CH,

I 0 -
RS—CH—C/ “ RS
\g OS2
H
+ 1 + HI
1-/ B \ sNC:No~
P } .
CH, 9
. 0 o /0 |
I, + CH3—CH—C/ I*C*C/ I—C—C—O0R
\g | g |
CH, H 0
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An examination of the above reactions reveals several
general features, which are important in an interpreta-
tion of nucleophilic reactivity, and in interpreting the
nature of the reaction products obtained in the various
cases. Thus strong bases (e.g. RO") tend to react at the
more electron-deficient centres (e.g. C=0 and H), where-
as large polarisable ions (which are, in general, weaker
bases) tend to react at the centres of higher electron
density. Of particular interest is the reaction of I~ at the
iodine atom, which may be described as a nucleophilic
displacement at the iodine atom, or as an oxidation of
the iodide ion. It is not surprising therefore to find a
close correlation in several types of reaction between the
nucleophilic reactivity and the oxidation-reduction po-
tential of the anion.?

It should also be pointed out that ¢- and S-eliminations
always proceed simultaneously, although §-elimination
usually predominates. For reasons which will be dis-
cussed below (p.186), an increase in basic strength of
the nucleophile (together with conjugation in the carb-
anion) is expected to promote a-elimination and car-
bene formation. It is surprising that the importance of
a-elimination in organic reactions has been recognised
only relatively recently.®

The interpretation of reactivity orders in terms of the
structure of the nucleophile and the nature of the elec-
trophilic centre is therefore extremely important in de-
termining the choice of reagent, and in predicting the
nature of the reaction products, and consequently arou-
ses much current interest.

Fundamentally, the problem involves the calculation
of the interaction energies between the nucleophile, the
displaced group and the electrophilic centre for the
configuration representing the transition state. The clas-
sical studies of PoLANYI, EvaNs and their collaborators?
have shown the importance of the various energy fac-
tors involved, and have provided a useful model for a
displacement reaction. Briefly, the transition state is
represented by a combination of the resonance struc-
tures,

N- X....Y and N....X Y-

ry Ty ry Ty

The interaction energies between N and X and between
X and Y are calculated for given sets of values of the
internuclear distances, r; and r,, from the Morse func-
tions for the NX and XY bonds, the corresponding
repulsion energies, R, the polarisation energies, P, of the
ions and neutral molecules, and from the solvation
energies of the ions, 4H. The activation energy A E; is
then given by

6 Hing, J. Amer. Chem. Soc. 72 (1950) 2438.

7 066 and PoLaNY1, Trans. Faraday Soc. 31 (1935) 604; Evans and
PoLANYI, ibid. 34 (1938) 11; BaucHAN and PoraNy1, ibid. 37
(1941) 648.
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AE; = aAHy— Py xy+ Ry xy+bDx y

and

AEy = AHo +AE; = a'AHy — Py yx + Ry nx + b Dy

where D represents the dissociation energy of a parti-
cular bond, and 4 H the heat of reaction. The minimum
value of A Ej satisfying these two equations gives the
activation energy (if the exchange energy between I and
IT is neglected) and the internuclear distances, r; and
Ty, in the transition state.

Owing to the unrealistic electronic description of the
transition state, to the empirical model adopted for the
desolvation of the ions N and X, and to the many
uncertainties in the energy calculations, the results can
be regarded as only semi-quantitative. Qualitatively
however one may observe that an increase in nucleo-
philic reactivity may be produced by (i) a decrease in
the solvation energy of N; (ii) a decrease in the repulsion
energy between N and X; and (iii) an increase in the
N—X bond energy. Since a change in the nucleophile
produces a change in all these energy factors, the net
influence on the reactivity will depend on the relative
magnitude of these contributions which, in turn, de-
pends on the structure of the transition state.

In the following discussion, the transition state of a
particular reaction will be represented by the charge
distribution and internuclear separation of the NXY
system, as deduced from usual physical-organic investi-
gations of each type of reaction.

As a starting point, substitution at an unsaturated
centre will be considered, since the transition state
structure may be identified approximately with the
structure of the addition intermediate.® This assumption
is generally made in theoretical calculations of chemical
reactivity based on molecular orbital theory which have
led to successful interpretations of nucleophilic and
electrophilic aromatic substitution.®

M\/Y

9= 0

NV

II. Transition states of unsaturated systems

For complete bond formation between N and X the
corresponding energy change may be calculated thermo-
dynamically,

AE =AHy + Ex — Dy_x + E,,

where Ey is the electron affinity of N and E, is a con-
stant for a given substrate.

8 HamMOND, J. Amer. Chem. Soc. 77 (1955) 334.
9 See for example R.D.BrowN, J. Chem. Soc. 1959, 2224,
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As an example of this kind of transition state we may
consider the displacement at a carbonyl centre. It is
now widely accepted that such reactions proceed through
an addition intermediate,'® and when the energy of this
intermediate is considerably greater than that of the
ground state, as is normally the case, the energy and
hence the structure of transition state and intermediate
will be similar,8

p Ko § N 0
R—C + N == R—C-X > RC~ +X
\x oL N

The activation energy is then given by

AE =AHy + Ey — Dcy + (E, — Eg —A4H,), (1)
where E_ is the energy of the carbonyl n-bond, E,, the
electron affinity of oxygen, and A H, the solvation
energy of the intermediate oxy-anion. For the reaction
of the OH-or RO~ ion it may he assumed that 4 Hy +
Ey ~ Eq + AH, so that

AE = E, — D¢ y. )

Using the values given for the C—O and C=0 bond
energies and for the H,C—OH dissociation energy given
by COTTRELL,' a reasonable value of 6.5 k-cal/mole is
obtained for the activation energy of the reaction of the
hydroxide ion with an acylating agent. By also making
allowance for the entropies of the solvated ions, which
are known accurately in several cases,!? the free energies
for the acylation of a series of anions may be calculated

(Table 1).

Table 1: Calculated free energies for the reaction R — COX + N~

?_
— R—?—X
N

Dcx (AHN+ TSNn) En® JE AFc-N
F- 107 121 83.5 91.8 23.5
Cl- 80 93.5 88.2 101.7 27.4
Br- 67 88.7 81.6 103.3 29.1
I- 53 81.3 74.6 102.9 28.1
HO- 90 116.8* 54 - 6.5
HS- 70 95.9* 60 - 11.2

* In view of the uncertainty of the solvation energies of HO™ and
HS-, the free energies of reaction for these ions were calculated
from the pK, values of water, H,S and HF as follows
AFcp —AFc-0 =
(Dc-r — Dc-on) — (Pur — Duon) + RT (In Ky,o — InKyp) .

10 BENDER, Chem. Rev. 60 (1960) 53.

11 CoTTRELL, The Strengths of Chemical Bonds, Butterworths, 1958,
p. 270.

12 PowerL and LATIMER, J. Chem. Physics 19 (1951) 1139.
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Y'E=AHy+ TSy + Ey — D¢+ (En — Eg — A Hy).

The relative values of A F for the halide ions may be
compared with the equilibrium data for the reactions in
aqueous solution,

N- + CH,I <= CH,N + X~
given by BATHGATE and MoELwyYN-HUGHES. 13

Ton N- F- Cl- Br- I-

(—AF)k-caljmole 0.7 —1.0  —1.54 0

Although the agreement between these values and the
computed values is poor, in both cases the order
F- > CI- > Br~ (which is the reverse of the nucleophilic
order observed for alkylation) is obtained. The values
for HO- and HS~ ions compare favourably with the
values recently determined by BuNNETT, HAUSER and
NaHABEDIAN for the reaction

I Ph N
PAVAN
HO™ + | | /\ k
NN \/\N/\/
Me

The reactivity order predicted by the data of Table 1
agrees qualitatively with the experimental data observed
for the reactions of ethyl chloroformate!® and p-nitro-
phenyl acetate!® given in Table 2. It is observed how-
ever that the rate differences (e.g. between F- and HO-
and between RS~ and HO-) are considerably smaller
than those predicted from the calculated values of
Table 1. This difference suggests that the transition
state is reached before the C—N bond formation is
complete, so that the rate of reaction should be repre-
sented!® by kiky/k, + k;. The value of ky/k; depends
on the relative ionisation tendency of the groups N and

Y, e.g.
(0 ~ ("

HO—C—CI k3 > ky, but I—(IT——CI ky > kj.
R B

Rate constants are given in 1-mole™ sec™ at (a) 0° and
(b) 25°. The ions I, Br~, CNS™ are less reactive than the
solvent (water).

In the reactions considered in Table 2, k; > k, ; hence
the rate of reaction is given by k, as has been hitherto
assumed. This is supported in the case of the reaction

-

3 BATHGATE and MoELWYN-HUGHES, J. Chem. Soc. 1959, 2642.

14 BunNNETT, HAUSER and NAHABEDIAN, Proc. Chem. Soc. 1961, 305.

3 GrREEN and Hupson, Proc. Chem. Soc. 1959, 149; J. Chem. Soc.
1962, 1055.

16 JENCKS and CARRIUOLO, J. Amer. Chem. Soc. 83 (1961) 1743.

-
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We are not concerned here with the fundamental cal-
culation of the C—N bond energy, which will depend
on bond polarity in addition to the separation distance.
However, since D_y for a polar bond is closely related
to the electrostatic component, the total bond energy
may conveniently be represented as a continuously
decreasing function of D_y with increasing distance.

Thus, referring to the above transition state,

AE, = (adHy+ SEy —vDq ) — A1,
AE, = (D¢ x — ' Ex —a'AHy) + 2 I.

Here, 4 E, represents the partial ionisation energy of
the C—X bond, and gives the inertia of the reaction,
AE, the driving force in terms of the electron transfer
from N, to C.

Now, although the transition state structure will
change with a change in N~ in order to minimise the
total energy of the system, it is reasonable to assume
that changes in the N—C interaction energy are nor-
mally greatei than the corresponding changes in the
C—X interaction energy. In view of the impossibility of
calculating the AH, E and D functions theoretically,
the following simplification is made. Suppose that 4E,
and ze have fixed values for a given bond C—X as N
changes. Then,

AE = aAHy + BEx — D¢ 5 + C. )

As shown by the following considerations, this over-
estimates the differences in A4 E, but should not lead to
a change in sign. Consider a change from nucleophile
N; to N, with an increased electronegativity, i.e.
(adHy, + BEy,) > (a4 Hy, + f Ey,). Suppose that the
transition state structure is such that the gain in bond
energy vD¢ _y is less than this increase in electron af-
finity, which is probably the case for reactions at satur-
ated centres. Under these conditions, the charge transfer
to the centre C°* is less for N,(z'e) than for N, (ze)
(see Fig. 1). Thus the energy maximum of the system
will be reached only after a further extension of the
C-X bond, requiring an energy dE,. The increased
charge on C%+ produces a further increase in the polari-
sation energy, such that

(OE, —OEy) < (E,), — (Ey), and &’ —» 2.

This leads to the general conclusion that the inter-
action energy E, decreases and the C—X separation
increases with a decrease in the nucleophilic reactivity
of N, which provides an energetic interpretation of the
gradual change in transition state structure (frequently
referred to as a change from the Sy 2 to Sy1 mechanism
with a change in the reagent.

2l WINSTEIN, GRUNWALD and JoNEs, J. Amer. Chem. Soc. 73 (1951)
2700; SwAIN and LANGSDORF, ibid. 73 (1951) 2813. BRowN and
Hubson, J. Chem. Soc. 1953, 3352; Birp, HUGHES and INGoOLD,
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In order to simplify equation (4) further, we shall
assume that a ~ 3, so that

AE = a(4Hy + Ex — D¢ y) + C.

This will not be so, since the laws for a4 Hy = f(z) and
BEy = g(z) will in general be different. One would ex-
pect, for instance, that the de-solvation will be relatively
more important than polarisation for large N—C dis-
tances, so that one of these terms will be overestimated.
The discrepancy is to some extent reduced, since Ey
and 4 Hy are frequently related.

Now D_y is a highly variable function of C—N dis-
tance and consequently of a, such that

6—1 as a—1 and 6 >0 as a—0

and 6 <1 when 1 >a>0.

The simplest function of this kind is § = o". This leads
to the following equation,

AE = a(4Hy + Ey — a"D¢_y) + constant. (5)

This equation is similar in form to the empirical equa-
tion proposed by EpwarDps® with one parameter
(4Hy + Ey) characteristic of the nucleophile and one a
function also of the electrophilic centre. The two equa-
tions may be compared if we assume that, for polar
bonds, D_y increases with Dy_y, i. e. the bond energy
of the conjugate acid of the nucleophile. Examination
of bond-energy datal! shows that the two energies
increase almost linearly, i.e. Do y = @Dy_y + cons-
tant. Equation (5) then reduces to

AE = (a — ®a"*!') (AHy + Ey) 4
+ 9a* ' (AHy + Ex — D¢_y) + C'.

Since A Hy + Ey is closely related to the redox poten-
tial of the anion E,, it follows that

log klko ~ xE_+ y pK,. 6)

The important difference is that, whereas x and y are
empirical constants, the ratio ®a”*'/a — ®a™t! gives,
according to the present interpretation, a measure of the
extent of bond formation in the transition state. A si-
milar conclusion has recently been drawn* by PEaArRsoN
and EpwARrDs?? by analysing the data, which is re-
presented satisfactorily by equation (6).

* The author is indebted to Professor R.G.PEARsON of North-
western University for a copy of this paper in advance of publi-
cation, and acknowledges interesting discussions on this subject
with Professor M. L. BENDER.

ibid. 1954, 634; GoLp, HiLTON and JEFFERSON, ibid. 1954, 2756.
HawrHORNE and CrAM, J. Amer. Chem. Soc. 76 (1954) 3451;
SwaIN and MOSELEY, ibid. 77 (1955) 3727.

22 EpwarpS and PEaRsoN, J. Amer. Chem. Soc. 84 (1962) 16.
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by PEARsoN and EDWARDS, 2 who have drawn attention
to the fact that this enhanced reactivity is always
exhibited by ions containing a lone pair of electrons on
the atom adjacent to the nucleophilic atom. They then
explained the reactivity by conjugation of this lone pair
with the orbitals of the partial bonds in the transition
state. This subject and possible explanations will be

181

tremely useful in predicting the reaction centre in mole-
cules containing several electrophilic atoms. Thus it is
well known that many ions react at the saturated carbon
atom of f-lactones,?® the rate constants following the
Swain nucleophilic constant closely, as follows,

0
Vi - : -
7ot Lo ., NCH2~CH2—C/

0™—CH,—CH,—C o-

discussed further in a subsequent section, when the
validity of the Bronsted law is discussed.

The systems discussed in the previous sections show
that the increasing influence of the bond-forming energy
in the transition state as the electron density, and
consequently electron repulsion at the reaction centre
decreases, modifies the nucleophilic reactivity in a regular
way. In the following section, reference will be made to
reactions at other centres, e.g. hydrogen and sulphur,
in a discussion of the use of nucleophilic orders in the
prediction of the course of reactions and the nature of
the reaction products where several alternative paths
are possible.

Nucleophilic reactivity orders for other inorganic mo-
lecules have been discussed recently by PEarsonN and
EDWARDS, 22 and will therefore not be considered further
here.

VI. Applications of nucleophilic orders

(a) The position of bond fission. The recognition of
different nucleophilic orders for a particular type of
electrophilic centre, and an appreciation of the factors
determining and influencing such orders, may be ex-

(6] (6]

(0)
Il Il OH- Il I
~O—P—OH -+ R—CH,~0—P—0" «

0—1|>—0—I|>—O—CH2—R
R R R R

The hydroxide ion however gives the same products
by alkyloxygen and by acyl-oxygen fission, but in this
case the latter has been established by 180 analysis.4
The rate of reaction is considerably ‘greater than that
predicted by the Swain equation. If, as discussed in a
previous section, the Swain order is characteristic of a
bimolecular Sy2 reaction at a saturated carbon atom,
the abnormally high reactivity of a basic ion may be
attributed to reaction at a more electron-deficient atom.
Similar considerations explain the reaction of alkoxide
ions at the carbonyl centre of a-halo ketones%® and
similar centres. On this basis, HupsoN and HARPER%?
concluded that the alkaline hydrolysis of esters of penta-
covalent phosphorus proceeds exclusively with P—O
fission, a conclusion recently verified by 180 analysis. 5

This, and similar generalisations have numerous po-
tential applications in synthetic chemistry, e.g. as il-
lustrated by the elegant method of anionic debenzylation
of pyrophosphates and phosphate esters developed by
CrArk and Topp®! for use in nucleotide synthesis.

P9
- l
—0—1;—0—1;—0“ + R—CH,—1
R R

Table 11: Reactions of 2-4 dinitrophenyl p-toluenesulphonate with nucleophilic reagents

Reagent Conditions Yields (%) of Products
S-0 fission C-O fission

CgH,S™ 60% dioxan, 27°, 2 hrs. 0 92
CH;COCHCO,C,H,~ Tetrahydrofuran, 27°, 10 min. 0 93
C¢H,NH, 60% dioxan, 27°,.3.5 hrs. 8 88
Piperidine 67% acetone, 33% methanol, 0°, 2 hrs. 23 72
CeH 0™ 60% dioxan, 27°, 2 hrs. 67 32
CH,0™ 67% acetone, 33% methanol, 0°, 5 min. 87 12

48 BARTLETT and SMALL, J. Amer. Chem. Soc. 72 (1950) 4867.

47 OLsEN and HYDE, J. Amer. Chem. Soc. 63 (1941) 2459.

48 STEVENS, MALIK and PRATT, J. Amer. Chem. Soc. 72 (1950) 4758.

4 HarPER and HupsoN, J. Chem. Soc. 1958,.1356.

50 BARNARD, BUNTON, LLEWELLYN and WELCH, .J. Chem. Soc. 1961,
2670.

61 CLark and Topbp, J. Chem. Soc. 1950, 2030.

Sulphonate esters, which are widely used in prepara-
tive chemistry, behave similarly. Thus BUNNETT and
BASSETT?8 have shown that the position of bond fission
varies with the nature of the nucleophile (Table 11) as
predicted by the general rule developed on p. 178.
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Moreover, re-arrangements of carboxylate derivatives
via fourmembered cyclic intermediates>® are frequently
observed and the following re-arrangement is possible.
S 0

Np/~ 7

N
— "//\R*—/\O/\

The above interpretation should therefore be regarded
as mainly speculative, although it does provide a useful
working hypothesis for further investigations of these
and similar reactions.

o O
N7 b
A

VII. The effect on the reactivity of substitution
in the nucleophile

As a further simplification of the general equation (5),
the effect of substitution in the nucleophile on the rate
of reaction will be considered. According to the simpli-
fied model used in section III, bonding is produced by
the transfer of charge ze from the nucleophile to the
reaction centre, so that for a given nucleophilic atom,
ADc_ may be assumed to be constant, the localisation
energy being incorporated in Ey.

Thus, if the following two substitutions are compared,

(-) ze 6+ o- (-) 2 64+ o—
NT3C...X and 9—-NT.22C....X

AD¢ n =~ ADcyo
sothat AE =a(4dHy + Eg) + C,.

Under these conditions, therefore, the nucleophilic
order is a function of the nucleophile only, and a com-
mon nucleophilic order is predicted for all substitutions.

Similarly, a comparison of the equilibria

Ht*4+N- = HN @

gives AH = AHy + Ey+ C, when Dy y~ Dy no

HN and H* + N-— 9 =

and combination of the two equations leads to
AE = aAH + constant
or if entropy differences are neglected,
log k = apK, + constant. (7)

This equation, first proposed by BRONSTED in the form
of the general catalysis law,® leads directly to the more
general Hammett relation, 8!

log k = log ky + po (8)

and similar free energy relationships.

5% Ar-Kazmvi, TARBELL and PLANT, J. Amer. Chem. Soc. 77 (1955)
2479.

8 BRONSTED and PEDERSEN, Z. physik. Chem. 108 (1924) 185.
81 HAMMETT, Physical Organic Chemistry, McGraw Hill, 1940, p. 186.
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These equations may be derived in several ways de-
pending on the model of the reaction which is taken.
In particular the Brénsted relation is usually inter-
preted by considering potential energy profiles and by
assuming a regular variation, with substitution in N
of one of the energy factors used to compute the pro-
files. 6 More recently, attempts have been made to inter-
pret the Hammett parameters in terms of localisation
energies.® All these treatments are however mainly
empirical, ieading to the same generalisation that the
change in reactivity with the substituent, represented
by the reaction constant, a or p, will decrease with
electron density at the electrophilic centre.5

Surprisingly, very few systematic studies, apart from
general base catalysis,® of the relationship beween the
reaction constant obtained by variation of the nucleo-
phile, and the structure of the electrophile have been
made. The many applications of the Hammett equa-
tion®! have been largely confined to changes in substitu-
tion at the reaction centre. It should be noted that the
Bronsted equation is more useful in representing chan-
ges in reactivity produced by changes in the nucleo-
phile than the Hammett equation, which is restricted
to aromatic systems.

Representative values of the coefficient a for the
various types of reaction may be calculated from a
simple electrostatic treatment, based on an original
calculation by R1 and EYRING® of the isomer distri-
bution in electrophilic substitution, and used by PRICES?
to interpret the Hammett equation.

The interaction energy between the nucleophile and
electrophilic centre at the separation distance charac-
teristic of the transition state is assumed to be entirely
electrostatic, and the reaction imagined to proceed as
follows.

6+ o= E () o+ 8- AE=0 (1-2)- (6-2)+ o-

N-+C....X—N....C....X - N....C....X
r2 r, r, r ry
I 11 III
O o+

In reality E;;; < E;; owing to the polarisation N-~C
leading to covalent bond formation. It is reasonable to
assume however that the greater the field at C*, the
greater the interaction energy with N-, and to use the
electrostatic energy as a measure of this. In this con-
nection, it is noted that recent studies® have shown
that for a polar molecule, e.g. LiH, the force constant
and bond length may be calculated fairly accurately by
assuming the wavefunctions for the electrons of the

62 BELL, Proc. Roy. Soc. A 154 (1936) 414. Horiut1 and Poranyr,
Acta Physiochim. U.R.S.S. 2 (1935) 505.

83 S1xMa, Rec. Trav. Chim. Pays-Bas 72 (1953) 673; JAFFE, J. Chem.
Physics 20 (1952) 279, 778, 1554, 21 (1953) 415.

84 JAFFE, Chem. Rev. 53 (1953) 191.

85 BELL, The Proton in Chemistry, Methuen, 1959, p. 155.

8 Rr1 and EYRING, J. Chem. Physics 8 (1940) 433.

87 PRICE, Chem. Rev. 29 (1941) 60.

8 PraTr, J. Chem. Physics 18 (1950) 932. GasPAr et al., Acta
Physica Hung. 7 (1957) 151, 10 (1959) 149; Ann Phys:k 2 (1958)
208.
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Table 15: The change in the Bronsted exponent a with structure
of the ketone in the base-catalysed bromination of ketones®®

Ketone a rK,
CH,-CO-CH, 0.88 20.0
CH;-CO-CH,-CH,-CO-CH, 0.89 18.7
CH;-COCH,-Cl 0.82 16.5
CH;-CO-CH, Br 0.82 . 16.1
CH,-CO-CH-Cl, 0.82 14.9
CH,-CO-CHCO,- C,Hy 0.64 13.1
L(CH,),-!

CH,-CO-CH,- CO,C,Hjy 0.59 10.5
CH,-CO-CH-CO,-C,H; 0.58 10.0
L(cH,),-

CH;-CO-CH,-CO-CgHy 0.52 9.7
CH;-CO-CH,-CO-CH,4 0.48 9.3
CH;-CO-CHBr-CO-CH, 0.42 8.3

Two reactions will be compared, producing a non-
conjugated group (I) and a highly conjugated group
respectively, (II) as follows,

O o+ - O o+ 63 O+ o=
N..H..X-@, N..H..X-¢g, NH..X-0,
El E2 El E2
I 14§ IA

In the first case, E, > E,, and hence the configuration
of the transition state has not been reached. Thus an
increase in the bondforming energy represented by a
closer approach of N to H is necessary in order to reach
the energy barrier. This structure is represented by IA

where NH represents almost complete bond formation
in terms of the electrostatic model discussed above. In
the second case, E, < E, i.e. the transition state has
already been reached. Since the perturbation of the
nucleophile by the field of the incipient proton is greater
in I A than in II, the value of a is greater for the ketone
giving the less conjugated anion. It is interesting to note
that the value of ¢ for a nitroparaffin is greater than
that predicted from the corresponding pK, and the
series given in Table 15. This may be due to the inductive
effect of the NO, group in the ground state.

BENDER? has also given data for the reaction bet-
ween pyridines and p-substituted phenyl acetates show-
ing that the value of a increases with conjugation in the
displaced ion although the changes here are relatively
small, probably because the transition state structure is
close to that of the intermediate.

VIII. f-Elimination and substitution

The change in the value of a with the nature of the
reaction centre may be used to interpret, and in some
cases to predict, the product composition. In kinetic
studies of competing substitution and g-elimination

¢ BELL and SPENCER, Proc. Roy. Soc. A 251 (1959) 41.
?® BENDER, ref. 10, p. 33.
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reactions of alkyl halides in methanol solution,® the
following values have been found for the coeflicients
ag and ay.

Table 16
n-BuBr Ph-CH, CH, Br  p-NO,-C,H,CH,- CH,Br
as (0.39)* 0.38 -
ag (0.35)* 0.56 0.83

The value of ay is slightly less than the value of ag
in the case of n-butyl bromide*, although according to
the calculated values in Table 12, aj should be somewhat
greater than ag. The differences are however small, and
the main conclusion can be drawn that in the absence of
strong additional conjugation effects, ag ~ ag, and the
yield of olefin is not very sensitive to changes in the
nucleophile, as shown by the data in Table 17. This is
also shown by data obtained by SEGALLER®! for the %
elimination of t-amyl iodide. This reaction presumably
proceeds via an incipient carbonium ion.

Table 17: Yield of olefin (%) in the reactions of alkylating
agents with various basic reagents

Nucleophile OEt- OPh- p-NO,-CHO~
n-butyl bromide?® 6.4

t-amyl iodide * 8! 50 40 33

p-phenyl ethyl bromide8? ~98 47 17

n-propyl trimethyl ammonium salts8 81 15 ~Q**

* Relative values.
** m-nitrophenylate.

The selectivity is considerably greater in the cor-
responding reactions of n-propyl trimethyl ammonium
salts, as shown by the data of INcoLD and HANHART?#?
in Table 17.

Substitution at the S-carbon atom of electron-attract-
ing groups usually increases ay comsiderably by the
withdrawal of electrons from the nucleophile to the
alternative electronegative centre, viz.

)

|
B’:‘HQ—CQ(I:QBr

Under these conditions, the yield of olefin increases ra-
pidly with the basicity of the nucleophile, as shown by
the data for §-phenyl ethyl bromide in Table 1.7

* These are approximate values.

80 HupsoN and KLOPMAN, unpublished results.

81 SEGALLER, J. Chem. Soc. 1913, 1431.

82 INcoLD and HANHART, J. Chem. Soc. 1927, 997. -
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the structure and reactivity of the organic partner of the
reaction, and has been less concerned with the nature
of the interaction between the reactants, partly be-
cause of the intractability of this problem. For this
reason, the interpretations given here are largely specu-
lative and will have to be modified in the light of sub-
sequent investigations. An attempt has been made,
however, to present a simple and coherent interpretation
of the reactivity of nucleophiles to provide a general
basis for the discussion of a wide range of displacement
reactions.

General summary

In view of the wide application of the interpretations and
principles discussed in this review, it might be useful to sum-
marise the main points which have emerged as follows.

(1) Electronegative ions (or molecules) tend to react at the

more positive centres. The nucleophilic order is therefore
related to the transition state structure.

189

(2) A polar solvent reduces the nucleophilic reactivity of a
highly solvated ion (usually a highly electronegative ion)
more than that of a weakly solvated ion. The nucleophilic
order may therefore change with the solvent.

(3) For a series of nucleophiles with the same basic structure,
the Bronsted catalysis law (log k = apK, -+ constant)
usually holds. The inagnitude of a increases with a de-
crease in electron density at the reaction centre. Hence
there is a relationship between the selectivity given by a,
and the nucleophilic order given by (1).

(4) The coefficient a decreases with conjugation in the dis-
placed group.

(5) The coefficient a decreases with an increase in the solvating
power of the solvent.

(6) The coefficient a tends to increase with the nucleophilic
reactivity of the atom. The increase will be the greater
the weaker the bond formed in the transition state.

(7) In the case of oxy-anions with different basic structures,
the increase in reactivity above that predicted by the pK,
of the conjugate acid tends to increase with conjugation
energy in the ion (i.e. with decrease in pK,).





