
Russian Chemical Reviews, 43 (4), 1974

Translated from Uspekhi Khimii, 43,707-726 (1974)

305

U. D. C. 541.124: 547.172.547.312.542.938

Hydrolysis of Alkyl Halides Induced by Metal Ions: M+-SN1 and
Reactions

E.S.Rudakov, I.V.Kozhevnikov, and V.V.Zamashchikov

Investigations of the kinetics, mechanism, and driving forces of hydrolyses of alkyl halides and several inorganic halides,
induced by metal ions M+ in aqueous media, are summarised. Relations between the rate and the Lewis acidity of M+ are
examined, together with models of M+-5N1 and M+-5N2 reactions. A list of 163 references is included.
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I. INTRODUCTION

The ability of silver(I) and mercury(n) ions and of
certain complexes to accelerate substitution in organic
and inorganic halides is well known. The early work was
briefly surveyed in monographs1"3. In 1937 Roberts and
Hammett4 suggested that a correlation, similar to the
Br^nsted relation5 '6 for general acid catalysis, may exist
between the rates of such reactions and the Lewis acidities
of the electrophiles. This question was investigated syste-
matically7"9 during 1967-1972 on the hydrolysis, induced
by metal ions M+,
α-series 1

of alkyl halides of Ingold's classic

H2O + RX + M+ -> H++ ROH + XM ,*\

(R = CHs, C2H5, 1SO-C3H7, t-C4H9; X = F, Cl, Br, I). As
a consequence of the affinity of X for Μ the entry of RX
into the coordination sphere of M+ promotes heterolysis
of the C-Xbond ( M + - S N 1 mechanism) and reactions with
a nucleophile ( M + - S N 2 mechanism). The Review is con-
cerned mainly with reactions in aqueous media. Water is
more convenient than the non-aqueous and anhydrous media
generally used: the kinetics is less complicated by ionic
association, extrapolation to zero ionic strength is more
reliable, and ample information is available on the stability
of the MX complexes10. The present Review deals with
the kinetics and the mechanism of these reactions, the
role of the structure of R, X, M+, and the medium, the
validity of correlations of the Br^nsted type, and fine
distinctions between the correlations for M+-SNl and
M + - ^ N 2 mechanisms. For generality reactions of
inorganic halides which might have an M * - S N 1 mechanism
are also considered.

II. ROLE OF METAL IONS IN THE HYDROLYSIS OF
t-BUTYL HALIDES—CORRELATION BETWEEN RATE
AND LEWIS ACIDITY OF M+

The solvolysis of t-butyl chloride is accelerated by
silver salts in acetone11 and by mercury(II)chloride in
aqueous ethanol and in acetone while hydrogen

tUsage of the symbol "M+" in this paper follows that
of the original Russian, and does not necessarily imply
"unit" positive charge: Mn+ would have been more
explicit (Ed. of Translation).

exchange between the t-butyl group and the solvent in
acetic deutero-acid is accelerated by chlorides in the
sequence15

antimony(V) > iron(m) >tin(IV) >zinc(n) >mercury(II).

Alkali-metal ions are inactive in the hydrolysis of t-butyl
chloride16. Detailed studies have been made of the effects
of other ions in the hydrolysis of t-butyl fluoride, chloride,
and bromide in aqueous media7 '1 7"2 7 (Table 1). At con-
stant ionic strength μ the kinetics of the hydrolysis is
represented by the equation18

k =
1 d[RX]

[RX] άτ (2)

where ko corresponds to the reaction with the solvent,
and ki to that with the M+ ion.

The activity of the ions corresponds to the concept of
"hard" and "soft" acids and b a s e s 2 8 . The "hard" ac ids—
Zr4 +, Th4+, Sc3+, Al3+, e tc .—are active with t-butyl fluoride
(detachment of the "hard" base F " ) . The activity increases
with decrease in the atomic number within a subgroup of
the Periodic System: e.g. In3+ < Ga3 + < Al3+; La*+ < Y3+ <
< Sc3+; and Sr2 + < Mg2+ < Be2 +. "Soft" Lewis acids a re
active with t-butyl chloride and bromide, and kx increases
with increase in atomic number within a subgroup:
Hg2+ > Cd2 + > Zn2+; Tl 3 + > Ln3 + > Ga»* > Al3+; Pd2* > Ni2*.

A clear relation exists between kx and the stability
constant KMX = [MX]/[M*] [X"] of the complex MX:' 7 ' 2 0 ' 2 1

lgfei = ̂ x + pig/CMX · (3)

For each X = F, Cl, Br the activity of M+ is higher the
greater the Lewis acidity of M+. The activity ser ies of
the metals follow the variations in A M X , and a r e different
for X = F from those for X = Cl, Br. Thus Al3+ is active
with the fluoride and relatively inactive with the chloride.
The opposite situation is found for the silver ion. The
independent t e r m s Αχ in Eqn. (3) a re different for X = F,
Cl, Br, but all the lines have roughly the same slope p.
As was to be expected for reactions of acid-base type, the
electronic structure (completeness of the electron shell)
of the metal ions does not influence their effectiveness in
the hydrolysis of alkyl halides. The acid hydrolysis
(M* = H+) of t-butyl fluoride has also been studied 2 1 . The
nature of the anion (A = NOT or C1O.T) does not affect the
value of kx = fe/[H+] extrapolated to μ = 0 (for lg kx varies
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linearly with [HA])24. The same information is conveyed21

by the Hammett equations: lgfe = -1.14fl0 - 3.61 (for
perchloric acid) and lgfe = -1.06#0 - 3.72 (for nitric acid),
where Ho is the acidity function. The value of ki for H+

corresponds to the great stability of the complex HF, and is
consistent with the general correlation (3).26 Hydrogen
chloride is significantly less stable10. Therefore the
contribution of H+ to the hydrolysis of t-butyl chloride
becomes appreciable only in concentrated acids, e.g.
perchloric acid2 9.

Table 1. Stability of complexes MX and rates of
Λ Γ - S N 1 hydrolysis of t-CJIgX (values of liMX and
extrapolated to μ = 0).

No. calcfrom
Eqn.(12)

t-butyl fluoride

(aqueous solution at 25°C, effect of M+ a, Ig (*0, s"1) = -6.50) (Ref.22)

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15

ZT*+

Th«+
Sc»+
Al»+
Fe»+
Be2+
Ga»+
Cr»+
γ»+
In»+
H+
La»+
Mg2+
Zn2+
Cd2+

9.8+0,2
8.8+0.1
7.1 + 0.1
7.0+0.1
6.1 + 0.1
5.6±0.1
5.6+0.2
5.2±0.1
4.8+0.1
4.6±0.1
3.3+0.1
3.6 + 0.1
1.8+0.1
1.3±0.1
l . l ± 0 . 1

+0.7±0.3«
—0.2±0.3 2 1

—1.16±0 1 »
—1.70±0.12«
—1.92t0.2*>
—2.02±0.1 2«

- 2 . 4 ± 0 , 3 »
<—5.02»

—3.7 + 0.3*1
—3.4+0.3 21

- 3 . 7 4 + . 0 . 1 "
—4.4±0.22«
- 5 . 9 ± 0 . 2 2 2

—6,1 ±0.2 2»
—6.3±0.22«

+1.0
0.0

—1.2
—1.4
- 2 . 2
—2.2
—2.7
—3.1
—3.4
—3.6
- 3 . 9
- 4 . 6
—5.9
—6.4
- 6 . 5

t-butyl chloride

(31.9 wt.% C2H5OH-H2O at 25°C, effect of M + b , lg (*0, s'1) = -2.70) (Ref.17)

16
17
18
19
20
21
22
23
24
25
26

Hg2*
Tl»+
Ag+
Bis+
Cd2+
Ins+
Pb2+
Mn*+
T!+
Co2+
Cu 2 +

7.6±0.2
8.5±0.3
3.5+0.2
3.6±0,3
2.3±0,2
3.2±0.5
1.8,0.2
0.9±0.3
0.8±0.2
0,6±0.2
0.6±0.4

>o
>o

0.0±0.2
—1,0±0.1
—1.8 + 0.1
—1,5+0.1
—2.2±0.1
—3,l±0.3
—3.0+0.3
—3,0±0,2
—3,3+0.3

+3.7
+3,9
+0.2
±0.9
—1.7
—1,4
- 2 . 1
—3,1
- 2 . 5
- 3 . 4
—3.4

t-butyl bromide

(44.6 wt.% C2H5OH-H2O at 20°C, effect of Μ c , lg (fcQ> s ) = -2.16) (Ref.27)

27
28
29
30
31
32

Cd2+
Pb 2 +

Zna+
Co2+
Ni2+
Cu 2 +

2.7+0.2
2,5±0 3
0.4±0.3
0 9±0,3
0.9±0.3
0.5±0.2

- 1 . 2 ± 0 . 1
—1.4+0.1
—2.5+0.3
—2.3±0.3
—2.7±0.3
—2.7±0.3

—0.9
—1.0
—3.2
—2.7
—2.7
—3.1

theoretical equation for this system is
lg(fei/feo-KMX)theor = -3.1ZM/(4.5 +rM), where Zy[ and
TM are the charge and the radius of M+ (in A)(see Sec-
tion ΠΙ).
bTheoretical equation lg(fci/fo>.ifMX)theor = - 4 . 1 Z M /
/(5.4+rM).
cTheoretical equation lg(feiAoiCMX)theor = -4.6ZM/
/(5.7+rM).

An important exception to the correlation (3) has been
established26 for the Cr3+ ion, which is inert in the hydro-
lysis of t-butyl fluorYde despite the great stability of CrF2 +.
Since [Cr(H2O)e]

3* has an abnormally low rate of exchange
of the aquo-ligands fcexch = 10"6 s , 2 8 ' 3 0 this exception
indicates inner-sphere coordination in the interaction of

RX with M+, and hindrance to M+-Sfc(l reactions, when the
ion is not accessible to direct contact with the substrate.
Rates of exchange are high in the case of other metal
ions2 8 '3 0, and departures from correlations (3) are not
observed.

Figure 1. Dependence of lg(fci/feo) on igKMX for the
hydrolysis of t-butyl halides in the presence of aquo-
ions of metals. The numbering and the characteristics
of the systems are given in Table 1.

Table 2. Effect of composition of aqueous ethanolic
solvent on rate of reaction between t-C^gCl and Cd2+

at 25°C.8

C2H5OH,

wt.%

30,0
35.0
40.0
49.7
64,7

D

61.1
58.1
55,0
49.2
40.9

2.5
2 6
2,7
2.9
3.4

lgfrj.cxpt.

— l , 7 ± 0 , l i»
—2,0Jz0,li»
—2.2+0.1 »
- 2 . 4 ± 0 . 1 2 '
—3.0±0.2«

lgfcj* calc.

from Eqn.(12)

—1.3
—1,6
—1.9
- 2 . 3
- 2 . 9

•Theoretical equation lg(fei/&o.KMX)theor = -76/D.

Plots of ki/ko agairfst AMX, both taken at zero ionic
strength, merge into a single line for different t-butyl
halides (Fig. 1). This leads to a correlation of great
generality

[g kjko = -0.7 +0,84 lgtfMX (4)

which allows for the effects of both M+ and X. Equa-
tion (4) represents also the effects of the solvent for the
reactions of t-butyl chloride with Cd2+ in aqueous alcohol
(Table 2) and is applicable to the reaction in nitro-
methane w

t-C4H9Cl + HCl -* t - C ^ , + HCr2.

In the latter case the electrophile is an uncharged hydrogen
chloride molecule, and values of ki, k0, and KMX =
[HCl2~]/[HCl][Cr] were estimated23 from published data3 1.
Catalysis is clearly developed in aprotic media: the
lithium ion accelerates heterolysis of triphenylmethyl
chloride in diethyl ether3 2 and of diphenylmethyl chloride
in 70ft dioxan27.
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No detailed study has been made of the reaction prod-
ucts formed from t-butyl halides and metal ions. The
yield of isobutene in the hydrolysis of t-butyl fluoride
falls2 7 in parallel with increase in the contribution of
fei[M+] to the total rate k0 + ki[W]. Reaction with strong
electrophiles M+, in contrast to reaction with the solvent,
is evidently not accompanied by elimination. The propor-
tion of elimination decreases in the reactions of other
alkyl halides with the silver ion 3 3 ' 3 4.

ΠΙ. MODELS OF M+-SNl REACTIONS

According to Ingold1 t-butyl halides (fluoride, chloride,
bromide, and iodide) are hydrolysed by an SNI mechanism
owing to the enhanced stability of (CH3)3C

+, in comparison
with e.g. CH£, C2H5, 1SO-C3H7, and steric hindrance to
nucleophilic attack at the carbonium centre. The above
results show that an S^l mechanism is maintained even
with induced reactions. The M + - S N 1 and S N I mechanisms
differ in the replacement of a solvent molecule in the
solvate sheath of the transition state by an M+ ion having
a higher affinity for X", and in the quantitative character-
isation of the participation of the electrophile in the
M*-SN1 reaction by the order and the rate constant of the
reaction with M+.

The fundamental model of an M + - S N 1 reaction2 0 is
represented by the scheme

R X — - R 6
(b)

. . . Xe" . . . S-
(c)

IK
β RX . . . Μ + - ί ^ - * Rft+ . . . Χ δ "

(d) (e)
R+ + XM.

(f)

Route A comprises a slow stage of S N I solvolysis of RX
by the solvent S, involving an activation equilibrium
(a — b) and breakdown of the transition state (t —-c) at a
rate kT/h.35 Formation of the complex (d) gives rise to an
induced reaction (route B). The activation equilibrium
constants are denoted by Kif and Κ*, and the equilibrium
constant of formation of the complex in the ground state is

. (6)

(7)

This mechanism leads to the equation

1 + *gr

which is well known for such reactions1 9 '2 0; it simplifies
to (2) whenKgr[M+] « 1.

Formulation of the principle of equilibrium solvation
of the transition state in SN* reactions3 6 led to the concept
of the equilibrium constant of transition states for M + - S N 1
and S N I reactions. From the chain of equilibria
(δ) ^ (a) ̂  (d) ^ (e) (Eqn. 5) it may be concluded that the
transition states (b) and (e) are in equilibrium in the sense
that they appear simultaneously and in proportions corre-
ponding to the equilibrium constant (8a)

Ktr · =
( R f i + x o - M + j

(8a), ΚΐΛΧ =
[MX]

(8b)
[R°TX°~] [M

The species R 6 + . . . Χδ~... Μ* can be regarded as the
equilibrium solvate (complex) R6 + . . . Χδ~ together with M+,
where the latter is regarded as a constituent of the medium.
The numerical value of Ktr is determined directly from
kinetic data1 9 '2 0·

A quantity similar to Ktr n a s been discussed by other
authors . Several consequences follow from a compari-
son2 0 of formulae (8a) and (8b): (i) since the parameters
Ktr and KMX have the same dimensions (M"1) and are
described by similar expressions, the relation between
them should be more general than the correlation (3)
between ki and KMXi furthermore, (ii) Ktr and KMX
depend differently on the ionic strength, so that values of
Ktr = ki/k ο and of AMX, all extrapolated to zero ionic
strength, should be used for the correlation. As shown
above (Fig. 1) these conclusions agree with experiment.
For all the systems studied the numerical values of

* A < * M X , (10)

which is understandable, since the energy of interaction
of M+ is smaller with the transition state R 6 + . . . Χδ" than
with X".

The slope of the Br^nsted correlation lg k = A +
usually indicates 38~"li the position of the transition state on
the reaction coordinate: the structure of the transition
state resembles either the final or the initial state accord-
ing as β = 1 or 0. It is implied that 0 ^ / 5 ^ 1 , but there
are exceptions42"47. Charge separation is nearly complete
in S N I reactions, so that it is reasonable that the slope
of line (4) is close to unity. However, the numerical
coincidence23 of β = 0.84 and δ = 0.8 ί 6 > 4 8 ' 4 9 for the transi-
tion state in the hydrolysis of t-butyl chloride is probably
fortuitous.

A quantitative model has recently been suggested8 for
an M^-SN^ reaction. Complete separation of charges
(δ = 1, Eqn. 5) is assumed for the transition states—the
intimate ion-pair R+... X" for reactions with the solvent,
and the trio R+... X".. .M+ for those with M+. Solvation is
discussed in terms of a simple coordination model on the
assumption that the coordination number of the ion and the
energy of local interaction between the ion and a molecule
of the medium are the same whether the ion is isolated or
present in a pair or in a trio. This applies also to the
M+... X" bond energy in the trio and in the complex MX.
On these hypotheses the equilibrium constant of dispro-
portionation of the ion-pairs

Φ) Φ (e) (c)
R+ ... Χ" + Χ" ... M+ J : R+ ... Χ" ... M+ + X" ,

which from Eqns. (8a), (8b), and (9) is given by Κ —
fciAo^MX, is independent of solvation interactions and is
determined solely by intramolecular Coulombic inter-
actions. The complete equation

\gky - (12)

includes a Coulombic term allowing for destabilisation of
the transition state 8 due to repulsion of the outer groups
R+ and M+ in the trio (e, Eqn. 5). The symbol Ν in
Eqn. (12) denotes Avogadro's number, e is the charge on
the electron, Z R and Zyi are the charges on R and M, and

is the distance between R and Μ defined in terms of the
crystallographic radii of the ions r^. With the complex
structure of R and Μ taken into account the Coulombic
term becomes

where i and j denotes the local charges in R and Μ respec-
tively.
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Several important consequences follow from the theory.
According to (12) the parameter ki is strictly proportional
to ko and iCMX> and depends also on the parameters of the
transition states ZR, ZM, and IR-M. This opens up a
path for studying the structure of transition states from
kinetic and thermodynamic data. It is significant that the
effects of reactants and reaction conditions are trans-
mitted to ki along many channels: thus change in M*
influences ki through KMX, ZM, and tR-M; variation
in X through k0, KMX> and ZR-M; and changes in the
medium through k0, KMX, and D. It follows from (12) that

Ne*ZRZM ί, , Τ dD\

' R - M ^ V D oTJ
(13)

where E\ and Eo are the activation energies of the reactions
of RX with M+ and with the solvent, and

άΤ

is the enthalpy of formation of the complex MX. For
reactions of uncharged and cationic halides, when ZRZM ^
^ 0, Eqn. (12) leads to the rule (10). With anionic sub-
strates, however, cases are possible in which Ktr > #MX·
Values of lg ki found experimentally and calculated by
means of Eqn. (12) for several systems are compared in
Table 1. 8 The radius of t-CJIg was taken8 to be rR =
1.8 A.

The good agreement between calculation and experi-
ment (Tables 1 and 2) throughout the range of variation in
conditions—M+, X, and medium—indicates that the initial
model was correct. The use of crystallographic radii
instead of actual distances in the calculation is explained
by the slight effect of the system of radii adopted on the
Coulombic correction: thus an error of ±0.5 A in the
determination of ZR_M leads to an error of only ±0.1 in
lg kx. It was found also 8 that formula (4) reproduces the
experimental data well (Fig. 1) because of the existence
of a secondary correlation between the Coulombic term
and lg/fMX, the slope of which is -0.16, corresponding to
the difference between the theoretical slope of unity
and the empirical slope of 0.84.

Few of the activation-energy data required for further
testing of the theory are yet available. The reactions of
t-butyl fluoride with water and with the ions Be2+, Fe3+, Al3+

and Sc3+ have the same activation energy: Eo = Ει = 25 ±
1 kcal mole"1.2 6 These values satisfy Eqn. (13), since
Δ#ΜΧ = -1 ± 1 for the fluoride complexes of these ions,
while the third term in (13) has the value -0.1 when
(T/D)dD/dT = -1.37.

The SNI and M + - S N 1 mechanisms of the reactions of
t-butyl halides are regarded in the above theory as limiting
in the sense that complete separation of charges along the
R-X bond is achieved in the transition state. On this view
there can be no reaction of greater SNl character, and
Eqns. (12) and (13) should be satisfied for the SNI
reactions of other substrates. Discrepancies may indicate
that a different mechanism is actually operating9 (Sec-
tion V).

Results obtained by Anantaraman and his coworkers14

illustrate the proportionality between ko and ki with varia-
tion in R for typical SNI reactions of aralkyl chlorides
with mercury(II) chloride (Table 3). They show that
changes in k0 and k\ by factors of 104 correspond to only a
fourfold variation in the quantity (k - feo)//%o = £i[M+]/A?o.
The residual effect can be explained by a decrease in the
Coulombic term due to an increase in the effective radius
of R\ The electrophile in this system may be either HgCl2

or HgCl+; the latter is present at a lower concentration,

but is more active. To obtain an estimate we make the
crude assumption that HgCl* acts as electrophile. The+

transition state will then have the form R+... Cl " . . . Hg +.
Cl", from which we have

(14)

The terms in brackets allow for the interactions of R+ with
Hg2+ and with the terminal Cl": ZR-Hg = rR + 2rCl + rHg
and ZR-C1 = rR + 3 r d + 2rHg. Application of Eqn. (14) to
data for t-butyl chloride yields

and the radii on other cations R+ (last column of Table 3).
The rR values obtained increase with the size of the cation,
with increasing transfer of positive charge to the periphery
of the cation; their order of magnitude appears to be
reasonable.

Table 3. Solvolysis (SNI) of RC1 in 0.075 Μ HgCl2 in
80% aqueous acetone at 20°C.14

RCl

f-BuCl
<-AmCl
Ph(Me)CHCI
Ph(Et)CHCl
Ph(f-Pr)CHCI
Ph(/-Bu)CHCI
(p-MePh)(Me)CHCl

107**, s'1

10 4
14.7

4.0
0.93
0.24
0,02

180

*-fto
*«

57
70

100
100
120
150
200

2500**

/£. A calc.

(1.8)
2,1
2.5
2.4
2.7
2 9
3^4

•Values rounded off.
**Maximum value at rR = °°, calculation based on Eqn. (14).

Winstein and his coworkers 50~53 investigated the
"regeneration" of ion-pairs in the M + - S N 1 reactions of
optically active/-chlorophenylphenylmethyl and exo-
norbornyl chlorides with mercury(n) chloride and acetate
in 80% aqueous acetone and in formic and acetic acids.
The racemisation and solvolysis rate constants krac and fct
vary linearly with the concentration of mercury(n) chloride
over the range 0.001-0.01 M: k = ko + &i[HgCl2], which
corresponds to Eqn. (2). It is assumed that every act of
ionisation (ka) leads to racemisation53:

*a dl -RCl + HgCl2 (krac)
a - RCl + HgCIj - * R+ . . . ClHgCl-^HOS ' (15)

\dl -ROS + HC1 -f HgCl2 (ft')
 v '

We then have ka = & r a c + $, and we can estimate the
proportions of the intimate ion-pairs which dissociate and
which revert ktyka

 a n c j fcrac/fcaj. Table 4 lists the
proportions of dissociating ion-pairs in the reactions of
the organic chlorides with the solvent and with mercury(n)
chloride and acetate 51~53. Although the electrophilic effect for
mercury(n) chloride reaches k\/k0 = 10z-103 M"1, the

$If configuration is partly maintained during the
reversion of ion-pairs to the initial substrate, ka will give
a lower limit to the rate of ionisation of RX. Comparison
of the rates of racemisation and of the isotopic exchange
of chlorine between RCl and Hg36Cl2 shows rf that
p -chlorophenylphenylmethyl chloride is regenerated from
the ion-pair R+[HgCl3]~, in which the three chlorine atoms
are equivalent.
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proportion of dissociating ion-pairs amounts to 10-50%
for various media, and changes little on passing from
reaction with the solvent to reaction with the mercury
chloride. This shows that the acceleration of SNl reac-
tions on the addition of an electrophile is due mainly to
increase in the rate of ionisation ka, not to retardation of
the reversion of ion-pairs, as is sometimes assumed M.
A larger fraction of dissociating ion-pairs are present in
the reaction of exo-norbornyl chloride with mercury(n)
acetate in acetic acid. Mercury acetate accelerates the
reaction not only as a stronger electrophile than the
chloride but also by supplying acetate ions to R+.

Table 4. Fraction of dissociating ion-pairs k\/k? and
electrophilic effect of mercury salts k\/k\ in the solvolysis
of £ -chlorophenylphenylmethyl and e:x:o-norbornyl chlorides.

Chloride

ejco-Norbornyl

«co-Norbornyl

p-Chlorophenyl-
phenylmethyl

Solvent

formic acid

acetic acid

80% aqueous
acetone

Hgsalt

HgCl2

HgCl2

Hg(OAc)2

HgCl2

k[ltl0. M-·

0.93-102

0.89-102

1.6105

2.4-103

0.25a

0.51

0.09a

0,10
0 83

0.43a

0,55

ayalues of k\/k%.

IV. M+-SNl HYDROLYSIS OF INORGANIC HALIDES

The hydration of octahedral cobalt(m), chromium(m),
etc. complexes is of the greatest interest, and is assumed
to take place, in the absence of metal ions, by an S N I (or
a dissociative) mechanism28'41. The hydration of
CrCl2(H2O)4 and CrCl(H2O)l+ is accelerated by Ag+ and
Hg2+ ions5 5 > 5 6. The complex CrCl2(H2O)^ interacts with
Hg2+ and HgCl* considerably more rapidly than with HgCl2

and HgCl3". Similarly, the rate of reaction between
FeCl(H2O)!+ and T1C1^~n) decreases as η increases from
0 to 3. 5 7 The stability of the resulting halide complexes
falls in the same sequences. Variation of X" and M+ in
CrX(H2O)!+ (X = Cl, Br, I) does not affect the distribution
of the products of solvolvsis in aqueous methanol
[CriHzOjri/tCrtHaO^C^OH**] catalysed by Tl3*, Hg*, and
Ag+ ions, which is regarded as proof of an S N I mechanism
with the slow stage

Cr (H.,O)5 X2+ -f M+ - Cr (H2O)3 + + MX ( 1 6 )

followed by competing rapid reactions of Cr(H2O)|+ with
water and with methanol . The fractionation of oxygen-18
in the products of the hydrolysis of CoX(NH3)!+ (X - Cl, Br,
I) has been studied59 in the presence of Ag+, Hg2+, and Tl3+.
The reaction with Hg2+ yields CoH2O(NH3)i

+ enriched with
the isotope by a factor of 1.012 relative to the oxygen-18
content of the solvent. An S N I mechanism was deduced
from the fact that the effect was independent of X". In the
reactions with Ag+ and Tl3+ the fractionation coefficients
are smaller and dependent on X, which indicates a
possible contribution by an SN2 mechanism. In the reac-
tion with Tl3+ it is assumed that the attacking water mole-
cule arrives from the inner sphere of the thallium ion5 9.

At constant ionic strength induced hydrations are
usually of the first order with respect both to the sub-
strate and to M\ 5 9 ' 6 0

 + Detachment of the first chlorine
atom from cis -CoCl2en2 (but not from the trans -isomer)
involves a stage of formation of a stable intermediate:

r /cl\
(en)2 Co Hg

L

cis- Co (en)2 C1+ + Hg !+
κ r / c l \

q t (en)2 Co Hg

L ^ c i - 7 J
(17)

with Κ = 650 Μ" 1 . 6 0 Under the same conditions ΤΙ , in
contrast to Hg2+, does not give such a complex61. Replace-
ment of chlorine in CoClEDTA2" by a carboxyl of ethylene-
diaminetetra-acetic acid is catalysed by metal ions that
form stable complexes with the chloride ion 6 2" 6 4. A
correlation has been noted between the reaction velocity
and .KMX, M and equilibrium constants of formation of the
intermediate have been found from kinetic data. However,
the reaction is complicated by a protolytic equilibrium
involving a complexone carboxyl uncombined with Co3+ and
by coordination of this ligand with M+.

Table 5. Aquation of halogeno-complexes induced by
metal ions (in aqueous solution of ionic strength μ at 25°C).

Complex

1

Co(NH s),F s+
Co (NH3)6F

2+
cis- Co (en)2F

2'1-
trans- Co (en)2F2+

Co (H2O)6F2+

Cr (tren)Fe+

Co(NH3)5CI2+
Co(NH3)5Cl*+

Co (NH3) tCl2+
Co (NH3)5C1*+
cis- Co (en)a(NHs)Cl2+
trans- Co (en),(NHs)Cla+
cis- Co (en)2(H2O)Cl i +

trans- Co (en)2(H2O)CIa+

cis- Co(en) 2 CI+

trans- Co (en)2Cl+

cis- Co(en)2Cl+

cis- Co(en)2Cl+

trans- Co (en)2Cl+

as- Co (en)2(Py)Cl i +

trans- Co (en)2(N3)Cl+
cis- Co (en)a(NOj)Cl+
trans- Co (en)2(NO2)Cl+

cis- Cr(H 2 O) 4 Cl+

trans- Cr(H2O)4Cl+

trans- Cr(H 2O) 4Cl+

Cr <NH3)5C1S+

Cr(NH3)6Cl2+
cis- Co (en)2(NH3)Cl2 +

cis- Co (en)2(MeNH2)Cl2<-
cis- Co (en)2(EtNH2)Cl2+
cis- Co (en)j (n-PrNH2)Cl2+
cis. Co (en),(£-PrNH,)Cl2+

Fe (H2O)5Cl2+
Fe (H2O)5C12 +

Cr (H2O)4C1+

Cr(H,O)6Cl2+
Cr (H2O)SC12+

Cr (H2O)6CI2+
Ru(NH3)6CI2+
Co (NH3)5Br2+

M+

2

Th*+
H+
H +

H+
H+
H+

H g s *

HgCl+

TP+
T1C1!+
H g 2 +

Hg2··
Hg 2 +

Hg2+

H g a +

Hg2+

HgCl+

T 1 s +

T 1 s+

Hg«+
H g 2 +

Hg2+
Hg 2 +

HgCl+

HgCl+

Hg 2 +

Hg 2 +

HgCl+

Hg 2 +

Hg 2 +

Hg 2 +

Hg2+
Hg 2 +

HgCl·"
HgCl2

Ag+

Ag+
Hg2 +

HgCl+
Hg2+
Hg2+

μ

3

2
0.11
0.01
0.1
1.0
0.5

2.0
2.0
2.0

2.0
1.0
1.0
1,0
1.0
1.0

1.0

1.0

1.0

1.0
1.0
1.0
1.0
1.0
0,50

0 50

0.50
2.0
2,0
0.2
0,2
0,2
0.2
0.2
0.5
0.5

6
6

1,0
1 0
0.17
0.03

ApM'1 s'1

4

0.031

1.1-10-·
3.010"3

8.2-10-6

1.410-s
3.5 10-3

0.55 c

0.59 c

0.034c

0.012c

1.510-»
4.6-10-»
4.210-2

1.3-10"2

200

3.8

240

17

0.45

1.5·10-*
19
78
77
50

67

31

8.710-2
0.10

5.7-10-»
1.5·ΙΟ"2

8.8 10-3

1.0·ΙΟ"2

5.4-10-2

1.710'
8.5-102

3.710-2

1.1-10-·
4.810-2

0.11
9.0-10-*

12

fro·*"1

5

4 ? 10_8b

8.6-10-e
3.0 10-'

1-10-»
6.2-10"1»
9.010-»

6.0 10~6 c

6.0 1 0 - 6 c

6.0 1 0 - 6 c

6.0 10-^c
5 10-'

3.4.10"'
1.6.10-·
2.510-·
2.4-10"4

3.5-10-5

2.410-·

2.410"4

3.510-'

5 10-'
2.210-*
1.1-10-*
9.810-·
4.310-s

8.3-10-*

8.3-10-»

7.3-10-"
7.310-'
5.5-10-'
4.0 10-'
1.5-10-'
3.210-'
1.2-10-·

12
12

6 10"'

2.8-10-'
2.8-10-'
2.810-'
3.8·10-8
6.3-10-»

lg fci/*o

6

5.82

3.10
3.00
1.9
1.34
2.58

4.96

4.99

3.75
3.30
4.5
4.13
4.41
3,74
5.92

5.04

6.00

4.84

4.11
4.5
4 93
5.85
4.90
6.06

5.91

5.57

4.08
4.14
4.01
4.57
4,77
4 49
4 65
6.15
1.85
2.8

2.61
5.23
5.57
4.37
6.28

Refs.a

7

71/28
65/28
66/66
66/66
68/38
69/69

61/28
61/28
61/28
61/28
60/28
60/28
60/23
60/28
00/28

bO/i8

60/28

61/28

61/28
60/60
60/28
60/28
60/28
80/28

80/28

81/28
82/28
82/28
84/83
84/83
84/83
84/83
84/83
85/85
85/85
55/28
55/28
56/28
56/28
86/86
87/28

aThe first reference relates to ki, and the second to k0.bAt 20.5°C.
cAt 35°C.

The hydrolysis of inorganic fluorides, like that of
organic fluorides, is catalysed by acids (M* = H+).
Studies have been made of the acid hydrolysis of
CoF(NH3

cis- and trar,s-CoF2en2,
 6 6 cis-CrF2en2,



310 Russian Chemical Reviews, 43 (4), 1974

CrF(H2O)f , 6 8 CoFztrena,69 etc. (tren = N(C2H4NH2)3). The
reactions are assumed to involve protonation of the fluor-
ine. In the case of CoF2tren2 formation of an intermediate
has been detected from kinetic data. A linear dependence
of lgfc on Ha with slope -0.97 has been found70 for the acid
hydrolysis of PFe over the range 2-10 Μ hydrochloric
acid. The hydration of CoF(NH3)!+ is accelerated by
Th4+, 71 and the hydrolysis of XeF2 by Th4+, Al3+, Be2+ and
La3+ ions TO in qualitative agreement with the stability
sequence of their fluoride complexes. Clark and Jones
have found that Zr4+, Th4+, Al3+, Be2+, and Ti4+ induce the
hydrolysis of BF4~, PFe, AsOHFiT, and AsFe in strongly
acid media73. Iron(III) complexes induce the hydrolysis
of AsOHF?.74 All these reactions are assumed to involve
the direct interaction of W with the fluoride ligand71'73,
and they are regarded as similar to the splitting of the
Co-Cl bond by the Hg2+ ion7 4. Chelate complexes of Cu2+,
Th4+, and Zr4 catalyse the hydrolysis of (ISO-CSHTO^POF
and iso-C3H7P(CH3)OF (Sarin) 75~ . The mechanism of
these reactions is complicated.

The inadequacy of a simple S N 1 - S N 2 classification for
inorganic complexes has already been stressed4 1 '7 8.
Nevertheless, the above results indicate a certain analogy
in the kinetics, mechanism, and driving force of the
M+-TSN1 hydrolysis of organic and of inorganic halides.
Values of ki and ko for the hydration of cationic complexes
(Table 5) show that the relation between them is close to
Eqn. (4) for t-butyl halides7β. The agreement is improved
by introducing an additional term containing the product
of the charges Z1Z2 to allow for the Coulombic repulsion
of the r'eactants. Sykes et al. 6 1 had already used
Coulombic repulsion to explain the greater activity of Hg2+

than of Tl3+ contrary to the sequence of KMX for HgCl*
and T1C12+ in the hydrolysis of CoCl(NH3)!+ and of cis- and
trans-CoChent. The data compiled in Table 5 satisfy the
inequality (10), as would be expected. It is noteworthy
that the ratio fci/&o is in all cases larger for cis -complexes
than for the trans -isomers 79.

Table 6. Calculation of rates of Λ Γ - S N 1 hydrolysis of
BF4" and PFe (aqueous solutions at 25°C; ki in M"1 s"1

and ko in s"1).

Ion

H+
Be2+
Al 3 +

Th*+

BF4 \ek^-7.n»

lgfcj expt.

- 3 . 9
—1.0
—0.8
+ 0 . 2

lgfc. calc.

from Eqn.(12)

—3.7
- 1 . 4

0.0
+ 1 . 8

PFe lg*o=-I0.9»

lg*j expt.

—6.8
- 4 . 3
—4,0
- 3 . 2

lg&j calc.
from Eqn.(12^

- 7 . 6
- 5 . 3
—3.9
—2.1

Equation (12) cannot in general be used to process the
results in Table 5: with reactants of like charge the
effects of the ionic strength, which differ with different
systems, may lead to overestimates of 1-2 units in lgfci.
Nevertheless, several examples have shown8 that
theoretical approaches are applicable to M + - S N 1 reactions
of inorganic halides. The induced hydrolysis of BFi and
PF6 has been studied73 in hydrochloric acid (1-2 M) with-
out extrapolation to zero ionic strength. It is difficult
to assess the accuracy of the results. An S N I mechanism
is probable in both cases, since the central atoms in BF4"

and PFe are shielded from S N 2 attack. Covalent models
of the transition states—F 3B... F " . . . M+ and F 5 P . . . F " . . .
M+—were adopted for the calculations. The theoretical
equation is kx = koKMX- The results are given in Table 6.
Ionic models of the transition states of these reactions—
(F-)3B\ . . F " . ..M+ andiFjJsP5*. . . F " . . .M + withrF = 1.33,
TB = 0.20, and rp = 0.35 A—lead to underestimates of ki
by factors of 10-102. Agreement between calculated and
experimental values of ki has been shown8 also for the
reactions of CoBr(NH3)!+ and RhCl(NH3)!+ with Hg2+, which
have been studied at a low ionic strength (Table 5). The
theoretical equation for the ionic model of the transition
state (NH 3 )5^ + . . . X"... Hg2+ is (lgfci/fco#MX)theor =
-27.9/ZM-Hg-

Data extrapolated to zero ionic strength, as well as
information on the actual geometry of the complexes and
the delocalisation of charges on the ligands, are required
in order to make an extensive test of the theory. It is
quite possible that, with accurate values of ko, ki, and
iCMX> the above approach may give valuable information
on the structure of transition states.

The above regularities in the detachment of halogens
by metal ions can probably be extended to the detachment
of other groups. As with halides, the driving force of
such reactions is the formation of a stable bond between
the metal and the detached group. The hydration of
Fe(CN)|" is accelerated by mercury(n) and silveril)
salts9 0, that of CrCN2+,91 CrSCN2+, and CrNCS2+ * ' " by
mercury(n) salts, and the hydration of CoCOsiNKkOsby
bivalent mercury, lead, and barium salts **. As a con-
sequence of high affinity for the sulphur atom, Ag+ and Hg2+

ions accelerate reactions involving cleavage of phos-
phorus-sulphur 9 5 and carbon-sulphur 9 6 bonds. The
kinetics and the mechanism of these reactions have not yet
been adequately studied.

V. M + - S N 2 REACTIONS OF PRIMARY AND SECONDARY
ALKYL HALIDES

The acceleration of the reactions of primary and
secondary alkyl halides by the ions Ag+ and
Hg2+ 4>1 0 9-1 1 2 (see also Refs. 2 and 3) was originally dis-
cussed in terms of Ingold's hypothesis l that the mechanism
changes from SN2 to Ag+-SNl (or Hg^-SN1) under the
influence of M+. For example, the reaction of benzyl
chloride with mercury(n) nitrate in aqueous dioxan was
represented by the scheme 4

^ L _ C 6 H 5 CH 2 ONO 2

C6H5CH2C1 HgCl+ + C 6 H 5 CH 2 +
C£H,CH^OH + Η

(18)

An M + - £ N 1 mechanism was suggested also for the
reactions of primary alkyl bromides with Hg2+, U 1> 1 1 2 but
the sequence of rates—C2H^Br > n-C3H7Br > iso-dHgBr 1 U

—indicates nucleophilic attack. On the other hand, cases
of the rearrangement and racemisation of the alkyl
group1 '3 '1 1 3, indicating intermediate formation of an ion-
pair, may be a consequence of a slow reaction with the
solvent under the same conditions, but without M+, also
by an SNl^mechanism. Several later attempts were
made

114-121 to prove that a nucleophile was involved in the
reactions of primary and secondary alkyl halides with
Ag+, but it was difficult to distinguish the roles of the
anion (nitrite, nitrate, per chlorate) as a nucleophile and
as a ligand changing the activity of M+. Furthermore,
the reactions were usually studied in anhydrous or nearly
anhydrous media, where the effects of ionic association
were significant.
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The results of detailed kinetic investigations of the
hydrolysis of methyl, ethyl, and isopropyl halides in the
presence of metal ions in aqueous solution9 '1 2 2"1 3 0 are
summarised in Table 7. These reactions outwardly
resemble M+—SN* reactions of t-butyl halides: the
kinetics are in most cases represented by Eqn. (2), metal
ions that form stable complexes MX—in particular Ag+,
Pb2+, Cd2+, Hg2+, and Tl3+—are active, and the dependence
of lg(£i/fe0)

 o n lg#MX is nearly linear for a given alkyl
group with electrophiles having the same charge1 2 5 '1 2 .
However, significant differences were revealed. Experi-
mental values of lg (ki/k0) are lower than those calculated
by means of Eqn. (4) (Fig. 2). The differences increase
with enhancement of the SN2 character of the reactions,
i.e. in the sequence isopropyl < ethyl < methyl, and with
increase in the charge on the metal ion. The Tl3+ ion is
less active than Hg2+, although the Lewis acidity of the
former is greater (Table 1). Correction for the Coulombic
destabilisation of the transition state (Section ΠΙ) is
insufficient to explain the discrepancies, which reach
Δ lg (ki/k0) = 4-6 for Hg2+ and Ί?+.

o-EtCl

•-Etl

Cdz

,2+

©TV
3+

Pbz 8 '2

Figure 2. Comparison of values of lg (h/k0) for the
reactions of C2H5X + M+ with correlation (4) for
t-C4HgX (broken lines).

Table 7. Rate constants of M * - S N 2 reactions in aqueous
solutions of zero ionic strength at 25°C {k0 in s"1 and
ki in M"1 s"1).

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21

Reaction

MeCl+Hg2+

MeBr+Hg2+
Mel+Ag+
MeI+2Ag+
Mel+Hg !+
EtCl+Hg2+
EtBr+2Ag+
EtBr+Pb 2 +

EtBr+Cd2+

EtBr+Hg 2 f

EtBr+TI3 +

Etl+Ag+
EtI+2Ag+
Etl+Hg 2*
i-PrCl+Hg2+

£-PrCl+Tl3+
i-PrBr+Ag+
i-PrBr+2Ag+
i-PrBr+Cd2+

i-PrBr+Hg2+
i-PrBr+Tl3 +

Ref.

125
125
127

127
125
125

123
126
126

122,126
128
129

129
125
125
128
129

129
126
125
128

l g f t , 3 I . 1 M

—7.62
—6,39
—7.13
—7.13
—7.13
—7.70
—6,42
—6.42
—6,42
—6.42
—6.42
—6.82
—6.82
—6.82
-6.67
—6,67
—5.42
—5.42
—5.42
—5.42
—5.42

l g *

expt.

—5,2
—2,5
—2.6
—0.8a

+0.1
- 4 . 7
—2.7a

—6.6
—6.5
—1,8
—3.9
—1.8
- 0 . 1 a

+ 1.2
—2.2
—2.8
—2.2
—0,7a

—5.0

+0.9
—0,4

calc. from
Eqn.(19)

—5.2
—2,4
- 2 , 6
—0.8a

0.0
—4.7
_ 3 . 0 a

—6.6
—1.8
—3.8
—2.0

0.0a

+1.1
—2.3
—2.7
—2,0
—0.8a

—4.9
+0.8
Ιθ,5

iso-C3H7

1 Ζ 4 6 8

-lg(*,/M:inx)forC2H5

Figure 3. Correlation between values of lg(ki/koKMX)
for CH3X, 1SO-C3H7X, and C2H5X with variation in M+

and X. For the reactions of RX with two silver ions,
ki and A MX have been replaced by fe2 and KAgJi. Num-
bering as in Table 7.

aig(fe2, M"2 s"1).

The above reactions have therefore been included9 in
the M + - S N 2 type, their driving force being an electro-
philic contribution to heterolysis of the C-X bond with
simultaneous attack by the nucleophile on the carbonium
centre. Since bonds in the transition state

I
H 2O+ i H . . .C+ i c . . .X- t a . . .M+

I

are partly covalent (it is assumed that δ < 1), the electronic
effect may be transmitted by an induction mechanism.
Displacement of the electrons towards M* lowers the
electron density on the H2O... C< bond in the transition
state, which diminishes the SN2 character of the reaction.
This effect, termed9 "inductive retardation", should be
most intense with methyl halides, when overlapping of the
orbitals at this bond is greatest, and with multicharged
ions, e.g. Tl3 +, having a high electron affinity.

6 -

-

/

' //16

/ y

- />^V

(ρ^0^ ι ι

/

/

J
/fi7

Tl

*13

ι

|

Figure 4. Correlation between values of lg (ki/koKMX)
for Tl3+, 2Ag+, Cd2+, and Ag+ and for Hg2+, with variation
of R and X.
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The effects of R, X, and M+ in A T - S N 2 reactions

(Table 7) are reproduced by the equation

lg {kjko) = lg KMX - PR • P x · PM , (19)

where P R , Ρχ, and Ρ Μ are positive constants depending
on the properties of the respective species. The overall
effect of the metal ion is determined by competition
between electrophilic bonding of X", represented by the
term igKMX, as for t-butyl halides, and inductive
retardation ( P R P X P M ) . Equation (19) leads to the
correlations

ig·

\ _
^ΜΧ/Χ, r X ,

(20)

, varying R, M+ (21)

lg varying R, X (22)

which can be verified directly (Figs. 3-5). Table 8 gives
values of P R , Ρχ, and P M determined9 for the standard
conditions PBr = 1 and PHg = 12.8; Table 7 compares
experimental values of ki with those calculated by means
of Eqn. (19). For M+-SNl reactions of t-butyl halides
P̂R = 0 (if Coulombic repulsion is neglected). The inter-

pretation of Ρ Μ as an induction constant of the M+ ion is
confirmed by comparing9 P M and the equilibrium constant
#MOH = [MOH][H2O]/[]Vr][OH-], which is determined
mainly by charge transfer to the aquo-ion

v M+ ,

and by the correlation of Ρ Μ with the electron affinity of
the M* ions in the gas phase.

inductive effect of M* is consistent with data on the reac-
tions of alkyl halides with sodium and silver nitrites
forming the basis of Kornblum's rule 1 1 4 ' 1 3 3 ' 1 3 4 . since
electrophiles accelerate SNI reactions more strongly than
SN2 reactions (Fig. 2), the variations in mechanism
indicated in Table 9 are possible under the influence of
metal ions.

Table 8. Values of the parameters P R , Ρχ, and P M
for M + - S N 2 reactions9.

R

X

Ρχ

M+

PM

f-Pr
0.261+0.004

Cl
0.862+0.004

Ag+
4.2+0.3

Pb2+
5.7

Et
0.386+0.005

Br
(1)

Cd»+
6.3±0.5

2Ag+
9.5 + 0.3

Me
0.440+0,002

I
1.13±0.04

Hg«+
(12.8)

Tl'+
18,6+0.2

Table 9.

Reaction with
solvent

SU2

III
/

II
7

Reaction with Μ
in same medium

0
HH- 6
II

X

Μ k

4 2

Figure 5. Correlation between values of
for I, Cl, and Br with variation of R and M\

The above results indicate the occurrence of a broad
spectrum of SN2 reactions depending on the overlap of
nucleophile and R6 + orbitals in the transition state. Here
SNI reactions correspond to the limit at which the action
of the solvent nucleophile is restricted by solvation.
The overlap of the orbitals is determined by the nucleo-
philic character of the medium and the nature of the alkyl
group; it depends little on the strength of the electrophile,
at least in the range from H2O to Tl3+. The above slight
diminution of SN2 character of the reaction due to the

Transition ΙΠ, corresponding to SN2 reactions with
slight overlap of the orbitals, has not yet been demon-
strated, but may occur in the solvolysis of n-propyl
bromide in 90% formic acid in the presence of Hg , when
the formation of propan-2-ol can be explained113 only by a
1-2 hydride shift in the n-propyl cation. Another
approach135"139, which describes the kinetics of the reac-
tions of primary and secondary alkyl halides with a nucleo-
phile N~ in terms of the general scheme of SNl reactions

RX ^ R+...X~-̂ -> RN + X"

seems less probable, in view of the above differences
between M*-SN1 and M*-SN2 reactions and the fact that
the transition state N " . . . R 6 + . . . χ δ - for SN reactions
should be more stable than an intimate ion-pair R+... X".
Transition m can be expected also for isopropyl and benzyl
halides. Results for the hydrolysis of isopropyl halides
in the presence of metal ions (Table 7) are in fact
reproduced by Eqns. (4) and (12) for M^-SNI reactions,
although less accurately than by Eqn. (19). This can be
interpreted as indicating that the mechanism for isopropyl
halides is intermediate between M + - S N 1 and M + ^ S N 2 .
The formation of propene in the hydrolysis of isopropyl
bromide in the presence of silver ions is consistent
with an M+-£2 mechanism and with elimination from the
ion-pair. The electrophilic contribution of metal ions to
the hydrolysis of benzyl fluoride140'141 is conveyed approxi-
mately by correlation (4) for M*-SN1 reactions2 6 '2 7.
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The above model of M + - S N 2 reactions is equivalent to
Swain's push-pull mechanism suggested in 1948.142>143

However, only by the use of aquo-ions of metals has it
become possible in principle to study the role of the
electrophile with the nucleophile and the medium fixed.

VI. ASPECTS OF THE REACTIONS OF ALKYL HALIDES
WITH SILVER IONS

Until recently the mechanism of the reactions of alkyl
halideS With Silver salts">^°0-I08,X14-121,130,144-x51

remained obscure owing to the complexity of the kinetics,
especially in non-aqueous media, and the unusual reaction
orders with respect to silver—from 0 to 2 and higher,
including fractional orders. The traditional explanation
of these anomalies was based 1 1 4 ' 1 1 6" 1 2 1 ' 1 3 0 ' 1 5" on the
nucleophilic contribution of anions (nitrate and per chlorate),
the influence of the ionic strength, and the effects of ionic
association in low-polarity solvents. The hypothesis that
these reactions were accelerated significantly by preci-
pitated silver halides 1 '3 has not been confirmed'5 4 '1 2 3 '1 1 8"
121,13 0,153

Detailed kinetic studies of the hydrolysis of t-butyl
chloride2 5, isopropyl bromide 1 2 9, ethyl bromide l z 3,
ethyl iodide129, and methyl iodide1 2 7 in the presence of
silver ions in aqueous media indicate that these complica-
tions are due to a special mechanism involving the forma-
tion of intermediates with one or two silver ions:

Ag +

RX-£±_ RX . . . Ag+
| H , O | H , O

ROH f- H+ ROH +H+ + AgXJ

(23)
g

ROH + H+ + Ag2X+

This mechanism corresponds to the kinetic equation

ι

2 4 ' 1 2 3

[RX] dx l + Kgr [AS+]
(24)

where ko, fei, and fe2 are the rate constants of reaction
with the solvent and with one and two silver ions, and
X g r = [RX... Ag+]/[RX][Ag+] is the stability constant of the
intermediate RX... Ag+. The concentration of the inter-
mediate ,Ag+

RX<'
^Ag+

is assumed 1 2 3 ' 1 2 7 ' 1 2 9 to be minute. In M+-SNl reactions
(R = t-CiHg) intermediates of these types dissociate with
the formation of R+, whereas in M+-^SN2 reactions (R =
CHs, CUH5, 1SO-C3H7) they undergo nucleophilic attack by
water, but the stepwise scheme (23) is the same in the
two cases. Partition kinetic methods have been
elaborated 1 9 ' 2 4 ' 2 6 which enable us to determine not only
the rate constant but also the solubility of the substrates,
which depends on complex formation between the alkyl
halide and the silver ion.

Table 10 gives the values of Kgr for the complexes
RX... Ag+ together with values, obtained spectrophoto-
metrically in aqueous solution at 25 °C, for the Mnetically
stable CH2X*... Ag+ species. The stability of the com-
plexes increases in the sequences Cl < Br < I and
CH3 < C2H5 < 1SO-C3H7. Their formation is a consequence
of the low hydration energy of the silver ion and its com-
paratively high affinity for halogen. Complex formation
between RX and Hg2+ is considerably weaker 122>1*5

>

although HgX+ is more stable than AgX. Mereury(n)
chloride forms a complex with benzyl bromide 1 5 . Many

observations have been made in non-aqueous media of
complexes of alkyl halides with the silver ion 1 4 9 ' 1 9 0 and
other Lewis acids (see reviews1 5 6 '1 5 7).

Values of fei and k* are given in Table 7. Reactions
of the first order with respect to the silver ion do not
differ from the reactions of alkyl halides with other metal
ions. Reaction paths of the second order (2Ag+, Table 7)
occur9»25»123»127 as a consequence of the great stability of
the complexes Ag2X

+ with the anion as centre of coordina-
tion. The composition, stability, and structure of com-
plexes of this type— Ag*X+, Ag3X , HgzX3*, Cd»Xj+, and
several others—have been widely discussed "158-161

Substrate Mel 1 2

15

Etr
32

Table 10.

t B r 1 " i-PrBr1 2» C H 2 C l 2

m ΟΗ,,ΒΓ,
Λ R / Ο Λ Α Λ Ε4,2 0.1 0.5

CH.I,1'

20.2

Reactions involving two silver ions provide a further
example of the generality of the correlation between the
rate of the induced detachment of a halide ion and the
stability of the complexes formed in the rate-determining
stage. The transition states

Ag+ Ag+

R+...X" or H 2 O.. .R 6 + . . .X i ' (
Ag+ yAg+

(for M + —SN2 reactions), of which the complex Ag2X
+ is a

fragment in both cases, are advantageous despite the
Coulombic repulsion of the two silver ions. The second
silver ion acts as a catalyst, promoting detachment of
the halide ion and ultimately being regenerated (Eqn. 23).
Values of kz for the reactions of methyl iodide, ethyl
iodide, ethyl bromide, and isopropyl bromide (Table 7)
agree with those calculated by means of Eqn. (19), with
P*Ag ~ 2PAg (Table 8). The additivity of the effects of
the two silver ions is consistent with the interpretation of
PM as a measure of the inductive effect of the metal ion.
Agreement between feu and iiAg2X

 n a s been shown also for
t-butyl chloride2 5.

Reaction paths of the third order with respect to the
silver ion 1 2 and of the second order with respect to
Hg2 +,1 2 5 corresponding to the complexes Ag3X and Hg2X

3+,
have not yet been observed, but the stability constants
suggest that such reactions are possible at salt concentra-
tions of 5-10 M. The hydrolysis of ethyl bromide in
solutions containing both Ag+ and Hg2+ ions reveals 1 2 4 a
component rate fe2[RX][Ag+][Hg2+] of the first order with
respect to each ion, which corresponds to the transition
state

Ag +

H2O...R6 +...X6-/

in which one of the two silver ions has been replaced by
an Hg2+ ion. A cross route has been found also for silver
and cadmium ions 1 2 4 . Kinetic data have been used to
estimate 1 2 4 stability constants of hitherto unknown com-
plexes with an anionic centre of coordination and two
different metal ligands—HgBrAg2+ (109#3 M~2) and CdBrAg2+

(107M-2).
A reaction path involving two silver ions has been

found in the hydrolysis of 1-benzoyl-l-methylethyl
bromide 1 6 2. Competition between reactions of first and
second orders with respect to silver ions has been
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observed95" in the cleavage of carbon-sulphur and
phosphorus-sulphur bonds. Mechanism (23) can therefore
be regarded as general for the reactions of silver ions
with substrates having a soft basic centre such as a halo-
gen or sulphur.

Thus the Br/aisted relation is widely applicable to the
effects of the electrophilic contribution to the detachment
of halogens and perhaps other groups in the reactions of
organic and inorganic substrates. These reactions can
be included among the M ^ - S N 1 and M + - S N 2 types. In
order to calculate the rate constant of an M + - S N 1 reaction
in terms of a model of the transition state with complete
charge separation along the bond undergoing cleavage,
it is sufficient to take into account the Lewis acidity of the
electrophile. In an M + - S N 2 reaction the electrophilic
contribution is accompanied by retardation due to the
inductive effect of the electrophile. Reaction paths of the
second order with respect to silver ions conform to the
general rules for M + - S N 1 and AT-SN2 reactions.

NOTE ADDED IN PROOF

The theory of M " - S N 1 reactions outlined in this Review
1 6 3has recently been generalised163 to the solvolysis of

t-butyl halides. Interaction of the transition state with the
medium is separated into Coulombic interaction in the ion-
pair and actual solvation, which is taken into account on
the basis of a coordination model and the solvation
energies of the ions. Direct theoretical calculation gave
quantitative agreement with experimental rates of solvoly-
sis with the medium varied within wide limits, which
provides reliable evidence of the generality of the
and M + - S N 1 mechanisms.
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