörg Schneider, Rainer Busch, Rüdiger Kramer, Ulrich Schneider, and 
Isolde Theis 

Fachrichtung Organische Chemie der Universität des Saarlandes, D-6600 
Saarbrücken 11, West Germany 

Most of the examples in this review involve encapsulation of an 
organic substrate in the cavity of a macrocyclic ammonium ion in 
aqueous solution. Methods for the preparation of the macrocycles 
and for the characterization of the complexes are briefly discussed. 
This chapter describes how SN2-type reactions are catalyzed by posi
tively charged host compounds and SN1-type reactions, apart from 
salt effects, by a negative environment. The shape of the cavity 
largely determines the substrate selectivity; a discrimination between 
SN1 and SN2-type reactions on the basis of different transition-state 
stabilization leads to a drastic regioselectivity change with nitrite as 
the ambident nucleophile. Selective inhibition is observed by com
petitive binding either of unreactive organic compounds or of in
organic nucleophiles in the case of smaller cavities. 

INÎuCLEOPHILIC SUBSTITUTIONS BELONG TO THE MOST IMPORTANT and 
most thoroughly studied reactions of organic chemistry; these substitutions 
play, however, only a minor role in biological systems. Probably for this 
reason simple aliphatic or aromatic nucleophilic displacement reactions have 
only recently been studied in the context of enzyme-analogue catalysis. 
Most of the efforts in the application of host-guest complexes for catalysis 
have been directed toward the simulation of specific enzyme reactions, such 
as acyl transfer or transamination processes. Several reviews (1—5) are avail
able on the exciting progress in biomimetic catalysis, which allows us to 

0065-2393/87/0215-0457$06.50/0 
© 1987 American Chemical Society 
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458 NUCLEOPHILICITY 

restrict ourselves to some basic principles and prerequisites for artificial 
enzyme analogues and then to proceed to their use in the catalysis of 
nucleophilic substitutions. 

Crown Ethers, Cryptâtes, and Other Chelating Reagents 

Heteromacrocycles containing vicinal oxygen, nitrogen, or sulfur linkages 
are thus far the most prominent representatives both for specific encapsula
tion of guest molecules in macrocyclic cavities and for the use of such 
complexation capability for the catalysis of organic reactions, including nu
cleophilic substitutions. Synthesis, structure, dynamic behavior, and ap
plications of these compounds, which are already of considerable commercial 
importance, have been aptly reviewed (6-10). The essential features of the 
crown ethers and related macrocycles are their strong binding capacity 
mostly for metal ions and their ability to extract the corresponding salts into 
organic solvents by virtue of the lipophilic nature of the exterior walls of the 
cavities. 

Chart I shows dicyclohexyl-18-crown-6, an often used compound, as 
well as a cryptate, which is an even stronger binder. Not only do salts such as 
alkali halides become soluble in unpolar organic solvents, but also the 
reactivity of the corresponding counteranions can be increased dramatically 
in the presence of these agents. This result is ascribed to their increased 

1. Mask metal ions—make salts lipophilic 
2. Extract salts into organic solvents 
3. Activate anions for SN reactions 
4. Open chain polyethers often almost as effective 

Chart I. Crown ethers, cryptâtes: essential features. 

Crown Ethers Cryptâtes 

Essential Features: 
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desolvation as compared to protic solutions. Moreover, encapsulation of the 
metal ions by the macrocycle prevents formation of less reactive internal ion 
pairs, at least in polar aprotic solvents. As a consequence, many nucleophilic 
displacements proceed much faster, in particular those involving usually 
weak nucleophiles such as carboxylate anions. In this way, crown ethers and 
related systems serve essentially the same purpose as phase-transfer catalysts 
(11-14), which most often are onium ions with lipophilic alkyl substituents. 
The role of the phase-transfer catalyst, be it onium salt or metal chelating 
agent, is essentially an auxiliary one: this catalyst provides for the extraction 
of the salt into the organic solvent and therefore also for anion activation. In 
nucleophilic substitutions of enolates, which, in this context, may be better 
characterized as anion alkylations (13, 14), often synthetically useful changes 
of regioselectivity are also obtained. For a more detailed discussion of 
catalytic effects in phase-transfer reactions including macrocyclic ion bind
ers, see recent extensive monographs and reviews on this subject (11-14). 
Phase-transfer reagents are still expected to dominate many practical ap
plications with respect to nucleophilic substitutions in the future, although 
similar results can often be obtained in aprotic polar solvents. Macrocyclic 
chelating agents, on the other hand, can often be substituted by structurally 
related so-called podands (15), which bear the chelating groups in open-
chain sidearm tentacles, or simply by inexpensive polyethylene glycols (16). 

The common feature of macrocyclic chelating agents and enzyme ana
logues with lipophilic cavities of course must be seen in the encapsulation of 
either ions or uncharged organic molecules by virtue of so-called nonbonded 
interactions. The fit and the association constants between host and guest 
molecules can not only be tailored by the ring geometry and the nature of the 
groups inside the cavity but also be altered by additional sidearms flanking 
those parts of the guest molecule that are not immersed in the cavity. 

The careful engineering of suitable host structures has already led to 
new methods for separations of, for example, metal cations (17) or of chiral 
ammonium salts (2). 

Properties of Enzyme Analogous Host Catalysts 

Essential characteristics of synthetic enzyme analogues are summarized in 
the Box on page 460. Many of these features are closely interrelated, such as 
complexation, saturation kinetics, and substrate selectivity, as well as com
petitive inhibition by stronger binding substrates, which are less reactive or 
completely unreactive. Regio- or stereoselectivity, if applicable, can change 
in comparison to the uncatalyzed process by a variation in structure or by 
disposition of the transition state, for example, from early to late or from an 
S N1 to an S N 2 mechanism. 

The effectiveness of a catalyst can be described in terms of the rate 
enhancement achieved by stabilization of the transition state ( = kcat) and of 
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460 NUCLEOPHILICITY 

Enzyme Analogues—Essential Characteristics 

Complexation in molecular cavity 
Rate enhancements—saturation kinetics 
Substrate selectivity 
Reaction selectivity 
Competitive inhibition 

Important Contributions to Catalysis 

Selective binding 
Proximity effects 
Entropy effects 
Electrostatic interactions 
Reaction field changes 

the association constant between substrate and catalyst (= Ka) (18, 19). Thus, 
an increase in effectiveness by a factor of 100 can be obtained in principle by 
an association constant of 100 alone, provided the rate of product formation is 
not lowered. This picture is oversimplified as it involves, for example, the 
rate constant comparison between the unimolecular reaction from the com
plex to the product with the uncatalyzed reaction of higher order. Also, too 
strong an association with the substrates or the related products can lead to 
inhibition or rate retardation. A thorough discussion of these factors and the 
factors affecting the performance of an enzymatic catalyst can be found in 
suitable reviews and monographs (18, 19). The Box lists only those elements 
that are essential for the understanding of the systems to be discussed. 

Several principal differences exist between most host-guest catalysts 
and enzymes that are the result of the optimization of the enzymes, which 
has been accomplished by nature over many millions of years. In construct
ing synthetic enzyme analogues (1-5), strong—although not necessarily 
selective—binding to different substrates is less difficult to obtain than is an 
optimal stabilization of transition states, which usually requires not only a 
fitting of van der Waals contacts but also the optimal alignment of reacting 
groups, dipoles, and so on. The first step in developing host enzyme analo
gues should therefore be the characterization of a complexation, preferably 
by spectroscopic techniques, complemented by molecular modeling, which 
can be aided by interactive computer graphics. 

Molecular Structures with Large Lipophilic Cavities 

The most well-known compounds of this type are cycloamyloses or cyclodex-
trins (20-22), which form nearly cylindrical cavities of 5-8-A inner diameter, 
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depending on the chosen natural product. Chemical modification at the rim 
of the cavity, as well as improved binding by adding caps on the top, has 
already led to many promising biomimetic catalysts. Aside from their limited 
stability, the limitation of the cyclodextrins lies in the fact that as a gift of 
nature they come with a basically invariable cavity structure. Although in a 
preliminary study cyclodextrins did show moderate enhancements of hydro
lysis rates with a tertiary alkyl chloride (23), cyclodextrins have so far not 
been used for the catalysis of nucleophilic displacement reactions. In view of 
the electroneutral nature of the cycloamyloses, this usage would probably 
require the introduction of polar groups or charges in the host structure. 

In contrast to cyclodextrins, azamacrocycles (24) not only are accessible 
in variable geometries by synthesis but also can be converted to charged 
ammonium ions. The positively charged cavities make these systems promis
ing candidates for the stabilization of negatively charged S N2 transition 
states, whereas S N1 reactions should be accelerated by negatively charged 
surroundings, if it is not the leaving group, but rather the organic substrate 
that is complexed. Moreover, multiple charges on the rings provide for water 
solubility even of macrocyclic structures containing up to 70 nonhydrogen 
atoms and approaching molecular weights of 1000. Solubility in aqueous 
solutions is a prerequisite for the application of many receptor and enzyme 
analogues, because an important driving force for the encapsulation of 
organic substrates derives from hydrophobic interactions. Complexations of 
anions instead o£ or in addition to, lipophilic moieties also were observed in 
several macrocyclic ammonium ions (25, 26); their impact on nucleophilic 
substitution reactions will be discussed. 

In the last few years, Tabushi et al. (27), Koga and co-workers (24, 28), 
Jarvi and Whitlock (29), Breslow and co-workers (30), Diederich and co
workers (31, 32), and Vogtle and co-workers (33, 34) as well as our group (35) 
have shown that azacyclophanes in the form of their ammonium salts can 
very effectively complex lipophilic substrates. Even hydrocarbons bind with 
association constants of 1000 or more in aqueous solutions. Our own studies 
of such host-guest systems were initiated by the desire to use complexations 
of alkanes for the selective functionalization of paraffins (23, 36) [in addition 
to our interest (37, 38) in conformations of complex ring systems and their 
study by N M R methods as well as by force field model calculations]. 

Methods for the Characterization of Host-Guest Catalysts 

Methods for the study of host-guest complexes in solution have been re
viewed (39) with emphasis on crown ethers or cryptâtes and on the bonding 
of ions; measurements of the often weaker complexes with lipophilic sub
strates are preferably done by N M R shift titration. Because Ka values of 103 

require measurements in a concentration range of 10~3 M in order to see 
uncomplexed as well as complexed material, N M R is a more convenient 
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462 NUCLEOPHILICITY 

method for such complexes as, for example, U V or fluorescence spec
troscopy, which require more dilute solutions. U V spectra, moreover, often 
show only small changes upon complexation. 

Older methods based on solubility changes upon complexation, or on 
partition coefficients between aqueous solutions and hydrophobic solvents, 
have been shown to lead to gross errors as compared to spectroscopic 
techniques (40) that are also less sensitive to the formation of emulsions, 
micelles, and so on. The traditional X-ray analysis of inclusion compounds is 
of limited significance for establishing complexation between lipophilic sub
strates and macrocyclic host, particularly in aqueous solution. The essential 
hydrophobic driving force for complexation, of course, is nonexistent in the 
crystal. The future development of N M R methods including shielding cal
culations and measurements of intermolecular nuclear Overhauser effects is 
expected to provide the most reliable information on intercavity inclusion 
complexes in solution as the basis for catalytic applications. 

Considering the complex kinetic behavior of most enzymatically con
trolled reactions (41), the formal treatment of simple catalytic analogues 
should not pose additional problems. However, one consequence of the less 
perfect, but for most practical and mechanistical purposes sufficient perform
ance of synthetic catalysts in comparison to enzymes is that in many kinetic 
studies, a large excess of substrate over the catalyst cannot be used, because 
then the uncatalyzed reaction will be too fast. Consequently, kinetic studies 
under catalyst saturation, or the steady-state methods that are most often 
used in the investigation of enzymes (18, 19, 41), are not suitable here. The 
formal treatment of the resulting, often quite complex, kinetics is greatly 
facilitated by computer-aided numerical simulations, which also help to 
design proper experimental conditions. 

Synthesis of Heteromacrocycles (6, 8 -10 , 34) 

As early as 1935, Luttringhaus obtained large heterocyclic systems by reac
tion o£ for example, Ι,ω-dihalogen alkanes with bisphenols (42, 43). The 
principal reaction sequence, starting from complementary bifunctional 
spacers A and B, is shown in Scheme I. The formation of smaller and larger 
rings, D R and TR, respectively, from two or four spacer units was also 
reported already by Luttringhaus. The low yields often observed for cycliza-
tions can indeed be also due to the easily overlooked simultaneous formation 
of different ring sizes (44). The condensation of Ι,ω-ditosylamides with Ι ,ω-
dihaloalkanes was introduced by Stetter and co-workers (45-47) and Fuson 
and House (48) and opened a widely used access to azamacrocyclic com
pounds. The high dilution, which is particularly necessary for the reaction 
with highly reactive educts, such as with dicarboxylic acid halides, to sup
press excessive polymerization, however, means that sometimes only milli
gram quantities can be obtained over several days. This time factor is likely 
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A + Β — • AB Dimer • A B DR 

AB + A — • ABA 

AB + β ^ BAB 

ABA + Β v / ^ A > \ 
- • A B A B Te t ramer • Β Β TR BAB + A 

ABAB + A , Β - ^ O l i g o / P o l y m e r s = Ρ 

Scheme I. Reaction sequence for the formation of smaller and larger rings 
(DR and TR). 

to be one of the reasons the majority of the many synthesized potential host 
compounds have until now rarely been subjected to further examination. By 
adjustment of the time scale and concentration of the cyclization on the basis 
of computer simulations (Figure 1), as well as by use of potassium carbonate 
as the base in heterogenous dimethylformamide (DMF) solutions (46, 48), 
both quantities as yields of the condensation reactions with tosylamides can 
be improved considerably (44) (Table I). The limited solubility of potassium 
carbonate in D M F leads to stationary concentration of the reactive deproto-
nated amide of <10~ 5 M . Cesium carbonate, which, because of template 
effects (49), is often reported to enhance cyclization yields, is more soluble 
and has been found to be less satisfactory in the amide-alkyl halide conden
sation reaction in D M F (44). 

The ratio of smaller to larger rings obtained can be further influenced by 
the applied concentrations or time periods, as well as by the reaction 
temperature (44) (Table I), in agreement with lower activation entropies for 
the cyclization of larger rings (50). After removal of the both protective and 
activating tosyl groups, the macrocycles are soluble enough in aqueous acids 
for many binding studies. Koga et al. (24, 28) have shown that the easily 
accessible protonated azamacrocycles—mostly containing the d i -
phenylmethane spacer unit already used by Luttringhaus for his prepara
tions—are capable of complexing various lipophilic substrates. For most 
studies, however, the amines must be converted to neutral permethyl am
monium salts. A large number of macrocycles (24, 51) with cavities spanning 
approximately 5.0-10.0 Â between the most distant inner van der Waals 
surfaces are available by using the above-mentioned methods. 

The investigation of catalytic applications usually requires larger quan
tities of the host compounds, which, for the reasons described previously, 
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Table I. Yields and Ratios of Smaller to Larger Rings (DR:TR) as a Function of 
Concentration and Temperature 

TR 

Variable DR (%) TR (%) DR:TR 
0.01 M 59 3 20.0 
0.10 M 36 24 1.5 

25 °C 36 24 1.5 
120 °C 37 10 3.7 
N O T E : The values are for X = - C H 2 C H 2 - and η = 10. 
a Other temperature effects are, for example, from 2:1 to 30 :1 . 

often have to be studied in excess over the substrates. Stronger binding 
constants can be expected in bi- or polycyclic cavities in which the substrate 
is exposed to the solution to a lesser degree. Furthermore, introduction of 
suitable functional groups that can stabilize transition states will also require 
synthetic efforts for the development of more optimized catalysts. 

Catalysts for Nucleophilic Displacement Reactions 

A Polycyclic Ammonium Salt as Host. Schmidtchen (52, 53) was the 
first to report examples of enzyme analogue catalysis of nucleophilic substitu
tions, mostly with aromatic compounds. He synthesized the two highly 
symmetrical cage compounds I and II (54) (Scheme II) and first examined 
their ability to form complexes with several anions (25). The smaller host 
with six methylene units as the spacer (cavity diameter of 4.5 Â) showed, for 
example, association constants of ~10 2 for chloride, ~10 3 for bromide, and 
~10 2 for several biologically important anions such as adenosine triphos
phate or nicotinamide dinucleotide diphosphate. Whereas the association of 
anions with I seems to be dominated by electrostatic interactions, the larger 
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C H 3 

B C H 3 I - N 3 - C H j I ^ C H 3 N 3 I " 

Scheme II. A polycyclic ammonium host as catalyst for SN2 reactions 
(references 52 and 53). 

and more hydrophobic cavity of II (inner diameter of 7.5 Â) provides for the 
binding of bulkier and more lipophilic or polarizable ions, as evident from 
the enhanced constants with p-nitrophenolate, which is not complexed by I 
to an appreciable degree. 

The strong association of I with small and hard anions leads only to a 
small and difficult-to-measure (53) rate decrease of nucleophilic aromatic 
substitution (52, 53). Addition of the host II, however, to the S N2 reactions A 
and Β (Scheme II) produced remarkable rate enhancements (Table II), which 
showed a Michaelis-Menten-type dependence on ratio of nucleophile and 
catalyst concentrations. The catalytic effect of the host was ascribed to a 
desolvation of the azide anion, which was used in all cases. This situation is 
similar to the rationalization of corresponding micelle-catalyzed substitutions 
(55, 56). Another important factor is the stabilization of the transition states, 
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Table II. Reactions of Nitrophenyl Halides with Azides 

Compound Κη κ Α 

III, Χ = F 4.0 190.0 140 
III, Χ = Cl 0.0008 1.04 a 
III, Χ = Br 0.0012 1.52 
m , χ = ι 0.0009 2.10 
IV 0.0090 6.2 200 
S O U R C E : Data are extracted from reference 53. 
N O T E : kun (uncatalyzed) and fccat (catalyzed): rate constants in 100 I 
m o l - 1 units, in 25% methanol at 25 °C . KA association constant in U 
mol. Compounds III and IV: see Scheme II. 
a Not determined. 

which bear an extendedly delocalized negative charge, by the positively 
charged environment. The significance of this contribution becomes nicely 
visible in the exceptionally high kcJkun value for the negatively charged 
substrate IV, which, in comparison to the electroneutral phenyl halide III (X 
= F), does not show a significant alteration of the binding constant (Table II). 
When phenyl halides with different leaving groups are compared, a leveling 
off of the catalytic effect is found, reminiscent of the similar phase-transfer 
catalysis (11), which is particularly pronounced with systems notorious for 
their slow aromatic substitution. A study by N M R techniques of the degree 
to which the organic substrates can really enter the cavity of II would be 
interesting, particularly in view of the unknown rate dependence on the 
phenyl halide-to-catalyst ratio and the unknown sensitivity of the catalyst 
against variation of the organic substrate size. 

An Azacyclophane Host: Conformational Fitting and Selective Cata
lysis Involving Changes between S N1 and S N 2 Mechanisms. The mono
cyclic host compound V (Chart II), which was used for most of our studies 
(57, 58), is similar to the systems first investigated by Koga and co-workers 
(24, 28); V was, however, converted to a permethylamonium salt to allow for 
measurements under neutral conditions and has a longer alkane spacer 
containing six methylene groups. Inspection of the structure by 
Corey-Pauling-Koltun models as well as by interactive computer graphics 
shows that this number is the minimum chain length to accommodate guest 
molecules of the naphthalene shape fully immersed within the cavity. Mo
lecular mechanics force-field calculations (59) indicate that the macrocycle 
maintains an all-trans conformation along the alkane chain both in the free 
and in the complexed state with naphthalene in the cavity (Figure 2). 

Equilibrium measurements with V and different naphthalene deriva
tives in aqueous solution showed attractive free energies of up to 7 kcal/mol 
(Chart III) (35), if both lipophilic and electrostatic contributions are present. 
Comparison of all available association constants (35, 40), however, clearly 
shows that the lipophilic part is always dominating [other than in the immo-
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Chart II. The azacyclophane V and conformations of its complexes with 
naphthalene. 
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Figure 2. Energy-minimized conformations, (a) Macrocycle V before 
complexation, top view, (b) Complex of\ and naphthalene, side view, 

(c) Complex of\ and naphthalene, top view. 
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S0 2 N H 2 

N a p h . NMe2 D N S A 

TsOH 

Chart 111. Complexation energies with V. 

bilized state of the host, as evident from chromatographic investigations 
(58)]. Consequently, phenyl derivatives are not bound to an appreciable 
degree in absence of negatively charged groups, and their S N reactions are 
not catalyzed. The host also discriminates tetralin or decalin from 
naphthalene but is capable of binding substrates as large as estradiol, be
cause of the structural similarity to tetralin (40). 

Solvent and salt effects on the equilibrium constants with V are very 
pronounced for negatively charged substrates (35, 40), which is of relevance 
for catalytic investigations. Thus, addition of buffer salts or alkali halides as 
nucleophiles at concentrations as low as 0.01 M decreases the complexation 
significantly. An opposite salting out effect on purely lipophilic substrates, 
for example, hydrocarbons, can only be expected at salt concentrations of ~1 
M . If lipophilic solvents, such as methanol, are added, for example, to 
circumvent solubility problems, the association constants are again lowered 
to a degree that may prohibit catalytic applications. 

The intercavity inclusion as well as the possible orientation of 
naphthalene derivatives in the macrocycle (Chart I) was studied by the N M R 
complexation shifts (35), which were obtained simultaneously with the asso
ciation constants by computer fit of the shift titration values. The observed 
complexation shifts agree with either a pseudoequatorial orientation or a 
mixture of axial and equatorial geometries (Chart II and Table III), i£ other 
than in earlier investigations (28), the electric field effects of the charged 
nitrogen atoms are taken into account in addition to the anisotropy effects of 
the aromatic cavity parts. 

An energy minimization of the complex between V and naphthalene 
indeed showed a tight fit between the van der Waals surfaces in a nearly 
equatorial conformation (Figure 2). The force field minimized structure 
deviates from the idealized one shown in Chart II, which, however, repre
sents a time-averaged picture of the ring. Although the computer models 
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Table III. Complex Geometry from NMR Shifts: 
Naphthalene in 50% MeOH 

Geometry H-l H-2 

HI axial -2.9 -1.2 

pseudo -1.7 -1.5 

equatorial -0.4 -1.9 

observed -1.5 -1.5 

N O T E : Ring-current (anisotropy) effects: 6 0 - 8 5 % (orientation depen
dent). Linear electric field effects: 1 5 - 4 0 % (orientation dependent); 
complexation-induced shifts in ppm. 

represent only a first approximation, particularly in view of the largely 
neglected effects of solvent, charges, and polarizations, the models do ex
clude a completely equatorial inclusion. A more axial starting conformation 
was converted to the same more equatorial conformation, which was ob
tained from another starting geometry (Figure 2); this result shows the 
effective docking of the substrate in the cavity by the applied minimization 
procedure. 

Attachment of a bromomethyl group to the β position of the almost fully 
immersed naphthalene brings a reactive center to the vicinity of both the 
charged ammonium ions and the accumulation of negatively charged nu
cleophiles around them. Substitution reactions at this center were therefore 
expected to be distinctively affected (Scheme III). Figure 3 shows the result 
of a kinetic study with nitrite as nucleophiles (57); numerical curve fitting of 
the observed pseudo-first-order rate constants for the different ratios of 
catalyst to substrate to a preequilibrium reaction sequence involving the 
complex formation with an apparent association constant Ka yielded kCSLt = 
0.02 s"1 and Ka = ~4 L/mol; the effectivity of the catalyst expressed as 
kjkun is - 3 0 . 

The most remarkable feature of the reaction with the ambident anion 
N 0 2 " was the change in the product ratio R - O N O : R - N 0 2 , which corre
sponded exactly to the observed overall rate constant increase as a function of 
the catalyst-to-substrate concentration ratio (Figure 3). If the product ratio is 

C H o B r 

VII VIII 

Scheme III. Catalytic effects of Y on SN2 reactions. 
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Figure 3. Reaction of bromomethylnaphthalene, VI, with nitrite in the 
presence of host V; the rate constants and product ratio are a function of 

the catalyst-to-substrate ratio. 

corrected for the opposite effect observed upon addition of open-chain 
alkylammonium salts during these substitutions, which in contrast to the 
catalyst V leads to an increase of the R - O N O ester, the change in regioselec-
tivity brought about by the host compound is almost complete. Reactions of 
VI with other ambident anions such as cyanide or isothiocyanate are also 
considerably accelerated by the host V; the products, however, are not 
changed as in the case with nitrite anions, which is due to the intrinsically 
much larger predominance for attack at C, or S, respectively, with the 
nucleophiles C N " and S C N " (60). 

The observations presented in Scheme III and in references 51 and 57 
document the functional similarity of the host catalyst V to an enzyme: the 
system discriminates not only between educts but also between transition 
states; the system also shows competitive inhibition by a stronger yet unreac-
tive binder (Scheme III). The rationalization of these results is straightfor
ward on the basis of the known principles ruling nucleophilic substitutions 
with ambident ions. The transition state with significant charge separation 
(SN1 like), leading to the hard-hard combination product R - O N O , is sup
pressed by the positively charged environment, whereas the negatively 
charged transition state of the SN2-type reaction is stabilized. Moreover, the 
anion accumulation around the ammonium ions also enhances the participa
tion of the direct displacement reaction. 
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Complexation of Nucleophiles Instead of Organic Substrates: 
Inhibition 

The diazacyclophane derivative IX (DR) is too small to accommodate the 
organic substrate VI within the cavity (Chart IV). Instead, the anion is 
complexed, as evident from preliminary N M R studies, for example, with 
cyanide (26). Here, we observe a 1 3 C - N M R shielding effect of 15 ppm upon 
complexation of C N " with IX, as well as significant line broadening as a 
consequence of the dissociation of the complex being slow on the N M R time 
scale. In contrast, the interaction of the larger host VI with cyanide leads 
only to up to 3-ppm shielding, and the lines are not broadened. 

These results are so far comparable to those of Schmidtchen (25), who 
also observed strong anion binding preferentially with the smaller host I. In 
contrast to the small kinetic effect reported for I, however, we find a large 
rate decrease in the reaction of VI with nitrite after adding the host IX 
(Figure 4), which levels off after the macrocycle has taken up to two mole
cules of anion. Preliminary N M R titrations support the view that the com
plex contains more than one anion. The use of smaller charged host struc
tures thus opens up the possibility for a selective inhibition of nucleophilic 
substitution. 

An Outlook on SN1-Type Reactions 

Unimolecular nucleophilic substitutions, characterized by the buildup of a 
positive charge in the organic substrate, are not expected to undergo cata
lysis by macrocyclic onium ions unless the host stabilizes the leaving group 
by complexation. Nevertheless, preliminary measurements with V and VI in 
the presence of hard nucleophiles such as sodium tosylate or sulfate in water 
did show a moderate rate constant increase of up to 50% in comparison to 
experiments conducted in absence of the host, which can be accounted for 
by a salt effect due to the increased anion concentration around the reactive 
center containing the leaving group. 

Significant stabilization of S N l - l ike transition states requires the pres
ence of a negatively charged cavity, which, however, possibly does not 
involve nucleophilic groups such as carboxylates that can undergo direct 

R 

Chart IV. A smaller azacyclophane complexing anions. 
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k 

H 

2 Moi NO: 

- t -

0.5 1.0 [DRMNOj] 

Figure 4. Reaction rate of VI with nitrite in the presence of the smaller host 
IX as a function of the host-to-nitrite ratio. 

substitution by the electrophilic substrate. Host compounds with negative 
charges have been described in the literature (61, 62), but these contain 
carboxyl groups; others, like the so-called calixarenes (63) are not soluble in 
any suitable solvent. This finding may explain why calixarenes (63) have to 
our knowledge thus far not been studied with respect to their complexation 
abilities. We (64) recently found that phenol-aldehyde condensation prod
ucts, similar to the calixarenes, are soluble in water and that they do complex 
organic substrates effectively, provided that these substrates bear a positive 
charge. 

Macrocyclic products obtained from resorcinol and, for example, 
acetaldehyde were obtained a long time ago (65-68); their structures have 
been studied in the crystal as well as in solution, although invariably in form 
of substitution products of these phenols (69, 70). On the basis of the N M R 
observation of different isomers, we propose for one of the phenolic macrocy
cles the highly symmetric structure X , similar to an ester conformation 
described earlier (69) (Scheme IV). The octaphenol is easily deprotonated to 
the tetraanion XI , which then, however, resists any further deprotonation. 
We ascribe this unusual behavior to the very strong hydrogen bonds requir
ing the presence of at least four phenolic protons. Another consequence of 
the strong hydrogen bonds is that the phenols, even in basic solutions, are 
not attacked by the reacting substrates. 

The macrocycle X I resembles an open cup with a delocalized negative 
charge near the rim. Because of the relatively open and polar cavity, organic 
substrates are bound only to a small degree, unless they bear a positive 
charge. The large association constants of tetraalkylammonium ion com
pounds decrease with increasing length of the alkyl residues, which reflects 
the decreasing electrostatic attraction resulting from the larger separation 
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X I 
Scheme IV. Formation of the cyclic octaphenol X and the tetraanion XI. 
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between the charge centers. The increasing distance from the ring current in 
the cavity is simultaneously visible in the smaller complexation shifts (Chart 
V). 

The presence of a positively charged center in a substrate leads to a low 
reactivity in nucleophilic substitution reactions, if the charge is not too 
isolated from the atom bearing the leaving group. Compounds such as XII 

Κ 28 28000 

^G°[kcal / Mo]] 2.8 6.0 

R=CH 3 

0.56pp m--^ H2C ^ ° ^ C ^ C H 3 

\ U 

Chart V. Complexation free energies, AG, Ή-NMR complexation shifts, and 
a possible catalytic mechanism with XI. 
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bind as strongly to X as acetylcholine; the hydrolysis of XII , however, is 
retarded because of a still predominating S N 2 mechanism. The use of 
charged macrocycles capable of complexing substrates with an opposite 
charge makes it possible to neutralize the intrinsic inductive or field effect of 
charges within a given substrate by through space-field effects of the mo
lecular receptor. 
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482 N U C L E O P H I L I C I T Y 

a effect—Continued 
dependence on solvent, 206 
equilibrium conditions, 204 
explanation, 11, 201, 205-207 
molecular, 188 
origins, 188 
values, 202 
vs. extent of bond formation in the 

transition state, 202 
"nuc 

definition, 122 
values, 123 

a r e s

c _ , definition, 118 
Abraham equation, 270 
Acetonate σ complexes of nitroaromatics 

basicity, 370 
structures, 370 

Acid-catalyzed Diels-Alder reaction, 229/ 
Acid chlorides, hydrolysis, 434 
Acidity 

plot of hydrocarbons in the gas phase vs. 
(CH3)2SO solution phase, 144 

effect of hard and soft bases, 237 
Activation energy, calculation, 25 
Activation energy vs. exothermicity, for 

reactions for varying intrinsic barriers, 
28-29 

Acyl transfer, pathway, 69 
Acylation 

displacement route, 74 
two-stage process, 202 

Acylation of neutral neucleophiles 
cleavage of the carbonyl C-O bond, 71 
pathway, 71 

Acylation of sulfide and ether nucleophiles, 
product ions, 73 

1-Adamantyldimethylsulfonium, solvolyses, 
272-274 

Addition-elimination process for 
phosphorylation 

description, 77 
mechanism, 78 

Addition reactions of carbon nucleophiles, 
electronic and steric effects, 409-410 

Aliphatic nucleophilic substitution 
mechanisms between SN1 and SN2, 46-47 
variation in transition state, 103 

Aliphatic radicals, SR N1 substitution, 356 
Alkanesulfonyl halides, explanation for 

attack of tertiary amine, 387-388 
Alkyl and substituted alkyl radicals 

generation from alkylmercury halides or 
carboxylates, 356-357 

kinetic chain lengths, 357 
relative reactivities, 357 

Alkyl groups, effect on identity rates, 45 
Alkyl radical intermediates, evidence, 

357-358 
Alkyl tosylates, relative rates of solvolyses, 

256 
Alkylation, reaction of terf-butyl alcohol, 81 

Amine reaction with electrophilic olefins, 
parameters, 409, 410/ 

Ammonium cation binding by lariat ethers, 
binding data, 450 

Anhydrides and diaryl carbonates, 
hydrolyses, 433 

Aniline as an ambident nucleophile, normal 
vs. superelectrophiles, 375 

Anion nucleophiles 
fit of Br0nsted equation, 148 
relative reactivities, 148 

Anion reaction with (ΟΗ 3) 30, relative 
reactivity, 361 

Anion-stabilizing solvents, definition, 293 
Aqueous media, solvents for organic 

reactions, 255 
Aqueous micelles, description, 425 
Arenesulfonyl chlorides, reaction with 

pyridine bases, 386 
1-Arylethyl derivatives 

importance of nucleophilic interactions, 
325 

net stereochemistry of the solvolysis and 
ratios of polarimetric rate constants, 
325-326 

p + values, 325 
solvated ion pairs in solvolysis, 326 

l-Aryl-2,2,2-trifluoromethyl tosylates, 
preparation and solvolytic rate 
constants, 317 

Azacyclophane 
catalytic effects SN2 reactions, 471 
complex geometry from NMR shifts, 470, 

471/ 
complexation energies, 467, 470 
complexation of nucleophiles instead of 

organic substrates, 474 
complexing to lipophilic substrates, 461 
conformation, 467, 468/ 
energy-minimized conformation, 467, 

469/ 
equilibirum measurements, 467 
functional similarity to an enzyme, 

472-473 
kinetic study, 471-472 
solvent and salt effects on the equilibrium 

constants, 470 
Azamacrocycles, role as catalysts, 461 
Azide ion reactions 

nucleophilicity, 431 
second-order rate constants for water vs. 

micelles, 430-431 

Β 

definition, 122 
values, 123 

Bases, pairwise comparisons, 289 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
7 

| d
oi

: 1
0.

10
21

/b
a-

19
87

-0
21

5.
ix

00
2

In Nucleophilicity; Harris, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1987. 



INDEX 483 

Basicity 
correlation between carbon and 

hydrogen, 8-9 
definition, 1, 285-286 
effect of ortho substitution, 165 
relationship of proton to carbon, 29 

Basicity sequence, 290 
Beam apparatus, schematic diagram, 86 
Beam technique 

applications, 93 
description, 86, 88 
principal features and advantages, 84 

Benzenesulfonyl chlorides, hydrolysis, 436 
Benzylhydryldimethylsulfonium ion, 

solvolyses, 278 
Benzyl-transfer reactions 

location of transition state, 111 
schematic coordinate, 111 

Betaine surfactants, medium effect of 
micelle, 436 

Bibracchial lariat ethers 
cation-binding data, 452-453 
synthesis of diaza derivatives, 452 

Bond dissociation energies 
equation, 198 
limited conditions, 199 

Bond dissociations of R-X species, 
176-177 

estimates of free energy of dissociation, 
175 

heterolytic vs. homolytic, 174 
Bond effects, steric, 178 
Bonding distance, definition, 211 
Born equation, application, 198 
Br0nsted β 

correction, 159 
correlation to a effect, 188-189 
correlation to electron transfer, 188 
definition, 118 
effect of positive change development in 

the transition state, 157 
measurement of radial character of 

nucleophile, 189 
reactivity vs. basicity, 158-159 
values, 157 

Br0nsted basicity, correlation with 
nucleophilic reactivity for transition 
metal bases, 235 

Br0nsted equation 
correlation for reactions of anion families 

with electrophiles, 139-140 
descriptions, 7 
deviations for para substitutents, 145-146 
donor atom effects, 146-147 
equation, 138 
factors influencing relative rate constants, 

139 
fit by anion nucleophiles, 148 
modification, 7, 139 
plot of α-cyano carbanions with benzyl 

chloride, 143 

Br0nsted equation—Continued 
plot of anions reacting to n-propyl 

tosylate, 147 
plot of benzyl phenylsulfonyl carbanions, 

143, 145 
plot of SN2 reactions, 141-142 
precision, 140 
prediction of SN2 and E2 reactivity, 8 
problems, 7 
scope, 140-141 

Br0nsted plot 
effects of partial desolvation, 165-166 
role of solvation in promoting curvature, 

9 
tert-Buty\ derivatives 

nucleophilic involvement in solvolysis, 15 
solvolyses, 270-272 

tert-Buty\ methyl carbonate, pathways, 
76-77 

terf-Butyldimethylsulfonium ion 
Grunwald-Winstein plot, 272 
solvolyses, 271-272 

C 

C=C double bonds 
nucleophilic addition, 119-120, 122-129 

Capture of α-anisylvinyl cations, a and a' 
values, 413 

Carbanions, one-electron oxidation, 352 
Carbocations 

effect of micelles on addition, 435-436 
effect of nucleophilic solvation, 292 
formation, 292 

Carbon basicity 
determination, 148 
difference in oxanion and carbanion 

basicities, 150 
values, 149-150 
vs. hydrogen basicity, 149-151 

Carbon-oxygen bond cleavage, attack of a 
soft nucleophile, 222 

Carbon-sulfur bond cleavage 
Diels-Alder reactions, 229/ 
Friedel-Crafts alkylation, 228, 229/ 
thienium cation Diels-Alder reaction, 228 

Carbonyl addition-radical fragmentation of 
carbonyl-containing molecules 

order of reactivity, 55 
proposed triple-minimum potential 

energy vs. reaction coordinate 
diagram, 56 

relative rate constants and reaction 
exothermicities, 55 

vs. SN2 displacement, 58 
Carbonyl compound-nucleophile reaction 

mechanism, 333 
reactant and product configuration, 

333-334 
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484 N U C L E O P H I L I C I T Y 

Catalysts for nucleophilic displacement 
reactions 

azacyclophane host, 467 
polycyclic ammonium salt as host, 465 

Cation binding by crown ethers 
factors influencing selectivity of cation, 

449 
hole-size relationship, 448 
ionic radii and charge densities of alkali 

earth cations, 449 
K + binding vs. Na + binding, 448 
stability constants, 448 

Cation binding by monoaza lariat ethers 
binding maximum, 449-450 
calabash structure, 449, 451 
vs. number of oxygen atoms, 449 

Cation-binding enhancement by reduced 
lariat ethers and cryptands 

cation-binding enhancements, 455 
optimum factors, 453, 455 
schematic, 453-454 
synthesis of azocryptand, 454 

Cationic methylating agents, equilibrium 
constants and identity rates, 37 

Cationic micelles, effect of nucleophilicity 
of anions, 431 

(CH 30) 2PO 
H°f, 60 
proton affinity, 59 
SN2 nucleophilicity, 60 

Chemical bonds 
dissymmetry, 222-223 
groups, 219 

4-Chlorobenzene reaction 
behavior under oxygen and argon, 342 
effect of ion pairing, 342-343 
reduction, 343-350 

4-Chloronitrobenzene 
cyclic voltammetry profiles, 347/ 
properties, 341 

1-Chloronitrobenzene reactions, 
mechanism, 341 

Common ion rate depression 
appearance, 414 
solvolysis of R-X with the same R, 416 

Concerted reaction mechanism, step, 156 
Concerted reactions, transition states, 

157 
Contact distance, definition, 211 
Conversion of A and Β to Ν and Y 

calculation of senstivities to 
nucleophilicity and ionizing power, 
313 

calculation of ys and the ratio of the ns, 
312-313 

components, 312 
finding the nucleophilicities, 313-314 

Cooperative effect, description, 293 
Correlation of logarithms, rate constants for 

solvolyses of methyl tosylate, 260 

Critical distance 
consequences, 10 
definition, 211 
effective encounter distance, 211 
electron transfer, 211 
Perrin equation, 211 
separation distance, 211 
theory of Smoluchowski, 211 

Crown ethers, cation binding, 448-449 
Crown ethers, cryptâtes, and other 

chelating reagents 
essential features, 458 
use as phase-transfer catalysts, 459 
properties, 443 

Cyclodextrins, features, 460-461 
Cyclotron frequency, equation, 66 

D 

Demethylation 
examples, 220-221 
factors influencing reaction, 220 
reagents, 219 

Desolvation, requirements, 161 
Dimethyl metaphosphate, addition of 

methanol, 80 
4,6-Dinitrobenzofuroxan, NMR parameters, 

381 
4,6-Dinitrobenzofuroxan 

as a superelectrophile 
reaction with aniline, 375-376 
reaction with phenoxide ion, 377 
reaction with 7r-excessive five-membered 

ring heterocycles, 377-378 
reaction with thiophenoxide ion, 377 
stability of σ complexes, 376-377 

4,6-Dinitro-2-(2,4,6-trinitrophenyl)benzo-
triazole 1-oxide 

NMR parameters, 381 
preparation, 381 

4,6-Dinitro-2-(2,4,6-trinitrophenyl)benzo-
triazole 1-oxide as an ambident 
superelectrophile 

mechanism of reaction, 380 
phenoxide ion reaction, 378 
potential energy profile, 380 
reaction, 3, 79 
reactivity vs. reactivity of 1,3,5-

trinitrobenzene, 380 
Diradicaloid concept, usefulness, 10 
Direct displacement process for sulfonyl 

transfer, reaction, 386 
Displacement process for phosphorylation 

description, 77 
mechanism, 78 

Donor atom effects 
displacements of lines in Br0nsted plot, 

146 
order, 146-147 
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I N D E X 485 

Duality of mechanism in spontaneous 
reactions 

discussion, 437-439 
importance of bond making and 

breaking, 438 

Ε 

E2 reaction, leaving-group sequence, 47 
Ε ^ Ζ isomerization 

kinetic parameters, 401-402 
use as a nucleophilicity probe, 401 

Effective encounter distance, definition, 211 
Effective molarity values, influencing 

factors, 210 
ElcB mechanisms, leaving-group 

properties, 47 
Electron affinity 

of XCF 3 , 61-62 
origin of correlation with proton affinity, 

242 
values, 239/ 
vs. proton affinity, 238, 239/ 

Electron donor for nitroarene reaction 
aromatic proton abstraction, 351-352 
hydrogen transfer, 352 
source from single-electron transfer, 

350-351 
Electron-transfer processes, nitrogen 

reaction, 340 
Electron-transfer reaction 

β fragmentation, 61 
phosphoryl anion and XCF 3 molecules, 

60-61 
Electron-withdrawing power of the 

activating group, correlation with pKfl, 
190 

Electrophile-nucleophile reactions, rates 
and équilibra, 9 

Electrophilic solvent assistance, definition, 
247 

Electrostatic effects on intrinsic rate 
constants 

schematic, 125 
stabilization energy, 124-125 

Entropie theory of intramolecularity, 
discrepancies, 213-214 

Entropies of activation, correlation with 
intramolecular efficiencies, 213 

Enzymatic nuleophiles, rate of reaction, 209 
Enzymatic reactivity, correlation with 

intramolecularity, 210 
Enzyme analogous host catalysts 

differences between host-guest catalysts 
and enzymes, 460 

effectiveness in terms of rate 
enchancement, 459-460 

properties, 459-460 
Enzyme catalysis, reactions, 210 
Equilibrium constants, list, 36-37 

Equilibrium constants for HX addition to 
carbonyl compounds 

bonding effects, 177 
values, 177-178 

Equilibrium measurements in sulfolane, 
estimation of identity rate, 36 

Ethanol-trifluoroethanol method for 
nucleophilic solvent assistance 

correlation of logarithms of solvolysis, 
251 

description, 248 
failure, 251 
nonlinear plot, 248 

Exchange-solvolysis experiments, 
reactivity-selectivity relationship, 415 

Extraction technique for determination of 
cation binding, 446 

F 

Flow reactor techniques 
applications, 93 
description, 86, 88 
principal features and advantages, 84 

Flowing afterglow apparatus, diagram, 52 
FN 2 H 2 0, bond lengths, 192 
Fragment ion ml ζ 109 

formation, 80 
reactivity, 81 

Free energy 
correlation, 171 
equation, 300 

Free energy of activation, calculated values, 
198 

Free energy of crystallization, definition, 
176 

Free-radical chain mechanism, experiment 
determination, 357 

Free-radical chain reaction of RHgCl with 
(CH3)oC=N02 

effects or ionic association, 357 
evidence for the intermediacy of R, 

357-358 

Friedel-Crafts alkylation, equation, 229/ 

G 
Gas phase, difference from solution phase, 

84 
Gas-phase acylation of anion nucleophiles, 

pathway, 71 
Gas-phase dynamics, 24 

analysis, 25 
Gas-phase reactions, Marcus theory, 3 
Gas-phase study of nucleophilic substitution 

nucleophilic addition to carbonyl groups, 
4 

rates, 4 
vs. solution phase reactions, 5 
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486 N U C L E O P H I L I C I T Y 

Gaseous organic cations, generation, 65 
Grunwald-Winstein equation 

extended equation, 261 
quantification, 256-257 

H 

AH°, measurement by calorimetry, 42 
α-Halodibenzyl ketones, dehalogenation, 

227/ 
a-Haloketones 

dehalogenation, 223-224 
partial dehalogenation, 224 

Hammett acidity function, values, 287 
Hammett equation, equation, 138 
Hammett p 

constancy for reaction of substituted 
aromatic nucleophiles with 
methylating agents, 39 

vs. position of the transition state, 40 
Hammond-Leffler postulate, prediction of 

curvature of Br0nsted plot, 144 
Hard-soft acid-base theory, application 

and examination, 11 
Hard-soft affinity inversion 

pathway, 225, 226/ 
Hard-soft dissymmetry of chemical bonds, 

reversal, 221 
Heat of formation of HY vs. heat of 

formation of CH3Y, plot, 30-31 
Heavy-atom kinetic isotope effects, 

approximation, 108 
Heterolytic dissociation of R-X species, 

relation to homolytic dissociation, 174 
Heteromacrocyles, synthesis, 462-465 
Hexafluoroisopropyl alcohol, 

nucleophilicity, 257 
Hexamethylbenzene, protonation, 288-291 
Highest occupied molecular orbital 

interaction with lowest unoccupied 
molecular orbital, 183 

vs. charge density, 205-206 
Hole-size relationship of cation binding, 

description, 448 
Homoconjugation, description, 293 
Homolytic bond energy 

calculation, 238 
values, 239/ 

Homolytic dissociation of R-X species, 
relation to heterolytic dissociation, 
174 

Host-guest catalysts 
methods for characterization, 461-462 

Hydrated products 
formation, 95-96 
fraction vs. relative energy, 96/ 

Hydrazine, properities, 170 
Hydrogen basicity, definition, 1 
Hydrogen bonding to a hydroxylic solvent, 

effect on desolvation, 157 

Hydrolysis of acid chlorides 
bond making and breaking, 435 
examples, 434 
mechanistic pathways, 435 
rate dependence upon micellar charge, 

434 
SN1-SN2 duality of the mechanism, 434 

Hydrolysis of benzenesulfonyl chlorides 
bond making and bond breaking, 436 
mechanism, 436 

Hydrolysis of 2-hydroxyethanesulfonyl 
chloride 

concentration dependence on thiocyanate 
anion, 393-394 

effect of added chloride ion, 394/ 
mechanism, 392, 395 
pH-rate profile, 392-393 
rate constants and ratios, 395-396 

Hydrophilic anion reactions, micellar 
effects, 428 

2-Hydroxyethanesulfonyl chloride, 
hydrolysis, 392-396 

Hypovalent anion radicals, description, 54 

I 

Identity rates 
effect of solvent, 45 
list, 36, 37 
sensitivity to alkyl group, 45 

Intramolecular hydride transfer, rate, 212 
Intramolecular hydrogen bonding, effect on 

intrinsic rate constants, 127-128 
Intramolecularity 

correlation with enzyme reactivity, 210-211 
entropie theory, 213 

Intrinsic activation energy 
correlation with methyl cation affinity, 

31-32 
definition, 25-26 
determination from activation energy 

values, 26 
distinction between nucleophile and 

leaving group, 26 
predictions vs. experimental data, 26-27 

Intrinsic barrier, effect of Br0nsted a and β 
values, 117 

Intrinsic rate constants 
effect of intramolecular hydrogen 

bonding, 127-128 
effect of resonance stabilizaton, 118 
effect of solvation, 119 
effect of steric hindrance, 131 
effect of transition state, 117 
influencing factors, 116 
log values for deprotonation by amine 

addition, 116 
polar effect of remote substitutents, 126 
solvent effects, 126 
steric effects, 128 
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INDEX 487 

Intrinsic reactivity 
role in nucleophilic displacement, 83 
scale, 54 

Intuitive nucleophilic character, correlation 
to identity rate or equilibrium 
methylating power, 39 

Ion cyclotron resonance spectroscopy 
description, 65 
detection of reactant and product ions, 66 
mass spectrum at a particular time 

interval, 66, 70 
progress of reaction vs. time and ion 

intensity, 66-67 
Ion pairing, effect on reduction and 

substitution, 342 
Ionic reactions in the gas phase, effect of 

reaction conditions, 24 
Ionization of an organic substrate in 

solution, schematic, 293-294 
Ionization of carbon acids 

effect of carbanion stability on reaction 
rate, 115 

reaction, 115 
Ionization potential 

measurement, 237 
vs. proton affinity, 240-241 

Ionization potentials of nucleophiles, 
correlation to nucleophilicity toward 
low lowest unoccupied molecular 
orbital substrate, 187-188 

Ionizing power 
values obtained by transformation of A 

and Β parameters, 302, 303f, 309, 
310/ 

Isopropenyl methyl carbonate 
formation of methylation product, 77 
pathways to product ions, 75-76 

Isotope effect, for methyl transfer, 45 

Κ 

Kevill-Lin nucleophilicity 
comparison to nucleophilicity of methyl 

tosylate, 262 
values, 261-262 

Kinetic isotope effects 
for benzyl derivatives, measurement, 106 
for substituted pyridines, variation of 

deuterium effect, 106 
in methyl-transfer reaction, carbon-14 and 

α-deuterium, 105 
methyl-transfer reactions, 5 
model calculation, 109-110 
More O'Ferrall diagram of transition-state 

structures, 108 
of nitrogen-15, 110-111 
transition-state regions for benzyl and 

methyl transfers, 109 
transition-state variation, 104-105 

Kinetic methylating power, calculation, 
41-42 

Kinetic nucleophilicity, of (Cgr^^C, 57-58 

L 

Lariat ethers 
ammonium cation binding, 450 
classes, 444-445 
definition, 444 

Lewis acid-base reactions, definition, 169 
Lewis base 

kinetics, 91 
thermodynamics, 88-90 

Ligands 
effect on nucleophilic behavior, 234-235 
soft vs. hard, 235 

Linear free-energy relationships 
dependence of slope on nucleophilic 

power, 43 
quantification of solvent nucleophilicity, 

12-13 
solvent paramaters, 14 
study of medium effects, 13 

Low lowest unoccupied molecular orbital 
compounds 

model for nucleophilic reactions, 184-186 
Lowest unoccupied molecular orbital, 

interaction with highest occupied 
molecular orbital, 183 

M 

Macrocyclic polydentate cation binders, 
classes, 443 

Macrocylic chelating agents, encapsulation 
by nonbonded interactions, 459 

Macrocyle attachment to polymers, 
molecular tether, 444 

Marcus-Br0nsted plot, 28 
Marcus equation 

a vs. intrinsic barrier, 39 
application, 25, 36 
Br0nsted relationship, 144 
discussion, 9 
significance of quadratic term for methyl 

transfers, 40 
Marcus theory 

application to gas-phase reaction, 3 
application to methyl-transfer reactions, 3 
effect of solvent effects, 3 
effects of thermodynamics on reaction 

rates, 25 
justification for analysis of intrinsic 

barriers, 27 
vs. reactivity-selectivity postulate, 4 

Medium effects, evaluation, 13, 14 
Meisenheimer complexes, description, 369 
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488 N U C L E O P H I L I C I T Y 

Menschutkin-type reaction, More O'Ferrall 
diagram, 104 

Mesylate, preparation solvolytic rate 
constants, 317 

Methanesulfonyl chloride reaction, 
mechanism, 388-389 

Methansulfonate anhydride, optimized 
parameters for hydrolyses, 390, 39H 

Methansulfonate anion, formation from 
sulfene, 390 

Methansulfonate chloride, optimized 
parameters for hydrolyses, 390, 3911 

Method of double differences 
description, 252 
estimation of a, 252-253 
mustard solvolysis, 253 

Methyl brosylate substituted 
dimethylaniline reactions 

relative rates vs. kinetic isotope effects, 
105-106 

Methyl cation affinity vs. proton affinity 
correlation, 29-31 
effect of solvation, 31 
plot, 29 

Methyl ether, deblocking, 222 
Methyl group 

charge in the transition state, 44 
isotopic substitution, 45 

Methyl iodide substituted pyridine 
reactions, relative rates vs. KIEs, 107-108 

Methyl-transfer reactions 
application of Marcus theory, 5 
equality of nucleophiles and leaving 

groups, 36 
first application of the Marcus equation, 

36 
kinetic isotope effects, 105-108 
Marcus theory, 3 

Methyl transfers 
applicability of reactivity-selectivity 

principle, 39 
comparison of measured rates to those 

calculated from the Marcus 
equation, 38 

reaction, 35 
S-Methyldibenzothiophenium 

trifluoromethanesulfonate 
plot of log, 276 
solvolyses, 275-276 

Micellar charge effects, relationship to 
mechanism, 439 

Micellar effects 
addition to carbocations, 435-436 
hydrolysis of acid chlorides, 434-435 
on nucleophilicity, review, 19 
on bimolecular reactions, generalizations, 

430 
reactions of hydrophilic anions, 427-428 
reactivity of organic nucleophiles, 427 

Micellar-assisted bimolecular nonsolvolytic 
reactions, first-order rate constant, 426, 
428 

Micellar-inhibited nonsolvolytic reactions 
distribution of substrate between aqueous 

and micellar pseudophases, 426 
first-order rate constant, 426 
relation between rate constant and 

surfactant concentration, 426 
Micelle inhibition of spontaneous uni- and 

bimolecular reactions 
charge effect, 432 
rate effects, 432 

Micelles 
behavior, 425-426 
effect on nucleophilicity of water, 429 
effect on reaction rate, 429 

MNDO coefficients of SOMO, values, 
191-192 

MNDO-optimized structure of FN, bond 
lengths, 191-192 

Model for nucleophilic reactions with low 
lowest unoccupied molecular orbital 
compounds, characterization of 
transition, 184 

Model for nucleophilic reactions with 
lowest unoccupied molecular orbital 
compounds 

applicability, 186 
effect of electrophilicity, 186 
empirical manifestation, 187 
state diagram, 185 

Molecular structures with large lipophilic 
cavities, applications as catalysts, 
460-461 

Monoaza lariat ethers cation binding, 
449-451 

Monoaza-12-crown-4 derivatives, 
preparation, 447 

Monosubstituted phosphate derivatives, 
reaction mechanism, 156 

Ν 

Ν values, calculation, 43 
N+ scale—See Ritchie equation, 182 
Neutral methylating agents, equilibrium 

constants and identity rates, 37 
Neutral nucleophiles, second-order rate 

coefficients vs. nucleophile 
concentration, 280 

Nitroarene reactions, electron-transfer 
processes, 340 

Nitroarenes 
aromatic proton abstraction, 351-352 
dismutation, 352-353 
one-electron reduction, 353 

Nitrogen-15 kinetic isotope effects, values, 
110 

Nitroolefins, reaction with dienes, 228, 230/ 
Nitrophenyl halides with azides, reaction, 

467 
NKL scale of solvent nucleophilicities, 

equation, 274 
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INDEX 489 

N MR spectral method, characterization of 
host-guest catalysts, 461-462 

Nucleophile 
definition, 1, 285 
description, 35 
oxidation potentials and reactivities, 

173-174 
rates of addition and elmination, 47-48 
reactions with FN, 189-190 
reactivity, 10 
reactivity ratios of pairs with different 

substrates, 404-407 
Nucleophile reaction with terf-butyl radical 

C and Ν alkylation products, 360 
effect of basicity, 360-361 
pKa data, 361 
reactivity, 358-359 
reactivity vs. pK a, 362 
substitution products, 360 
vs. phenacyl radical, 362-363 

Nucleophile reaction with phenacyl radical 
effect of 18-crown-6, 364 
effect of ion pairing, 364 
generation by electron, 362 
photostimulated reaction products, 

362-363 
relative reactivity, 365 
vs. terf-butyl radical, 362 

Nucleophile-substituted carbocation 
reactions, estimated rate constants, 
159-160 

Nucleophile-substrate interaction, 
4-chloronitrobenzene reaction, 340 

nitrogen reaction, 340 
single-electron transfer, 339 
substitution, 340 
two-electron processes, 339 

Nucleophile-vinyl cation 
rate equations, 414 
reactivity orders, 414 
reactivity-selectivity relationship, 415 
solvolysis scheme, 414 

Nucleophile-vinyl cation reaction 
influencing factors on nucleophilicity, 419 
intramolecular cyclization vs. 

intermolecular capture, 419 
order of decay rates, 418 
reactivity ratios, 419 
relative nucleophilicities, 418 

Nucleophilic addition 
barrier, 56 
reverse reaction, 54 

Nucleophilic addition reactions at carbonyl 
centers, intrinsic reactivity scale, 54-55, 
57-58 

Nucleophilic addition to C=C double 
bonds 

effect intramolecular hydrogen bonding 
on intrinsic constants, 127 

effect of intramolecular hydrogen 
bonding on intrinsic rate constants, 
128 

Nucleophilic addition to C—C double 
bonds—Continued 

electrostatic effects on intrinsic rate 
constants, 125 

imbalances in the structure-reactivity 
coefficients, 122 

intrinsic rate constants, 120, 123 
plot of intrinsic rate constants, 121 
polar effects of remote substituents, 126 
reaction, 119 
relative intrinsic rate constants, 121-122 
solvent effects on intrinsic rate constants, 

126-127 
steric effects on intrinsic rate constants, 

128-129 
Nucleophilic addition to olefins, anuc

n and 
/3 n u c

n values, 123 
Nucleophilic attack 

equilibrium conditions, 203 
regiospecificity, 203 

Nucleophilic attack on activated 
bicyclobutane 

mechanism, 183 
order of reactivity, 183 

Nucleophilic attack on radial cations 
controversy over mechanism, 335 
direct attack, 336-337 
mechanisms, 334-335 
role of nucleophile donor, 335 
schematic energy diagram, 336 

Nucleophilic displacement 
barrier height, 89 
reaction mechanisms, 97/, 98 
relevance of solvated-ion studies in the 

gas phase to the corresponding 
reactions in solution, 98 

thermodynamic properties, 90-91 
vs. proton transfer, 93 

Nucleophilic displacement in the gas phase, 
problems with relating to solution 
phase, 84 

Nucleophilic displacement reaction 
catalysis, use of intramolecular 
inclusion complexes, 19 

Nucleophilic displacement reactions 
conclusions from predicted intrinsic 

barriers, 26-27 
importance, 23 
predicted slow reactions, 26-27 
prediction of reaction rates, 23 

Nucleophilic power 
calculation, 41-42 

Nucleophilic reactions 
at vinylic carbon, 18 
kinds of substrates, 10 
mechanisms for reaction with sulfonyl 

chlorides, 18 
of anions with neutral substrates, 51-61 
on electrophilic olefins 

constant selectivity relationship, 404 
processes, 400 
rate-determining step, 400 
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490 N U C L E O P H I L I C I T Y 

Nucleophilic reactions—Continued 
steric effects vs. nucleophilicity, 409 
use of processes to evaluate nucleophilic 

order of nucleophiles, 401 
values, 408 

with organometallic cations and with 
activated bicyclobutanes, 
mechanism, 183 

with radicals, 18 
Nucleophilic reactivity 

atom size effect, 242-243 
contributing factors, 2 
correlation with Br0nsted basicity for 

transition metal bases, 235-236 
dependence on proton basicity, 195 
influencing factors, 242 
orders for alkylation and acylation, 196 
spatiotemporal postulate, 214-215 
Swain-Scott equation, 195-196 

Nucleophilic scale toward vinylic carbon, 
correlation with other scales, 402-403 

Nucleophilic solvent assistance 
definition, 247 
estimation in solvolyses, 248 
ethanol-trifluoroethanol, 248 

Nucleophilic substitution 
mechanism, 315 
enzyme-analogue catalysis, 457 

Nucleophilicity 
at micellar surfaces, 429 
Bentley vs. unsealed nucleophilicities, 301/ 
competition between the solvent and 

added nucleophile, 279 
definition, 1, 137-138, 285-286 
for different leaving groups, 261 
generalizations, 431-432 
influencing factors, 8 
micellar effects, 19, 425 
of methyl tosylate, 261 
problem with comparisons, 275 
scale, 15 
solvation effects, 141, 143-144 
values for various anions, 279-280 
vs. oxidation potential, 9 
vs. redox potentials, 152 

Nucleophilicity of methyl tosylate, 
comparison to Kevill-Lin 
nucleophilicity, 262 

Nucleophilicity ratio, plot of Ya vs. R, 307, 
308/ 

Nucleophilicity reactivity, measurement, 240 
Nucleophilicity toward low lowest 

unoccupied molecular orbital substrate, 
correlation to ionization potential of 
nucleophiles, 187-188 

Number of reactions that can be measured, 
calculation, 38 

Ο 

0 2 as a super SN2 nucleophile, reactions 
with C H 3 X molecules, 53-54 

Ο 2 reactions with C H 3 X molecules, kinetic 
and thermochemical data, 54 

Organic nucleophile reactivity, micellar 
effects, 427 

Oxidation addition, example, 234 
Oxidation potential, vs. nucleophilicity, 9 
Oxidation potentials and reactivities 

nucleophiles, 173-174 
pyronin cation, 171 

Oxime, mechanism for addition to 
isothiocyanate, 203 

Oxyanions, energies, Mulliken charges, and 
cation affinities, 204 

Oxygen anion reactions, explanation for 
nonlinearity, 163 

Ρ 

Perrin equation, theory, 211 
Persistent carbocation, definition, 293 
Peterson-Waller scale of solvent 

nucleophilicity, relative to water, 260 
Phase-transfer catalysis, relative sizes vs. 

binding strength, 19 
Phase-transfer catalyst, role, 459 
Phenoxide ion as ambident nucleophile 

C-bonded complexes vs. O-bonded 
adduct, 371-372 

comparison of the rates and equilbria 
associated with Ο and C, 373 

free energy profile for reaction with 
1,3,5-trinitrobenzene, 371 

l-Phenyl-2,2,2-trifluoroethyl triflate, 
preparation and solvolytic rate 
constants, 317 

Phenoxide ion as ambident nucleophile, 
reaction with 1,3,5-trinitrobenzene, 
370-371 

Phosphoryl anion 
reactions with XCF3 molecules, 60 
thermochemical properties and gas-phase 

reactions, 59 
Phosphoryl transfer between pyridines, 

concerted mechanism, 156 
Picryl chloride, preparation, 380 
Picryl chloride-phenoxide reaction 

free energy profile, 374 
Ο attack, 373-375 

Podands, description, 459 
Polanyi-Evans approach to nucleophilic 

reactivity, 196 
calculation of free-energy change, 197 
change in electrostatic energy on removal 

of charge Ze from N, 198 
electrostatic model, 197 
free energy of activation, 197-198 

Polar nucleophilic reactions, competition 
with a single-electron-transfer 
mechanism, 17-18 

Polycyclic ammonium, catalyst for S^2 
reactions, 465-467 
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INDEX 491 

Polyelectron perturbation method, 
treatment of the α effect, 201 

Positional selectivity 
effect of location of unpaired spin 

population, 191 
effect of pK„, 190 
effect of solvents, 189-190 

Potential surface model, double-minimum 
potential surface, 24 

Principle of hard and soft acids and bases, 
description, 8 

Principle of nonperfect synchronization 
description, 5 
development of resonance and solvation 

of carbanion, 130-131 
formulation, 119 
intramolecular hydrogen bonding, 131 
trends in intrinsic barriers, 6 
universality, 130 

Product distributions 
enthalpy changes, 95 
reaction channels, 94-95 

Proton abstraction from carbon acids, 
Br0nsted plots and isotope effects. 
163-164 

Proton affinity 
in H+-transfer reactions with HA 

molecules, 65 
measurement, 238 
of (CH30)2PO, 59 
origin of correlation with electron 

affinity, 242 
vs. electron affinity, 238, 239/ 
vs. ionization potential, 240, 241/ 

Proton transfer 
barrier height, 89 
fractional yields vs. relative energy, 91-92 
from hydrogen cyanide, requirements, 

161 
mechanism, 66 
reaction energetics, 92 
vs. nucleophilic displacement, 89, 93 

Protonated carbonate esters, chemistry of 
neutral nucleophiles, 74 

Protonation, reaction, 290, 292 
Pyronin cation 

oxidation potentials and reactivities, 170-171 
properties, 169 
reaction rates vs. oxidation potential, 170 

Pyronin derivatives 
distinction between ionic and covalent 

solids, 176-177 

Q 
Qualitative nucleophilicity scale, reactions 

at vinylic carbon, 411, 412/ 
Quinuclidines 

Br0nsted-type plots, 157-158 
reactions with phosphates, 157 
reactions with phosphorylated pyridine, 

158 

R 

Radical anion 
effects of SR N1 substitution, 355-356 
formation from free radical and anion, 

355 
Radical anion formation 

effect of electrophilic vs. nucleophilic 
radical, 365 

energy of activation in the addition of a 
radical to a nucleophile, 365 

importance of substitution reactions, 367 
relative reactivities, 367 
relative reactivities vs. basicity, 365 
transition state, 366 

Rates, temperature dependence, 93-94 
Rates of reactions, prediction, 23 
Reaction cross section 

dependence on relative translational 
energy, 89 

measurement, 88 
Reaction efficiencies, definition, 53 
Reaction efficiency per collision 

definition, 93 
effect of water of hydration, 94 
temperature dependence, 93 

Reactivity 
solvent dependence, 256-257 
vs. Marcus theory, 4 

Reactivity in weakly nucleophilic media 
fluorinated alcohols, 257 
nucleophilic attack by solvent, 257-258 
structural effects, 257 

Redox potential 
measurement in water, 237 
vs. nucleophilicity, 152 

Reduced lariat ethers and cryptands, 
cation-binding enhancement, 453-455 

Reduction of 4-chlorobenzene 
cyclic voltammetry profile, 346, 347/ 
effect of ion pairing, 344 
influence of 18-crown-6, 345, 346/ 
pathways, 344 

Reduction of nitroarenes 
electron paramagentic resonance analysis, 

348, 349/ 
mechanism, 346, 348 
successive reduction steps, 348-349 

Reduction of nitrobenzene 
influence of 18-crown-6, 345 
rate-limiting step, 344 

Relative equilibrium constants, for reactions 
of R-X species, 175-176 

Relative intrinsic rate constants, 122 
Relative reactivity 

determination, 200 
vs. values, 408 

Resonance development, effect on intrinsic 
rate constants, 118 

Ritchie equation, 183 
comparison to modified Marcus 

equation, 43 
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492 N U C L E O P H I L I C I T Y 

Ritchie equation—Continued 
description, 181-182 
generality, 182 
selectivity parameter, 182 
vs. Swain-Scott equation, 182 

S 

Scale of nucleophilicity, derivation, 300 
Second-order rate constants at micellar 

surfaces, calculation, 429 
Secondary derivatives of l-aryl-2-

trifluoroethyl 
correlation of reaction rate with solvent 

ionizing power, 324 
formation of the ring-substituted 

products during solvolysis, 324 
m values, 324 
mechanism of solvolysis, 323 
p + values, 323 
solvolyses, 322 

Selective dealkylation of esters, examples, 
221 

Selective dealkylation with 
AlCl 3-NaI-CH 3CN system, examples, 
221 ' 

Sensitivities to ionizing power 
values obtained by transformation of a 

and b parameters, 302, 304f 
Sensitivities to nucleophilicity 

determination, 309 
examination, 309 
values obtained by transformation of a 

and b parameters, 302, 304t 
Sensitivity parameters, values, 309, 3111 
Side-armed carbon-pivot lariat ethers 

cation-binding strengths, 446 
use of extraction technique of cation-

binding determination, 446 
Silver nitrate 

effect of change in concentration of the 
salt, 281 

reaction with ethyl iodide, 281 
Single-armed carbon-pivot lariat ethers 

glycerol unit, 445 
preparation, 445 
ether attachment, 445 
nitrogen-pivot lariat ethers, preparation, 

447-448 
Single-electron-transfer processes, 

description, 331 
Single-electron-transfer vs. polar pathways 

donor-acceptor bond strength, 334 
donor-acceptor pair ability, 334 
radical derealization, 334 

Smoluchowski, theory, 211 
SN1 reactions 

description, 315 
effect of host-guest complexes, 473-474 
formation of macrocyclic products, 

474-475 

SN1 reactions—Continued 
free energies of NMR complexation 

shifts, and catalytic mechanism of 
macrocyclic product, 476 

merging with SN2 mechanism in 
intermediate region, 316 

rate vs. stability of product ions, 46 
stabilization of transition states, 474 

SN1 solvolyses, analysis, 270 
SN2 displacement reactions of (CH30)2P0, 60 
SN2 mechanisms, reactions, 233 
SN2 nucleophilicity, of (CH30)2PO, 60 
SN2 reactions, 181 

description, 315 
estimation of transition-state energy, 25 
merging with SN1 mechanism in 

intermediate region, 316 
nucleophile steric effects, 141 
rate constant, 24 
rates vs. energy difference of two 

transition states, 24 
theoretical treatments, 269-270 
wave function of reactants and products, 

332-333 
Solution-phase reactions, vs. gas-phase 

reactions, 5 
Solution-phase study of methyl-transfer 

reactons, Marcus analysis, 3 
Solvation effects 

in solvolysis reactions, 293-295 
on curvature of structure-reactivity 

correlations, 161-165 
on nucleophilicities, 143-144 
separation of nucleophilic and 

electrophilic contributions, 263-264 
vs. rate constant, 165 

Solvation effects on nucleophilic reactivity 
evaluation, 155-156 
hydrogen bonding solvent, 157 

Solvation effects on transition states 
activation parameters, 113 
measurement of deuterium kinetic 

isotope effects, 112-113 
Solvation number, vs. rates, 93 
Solvatochromic equation, applications and 

legitimacy, 250 
Solvatochromic method 

description, 248-249 
enhanced sensitivity to electrophilicity by 

the compound, 251 
estimation of a, 252 
parameter determination, 249 

Solvent basicity 
degree of protonation, 287 
measurement methods, 287-288 
relative base strengths of solvents of low 

basicity, 288 
Solvent effects 

on competing nucleophilically solvent 
assisted and anchimerically assisted, 
264-265 

on intrinsic rate constants, 126-127 
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INDEX 493 

Solvent ionizing power 
influencing factors, 15 
rate dependence of benzylic sulfonates, 

318 
Solvent nucleophilicity 

comparison of scales, 258, 259* 
determination, 261, 286 
effects on linearity of log k vs. ionizing 

power plots, 299 
measurement, 16 
quantitative scales, 259 
values obtained by transformation of A 

and B parameters, 302, 303*, 309, 
310* 

Solvent nucleophilicity scales based upon 
R-X+ substrates, values, 274, 275* 

Solvent parameters, evaluation, 15 
Solvent parameters A and β, transformation 

to obtain Ν and Y, 300-301 
Solvent-separated ion pairs, behavior, 161 
Solvolyses 

homoalkylic participation, 258 
yield and stereochemistry of products, 

258, 259* 
Solvolyses in aqueous sulfuric acid, kinetic 

data, 265-266 
Solvolyses of adamantyl chloride, results for 

application of conversion equations, 
309 

Solvolyses of 1-
adamantyldimethylsulfonium ion 

rates vs. solvent, 273, 278 
reaction, 273 
responses to solvent electrophilicity, 

273-274 
vs. solvolyses of 

benzylhydryldimethylsulfonium ion, 
278 

Solvolyses of *er*-butyl derivatives 
extent of nucleophilic assistance, 271 
Grunwald-Winstein plot, 272 
SN2 mechanism, 270-271 

Solvolyses of *er*-butyl halides, mechanistic 
model involving nucleophilic 
assistance, 294 

Solvolytic rate constants, in 
hexafluoroisopropyl alcohol, 318 

Solvolytic rates of neutral substrates, 
correlation, 269-270 

Solvolytic reactions 
chemicals used, 256 
importance, 255 
rate determination, 255 
solvation effects, 293-295 
solvent dependence of relative rates, 

256 
Solvolytic reactions of alkyl halides and 

esters, studies, 16-17 
Solvolytic reactions of vinylic substrates in 

binary protic solvents 
capture ratios, 417-418 
reactivity order, 418 

Spatiotemporal postulate 
rationalization of nucleophilic reactivity, 

214-215 
role of solvent, 215 

Spatiotemporal theory 
kinetic consequences of different 

geometries, 217 
treatment of time component, 216-217 

Spin population distribution, determination, 
191 

Spontaneous SN2 reactions 
bond making and breaking, 433 
examples, 432-433 

Spontaneous uni- and bimolecular 
reactions, inhibition by micelles, 
432 

SH N1 process, initiation step, 332 
S R \ 1 reaction, mechanism, 59 
Stable carbocations, definition, 292-293 
Standard enthalpy of dissociation, 

definition, 170 
Standard free energy of dissociation, 

definition, 170 
Steric effects 

on intrinsic rate constants, 128-129 
on solvent nucleophilicity, 264 

Strain theory 
definition, 215 
time-distance concept, 216 

Structural change, effect on equilibrium 
properties, 44 

Structure-reactivity correlations, 
explanations for curvature, 161 

Substitution reactions by anions at carbon, 
mechanism, 58 

Sulfene, generation from 
bromomethanesulfinate anion, 388 

Sulfonyl transfer to nucleophiles 
attack of a tertiary amine, 387 
direct displacement process, 386 
examples, 385 
mechanism, 385 
reaction of arenesulfonyl chloride with 

pyridine bases, 386 
j3-Sultone 

formation, 392 
reactivity, 392 
reactivity with chloride, 395-396 
sulfur-oxygen cleavage, 396 

Superacidity 
acidity order, 287 
measurements, 287 

Swain equation, 199, 270 
Swain-Moseley-Brown equation, 300 
Swain-Scott equation 

comparison to modified Marcus 
equation, 42-43 

description, 7, 138,181 
determination of nucleophilic reactivity, 

195-196 
problems, 7 
vs. Ritchie equation, 182 
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494 N U C L E O P H I L I C I T Y 

Synthesis of heteromacrocycles 
computer simulation of reaction 

sequence, 463, 465 
effect of concentrations, time, and 

temperature, 463, 465 
reaction sequence, 462-463 

Τ 

Tertiary benzylic derivatives 
dependence of the rates of solvolysis, 321 
solvolysis mechanism, 322 
steric effects during solvolyses, 321 

Theory, impact on study of nucleophilic 
reactions, 6 

Thermodynamics, Lewis base, 88-89 
Thienium cation Diels-Alder reaction, 

description, 228, 229/ 
Thiohenium ions, correlation of specific 

solvolysis rates, 277 
Time-distance concept of nucleophilicity 

strain theory, 215-216 
Transfer free energies, estimation, 172-173 
Transition metal bases, correlation between 

nucleophilic reactivity and Br0nsted 
basicity, 235 

Transition metal complexes 
mechanisms, 233 
nucleophilic reactions, 233 
rates, 11 

Transition metal nucleophiles 
oxidation potentials, 234 
rate constant ratios, 234 
rates, 12 
redox potential vs. proton basicity, 234 

Transition-state energy 
determination, 25 
SN2 reaction, 25 

Transition-state variation, effect of 
observed kinetic isotope effect, 104-105 

Transition states 
areas vs. kinetic isotope effects, 109 
diradicaloid character, 186-187 
regions for benzyl and methyl transfers, 

109, 111 

Transition states—Continued 
solvation effects, 112-113 

Transitional metal bases, correlation 
between nucleophilic reactivity and 
basicity, 236 

Triarylmethyl derivatives 
distinction between ionic and covalent 

solids, 176-177 
Triethyloxonium ion, 279 
Trifluoroethanol 

association constants, 257 
nucleophilicity, 257 

Trifluoromethyl substituent effects 
destabilizing effect, 319-320 
E2(:+ mechanism, 320 

Trimethyl phosphate, dominant chemistry, 
79 

1-Trinitrobenzene, reaction with pyrrolide, 
indolide, and imidazolide ions, 378 

1-Trinitrobenzene-phenoxide reaction 
C attack, 373 
free-energy profile, 372, 374 

U 

Unstable carbocations, fast reactions, 
159-160 

V 

van der Waals distance, definition, 211 
Vinyl sulfone, substitution by amines, 409 
Vinylic carbon, quantitative nucleophilicity 

scale, 411 

W 

Weakly basic solvents, relative strengths, 
288 

Weakly nucleophilic media, reactivity, 
257-259 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

98
7 

| d
oi

: 1
0.

10
21

/b
a-

19
87

-0
21

5.
ix

00
2

In Nucleophilicity; Harris, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1987. 




