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PREFACE

This work is concerned with the nucleophilic
displacement reactions of substituted benzyl chlorides. The
effects of ortho substituents in the Sp2 reactions of benzyl
chlorides were investigated. For the better understanding of
the problem, the ground state structures of substituted benzyl
chlorides (aubstratas) and substituted thiophenoxides (nucleo-
philes) were also examined,

Some anomalous results have been found in the
reactions of 3, 5-dinitrothiophenoxide and m-nitrothiophenoxide
with benzyl chlorides, 3, 5-Dinitrothiophenoxide and m-nitro-
thiophenoxide exhibit abnormally high reactivities towards
bensyl chlorides, An effort was made to examine the factors
which affect the rates of these reactions,
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ABSTRACT

The rates of reactions of methoxide and a series of
substituted thiophenoxides with 2-methyl, 2,6-dimethyl, 4-
methyl, 3-nitrc and uasubstituted benzyl chloride have been
measured, The pK; values of nine substituted thiophenols were
determined in methanol, The magnitude of the London interaction
energy in the transition atate for 2,6-dimethylbenzyl chloride
was found to be approximeately twice that of the observed value
for 2-methylbenzyl chloride. This suggests that the effect of
London interaction may be additive,

The chemical shifts of the CH2-groups of benzyl
chloride, 2-methylbenzyl chloride and 2, 6-dimethylbensyl
chloride measured in various mixed solvents indicate that ground-
state solvation of the reaction center i2 similar for the first two
chlorides. The transition-state activity coefficients for reactions
of 2-methyl, 2,6-dimethyl and unsubstituted benayl chloride with
methoxide were obtained from treatment of the rate constants
measured in MeOH and DMF, The results indicate that differences
in transition-ptate solvation are small, Bunnett's adjusted rate
ratio for thejevaluation of London energy between the ortho sub-
stituent and the approaching nucleophile at the transition-state
remains constant in various solvents and is discussed in terms of

the ground state and the transition-state solvation of reactions,




T

-x‘x"

The modified reaction constants, F N +» 3re estimated
by plotting the logarithms of the rate constante for substituted
bensyl chlorides against the corresponding values for un-
substituted chloride. The similarity of the reaction coﬁsuntn
between o-methylbensyl chloride and p-methylbenzyl chloride can
be attributed to the polar influence which predominates over the
steric effect for the ortho substituent. However, systermatic
deviations for the nucleophiles of m-aitrothiophenoxide and 3,5-
dinitrothiophenoxide were observed in the plots mentioned above.
The reactivities for these tv;ro nucleophiles increase as the
electron-donating ability of the aubﬁtitunnt of benzyl chloride
increases.

The kinetic parameters were determined, .Charge-
transfer complex stabilization at the transition-state is proposed
for the accelerating effect of m-nitro and 3, 5-dinitrothiophenoxide
with beneyl chlorides.

A linear relation between substituent effects and the
degradation of the molecular ion (RSSR)* t tor five nubstltuted aryl
disulfidees has been found.




INTRODUCTION

I, SOLVENT EFFECT ON THE NUCLEOPHILIC
DISPLACEMENT REACTION

Interpretation of the change in rate of 2 reaction
with a change in solvent remains one of the most complex problems
in physical-organic chemistry. The effect of 8 solvent change is
generzlly predicted by considering the extent of solvation of the initial
and transition state of a chemical reaction, A convenient way of
expressing these changes is provided by the Brgnsted-Bjerrum
équationl :

k = kofafp/fy ) (1-1)
where k and kg are the rate constants in any solvent and the gas
phase respectively, and f, and fg are the activity coefficients of the
reagents, while {1 is the activity coefficient of the transition state,

A quantitative theory was developed by Hughes, Ingold
and co-workers2, It was assumed that solvation is essentially an
electrostatic phenomenon and the energy change will be inore
important than the entropy change. The prediction of the change of the
reaction rate caused by a solvent change was based on the charge type
of the reaction. A reaction involving an increase in polarity from the
initial stete to the transition state should be faster in a more polar
solvent, The oppés ite situation is also true, namely that the rate of
a reaction involving & decrease in polarity in the transition state com-
pared to the ground state will decrease as the polarity of the solvent
increases, If the charges on the transition state are dispersed
relative to the initial state, the rate should decrease as the solvent

bacomes more polar,




Many authors have attempted to correlate solvent
effects with such physical properties of the solvent as dipole moment,
dielectric constant and refractive index. Amongst these, dielectric
constant is most commonly used,

A relationship between the dielectric constant and
the rate constant is given in the eqmtionsz

2 2
_ 1 (€1 VYA VB %2 — &
bk =lak - FlEey—3+t 5 -3+ 57 -2
rA rB r

where kj is the rate constant in any solveat; k, is the rate constant at
& = 1; & is the dielectric constant; w Al wB and w* are the dipole
moments of the reagents A and B and the transition sfate; Tp. Tp
and r* are the radii of the reagents and the transition state; @ is the
contribution of non-electrostatic forces; k is the ﬁoltzmnnn constant
and T the temperature. The change of free energy of activation was
propoud" as & function proportionsl to (& «1)/(2¢ +1). In the
Menschutkin reaction, the logarithm of the rate gives an excellent
linear plot against (< -1)/(2< +1) for many aystoma‘. 1f, howevor.
benzene derivatives such as chlorobenzene are used as the solvent, the
resulting displacement rate is higher than that obtained by using
aliphatic derivatives such as propyl chloride, although both have
approximately the same dielectric constant, It appears that this
relationship breaks down even qualitatively in some cases®16, The
rate enhancement in bensenold solvents {s probably due to the further
stabilization of the transition state by the high polarisability of the
TT -~electrons of the aromatic ring.




Solvents are not continuous media with a bulk

dielectric constant?. In the vicinity of the reacting species,
individual solveat molecules play an important specific role 8,
Application of equation (I-2) is limited by the fact that @ is assumed
to be small or constant, The deviation is essentially due to selective
solvation as & result of greater interaction between the molecules of
the solute and the solvent,

Solvent effectson the reaction rate vary in a very
complex manner from reaction to reaction and it is not possible to
correlate the solvent effectswith any single property of the solvent,
The effect of & solvent can be classified on the basis of ite effects on
certain parts of the reactant, e.g. the leaving group, anion and macro-
scopic properties of the solvent. The classifications are rather
arbitrary but useful for discussion, For example, a solvent can affect
the bond rupture of the leaving groul; and it may also affect the nucleo-
philicity of the nucleophile.

(a) Solvation of the anion: Anlonic reactions are much

faeter in dipolar aprotic solvents than in the protic solventa‘g. When

an anjon is dissolved in a protic solvent, it may act as a hydrogen-bond

acceptor for the solvent molecules:

N- + nRROH ——— |N(HOR),}"
It has been proposed that this hydrogen-bonded anion [N(HOR)]™ exerts
rate-diminishing influences which increasse as the hydrogen-bonding
ability of the anion:increases?. Rate constants for aromatic nucleo-
philic substitution reactions in dipolar aprotic solvents are 105 times
greater than for reactions in protic solvents? ', Similarly, sub-
stitution reactions of anions at saturated carbon centers such as methyl

iodide!Oincrease by a factor up to 107 as the hydrogen bond capacity of




the aolvent decreases from water to dimethyl formamide (DMF),

The corresponding scolvolysis rates are little influenced by this

same solvent change. The susceptibility of the anion to solvai:t

change is in the order F~ >C1">CN~ >Br >N3 17 >SCN">picrate”,
This correaponds roughly with their increasing size and polar-

izability and decreasing tendency fo form hydrogen bonds with protic
solvents!®, Parker also investigated the effects of changing from

protic to aprotic solvents for nucleophiles containing group VI elements.
He found that the nucleophilic tendencies decrease in the series
SeCN~™>SCN” and PhS™ >PhO” in both protic and aprotic solvents, |

This behaviour is attributed in part to the so-called nucleophilicity

of the nucleophile, rather than té di!loronthl solvation of the nucleo-~
phile, | .
Tommila and co-workershave studied the alkaline
hydrolysis of ethyl acetatel! and benzoic ester!? in mixed solvents

of dimethyl sulfoxide-water. The rate of the reaction increases as

the water composition of the solvent decreases, The rate enhancement
is especially pronounced at high dimethyl sulfoxide concentration when
the mole fraction of DMSO exceeds about 0.3. The rate increase was
attributed to an increase in the activity of the hydroxide caused by its
reduced solvation in the presence of DMSO, In the case of alkaline
hydrolysis of substituted benzoic ester in acetone-water!3, the .rate
decreases at first _with decreasing water concentration, but then
increases when the mole fraction of acetone exceeds 0.5. No corres-

ponding increase is evident in the rate in a dioxane-water solvent

system. Tornmila proposed that the ratio of water molecules to acetone




molecules becomes greater than about 0,5: probably most of the
| water molecules are bound (by hydrogen bond) to acetone in a 1:1
complex. A further increase of the mole fraction of acetone causes
partial desolvation of the hydroxide anion,

Further experimental evidence indicating the
importance of solvation on the reactivity of anions comes from the
work of Kornblum!2, He reported that the reaction of phenoxide or
p-alkylated phenoxide in a wide variety of solvents with benzyl
chloride gives aryl ether as the sole product, When these reactions

are conducted in water, phenol or fluorinated alcohol, a substantial

amount of o~ and p-alkylated products resulte. Thus, the phenoxide
fon is capable of bond formation at oxygen or at ortho- and para- ring

carbon atoms’

} ~ }
| 0 0
i
oy i = . @

When phenoxide is dissolved in water, phenol,
fluorinated alcohol or other substances which form strong hydrogen
bonde, the oxygen of the phenoxide is 80 intensely solvated that the
availability of the oxygen anion for nucleophilic displacement is greatly

decreased. As a consequence, displacement takes place at the other-

wise unfavored ortho and para carbon atoms.




(b) Solvation of the cation: Anlons and cations require
8

different solvating characteristics of the solvents®, Whereas hydrogen
bonding solvents are good anion solvators, solvents containing atoms
having unshared electron pairs such as oxygen and nitrogen are
generally good cation solvators,

Zaugg and co-workers have shown specific solvent
effects on the cation of the enclate nucleophile in the alkylation by an
alkyl halidel5:16:17  he pseudo first-order rate constant for the
alkylation of sodio-n-butyl malonic ester with n-butyl halide in benzene
solution is greatly accelerated by adding small amounts of many polar
additives such as di-substituted amidees. The striking rate acceleration
is thought to be produced by specific solvation of the sodium ion by
polar additives which tend to dissociate the high-molecular-weight jon-
pair aggregates of the sodio-derivatives that exist in benzene :olntionls.
Further evidencs of a specific solvent effect is the.sixolold rate
difference between the alkylation reaction run with tetrahydrofuran
(THF) and ethylene glycol dimethyl ether as the additive. Both
additives are, of course, apactic and, further, possess nearly identical
dielectric constants (7.3 D for THF and 6.8 D for glyme). The mearked
difference in the ratss observed hh these solvents was ucribed to the
. increasing ability of monoglyme to sclvate sodium ion by & bidentate

donor mechanism:
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Although 1, 4-dioxane and ], 3-dioxolane.are
diethers like monoglyme, their ring structure prevents them from
having a conformation as shown above. Lacking this ability, they
behave more like THF as cation solvators and have little catalytic
activity, The alkylationsof potassium and sodium phenoxide with
butyl halide have been studied in THF, dimethyl other of ethylene
glycol and polyethylene glycol dimathyl ether!?
glycol dimethyl ether the reaction rate is about 150 times higher than

in the monoglyme. The rate in THF is only 1/8 of that in the mono-

. In tetrasthylene

glyme. The rates of the reacticns increase markedly with the in-
creasing chain length of the glycol ethers, as shown in the following
table:

KOCgHg + BuCl = Bu-O-CgHg + Kel at 25°

Solvent Dielectric Const, Relative Rates

Mono-EGDME 6.99 1

Di-EGDME 7.27 12
Tri-EGDME 7.51 nz
Tetra-EGDME ' 7.68 154

The dielactric constants of the various polyethylene
glycol dimethyl ethers are 21l very similar. Hence the great variation
in rates of reaction observed in different ethers cannot be explained
from the small change in dielectric constants. These striking rate




changes were attributed to the short range interaction between
ether oxygen atomes and alkali ions in the solvation process. The
increase of rate with increasing chain length of the glymes was
thought to arise from the ability of several oxygens in one molecule
to act as ligands for the cation,

{c) Solvation of the transition state: Miller and Parker

proposed that large polarizable charged transition states are more
solvated in aprotic solvents than in protic solvents' 9, When solvation
is made by the small unshielded proton of the protic solvents, steric
resistance is negligible, so that small anijons are highly solvated by
the close fitting of the dipoles of the solvents.

Roberts and co-workers studied the influence of
aqueous dimethyl sulfoxide on various saponification reactions 18, 19,
It was found that the rate constants in all cases increased with in-
creasing dimethyl sulfoxide content. The rate constant increases for
the branched ester are proportional to the DMSO content over the
entire solvent composition range. In the case of alkaline hydrolysis
of ethyl esters (RCOOC,H5, R grouﬁm vary), the rate constant
increase for the straight chain esters are also sensitive to the DMSO
content of the solvent 18 A similar eituation wae found in the
hydrolysis of alkyl benzoate (CgHgCOOR, R groups vary). The branched
alkyl benzoates fail to exhibit deviations from linearity in plots of
log k vs. M‘DMSO ._(mole fractions of DMSO) for the effect of DMSO
concentration on réaction rates, It appesred that a major portion of
the solvent wae associated with the dramatic influence ¢of DMSO upon
the solvation shell geometry. The larger solvation shell of DMSO is

better able to accommodate the loose, polarizable transition state and




is sterically ineensitive to epecific solvation for the branched
chain ester, i.e. the rate is linearly related to dielectric constants
and the solvent sentisitivity values are nearly constant for large
steric variations in the branched chain esters.

" The relative hydrogen-bonding solvation of the
transition state has been estimated by Parker20on the basis of a
proposed relation to the activity coefficient of the transition state
complex. The specific rate constant kg of the general reaction in a

solvent s is given by the equation:

Y-+ RX = {(Yux)™ = ¥ X7

MESINESSE
Y YRXi".

8~ 0 -3
where k,, is the specific rate in a stendard solvent and y is an activity
coefficient referred to this standard state. Theactivity coefficient

as defined, referred to this standard state of 1M -solute in dimethyl

formamide, Equation [I-3] then becomes:

* * . IV
oMyt Y Ry YQy)m YV iRX]
ky = kg TF - . ¥, ; [1-4)
Y YR Yo iyaag-

where k.. and kg are specific rates in methanol and in dimethyl
formamide respectively. The activity coefficient Y.Y"accounts for all
interactions between nuclecphile and methanol other than the hydrogen
bond donation of the two reactants and the transition state respectively.

Because methanol and DMT have similar bulk delectric constaas,




.10-

it is assumed that the non-hydrogen bonding interactions would be

the same in both solvents, hence:

* * ®

\ =1
Since RX is a neutral molecule, it would not have a hydrogen-
bondiag interaction with methanol comparable in strength to that
between Y~ and methanol:

H
¥ (rx)

=1
Equation (I-4) may then be simplified to:

Yela = Vg / Viyag-

A comparison between specific rates, kg, of reactions of methyl
chloride with nucleophile Y~ and specific rates, kI » of methyl iodide
with the same nucleophile Y- give the hydrogen-bonding activity
coefficient of the transition state complex YITYCHyI]-' (for the
transition state complex of Y~ with methyl {odide).

m d H H H
kI ¥a Y[y~ Y[vcHicy- _ Yivcuzay-

S ) : Y’(IY]- Y‘ilycn;,n- Y?YCH3I]-

It was found that the transition state solvations are
in the order (YCH3Cl)” > (YCH3B,)" > (YCH3)™: by methancl relative
to dimethyl formamide. The chlorine-containing transition state




(YCH3Cl)™ has & stronger hydrogen-bonding interaction with
methanol than does the corresponding larger, more polarisable,
iodo-containing trmlitlon‘lute (?CHal)'. Thus, other things
being equal, nucleophilic displacement reactions of alkyl chlorides
tend to ba relatively faster in methanol than the corresponding
reactions of alkyl fodides. For SyAr reactions, such &s the
nucleophilic displacementreaction of 2-nitro halobenzenes,the bond
forming is considered to be the rate limiting step.

NO,
+ X

It appears that the traasition state of (YArCl)” is less solvated than
(YArI)® by methanol. This is attributed to the negative charge on Y~
being more localized in (YArl)" than (YArCl)~, 2s shown in the

following structures:
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(d) Solvation of the leaving group: The presence of

some complexing agents in nucleophilic reaction mixtures is:

known to facilitate the rate if the agent forms a complex with the
leaving group. The rate of the reactionl between methyl bromide and
pyridine h enhanced by the addition of a small amount of not only
halogcn-coﬁxplexing agents such as HgBr, AlBr3, but aleo of such
hydrogen bonding agents‘ &3 methanol, phenol and p-nitrophenol 2]
Miller and Parker:’ reported that the reaction of sodium axide in
DMF with 4-fluoronitrobenzsene proceeded until a mole of aside per
mole of 4-fluoronitrobenszene was consumed. A deep red colour was
produced, but no sodium fluoride was precipitated. The addition of
5 ml of water per 100 ml of DMF caused the precipitation of sodium
fluoride. It was concluded that & stable intermediate sigma complex
is first formed which only liberates fluoride when a .protic solvent is
available to ""solvate off'' the fluoride ion.

The second type of interaction between the solvent
and the leaving group is the London interaction. Reinheimer?22
observed that the polarizability of the solvent has & significant
influence on the reaction rate in the Menschutkin reaction, 'The rate
of the reaction of pyridine with ethyl bromide in monosubstituted benzene
as solvent was shown to incresase with the increasing polarisability
of the substituent group on the benzene ring of the solventZ? The rate
increase was attributed to the London energy of interaction between
the polarizable solvent molecules #ad the leaving halogen atom. Rate
constants plotted against the polarizability of the substituent on the
beanzene ring gave a linear relationship. Calculation of the London
energy based on theortical models was compared with the experimental
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value obtained {rom the rate. These comparisons indicate that
the Loondon energies of interaction are of the correct order of
magnitude to account for the observed rate changes,

(e) The effect of ion-pairing: When dissociation of the

reacting salt in the solvent is hicompletc. ion pairs and more com-

plex aggregates are present. The rate of displacement reactions
for such ion paired nucleophiles increases as tho dielectric constant
cof the solvent lncrei.se-Z3'Z4. For such solvents the squilibrium

between the ion-pairs and the separated ions
M*X" == M* (solvated) + X" (solvated)

is thoukht not to be displaced completely to the right. The existence
of thie phenomenon is also manifested by an increase in the second
order rate constant with a decrease in the total concentration of the
fonic reactant. The reactivity of the ion-pairing species remains a

23,24 reported

controversial problem. Early studies made by Acree
that the ion-pairs have comparable reactivity. Hughes, Ingold and
co-workers, however, considered the increase in rate at lower sailt
concentrations 28 a salt effect?5,26, .

The importance of lon-pair association in controlling
apparent nucleophilicity becomes experimentally observable?? when
the reactivity of lithium halide and tetrabutyl ammonium halide with
n~-butyl p-bromobenzene sulfonate in acetone is compared. With
lithium halide the order I*> Br~ > Cl” is bbserved, whils the reverse
order is obtained for the tstrabutyl ammonium halides, These
results are explainable by considering that the tetrabutyl ammonium

salt is dissociated to a greater extent than the lithium salt, and that
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the relative reactivity of the latter is controlled by the degree of
ion pairing. This suggests that the nucleophilicity order of the
non-ion paired anlon in acetone is actually C1°> Br~> I
Lichtin? 8 analyzed the rate constantior free .ions

(k¢) and associated species (kp) for the exchange raactions of p-
nitrobenzene bromide with Br3z. The salts used to study this
exchange were lithium bromide and tetraethyl ammmonium bromide.
The date was analyzed and was consistent with the rate law
Re = kf{RBr)(Br~) + kp(RBr)(M*Br). It appeares that k¢ is independent
of the nature of the cation. :

‘ Weaver and Hutchison?9 considered that ion pairs
are kinetically unreactive. The rate order for the reaction of
halide with methyl toluenesulfonate in DMF is I~ < Br= £ Cl This is
the reverse of the order in aqueous solution. In Wegver and
Hutchinson's ppinion .. ... the polarizability seems unnecessary as
an explanation for the nucleophilic order usually cbserved in protic
solventsfor the halide anions. The view that protic solvents have a
retarding effect seems to be much more consistent. They argued that
their auumption’concerning the kinetic unreactivity of ion ﬁairs can
be justified by the fact that alkyl iodides can be prepared by the
reaction of alkyl chloride with lithium lodide in acetone30, Even though
the reactivity of chloride ion is greater than that of iodide ion and the
reactivity of alkyl iodides is greatar than alkyl chlorides, in acetone
the equilibrium is displaced toward the formation of alkyl iodide. This
must resuit from the jon pairs of the predominantly associated lithium
chloride being kinetically unreactive,
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(£) The effect of solvent sorting: Both the ionic and

dlﬁélir types of solute will tend to be solvated by the more polar
component of the binary mixturs, As a less polar component of the
solvent is added, the composition of the immediate environment of
the solute species will be unaware of the change in the bulk com-
position until a sufficient amount of the less polar component has
been added to overcome the selectivity of the solute for the more
polar component, It was proposed that the activation energy will
pass through a maximum or & minimum value with change in solvent
compositinn31-‘. Hyne has studied the variations in activation energy
of reactions with various mixed solvents. The sclvolyses in ethanol-
water mixture of sulfonium salts and alkyl halidesrepresents the two
kinetic cases of ion to ''dipole' and dipole to "jon'" in moving from
initial to transition state, The former shows a maximum in the
activation energy and the latter a minimum. The greater the difference
in charge density between the initial and traneition state, the greater
will be the minimum or maximum,

Hyne and co-worker3Z also reported the temperature
dependence of the energy minimum in the solvolysis of benzyl chloride
in sthanol-water mixture. As the uznberature is raised, the
additionsl thermal energy in the system will render it increasingly
difficult for the solute in both the initial and transition state to maintain
the specificity of solvation as the mole fraction of non-aqueous
component is incressed. As a consequence, the solvent independent
ranges of energies of both states will be diminished and the difference

between the activation energies will decrease.




The effect of solvent sorting on the activation
energy of nucleophilic displacement reactions has also been
reported, When an attack of an anion upon & neutral mo)} ecule
results in a dispersil of charge in the transition state, the
activation parameters of such reactions pass, in general, through
2 maximum when the relative amouats of the component in a binary
solvent mixture are continuously varied3l: 33,34 yualitative
relationship between the subatituents of p-substituted benzyl
chloride in solvolysis and the depth of the activation miaimum
asE? was made, The value of AAE? increases as 6 + decreases,
indicating the effect of the various auﬁstituento in enhancing
charge development in the transition state and so favoring the
specificity of solvation, )

(8) 'Effect of solvent structure: Robertson35 proposed

that part of the energy requirement in the activation process is the
work required to break down the initial stats solvation shell. This
hypothesis is supported not only by the existence of large negative
heat capacity changes, but also by the difference in the kinetic

solvent isotope effect. In the solvolyses of some tertiary butyl
compounda which weakly interact with the initial state water shell,
leas work will have to be done in disorganization of this shell in the
activation process and Ac; will be reduced accordingly. The
negative value for the hydrolysis of the following compouands increases
in the order '




CHa CH CH3j CHj3
| §/ 3 . | o !
CH3_?_ “ e <CH3—C,J—CI < CH3—IC -Ql
- CHj 3 CH,0CH3, CH3

The ratios szQ/kHZO alsodncrease as the negative ACB‘ values
increase.

"« Qther evidence for this effect was found in the
nucleophilic displacement reactions by Ritchie and co-workers36-37,
The rate constant for the reaction of malachite green [4, 4'-bis-
(di‘lhethylamino)triphenylmethyl tetrafluoroborate] with base was
shown to increase by a factor of 6 x 102 on going from water to
methanol?é. In water solution, hydroxide was used as the nucleophile,
 while in methanol methoxide was used instead of hydroxide. The
corresponding rate increase for p-nitromalachite green was 103 for
the change of solvent from water to miethanol. The nucleophilicity of
hydroxide and methoxide are known to be quite similar. The change
in the rate observed must be ascribed to a sblvent effect. The
change of the solvent from water to methanol also causes an: increase
by a factor of 63 in the rate of dissociation of product for malachite

green and 24 for p-nitromalachite green, The rate of dissociation of

the product was calculated from the equilibrium constants of the

reactions:
k; Mt = carbonium ion of
Mt + “OR . ¥=—= MOR malachite green
- kg derivatives

Kd = k-]./kl . “OR = -OCH3 or "OH
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Both the forward and reverse reaction rates are
found to change in the samo direction, It was postulated that solvent
reorganization is & significant contribution to the reaction process.
The solvent molecules which are hydrogen bonded or otherwise
associated with fons in the reactant stats, and which are associated
with other solvent molecules in the final covalent state, are at least
partially free and in the prosess of reorgenization at the transition
state. The ground state nucleophile desolvation may be one of the
factors in the rate increase of the forward reaction. Since both
forward and reverse rates are affected in the same direction, it cannot
be explained on this basis alone.

Kiogsbury's catalytic effect of dimethyl sulfoxide has
4  similar eignificance although he did not emphasize the term
"golvent structure" at that time<S. In the nucleophilic aromatic
substitution reactions in dimethyl sulfoxide-water mixtures, a
eignificant rate increase occurs even at low DMSO conceatration.
The rate increase is associated with a decrease in AH". 'fha change
in AS¥ is emall. An excellent linear plot of log (kgpy-ko) V8. (DMSO)

was chserved.
log (kgps = ko) = ¢ (DMSO) + C

The DMSO catalysis is independent of the charge which the nucleo-~ |
phile bears. This argues against any mechanism in which DMSO
alters the solvation of the fon in the ground state, Two possibilities
were proposed for the DMSO mechanism of catalysis. The first
proposal suggested that the substrate is polarized by a random DMSO
molecule &nd that the polarised dipole substrate is more readily
attacked than the unpolarized species.
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,CH3\V ' |

- NOj3

'V'I‘he other possibili't.).r_v.considered is that the
hydrogen bond acceptor ability. of the DMSO component breaks
up the pseudo-polymerxzed structure of the methanol into
smaller’ aggregates : Thls solvent cage may be able to accommodate
‘the charge d15persal more eas11y than the methyl alcohol cage.
“Upon the add1t1on of a tetraethyl ammonium salt, wnich is con—
sldered to be vorder destroymg" _there is an enhancement of
the rate, ‘whlle an "order producmg” lithium salt decreases the

‘rate.
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1, EMPIRICAL CORRELATIONS

Since the efforts to correlate the reaction rate with
the physical properties of the solvent such as dielectric constant or
refractive index3? can oanly be applied with limited success, attempts
have been made to obtain such relationships by experiment, Various
workers sought to draw conclusions ahout the polartty of & solvent by
working backward from the effect of a solvent on a solvent-dependent
etandard process, and to derive empirical parameters of the solvent
from the rate constant or absorption maxima determined in solvents.
Reichardt offered a review?C on empirical parameters of the polarity
of solvent,

() The Winstsin-Grunwald equation: Grunwald and
Winsteinl investigated the solvolysis of aliphatic compounds. A

quantitative measure of the ionising power of a solvent and the sol-

volysis is given by:

log kp/kp =m (Y = Yp) (1-5)
where k, and kp are the rate constants of an Syl solvolysis in
solvent A and B, m is a constant at a given temperature and is
characteristic of the substrate. The standard state was defined as
the solvolysia of t-butyl chloride at 25° in 80% by volume of aqueous
ethanol. Y = log kt-BuCl - log kf-Bucl,

By definition, the Y value for 80% aqueous ethanol is
sero and m for t-butyl chloride is 1.00. This equation can be applied
satisfactorily to the rate of solvolysis of certain tertiary halides and
primary derivatives which react by Spy2 mechanisms, If Y is plotted
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against log k for the solvolysis of benzhydryl or neophyl chloride

in various binary mixtures, each mixture gives a different straight
line. Ion pair return which depresses the observed :olvolyiia rate
below the ionization rate by various amounts depending on the nature
of the solvent, contributes to the observed dispersion in some

casen?d 42

. Thusthe parameter m which is supposed to be independent
of the sclvent must contain another factor which is a measure of the
nucleophilic character of the solvent,

(b) Swain has proposed a four parameter equation44 that
correlates the rate of solvolysis with both lonizing power and nucleo-

philic participation of the solvent:
log k/kg = €)d) + cad2 (1-6)

The parameters d) and d; are the measures of solvent nucleophilic
and electrophilic character, reupecti;nly. and c) and ¢, are the
measures of substrate sensitivity to those solvent characteristics,
k is the first-order rate constant for solvolysis of any compound in
aay solvent, and kg is the corresponding rate constant in 2 standard
solvent 80% sthanol. The application of Swain's equation, which
includes the nucleophilic character of the solvent,is broader than
Winstein's m Y equation. Because of the fundamental difficulties
asasociated with the numerical treztment, a value of qlcz = 300 was
arbithrily assigned for the substrate methyl bromide; hence the
derived ¢ parameters must be regarded as completely empirical?’
and as having no mechanistic significence as mezsures of the substrate
sensitivity to the nucleophilic character of the solvent.
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(e) Miscellaneous parameters: Other parameters

deﬂvod from various sources such as X-values from electrophilic
aliphatic substitution on a saturated carbon atom, {2 -values frorf

the rates of Diels-Alder reactions, Z.values from the charge transfer
ablorptioﬁ of l-alkylpyridinium jodides and E;-values from the
solvatochromic band of pyridinium N-phenolbetaine have been
discussed by Reichardt40,

III, SOLVENT EFFECT ON NUCLEOPHILIC DISPLACEMENT
REACTION OF BENZYL HALIDE

Early studies on the kinetics of displacement reactions
betwsen p-nitrobensyl balides and lithium halides in an acetone-water
mixture45 and in dioxane-water solutions4® were known to be greatly
influenced by the nature of the solvent in which they took place. Ina
plot of log k vs. 1/D (feciproc&l dielectric constant of the solvent)
there was a maximum at upproxlmuéaly 1:1 composition of the above
solvent mixtures. The result was explained as follows. In dioxane-
rich solvents, the reactant lithium chloride is present for thé most part
as assoclated ion pairs, As the water coantent of the solution increases,
the dissociation of the ion pairs increases, and the dissociation is
complete in & 1:1 water-dioxane mixture. When the water content of
the mixed solvent {s increased, two factors are operating in this
system: (a) the dissociation of the ion-pair which will increase the
rate, and (b) the increase of the dleiectric constant of the solvent will
decrease the rate,. These competing effects are apparent from the

existence of the maxima of the curves,
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The solvent effect on reactions of benzyl halides
. hes been shown to be a function of its substituents, Fuchs4?
reported the rate of reaction of p-substituted benzyl chloride with
sodium thiosulfate measured in 60% bis(Z-methoﬁyathyl)athar - 40%
" water and 60% ethanol - 40% water mixtures. The rate ratio in the
two solvents (kq/kg) varies from 2,71 for the nitro compound to 0,95
for the isopropyl compound, and appears to be 2 linear function of the
G evalues of the substituents, The transition state for the nitro
compound was said to be relatively tight, with considerable S-C and
S-Cl covalent bonding and little solvation. At the other extreme, the
traasition state involving the isopropyl compound has rslatively weak
S-C and S-C1 bonding with rather long bond distances:

H H H H
-X \ / -< - 5 \ / -5
0458 «e= C =ac Cl 04SE =anen C'aemme Ci (s0lv.)
|
CgH4NO CeH4CH(CHq)
6 2 674 32

In the case of the isopropyl compound, thers is relatively little loss of
solvation energy accompanying the formation of the transition state.

48 also studied the solvent sffect on the change

Fuchs and co-worker
of reaction constant () of bensyl chlorides, The reactions of p-
substituted benzyl chlorides with thiosulfate were measured in 40%
water - 60% organic solvent in order to keep the concentration of the
solvating solvent constant. There is no simple relationship between
absolute rates and dielectric constants of the solvents, nor is there any

particular tendency for the reaction to proceed faster in solvents of
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relatively low dielectric constants or of low water content, but the
Hammett  -values are found to be a linear function of 1/D for the
maejority of the solvents (a plot of log kNOz/kH vs. 1/D is linear).
Tommila and co-workersreported the influence of the
solvent on the rates of reactions of benzyl chlorides with maethoxide 49
and hydroxide ton=33 in glknethyilultoxide-methanol mixtures. Addition
of DMSO to the solvent results in an increase in the reaction rate,
The rate enhancement is considerable at low DMSO concentration and
very great at high DMSO concentration when the mole {raction reaches
0.5. Tommila suggested that most of the methanol is bouad to DMSO
in a 1:] complex. On further addition of DMSO, the methoxide nucleo-
phile is deprived of its solvating shell of methanol. At high DMSO
concentration, a plot of log k vs, log (MeOH) is a good straight line with

slope -2.0when'temethanol concentration is less than 200 ml per liter:
dx/dt = ko(a-x)¢ + ky(MeOH)Xa-x)&

= kopala-x)2
log (kopg = ko) = n log (MeOH) + constant

where k., is the rate constant in the mixed solvent and k is the rate
constant in 100% DMSO.

At low concentration of DMSO in the range from pure
methanol to 2 mole fraction of about 0.5 of DMSO, dimethyl sulfoxide
was found to have citalytic activity: |
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log (k - k,) = r(DMSQ) + const,

where k and kg, are the rate constants in mixed solvent and pure
méthlnol respectively, and r is 2 measure of the sensitivity of a given
system to the catalysis by DMSO. The value of r was found to be
relatively independent of the system involved.

IV, NUCLECPHILIC REACTIVITY

The term "aucleophilic'' was defined by Lngoldso as
"nucleus seeking' or "positive center seeking''. A nucleophile is a
reagent which supplies a palr of electroans to form a boand between
itaelf and another atom. This is aimilar to the Lewls definition of
a base. To avold confusion basicity is defined as thermodynamic
affinity for a proton while nucleophilicity partains to kinetics (rates),
This discussion will be restricted to the affinity of the nucleophliles for
carbon only or, in Parker's term, ''carbon basicity',

The factors determining nucleophilic reactivity have

been discussed by several authors, Edwards and Poarsonsl.

Edwards3%,53 gnd Bunnett offer excellent rav iewas

4 on this topic, .
The general fectors can be summarized as follows:

(a) Correlation with base dissociation constant: The rates

of certain displacement reactions sometimes parallel the affinities
of the nucleophiles (N*) for protons, The more basic a nucleophile
toward a proton, the better it acts as a nucleophilic reageant, The
pPK, values of nucléophllea are correlated with rate constants by the

equation:
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log k = f pKg + const,

where k is the rate constant of the nucleophile, and pK, is the
dl.séoclntlon constant of the nucleophile. The slope of the plot,

By is a measure of the degree of bond formation in the transition
state, This parameter is similar to the Hammett rho value, but
opposite in sign. For the purposes of batter defining B, let us con-~
sider that the reaction of N~ with a proton to form a full bond re-
presents the maximum degree of electron supply by N=, For dis-
placement reactions on carbon atoms, however, the formation of
Ne«=«C partial bonds in the transition state is considered to have
less demand for electrons than if a full bond were formed. Hence,
the lesser degree of N----C bond formation in the transition state,
the less sensitive the reaction rate would be to the electron density
at N®. Consequently, & higher 8 value implies a greater degree of
bond formation in the transition state. Hudson and Loved;yss have
shown that the Brgnsted relation holds for the alkylation of 3-bromo-
propanol with para-substituted phenol and the acylation with ethyl
chloroformate. The low exponents observed for alkylations (f = 0.22)
and high exponents for acylation (§ = 0.78) were interpreted in terms
of the above electrostatic treatment. It was zssumed that the Sp2
transition state was formed by stretching the C-X bond, which requires
energy E, , followed by interaction with the nucleophile:

Eq -5 H\ H =5
N‘ + RCHZX - N. ocewe RCHZ - x -» N.---C--..x
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The transition state for acylation is assumed to be similar to that
of the sps-hybridlsed intermediate:
- E{ (o) o~
N"+R,COX = N" weecR-C' = R -i-N
X
If the charge on the nuclecphile N is z and that on the carbon atom is

$y then
AE® = Ey + 85 /€ (1-6)

where AE™ Is the activation energy; E) is the energy for the polari-
zation of the C-X bond; rj is the .N-C bond length, and & is the
dielectric constant of the medium. For the combination of a proton
with N=, the heat of the reaction AH is given by the equation:

. AH = 2/r,e (1=7)
Combination of equations (1-6) and (I-7) gives

AE¥ = (r,/ry) - AH + const,

or log k = (ry /) )PK, + const. (1-8)

From equation (I-8) one could expect 2 higher slops
for the acylation in the Bronsted plots, because it involves a tetra-
hedral transition state with & greater degree of bond formation than
in the case of alkylation. In his review, Bender 56 gives several
reactions involving carboxylic acid derivatives and various nucleo-
philes to which the Bronsted relation is applicable. It appears that
if only limited structural changes of the nucleophiles are made in
the families of substituted phenoxide, pyridines, imidaszoles, amino
acids or aniline, then a plotof the log k vs. pKy of the nucleophiles

should give a straight line.
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Murto has presented mmp10057' 58,59 for the
application of the Brénsted equation to the SyAr reactions,
Speciftcally, the reactions of 1-substituted Z, 4-dinitrobenzene or
picrylic compounds with nucleophiles were studied.

The slopes of the Brgnsted squation for the reactions of 2, 4-dinitro-
phenyl compounds are similar to those of the reactions of picryl
compounde, although the latter are 103.104 times faster than the former.
The low B values found were interpreted as an indication that the extent
of bond formation in the first transition state is small, The constancy
of the 8 value for two reactions, despite a decrease in nitro group
activation, implied that at least the initial stages of the reaction ars
very similar, irrelpgctive of the extent of nitro activation, The view
that the bond formation of the first transition state is small is alao
supported by the positive curvature of the plot log k vs, pressure for
alkalins hydrolysis and methanolysis of dinitrofiuorobensene, Thesedata
implied that the compressibility of the rate determining transition state
is greater than that of the initial state, i.e. the transition state is a |

looss complex,




Bunnett and co-worker®0 discussed the effect of
carbon basicity of the nucleophiles on the rate of substitution at an
unsaturated center:

} K k2
Y +2C -X= -C-X = =C-Y+X"
kg Y

when k_1 ) ka2, kopa, = (ky/k_jlk; = Koq,
efficient is the product of an equilibrium constant times kp, It
appeared that the overall rate of displacement of a constant substituent

kz. The overall rate co-

X by various nucleophiles i& dependent principally on their thermo-
dynamic affinities for carbon, The fluoride ions, alone among halogen
anions, displace p-nitrophenoxide ion from p-nitrophenyl aceﬁte.

S (b) Polarizability: The extraordinarily high reactivity of
sulfur bases RS” as compared to RO" cf the same basicity indicates
that the process of base dissoclation io anot a sufficiently complete

model for nucleophilic reactivity., The polarizable molecules or ions
are more reactive than one would expect {from their basicity. How the
polarizability affects the reaction rate was discussed by Edwards and
Pearson5l. If one examines the proceil of binding a proton to a base,
the proton will seek out the position in the molecule which has the
greatest electron density. This density will be partly the result

of the original charge distribution and partly the result of the re-
distribution caused by the elactric fisld of the proton. It has been
calculsted by quantum mechanical perturbation methods that the
perturbation of the original electron density by a proton is not great.
The proton is unique as it can be placed in the most favorable region

almost without restriction. Where any other substrate . reacts with N,
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N will be seriously restricted by -the  electrons which the

substrate (S) possesses. Repulsion between the electrons of N and

the electrons of S will raise the energy rapidly as N and S are
brought together. This is brought about by the operation of the Pauli
exclusion principle. Two factors must be considered when one is
attempting to explain the increase of rate in a displacement reaction,
when a less basic, but more polarizable nucleophile is used.

The first factor is the polarization of bonding elec-
trons occurring in the direction from N towardsS . This permits
better electrostatic interaction without bringing in Pauli exclusion
effecte due to the rest of the N molecule, as explained. The second
factor to be considered is the polarization of non-bonding electrons
on N away from S. Certain highly reactive nucleophiles are charac-
terized by having empty orbitals available which are relatively low in
energy. These empty orbitals can be used to accommodate some of
the non-bonding electrons of the atom N in the transition state. The
additional possibility exists that in some cases these empty orbitals
can be used to hold some of the slectrons on the substrate S‘S.l.

Since nucleophilicity cannot be correlated with a
single property of the nucleophile, Swain and Scott®! derived a nucleo-
philic parameter from the empirical treatment in which the reaction

of methyl bromide with water at 25° was used as the standard:
n = log k, /k,

where k,, and k, are the rate constants for the reaction of MeBr with
nucleophile and water respectively. If the reactions for other

substrates were made, the equation would become:




3l

log kp/k, = sn

where s is the susceptibility of the substrate, This equation can
be appﬁed for the reactions of mustard fon with various nucleo-
philes and also for several other systemséz. The {it to this
equation is poor in some cases. In order to justify these facts, it
was concluded that the interaction of 2 nucleophile with a substrate
in a displacement process involves at least two independent
mechanismas, |

Edwards derived a two parameter cqutlonsz:
log k/ky = aE, + BH (I-9)
where k/k, is the rate relative to water,
Ep =Eg + 2.6
where E, is the oxidation potential for the oxidative dhﬁcriution
2X= — X, + 2e”

Thae value of -2,6 {a the oxidation-reduction potential for water. The
H scale is the acidity of the nucleophile relative to water,

H = pKy +1.47

where a and P are the empirical constants, Equation I-9 gives much
better correlation than does Swain and Scott's and can be applied to
the equilibrium. Later Edwards devised a new equation to correlate
the basicity and the polarizability with the reaction rate. It was
assumed that E, of the donors are dependent both on their polari-
gability and on their basicity:




E, = aP + bH (1-10)

where P ig the polarizability of the donor relative to water, It was
obtained from the molar refraction P = log ( Rd/RHzo). If equation
(1-10) is substituted into equation (1-9), it givee & new double acale
equation,

log k/k, = AP + BH
The relative importance of the basicity and the polarisability of a
nucleophile to the influence of the reaction rate depends strongly upon
the properties of a substrate., The polarisability of the nucleophile
becomes less important as the polarizabllity of the electrophilic atom
in the substrate increases, For example, the nucleophilic substitution
in necpentyl p~toluene sulfonats can taks place either on the carbon
atom or on the more polarizable sulfur atomb3.

OCH3

CH3-O-S C,Hq74(CH3)3~-CCH,0"
H3C- C-CHz-O-S @ —< .
>

(CH3)3CCH2-5¢+C7H7803

It appears that polarizable reagents like the thio-
phenoxide ion react preferentially at the carbon atom, whereas the
less polarizable but more strongly basic methoxide ion attacks at the
polarizable sulfur atom,




Bunnett and Bassett®4 reported that the relative
rate of C-0O/S-0O scission of 2, 4~dinitrophenyl p-tolusnesulfonate
varies according to the reagent used (1: with sodium thiophenoxide
to 0.12° with sodium methoxide),

Davis®5 rensmed equation 1-9 an oxibase scale
rather than referring to ''double basicity'’. Since a fH term measures
the sensitivity of the substrate to the basicity of the aucleophile, it
is reasonable to assume that P is 8 measure of acidity of the substrate,
The trend of the § value can be predicted. The more positive the
centre being attackad, the largeriis 8, The aE term measures the
sensitivity of the substrate to the oxidation potential of the nucleo-
phile. 1t is suggested that a measures the ease of reduction of the
subatrate. The oxibase scale was then used to predict the east of the
displacement of the leaving group in Sy2 reactions“'ﬂ. A leaving group
was considered as a nucleophile leaving the reaction ceantre rather
than one approaching the electrophilic center. The leaving group can
then be correlated with the nucleophilic constant of oxidation and
basicity. The a-value for various carbon substrates has been shown
to ba linearly related to the elactrode 1:»:»tential66 of the leaving group.
The relationship gives a positively sloped correlation. The § values
are controlled by the difference in electronegativity between the leaving
group and ths reaction center. The § value of methyl iodide is low
(nearly sero) bacause carbon and {odide have nearly the same electro-
negativity., The quantitative prediction of C-alkylation, O-alkylation,
C-acylation and O-acylation of the displacement reaction of enolate ions
was made on the basis of this oxibase scale., C-methylation is favored
with methyl {odide, but very little O-methylation is observed. O-
acylation is generaily favored kinetically over C-acylation. The
prediction is based on the values of a, §, E and Hés.
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(c) The alpha effect: Certain groups of nucleophiles
are found5! to react more rapidly than expected if one considers

only nucleophilicity, This group is composed of nuclecphiles such as
hydroxylamine, hypochlorite ion, etc. The common feature that

can be distinguiched in these nucleophiles is the presence of an
electronegative atom containing one or more paira‘of unshared
electrons adjacent to the nucleophilic atom. This "excess" reactivity
is called the "'alpha oﬁoct"s". A pair of electrons leaving the
nucleophuo'for a substrate resembles to some extent the ionization

of a halide jon from an organic halide to form a carbonium fon,
N - NMte o

RX - Rt 4+ Xx-

Any factor which would stabilize the carbonium ion R* should also
stabilize the nucleophile N™*€ by the sharing of an unshared pair

of electrons on the adjacent atom:

+
ClO~ - Cl=0O +2e

To the extent to which the transition state represents some removal
of an electron pair from the reactive atom, an unshared pair of
electrons may coatribute to the stability of the transition state.
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Iv, ORTHO EFFECTS ON NUCLEOPHILIC DISPLACEMENT
REACTIONS

The effect of meta~- and para-substituents on the
reaction rates has been correlated successfully by means of the
Hammett and related equations, A statistical method of analysis
of this type of data has been recommended by Jafleég. Similar
methods have also been suggested by Webster 0 and by Taft’!, For
ortho substituents, steric and other effects vary with the reaction
as well as the inductive and resonance effects and so make it
impossible to correlate the reaction rate with any single parameter.
Effects peculiar to ortho-substituents are often referred to as
"ortho effects',

(a) Polar effect: The ortho or proximit;rv effect which

produces deviation from the sigma-rho linear relationship was
suggested by Hammett?2 to be ceused by the ortho substituents
altering the entropy of activation, If the ortho substituent does not
alter the entropy of activation in & non-linear manner, the ortho
effect is nearly parallel to that of & para substituent, |
Brlex and co-workerd 3 studied the effucts of sub-
stituents in aromatic substitution reactions of 4-, 5~ and 6-

substituted l-chloro-2-nitrobenzenes with sodium thiophenoxide:




-----

+ PhS~ _

In the case of 6-substituted {(ortho) derivatives,
a plot of log kgp4ho VS. & para values gave a f value i - 3,46,
This correlation of the rate constant for the oriho no pReI I ere Rt
with the & constant of para substituents showed that e raiwz
effect predom:irates for the reaction of o-derivatives. iiw.-er,
a lower  value for the ortho derivative than for the curresnonding
j" value for the 4-substituted compound shows either that the
polar effects are not transmitted with nearly the same intensity
from ortho and para positions, or that some other influential

ortho effect is operative.

Sharbati’# reported the ortho effect on the reactions

of 6-substituted-2-nitrochlorobenzene with piperidir... 7he rcactions
follow the Hammett relationship, log(k/kg) = Y& . 2».. t lor the
bromo and methyl compounds. The differences ia ca: * » laainly

determined by the polar effect.
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{b) Primary steric effect: The ortho subatituent can

influence the rate by hindering the entrance of the nucleophile.

This effect should be rate retarding. This will make as¥ more negative
and will increase AH?, The deviation of methyl and bromo compounds
described above’4 may involve the primary steric effect, Piperidine
is a relatively large reagent, and steric hindrance to its approach
will be important when the steric requirements of the ortho sub-
stituents are large. In the case of steric effects related to the van
der Waals radii, the methyl group (r = ZR) was the largest substituent
they studied, and it showed the greatest deviation from the line.
Bromine (r = 1,95 X) also diverges from the line, in spite of its
different polar effect., It was proposed that an approximate van der
Waais radius of 1.9 £ is the lower limit in thic reaction abave which
a steric effect becomes important.

The alkaline hydrolysis of substituted ethyl benzoates
has been widely studied?>, Hydrolysis of the ortho-substituted esters
(except o-fluoro) were markedly slower than the para {somers, and
the low rates were associated with low values of the pre-exponential
factor. The differences in the activation energies between ortho and
para compounds were small, The dominant factor in this case is the
steric interaction {n the transition state between the crtho-substituent
and the groups attached to the carbonyl-carbon atom. This would
restrict the conformational freedom of the transition state and thus
explain why, in the ethyl benzoate series, the ortho effects are
associated with reduction in the pre-exponential factor of the

Arrhenius equation.




Chapman and co-v)orkerl% dizcussed the ortho
effect on alkaline hydrolysis of substituted methyl benzoates in
terms of thermodynamic parameters. The velues of ast are
lowered by o-alkyl substituents (o-Me, o-Et) and by o-halogen
substituents (except fluorine) and the activation entropy decrease
is associated with the increase in activation enthalpy.
Yoshida77 reported that the ortho effect of alkaline

hydrolysis of ethyl benzoate is not affected by change of solvent,
The logarithms of the rate constants for ortho and para compounds in
3% and 85% (wt. ) of aqueous ethanol were plotted against the sub-
stituent constants respectively. Each line represents the regression
line of the Hammett plot. Ortho compounds fall below the line, and
the ortho effsct was estimated as the difference in reactivities of
ortho and para compounds (log kp - log ko), being represented as the
vertical length deviated from the regression line. It was found that
ortho effects are indifferent to the solvent change. The constancy of
the ortho effect was extended to various aqueous dimethyl sulfoxide
solvent mixtures?8, Similar results were obtained. Thess results
indicate that the hydrolysis of ortho-substituted ethyl beazoate does
not involve the steric inhibition of solvation in the transition state,

(c) Secondary steric effect: Bunnett has shown that in the

reactions of o-halogen nitrobenzene with alkoxide’?, steric inter-
ference with attainment of coplanarity of the nitro group decreases the
reactivity of the ortho isomer compared to that of the pars isomer

in which the nitro gi-oup is unhindered. The interference causing an
ortho substituent to be non-coplanar with the aromatic ring has

been termed the secondary steric effect.
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In the reactions of 4-, 5- and 6-substituted 1~
chloro-2-nitrobenzene with thlophenoxiden. the rate ratio for
4-(p.:v.ra) and 6-(ortho) substituted compounds (kplko) is 26 for the
NO, substituent, Similarly, the effect of steric hindrance with
resonance may also be seen for the -COQOCHj3 substituent; kplko = 43,
The rates for meta and ortho isomers are similar. It is therefore
likely that the contribution of 6-COOMe substituent is mainly inductive.

Another interesting set of data is available from the
comparison of introducing the OCHj group into the ortho, meta and
para positions of l-chloro-2-nitrobensene respectively. In the para
position the methoxyl group has a deactivating effect :
kp-OCHglkH = 0,43 (ky:.is the rate constant of the unsubstituted
compound). This is as expected from the slectronic effect (an
electron-donating substituent reduces the rate, and electron-with-
drawing group enhances the rate), wh‘ereto for the meta position,
km-OCH_?,/kH = 5,7, indicating that the methoxy substituent is inter-
acting inductively with the reaction ceatre,

The ratio ko.0CH3/kp-OCH3 > 118 consistent with a
larger, favorable inductive effect and a smaller unfavorable meso-
meric effect for the ortho substituent. This cannot be the primary
steric effect, in which all the rates for the ortho compound should be
slower than the para isomer. Rather, it is attributed to the decreased
delocalisation of the tr-electrons in the ortho compared to the para
isomer, and is cxpl__lined by steric inhibition of resonance of the ortho
OCH3 substituent with the ring. Assumptions attributed to the dis-
tortion of the ortho-nitro group out of the plane of the benzene ring
have been found to be justified by X-ray diffraction structure analysis
of 1-halo-2~4-dinitrobensene89,




(d) Steric interference with solvation of the traasition

state: Watkinson8! examined the effects of ortho-substituents on the
aikaline hydrolysis of substituted ethyl phenylacetate, All ortho
substituents axamined exert a retarding influence on the hydrolysis,

as reflected by an increase in activation energy. The eatropy of
activation does not vary with substituents beyond the limit of experi-
mantal error. Log k/k, values for the hydrolysis in 80%, 70% and 60%
ethanol-water respectively were plotted againat the corresponding

log k/k, values in 85.4% ethanol-water, Three straight lines were
obtained except in the case of the ortho isomeres,

The deviation of the ortho compounds increanses as the
water content of the solvant increases, Correlation between the
devﬁtldn oburvéd with ortho-substituents and their size ia in the
direction F ( Cl { Br<{ 1. The o~methyl shows a similar effect to
that of Br (which is of similar size). All the orthe-substituted esters
are hydrolysed more slowly in solvents of higher water content., In
other words, ortho effects increase as the water content of the solvent
increases,

It was suggested that ortho substituents interfere with
solvation of the transition state., As the water content of the solvent
increases, this solvation becomes increasingly important: any inter-
ference with it will therefore become increasingly significant., The
alkaline hydrolysis of ortho 1:--lmtyl76 and 2, 6-dimethyl substituted
methyl benzoate was also proposed to have steric inhibition of
solvation in the transition state,
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(8) Built-in solvation: It has been established that
o-nitrohalogenbenzenes react with primary and secondary amines
more rapidly than do p-nitrohalogen benzenes but that para
isomers react faster than o-isomers with methoxide or thiophenoxide
ijons., Chapman and co-workers 82 suggested that a hydrogen bond i3
formed in the transition state of the former reaction:

Hawthorne83 supplied evidence against this pro-
posal by showing that piperidine and N-deuteropiperidine react
at identical rates with both o- and p-chloronitrobensene. He
showed that the N-H:bond of piperidine is not broken during the
rate-determining steps of these reactions. Bunnett84 therefore
propoeed a transition state structure:
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in which the sites of positive charge in the piperidine nitrogen atom
and the nitro oxygen atom are ideally located for direct electrostatic
interaction. This interaction can be considered as '"build-in solvation",
decreasing the need for participation of the solvent molecules in the
transition complex.

It was observed that the ortho-para ratios for this
displacemant decrease 28 the solvents become more polar. The
change in ratios is caused largely by an increase in rates in the para
series, as expected for reactions of-an-ion-with the neutral molecule.
In the ortho series there is little change either in rats, or in aH? and
8S#, Brieux and co-workers85 had made a similar observation, namely
that the ratio ko/kp is 30 times greater for the same reaction in
bensene than in methanol, but only a small decrease of the rate of
the ortho compound was found.

Rose and Finkelstein86 argued that the failure to
observe the deuterium isotope effect is not sufficient basis for dis-
carding the Chapman bydrogen-bdnding proposal., They proposed that
the isotope efiects gée either absent or very small. Therefore, the
reactions of o- and i)-nltrobanmne with the ‘ertiary amine 1, 4-dinsa-

bicyelo[2, 2, 2] -octane, which is not able to form a hydrogen bond, were
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studied in benzyl chloride. The ko /k, ratio is only 0.004 at 150°,
The kolkp ratio for the reaction with piperidine in the same
solvent at 120° is 5.6. .The ortho-para ratio observed is charac-
teristic of the reaction with alkoxides and phenoxides which are
not the hydrogen bond donor. This result leads support to
Chapman's proposal, In order to explain the failure to observe &
deuterium isotope effect in the reactions of o-nitrochlorobenzene
with piperidine, the possibility that the rate-determining step is

a concerted process, including breaking or partial breaking of the
N-H bond, together with breaking of the C-Cl bond, was proposed.

+3
N -
-ty —— ¢ o
"0-N -0 -Na




.44.

(H Effect of London Interaction: This effect was proposed

and developed by Bunnett. He noted that the ease of displacemeant of
halide from l-halo-2, 4-dinitrobansene increases as the polarizability
of the halogen increases8?, The rate ratios of the nucleophiles
thiophenoxide and methoxide in the reaction have been found to vary in
a systematic fashion. The order of these ratios for the halogens is
I1>BryCl)F,

In order to examine whether or not this characteristic
is fundamentally concerned with the bond breaking of the halide in the
rate-limiting step, data were collected for reactions of halide ions with
alkyl halides, in which bond breaking of the halogen being displaced is
involved in the transition lhtess. Again, theese data showed that a
more polarisable leaving group is displaced more rapidly by a more
polarizable nucleophile than are the corresponding reactions of less
polarisable leaving groups with less polarizable nuel'eophuos. Thus,
the observed substrate characteristic has to do with the presence of
certsin halcgens at or near the site of substitution and not with their
being displaced in & rate-determining step. London dispersion forces
are considered to be responsible, ‘

Bunnett proposed that the rate-accelerating effect
arises from a lowering of the transition state energy barrier by virtue
of & favorable London interaction. This led to the expectation that o~
substituents of high polarizability would in general, after allowance
had been made for their electronic and steric effects, accelerate
reaction with nucleophiles of high polarizabdility, -

The reactions of nucleophiles of various polariza-
bilities with l-fluoro-4-nitrobengzene and its 2-bromo and 2-methyl
der@vativaa” were studied by Reinheimer and Bunnett, London forces
were estimated by compar lson of the rate ratic ky/kyo.. where ky




- 45 -

is the rate constant of the reaction of nucleophile Y with the substrate,
and ky - ie the rate constant of hydroxide ion with the same substrate,
Hydroxide wes chosen as the basis for comparison because of its low
polarizability and smsll size. The ratio ky/ky. reflects differences
in inherent nucleophilic reactivity of reagents and differeace in

local interaction, Allowance was made for the diffsrence in inherent
nucleophilic reactivity of the reagents by deusting such ratios to the
scale of 1,0 for p-fluoronitrobensene for each reagent. The adjusted
ratio is defined by:

(ky/kyo-) o-r /(ky/kpo-IH

where the numerator is the reaction with o-substituted p-fiuoro-
nitrobenzene and the denominator is the reaction with p-fluoronitro-
benzene., The adjusted ratios represent only the difference between
the reagent under consideration and hydroxide ion with respaect to
their interactions with the o-substituents., The adjusted rate ratio
ie increased by o-methyl substitution and increased to an evan greater
extent by an o-bromine. Electronically, the reaction is asaisted by
the electron withdrawing substituent, Therefore, bromine a_hould
accelerate and methyl should decelerate the reaction, i.e.
kCH3 < ky ( kgy. Sterically, each group hindered the reaction in the
order ki > kcH3 Jnkpy. Neither of these factors can be used to
interpret the order observed - kpr >kCH3> kp. London interactions
were again postulated.

The reaction rate order observed is, however, ex-
plicable if one considers London interactions between the ortho sub-

stituent and the attacking aucleophile.
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Semi-quantitative comparisons between calculated

~ London energies for reactions of o~substituted benzyl chloride with
nucleophile Y and the energies estimated from the rates were made by
Bunnett and Reinheimer’Y, The London forces acting between the
attacking nucleophile and nearby substituents should be proportional to
the polarizability of the reagent and the subatituent, and inversely
proportional to the sixth power of their distance of separation. This
factor should be negligible in the initial state where the reagent and
the substrate are widely separated. The equation for the energy ia:

3avap Iylg
.W = z. ‘.
TR zr6 (IY + Ig

) (I-11)

where -Wyp is the energy of attraction between atoms Y and R;
ay, 6gp are the polarizabilities; r is the distance of separation, and
Iy and Ig are the ionization potentials of the substrate nucleophile.
An empirical factor of 2,1 was introduced to obtain & better fit between
calculated and experimental data.

For the calculation of transition states, the
following characteristice were assumed:

(1) The ¥ <«<sweaCouceeaCl bond is linear and per-
pendicular to & plane in which the ring carbon and methylene hydrogens
lie:

(2) The Cenvve- Y distance is 1.15 times the normal co-
valent C-Y distance.
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(3) The polarizability and ionization potential of Y
in the transition state is half way between the values for the Y~
ion and Y atom:
(4) A constant value of 225 kcal per mole for the I, of
the o-substituent was used throughout the calculation.
The empirical interaction energies were also

estimated from the adjusted rate ratios:

(ky/kcH,0=)R/(ky/kCH 401

Methoxide was used as the reference nucleophile. The calculated
values do not agree precisely with those from the experiment, but
the relative order for the Liondon interactions between ortho sub-
stituents and polarizable nucleophile Y being o-bromo higher than o-
methyl was expected. '

Sisti and Lowell: 9l suggested the use of para
substituted benzyl chloride as the reference rather than benzyl
chloride. The ortho and para-methyl or ortho and para bromo-
substituted benzyl chloride afford a better opportunity to observe
indications of London forces in rate ratios with minimum considerations
for eleetrical effects. The polar effect will be cancelled in the ratio
kolkp if the susceptibility constants p and pP* are nearly identical for
both compounds. In order to cancel the differences in nucleo-

philicities, the adjusted rate ratio was again used:
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(SR, (ooR)
K .R Y kp-R MeO

inspection of the adjusted values illustrates, as shown in the following
table, that the trend for London interaction is correct only if a given
substituent is considered; the energies increase as the polarizability
of the nucleophile increase: 1° > PhS™ >MeO"~.

Nucleophile Solvent (ko.R /kp-R)Y/(ko-R/kp-R)H

-H ~Me -Br
MeO~ Maethanol 1.00 1. 00 1,00
Ce¢HsS” Methanol 1.00 1.60 1.61

1= Acetone 1.00 3.1 2.30

However, on examination of the substituted methyl and
bromine benzyl chloride with 2 given nucleophile, the adjusted ratios
do not show the trends expected from London interactions, i.e, 2
nucleophile of relatively high polarizability does aot give values for
the most polarizable substituent (bromo compound), It was suggested
that the trend of energies for a nucleophile with 2 given substituent
is also consistent with decreasing steric interaction between the coming
nucleophilas, MeO* > PhS® > 17, and the given ortho substituent, since
highly polarisable nucleophiles can saaily distort their bonding
electrons while btin&lng the rest of the molscule ciose enough to avoid

excess repulsive forces,
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The reason that the o-bromo compound does not give
a higher value than the o-methyl compound with the same nuclesophile
is also thought to bs due to poulblo steric dissimilarities, the variation
of distance between & given nucleophile and ortho substituents, and
conformational differences.

About the same time as Sisti, Reinheimer and co-
workers 92 published their work on the London force interactions in
reactions of bensyl chlorides with various nucleophiles by applying
the theory of the extrathermodynamic relationship described by Leffler
and Grunwald. The substituent effects may be considered as a linear
combination of independent effects while the total relative activation
energy is a sum of effects due to polar (pol), steric (st) and London (L)

force interactions:

aart

A AAF;OL + aaFE, + a0FE = 2.3RT log

kH

where ky and ki are the specific rates of substituted bensyl chloride
and bensyl chloride respectively. It was assumed that polar ecfiects
are oqual for the ortho end para isomers, and thet thm1 anergy
difference between the reaction of o-methyl and p-methyl bensyl
chloride may then be expressed as:

ko-r k1:»-R
kg

asart

3 a1 = 80AFE, + 00aF = 2.3RT(log

kt'.~ R

= 2.3 RT log —
p.
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To eliminate ateric effects from the rate ratio, a
final comparison is made between AAAF# using Y as a nucleophile
and aaart using methoxide as a nuclecphile:

ko.R ko.R

* # - ——— -
AABAFY | = ABAAFY = 2.3RT [log(kp-R)y 1°3(kp- R)A CH30"]
asaarf =2 3RT[1 “o-R / “o-R
L =2 o8l 7Y (kp-R) CH30"] (1-12)

The adjusted rate ratio derived is exactly the same
as Sisti's adjusted ratio. The difference between this term and
Buimoft'a rate ratio is that the p-substituted benzyl chloride is used
for comparison rather than benzyl chlprlde as the reference standard.
There is 2 linear relationship between the London energy estimated
from the rate ratio (eq. 1-12) and the energies calculated from
equation (I1-11) with various polarisable nucleophiles, but ths slopes
for the o-methyl compound and for the o-bromo compound are
different, '

This difference in slope was interpreted to be the
result of the rather gross approximations and assumptions made for
the derivation of the equation for AAAAF*. No other treatment has
yet explained the rate ratios as satisfactorily 8s the London force

interaction theory. .




V. NUCLEOPHILIC REACTIVITIES OF BENZYL HALIDES

The variations of velocities for reactions of sub-
stituted benzyl bromides with sodium hydroxide were first
pointed out by Lapworth and Shoumith”. and the rate of reaction
of banzyl bromide with potassium iodide in acatone solution was
measured by Conant et a194, Bennett and Jon0095 have made systematic
studies on the reactions of ortho-, meta~ and para-substituted benzyl
chlorides with potassium iodide, The activation energies for ortho
isomers were found to be lower than for para or meta isomers, No
explanation was offered. Swain and Langador£96 observed that a
smooth curve with positive curvature (concave up) was obtained when
the Hammett equation of log k/k, was plotted againat substituent
conetants for the reactions of meta and para substituted benzyl chloride
with the same nuclecphile. Two different curves for meta and para
compounds were cbserved in these plots.

These results were explained on the basis of the direct
interaction of the substituent with the reaction center, which caused
a change in mechanistic character of the displacement reaction for
that substrate. A strong electron-donating substituent such as p-CHj
should not only stabilize the transition state, by inducing a high positive
charge on the reacting center of the methylene group of bensyl chloride
by resonance, but should also increase the capacity of the reacting
center for the positive charge, and therefore favour more completion of
bond breaking relative to bond making at the transition state, which
would lead to 2 more negative f relative to the unsubstituted substrate.
A strongly electron-withdrawing substituent (p-NO;,) should increase
the capacity of the reacting center for negative charge, and favour bond
making (makldé a more positive f ). This reasoning would predict a
positive curvature in the Hammaett plot.
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Displacement reactions have often been grouped
into sharply differentiated mechanistic categories such as the Syl
mechanism in which the transition state is depicted as the breaking
of the leaving group bond without new bond formation occurring. The
SN2 mechanism is considered as a fundamentally differentmechanism
with synchronous bond making and breaking. Accordingly, one might
expect P to be strongly negative, close to zero for the Syl and SN2
reactions respectively. Since there is no clear dividing line to
distinguish between these "mechanisms', thers seem to be all degrees
of intermediate behaviour, Swain?6 preferred to use the magnitude
of [ rather than such rigid mechanistic formalities as Syl or Sp2 to
designsate the mechanism.,

, Hudson and Klopmanw have put forward a qualitative
scheme to accouat for the variation of the bond-making in the
transition state with the changing of the j:-snbetituent- of benzyl
bromide in a nucleophilic displacement reaction. Similar to Swain's
obsaervation,' they noted that rates increase on the introduction of
electron releasing and electron attracting substituents in the reaction
seriss of p-substituted benzyl bromides with p-substituted thio-
phenoxide or methoxide,

The plots of log k against the pK,values of the corres-
ponding nucleophiles (p-substituted thiophenols) showed systematic
deviation?8 from the Brgnsted relation, The deviations were explained
as follows, Consider the neutralization to proceed by the following

series of proceues:"-
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p-RCgH, S~ = p-RCgH4S + e: E = AHg + Eg
H +e = H E =1+ AHy
H'+ p-RCgH45 '~ p-RCgH4SH : E = Dgy

The overall energy of the process is:

AH = AHg + Eg - Dg -~ 1 + AHy {1-13)

Suppose that substituion proceeds by a stretching
of the R-Br bond to the critical separation distance characteristic
of the transition state, which requires an energy E] followed by a
transfer ze from the nucleophile to R.‘*‘z. Then the energy requir ed,

AEX is given by:
AE* = aAHg + BEg - YDNR + Ep | (1-14)

In this equation, the energy of polarization of the
nucleophile is introduced in the BEg term as a fraction of th.e elec-
tron affinity, and the repulsion energy between the electrons in the
p-orbital forming the reaction coordinate is included in the bond
energy term DNR. Substitution in the nucleophile will generally
change the terms AHg, Eg and DNR in 2 regular way, but not

necessarily propor Eionally.
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Comparison of equations 1-13 and I-14 shows that
AE® {e linear in AH (the Brgnsted relation holds) only when:

(2) Eg = E + E¢ [the electron affinity in the present

case may be assumed to be given by the sum of constant E
for the atom S, and the conjugation energy E. in the ion ] ;

(b) AHg = -K|E . + constant:

(e) DNR = «KoE. + constant.

Deviation from these linear relations will produce the deviations
frequently observed in the Brgnsted relation.

Reaction constants, however, were obtained by
plotting the log k; valuea for the reaction of each substituted benzyl
brpmide agsainst the log k values for the corresponding reaction of
bensyl bromide, The slope of this plot gives a reaction parameter

"Fe which has a similar significence to the Bronsted coefficient,
since it is 2 measure of the senaitivity of the rate to changes in the
charge distribution in the nucleophile. The reaction parameter N
increases regularly with the decrease in electron density at the
reaction center. This conclusion was supported by the linear in-

crease in [y with the increase of the substituent conatantsqe.
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EXPERIMENTAL

The melting poiats (uncorrected) were taken by the
capillary techaique on & "Thomas Hoover" capillary melting-
point apparatus.

The infrared spectra were measured on liquid filmas,
solutions, or nujol mulls on & Perkin-Elmer "Infrared" Model 137,
and 8 Beckman Infrared Spectrophotometer, I.R, -~ 8,

The nuclear magnetic resonance (NMR) spectra were

taken on a Varian Model V-4302 NMR spectrometer at 60 Mc/sec.

The mass spectra were recorded using the RMU-6D
mass spectrometer, manufactured by Hitachi, Tokyo, Japan,

The ultraviolet spectra weras taken on a Perkin-Elmer
“Ultraviolet-Visible Spectrophotometer', Model 202,

The vapour-phase chromatography (VPC) was
performed on a Beckman GC-2.
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1. PREPARATION AND PURIFICATION OF THE SUBSTRATE

In order to study the reactions of substituted bensyl
chlorides with substituted thiophenoxides, the following substrates and
nucleophiles were prepared:

(1) Bensyl chloride: A commercial product (Fisher
Scientific Co.) was redistilled. (B.p. 61.9° at 12 mm); 1it. 97 b.p.
63° (8mm).

(2) o-Xylyl chloride: This material was prepared by the
method of Kharasch and Brown!®0, The yield of the product was 55%
with b.p. 87-88° (13 mm.); 1t.10 b.p. 197-9°, .

(3) " p=Xylyl chloride: The procedure to prepars this compound

was the same aa that for o-xylyl chloride. From redistillation the
fraction b.p. 90-91° at 20 mm. was collected; 1it. 102 b, p. 90° (20 mm.).
The rate constants for reactions of this compound with methoxide and
thiophenoxide do not agree with the values of Reinheimer and co-workers
(see Results and Discussion, p. 143). A blank test was made to check
whether the starting material p-xylene contaminated the p-xylyl chloride.
From vapour-phase chromatography with apiezon column at 70°, the
product showed only one peak, and the peak for p-xylene under the same
conditions appeared at a different position. The spectrum for the
mixture of the product and the starting material was shown to have two
peaks,

(4) m-Nitrobengyl chloride: A commercial product (Eastmaen

Kodak) was recryctalll;ed twice from beanzene to a cbnstant melting
point of 45-46%; 11¢.103 . p. 45-47°,
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(5) 2,6-Dimethylbensyl chloride:
(a) 2<-Bromo-me-xylene from 2, 6-dimethylaniline:
A mixture of 181.2 g (1.5 moles) of 2, 6-dimethylaniline in 880 ml
(6 moles) 48% HBr was diazotizedlO4 with 11, 73-3 (1,7 moles) of
NaNO,. The addition of NaNO2 was controlled and the temperaturs

kept below 5°. When the diazotization was complete, 5 g. of copper
powder were added and the mixture was heated very cautiously. If
nitrogen was evolved vigorously, the flask was cooled with ice. The
mixture was heated for 2 hrs. on & steam bath, One liter of H30 was
added to the mixture which was then steam distilled. The distillate
was made alkaline with 10 g of NaOH and the lower red layer of crude
Z-brozpo-moxylone was separated, The crude product was dissolved
in ether and washed with dilute acid and water, The ether solution
was treated with anhydrous NasSO4 before evaporation of the solvent.
Purification was effected by distillation under reduced prassure. A
40% yield of product was collected with b, p. 100-102° (20 mm); 1it, 195
b.p. 93° (20 mm). '

Another method for the preparation of 2-bromo-m-
xylene was tried, by the decomposition of [C5H3(6H3)2N23r]gHﬁBrz
comploxlo". but the yield was poor. A mixture of 108.9 g (0.9 mole)
of 2-aniline-m-xylene in 1720 ml of water and 360 ml of conc, HCl
was diazotised with 360 ml of 20% NaNO, solution, according to the
method described in Organic Synthesiaw"'. The diszonium salt was
added to & cold suspeansion of HgBry, formed by treating 0,45 mole of
Hg(NO;); and 213.3 g of NaBr in a total volume of 642 ml of water. The
yellow insoluble complex [CeH3(CH3)2N2Br]2HgBr2 was separated
immediately and collected by filtration. It was then washed with water
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and acetone, snd air dried. The air dry complex was well mixed with
772 g of finely ground NaBr. The mixture was then added in a small
portion through & wide rubber tube to & flask heated in an oil bath at
96°, After each addition of the mixture, & vigorous gas evolution
occurred, After the decomposition was complete, the mixture was
extracted with bonzene. The solid lumps were broken with 8 stirring
rod. The bensene solution was washed with dilute acid and alkali, The
2-bromo-m-xylene was vacuum distilled. The f{raction b,p. 88°
(15 mm) was collected; 1it.10% b.p. 90-93° (20 mm).

(b) 2,6-Dimethyl bensoic acid from 2-bromo-m-xylene:
The bromide\was converted to carboxylic acld by the Grignard method!¥7,
A solution of 185 g (1 mole) of 2-bromo-m-xylene and 218 g (2 moles)
of ethyl bromide in 11, of dry ether was added with stirring from a
funnel to 85 g (3.5 g-atom) of Mg turnings in 150 ml of dry ether. (All
the glassware was oven dry before use). After completion of the addition
(about 1.5 hrs,), the reaction was heated under reflux for 30 mins. The
reaction mixture was then cooled, and the solution of alkyl magnesium
bromides was decanted slowly from the excess of Mg on to 600 g of dry
ice which was stirred manuslly. When most of the dry ice htd.ov&pcrated.
an ddditional portion was added, along with 250 ml of dry ether. The
800 ml of 20% HC] and enough ice to keep the mixture cold were added
with stirring. The organic products were extracted with ether, and the
ethereal layer was washed with water to remove HCl and most of the
propionic acid, The benszoic acid was extracted by shaking with 10%
alkaline solution. The aqueocus solution was acidified, and the solid
collected by filtration in 80% yield. The product was purified by re-
crystallisation from MeOH to give & solid of m.p. 115-116°C; 14¢. 105
m.p. 116°,
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(¢) 2,6-Dimethylbensyl alcohol from 2, 6-dimethylbenzoic
acid: A solution of 91 g (0.6 mole) of 2, 6-dimethylbenzolc acid in 500 ml
of dry tetrahydrofuran (if dry ether was used as solvent, the yield was
very poor) was added drop by drop over a period of 3 hrs. to a slurry of
40 g of L1AlH 4 (purity over 95%) in 1400 ml of dry THF under nitrogen
atmosphere. The mixture was heated under reflux for 18 hrs, After
cooling the reaction mixture, cold water was slowly added from a droppirg
funnel to decompose the unreacted hydride, The THF layer was separated,
and the solvent was removed under reduced pressure. The crude product
was obtained in a yield of 70%, It was then purified by recrystallization
from 20% aqueous methanol to give a solid of m.p. 81%; 1t.195 m . p. 91°,

(d) 2,6-Dimethylbeneyl chloride from 2, 6-dimethylbeasyl
alcohol: The alcohol was converted to chloride by reaction with thionyl
chloridel98, 2.6<Dimethylbensyl slcohol, 54.4 g (0.4 m—olc) was dissolved
in 34.8 g (0.4 mole) of pyridine. To the rapidly stirred mixture, which
was cooled in an ice bath, 50 g (0.42 mole) of freshly distilled thionyl
chloride was added from a dropping fuhnel at a rate of 3-5 drops per sec,,
‘the temperature of the mixture not being allowed to go above 60°. When
the addition was complete, the mixture was stirred for 3-4 hre. The
mixture was extracted with ether, ‘and the ethereal layer was washed with
water, (The yield would be low if the extraction was incomplete), After
recrystallization from acetone, & solid of m.p. 31.32° was cbtained in &
vield of 65%; 11,105 m p. 31°,
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11, PREPARATION AND PURIFICATION OF THE NUCLEOFPHILES

(1) Thiophenol. Commercial product (Eastman Company)
purified by vacuum distillation,
(2) m-Thiocresocl, Commercial product (Eastman Company)

purified by vacuum distillation,

{3) p-Nitrothiophenol, Following the method of Price and
Shcy1°9. 78.7 g (0.5 mole) of p-chloronitrobenzene was dissolved in
125 ml of alcohol. A solution of sodium disulfide prepared from 94.3 g
(0. 36 mole) of sodium sulfide pentahydrate and 11.7 g (0,365 mole) of sulfur
was then added over a period cf about 10 min, An alcoholic solution of
20 g (0.5 mole) of NaOH wae added drop by drop from the dropping funnel
over a pdriod of about 20 min. as tBe reaction mixture was boiled under

reflux., The mixture was cooled and poured on to 1 kg of ice and 750 ml
of water. The residue was removed by futration. and the f{iltrate was
acidified with HCl. p-Nitrothiophenol precipitated and was collected by
filtration and washed with 250 ml of water. The crude thiophenol was
dissolved in 75 ml of alcohol, After addition of & solution containing 40 g
of NaOH in 750 ml of water, the solution was filtered. The product was
reprecipitated with HCl and collected by filtration in & yield of 55%;

m.p. 75°C: 1it.}9% m.p. 75%C.

(4) p-Methyl thiophenol; This compound was synthesized by the
110
17",

method described in Voge
The mixture of 720 g of crushed ice and 240 g of conc. H250,
was cooled to 0° in a freezing mixture of ice and salt and 60 g. of p-
toluenesulfonyl chloride was added gradually to the rapidly stirred mixture,
Zinc powder, 120 g (50-100% purity), was added slowly without the
tempcisturo rising above 0°Cc (about 30 min,). The mixture was stirred

for a further one and one-half hours. The ice-sailt bath was then removed
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and the mixture was allowed to warm up., The reaction began with the
evolution of hydrogen. The mixture was cooled occasionally when the
reaction became vigorous, When the energetic réactlon subsided, the
mixture was heated under reflux until the solution became cloar (46 hrs,).
It was then steam dlltuléd. The p-thiocresol crystallized in the steam
distillate. The crude product was recrystallized twice from methanol to
give & solid of m.p. 44°C; Ut.10m.p, 43°.

(5) . p-Bromothiophenol: The procedure for the aynthesh of this
compound was similar to that of the synthesis of p-methylthiophsnol. A
mixture of 360 g of crushed ice and 120 g of conc, HaSO4 was cooled to

0° and 47.5 g of p-bromobensene sulfonyl chloride was added to the cooled
mixture. The compound was reduced by adding 60 g of zinc powder, The
mixture was warmed and stirred overnight after the vigorous evolution of
the hydrogen subsided. A white cryataulne solid was obtained from the
steam distillate of the mixture. It was pur ified by recrystallization from
petroleum ether (b,p. 60-80°) to give a solid of m.p. 75°; 1it, 98m. p. 74-75°.

(6) p-Methoxythiophenol: The compouand was prepared by the
reaction of potassium ethyl xanthate with diazotized p-anisidine. The pro-
cedure followed was 2imilar to that described in Organic Syntheshuz.

(a) Preparation of potassium ethyl xanthatelu: With heating,

300 g (5.36 moles) of KOH was dissolved in 31, of ethanol, The solution
wes then cooled in an ice bath and the tempsrature was kept below 10°,
To the rapidly stitred mixture, carbon disulfide was added gradually until
the solution was no longer alksline: about 456 g (360 ml, 5.95 moles) of
CSp was required. The potassium ethyl xanthate was collected by filtration
and air dried.
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(b) Reaction of ethyl xanthate and p-anisidine:

p-Anisidine (123 g) was dissolved in 200 ml of conc. HCl and 200 g of
crushed ice. The mixture was diazotized with a solution containing
80 g of sodium nitrite and 170 ml of water below 5°, The diazotized p-
anisidine was treated with enough sodium acetate to neutralize the free
acid. The cold filtrate of this diazotised solution was then added slowly
to & solution (the temperature of the solution was kept at 70-80°) of
300 g (1.9 moles) of potassium ethyl xanthate in 700 ml of water, Stirring
and heating were continued for about two hra. to complete the decompo-
sition of the intermediate of diazonium ethyl xanthate, The mixture was
cooled to room temperature and extracted with ether. The ethereal
layer was separated and a dark brown oil was obtained after the ether
was removed. This ofl was heated under reflux under qitrogen for 3 hrs.
with a8 solution containing 115 g of potassium hydroxide in 2 1.of 95%
ethanol and 20 g of glucose, At the end of the reaction, the volume of the
mixture was reduced to about 300 ml by reduced pressure evaporation,
The solution was acidified with cold dilute H2SO4. A few grame of zinc
dust were then added, and the mixture was steam distilled, The distillate
was extracted with ether, The{uhereal solution was dried over CacCly.
The crude product obtained after the removal of the solvent was purified
by fractional distillation to give & 52% yield of liquid of b.p. 41° (0.25 mm);
14¢. 112 . §8-90° (5 mm).

{7) m-Methoxythiophenol: The procedure was similar to that
for the preparation of p-methoxythiophenol. m-Anisidine, 12,35 g (0.1
mole) in 20 ml of conc, HCl 2nd 20 g of crushed ice was diazotized with

8 g of NaNOj in 20 ml of water. The neutralized diazonium solution was
added to 18.8 g of potassium ethyl xanthate in 20 ml of water at 70-80°,
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Stirring and heating were continued for about 1 hr. after the addition
of the diasonium solution. The dark oil obtained was then hydrolyzed
with 17 g of NaOH in 67 ml of 95% ethanol. The product was separated
from the reaction mixture by steam distillation. It was then purified
by fractionate distillation to give a 55% yield of liquid of b.p. 65°
(0.25 mm); 1it. 113 - 148-151° (14 mm),
Anal, Calculated for C7HgOS: C, 59.96; H, 5.75; S, 22.87.
Found: C, 59.80; H, 6.13; S, 22.64. .

(8) m-Nitrothiophenol: This compound has been reported

in the literature as & brown oilll® or a straw coloured oh1l!® with 1% less
carbon in the elementary analysis than the calculated value. Several
attempts to synthesize it by the method of Bordwell and Anderson!l®
were unsuccessful, The product obtained was a golden orange oil and
contained an extra band at 3400 cm™! in the infrared spectrum, even
after belng twice distilled, Another method, similar to the preparation
of p-n itrchiophenol, was tried by adding the sodium disulfide to the m-
nitrochlorobenzene. This was also unsuccessful, It was finally
synthezized by the reduction of the appropriate disulfide as follows:

(a) Preparation of m-nitrophenyl disulfide from m-
nitrobenzene sulfonyl chloride: The method described in Organic
Syn':helaiau6 was followed. m-Nitrobenzenesulfonyl chloride (33.5 g)
was placed in a three necked flask and 103, 3 ml (0. 75 mole) of 47%
hydriodic ecid was added dropwise with stirring over a period of 30-45
min. lodine cryiuls precipitated as the reaction proceeded, After the
addition was completa, the reaction was stirred and refluxed on a steam
bath for 3 hrs. It was necessary to change the air condenser several
times during the reaction because the sublimation of lodine blocked the

condenser. The reaction mixture was then cooled to room temperature.
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About 135 g of sodium bisulfide was required to reduce the {odine,
The addition of NaHSO3 should bs slow, since the evolution of SO2 can
cause excessive foaming. When all the iodine was reduced, the pale
yellow m-nitrophenyl disulfide suspended in the solution. The disulfide
was purified by recrystallization from acetone to give a solid of
m.p. 82-83° (o a yield of 72%; 1t.}ém, p, 81-83°,

~ (b) Preparation of 3-nitrothiophenol from m-nltrophenyl
disulfide. A mixture of 7.6 g of 3-nitrophenyl disulfide, 4.4 g of NaOH
and 50 ml of ethanol was heated under reflux and 6.3 g of Naz5,0,.2H0

in 35 ml of water was added dropwise over & period of 20 min., After
the addition was complate, the heating was continued for 15 min., The

warm solution was then poured iato 250 ml of ice water, The mixture

was filtered, and the filtrate was acidified with dilute HCl, The oil
remained suspended in the aqueous aolution. and was extracted with ether.
A brown oll (5.7 g) was obtained after the evaporation of the ether under
reduced pressure,

{¢) The disulfide can also be red\xced by glucoseu7
Glucose (4 g) was mixed with 5,7 g of pulverized bis{3-nitrophenyl)-
disulfide and left overnight in 150 ml ethanol. The mixture was then
heated at 50°C. After being treated with 4 g NaOH in 10 ml H 0 the
mixture wae poured into 100 ml cold water and flitered. The filtrate was
added dropwise to 20 ml concentrate HySO, in150 g of crushed ice. The
brown oil 5uspended in aqueous solution and the crude product was

extracted Wih ether.
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(d) Purification of me-nitrothiophenol by column
chromatography: The condition for the separation of the crude
product was tried first by thin-layer chromatography. It was found
that a thin-layer of silica gel with chloroform as the solvent for
elution would give a clear separation of the three spots. If other

solvents such as methanol, methylene dichloride, benzene or mixed

solvents of different polarity were used, a long tail was developed in
the thin layer. This was also the case if alumina was used instead of
silica gel. A column was then packed with silica gel in chloroform,
Four g of the crude product were put in the column and the column was
washed with chloroform. m-Thiophenol was found in the first {fraction.
Some of the thiol was aleo found in the second fraction (probably due to
the overload of the column)., A 1,8 g yield of me«nitrothiophenol was
obtained: it was a viscous clear yellow oll which crysta.uized when

cooled with ice water. The oil was then purified by molecular dis-
tillation. Its identity was characterized by spectroscopy. Some
characteristic peaks which appeared in the nuclear magnetic spectrum
and the infrared spectrum are shown as follows:
I.R.: 3050 cm}, 2540 cm=], 1550 cm™1, 1500 cm-l, 1325 em™},

780 cm™} and 710 em"1,

N.M.R.: 3.7 p.p.m. and the aromatic protons are spread between
7.3 p.p.m. = 8.3 p.p.m.

it also showed the molecular peak m/e = 150 in mass spsctrum.
nlz)5~7 = 1,6271.
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Anal,Calc, for CgHgNO,S; C, 46.43; H, 3.25; N, 9.03; S, 20.69.
Found: C, 46.51; H, 3.41; N, 9.23; S, 20,73,
(9) 3, 5<Dinitrothiophenol: This is & new compound and was
synthesized by the reduction of the appropriate disulfide.
(s) Preparation of potassium 3, 5-dinitrobenzene sulfonate

from m-dinitrobensene, The sulfonate was prepared by direct
sulfonation of the benzene derivative with fuming sulfuric acidll8, A
mixture of 50'g of meta-dinitrobenzene and 150 ml of fuming sulfuric

acid (15.18%) and 4.5 g of Hg u.i catalyet was heated at 150-160° for 9 hrs.
The mixture was then ¢ooled and poured on to ice, and the acid was
neutralized with milk of lime (excess of lime or Ba(OH)2 cannot be used, as
the prcduct is sensitive to alkali and appears to change readily into nitro-
hydroxyl-sulfonic acid). The deep purple colour of the filtrate changed to
orange as the liquid was evaporated by heating in atmospheric pressure,
The potassium aalt of 3, 5-dinitrosulfonate was obtained by adding a cal-
culated quantity of potassium carbonate (excess of carbonate cannot be
used, for the reason explained above), The sclution was evaporated until
crystellization began; yield 35%. Major peaks in omr using D0 as
solvent are: 1,13 (doublet, J = 2 cps), 0.85 (triplet, J = 2 cps).

{(b) Preparation of 3,5-dinitrobensene sulfonyl chloride
from potassium 3, 5-dinitrobensene sulfonate: The first attempt to syn-
thesise this .coxi:x’po'und by treatment with chlorosulfonic acid!!? did not
auc;eod. Dxy 3; 5-dinitrobenzene sulfonate (7 g) was dluolvod in 10,5 ml
of chlorosulfonic acid, and the mixture was heated on & steam bath for
2 hrs, ©On standing in air, the product did not crystallize on the wall of
the flask as was reportedng. The mixture was thea poured on to ice,

A white solid substance, m.p. 1952, was obtained. It was not the
starting material, nor the 3,5-dinitrobenzene sulfonyl chloride,
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The method described in Organlc Syntheoislzo

then followod, ~and the product was obtained with good yield, A mlxture
of 11. 44 g (0, 04 mole) of dry potassium 3, 5-dinitrobensene sulfonate
(which had previously been dried under vacuum and heated under an
infrared lamp for at least 15 hrs.) and 10, 4 g (0,05 mole) of finely
divided PClg was placed in a flask equipped with an air condenser and
fitted at the top with a CaCly drying tube. The solid mixture was mixed
thoroughly and then placed in an oil bath which was heated to 110°.
Heating was continued at this temperature for 1 hr. The condenser was
removed for brief intervals now and then during the heating period, and |
the reactants were stirred by means of 8 glass rod. At the end of the
heating period, the product was & thick paste. In order to remove the
POCIl3 formed in this process, as well as most of the unrea.cted PClg,
the mixture was heated on & steam bath for 2 hrs. \mder vacuum produced
by a water aspirator. Two traps batween the receiver and the aspirator
were necessary to aseure that thers was no contact between phosphorous
chloride and water. The dry cake was pulverized, and transferred to &
beaker, then 75 ml of water and 200 ml of chloroform were added to the
beaker., The mixture was placed on & steam bath and stirred until most
of the solid dissolved. The chloroform layer was separated and the
volume of the solution was reduced by evaporation. The solution was then
cooled and the product crysulliscd. Filtration gave 7 g of the pale
yellow 3, 5-dlnltto¢h;.ophenol - in & yleld of 70%, It was then re-
crystallised from chloroform, m.p. 101% 1t.}9 m.p. 100-101°,
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‘ (¢) Preparation of 3,5-dinitrophenyl disulfide from

3, 5-dinitrophenyl sulfonyl chloride. The procedure was similar to
‘that described under the preparation of 3-nitrophenyl disulfide. 3,5-
Dinitrobenzene sulfonyl chloride (40 g, 0.15 mole) was placed in &
flask. The stirrer was started and 103, 3 ml (0,75 mole) of 55% HI was
added dropwlae to the flask. After the addition was complets, the
mixture was stirred for another 3 hrs, It was then cooled to room
temperature. Sodium bisulfite was added slowly to reduce the iodine.
Pale yellow crystals of 3, S-dinitrophenyl disulfide remained suspended
on the colorless solution. The crude product was purified by re-
crystallisation twice from benszene to give 18.7 g (64% yield) of 3,5~
dinitrophenyl disulfide of m.p. 178% 1it.13} m.p. 176°,

(d) Preparation of 3, 5-dinitrothiophenol from 3,5-
dinitrophenyl disulfide: Glucose (6.28 g) was mixed with 8.8 g of
pulverized disulfide and left ovefnight in 75 ml of ethanol, The mixture
was then treated slowly with 4 g of sodium hydroxide in 10 ml of wa ter.
Several temperatures for this reaction were tried in order to get the
maximum yield. It was observed that if the temperature exceeded 50°C,
the brown viscous tar deposited in the bottom of the flask. The higher
the temperature, the more tar was formed. The mixture was stirred
for 1 hr. and was then poured into 130 ml of cold water. The filtrate
was added drop by drop to 21 ml of concentrated H,SO,4 in 160 g of crushed
ice. The pale yellow 3, 5-dinitrothiophenol precipiated from the acidic
solution. The crude product, 4.5 g, was purified twice by recrystallization
from bensene to give a solid of m.p. 90-91° in a yield of 52%. This
yellow rod-like crystalline sclid slowly turns opaque when dry. The
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structure was characterized by spectroscopy. Major bands in 1.R. app-
cared at 3100 cm*}, 2590 cm-), 1580 em™1, 1350 cm™1, 780 em™},

650 cm~!. The peaks appearing inna.m.r, areat 4,15, 8,55,

8.8 5 ; the maximum absorption in U.V. (taken in 95% ethanol) is 276 my
with € = 2.4 x 104, The molecular weight was determined by mass
spectroscopy 2nd showed the molecular peak m/e = 200,

Anal.calc. for CgHN,0,S: C, 36; H, 2.14; N, 13.99; S, 16, 02.

Found: C, 36.12; H, 2.19; N, 13,83; S, 16.11.

III. PREPARATION OF DISULFIDES

(. Diphenyl disulfide: Five g of thiophenol was dissolved in
10 ml of methanol and 2.7 g of 30% hydrogen peroxide was added drop by
drop to the flask with stirring. The mixture was heated under reflux for

4 hrs. on & steam bath. [ One way to judge whether the reaction is com-
plete or not for these oxidation reactions of substituted thiophenols is by
their odor. All the thicl compounds studied are characterized by their
irritating smells, whereas the corresponding disulfides are odorless].
After the reaction was complete, the volume of the reaction mfxture was
reduced. The crude product crystallized as white needles. It was re-
crystallised from othanol : m.p. 59.5-60°C; Lit.122 m.p. 60-61°.

(2) Bis-(p-nitrophenyl)disulfide: Two g of p-nitrothlaphenoi

was dissolved in acetic acid. To this rapidly stirred solution, 0.5 g of
hydrogen peroxide was added dropwise. The mixture was refluxed on a
steam bath for 3 hrs. The solid substance was removed by filtration and
the product recrystallized in acetic acid. It was 2 light yellow solid of
m.p. 182°C; 1it,122 m,p. 181°,
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(3) Di-m«methylphenyl disulfide: Ten g of m-thiocresol
was dissolved in 20 ml of methanol and 4 g of 30% H30, was added,
The mixturs was refluxed for 3 hrs, and then stirring was continued in

the open afir until the irritating smell disappeared. The reaction
mixture was cooled with dry ice aceton solution and di-methylphenyl di-
sulfide solidified at -22°C. The liquid was discarded and the product was
purified by vacuum distillation to give a liquid of b.p. 26° (0,25 mm);
1it. 123 b p, 150° decomposition.

(4) Di{p-methylphenyl)disulfide: Five g of p-methyl thio-
phenol was dissolved in 15 ml of methancl; 2 g of 30% H0, was added
dropwise and the mixture stirred in the air &t room temperature over-
night. The product crystallised on cooling the mixture in ice water.
The disulfide was recrystallized twice from ethanol to give a solid of
m.p. 44.5-45.59% lit,122 45.46°C, '

(5) p=-Methoxyphenyl disulfide: The procedure was the same
as that for the preparation of diphenyl disulfide. p-Methoxyphenyl di-
sulfide is a yellow oil of b.p. 40°C (0, 05 mm).

(6) p-Bromophenyl disulfide: The procedure was the same
as that for diphenyl disulfide. The product is a yellow crystalline solid
of m.p. 92°C.




1V. PURIFICATION OF THE SOLVENTS

(1) Methanol: Following the method described in Vogell24
10 g of dry magnesium turnings and 1 g of iodine were placed in a flask,
100 ml of methanol was added and the mixture was warmed until the
iodine disappeared. Hydrogen was soon vigorously evolved. The
heating was continued until all the magnesium converted into the methyl-
ate. Two liters of methanol were then added, and:the mixture was
heated under reflux for half an hour. The mixture was then distilled
with exclusion of moisture, and the first 50 ml of distillate was dis-
carded.

(2) Ethanol: The experimental procedure is the same as
that for purification of methanol. In both cases, the purity of the
starting material should not be lower than 99% in order to obtain the
absoclute alcohol,

(3) Dimethyl formamide: Dimethyl formamide (Baker

Chemical Company) was shaken repeatedly with calcium oxide and the
mixture was stored overnight, The ligquid was decanted and treated with
calcium hydridel25, The mixture was vacuum distilled; b.p. 45-46°C,
(12-13 mum).

- (4) - Dimethyl sulphoxide: Dimethyl sulphoxide (Matheson
Coleman and Bell) was treated with calcium hydride until it ceased
bubbling and the mixture was then distilled under vacuum. The distilled
dimethyl sulphoxide was kept in a bottle containing molecular sieves
(1/16" pellets).

(5) Tetrahydrofuran (THF): THF (Fisher Scientific Co.)
was treated with potessium hydroxide and allowed to stand overnight.
The llq\iid was then decanted and treated with sodium metal for at least

two days. The liquid was again removed from sodium and distilled over
lithium aluminunmhydride under reduced pressure.
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(6) Diocxane: Dioxane was first treated with potassium
hydroxide for 24 hrs, The liquid was then refluxed over an excess
of aodium for 7 hrs. until the reaction ceased and the sodium remained
bright. The liquid was fractionally distilled; b.p. 100°C,

(7) 2-Methoxyethanol (Fisher Scientific Co.): This was
purified by frational distillation; b.p. 124°C.

V. MEASUREMENT OF THE ACIDITY CONSTANTS FOR SUBSTITUTED
THIOPHENOLS

Approximately 0. 003N solution of the thicphanol was
prepared by dissolving a weighed portion of thiol in freshly distilled
methanol in a 25 ml volumetric flask. Five ml of this solution was then
diluted to 50 ml with methanol and 25 ml of the diluted solution was allowed
to reach the thermal equilibrium in the thermostat bath at 25°C
(£ 0.05°C). The solution was titrated with 0,11 N of lithium methoxide in
methanol, A small stream of nitrogen was passed through the reaction
vessel to avoid the oxidation of the thiophenoxide by air. The pH values
were measured by a "Radiometer' Type PHM26 with & glass electrode as
the indicating electrcde and a calomel electrode as the reference
electrode. Commercial buffer solutions were used for standardisation;
pH 7.00 (Ceorning glass work), pH 6.48 (Radiometer), pH 9.18 (Beckman).
Before the titration was started, the pH meter was repeatedly standard-
ized with these three buffers until the reading showed the correct

values,
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o pKa values were obtained from the points of half
neutralization. End points determined from the experiment were
compared with the stoichiometric end points; good agreement was
observed. One of the typical titration curves is shown in Fig. E-l.
Two measurements for the acidities constants have been taken in

each case,

Vi, KINETIC MEASUREMENTS

(1) Preparation of the reaction solution:
(a) Lithium metﬁoxide: A 0,2N solution of LIOCHy was
prcpaied‘by dissolving 1.4 g of high purity lithium wire (Foote
Mineral Compaany) in 900 ml of fruhiy distilled methanol. The solution

was filtered if there was a amall amount of residue left after hydrogen

evolution. The concentration of the sclution was standardized three
timél with‘pouatﬁum hydrogen phthalate, wlﬂch was dried previously in
an oven it 80°. The reproducibilities were within 0.3%,

(b) Lithium thiophenoxide or aubntitutcdlthiopho:io:ldes:

These reagents were prepared by adding 10% excess of thiol to the
standardized lithium methoxide solution,
(2) | Determination of the reaction rates:
(2) In the lithium methoxide run: A 20 ml of 0,1355N
solution of lithium methoxide wé.n diluted to 75 ml and the dilute solution

was transferred to 2 250 ml long neck flask, A weighed amount of sub-
strate (benzyl chloride) was dissolved in methanol in a 25 ml volumetric
flask, Both solutions were allowed to reach the thermal equilibrium in a




FIGURE E-I

Titration curve of p-CH3-thiophenol for pKa

measurement
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water bath, The temperature of the water bath was contrdled at
25° 1 0,08°C. The two solutions were mixed and the reaction began.
The i{nitial concentration for methoxide and the substrate were both
0.0271 M, Aliquots (5 ml) were withdrawn at recorded times and
quenched in an Erlenmyer flask containing 20 ml of 0.1 M nitric acid
and 30 ml of (chloride-free) ethyl ether. The aquecus layer was
separated immediately by a separatory funnel, and the ethereal layer
was washed with 3 ml of distilled water, The washing was then com-
bined with the aqueous layer. The chloride content of the aqueous layer
was determined by potentiometric titration with 0,06 N silver aitrate
solution, The titrations were performed by Accumet pH meter (Fisher)
with a silver-silver chloride electrode as the indicating electrode and
a celomel saturated mercuric sulfate (K 601, radiometer) as the
reference electrode. A cne-milliliter microsyringe was used for
titration and the volume was calibrated using pure water,

" (3) N In litjium thiophenoxide and substituted thiophenoxide runs:
The amount of thiol was weighed in a 25 ml volumetric flazk; 10 ml of
0.1355N solution of lithium methoxide was added to the {lask containing a

weighed amount of thiol. The volume was made up to 25 ml with

methenol. The solution was transf{erred to a 250 ml long-~-necked flask
and 50 ml of methanol was added. (In thé case of p-nitrothiophenol, the
solution has to be warmed slowly in order to dissolve the thiol in
methanol). A weighed amount of substrate was dissolved in a 25 ml
volumetric flask and put in the water bath for 3 min, to reach thermal
equilibrium, The initial concentration of the nucleophile and the substrate
were 0.0135 N, Aliquots (5 ml) were wlthduwn at recordaed times and
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quanched in a flask containing 20 ml of nitric acid (0.1 N) and 30 ml
of ethyl ether, The aquecus layer was separated and combined with
the washing from the ethereal layer. Four drops of 30% hydrogen
peroxide were added to the aqueous solution to decompose the un-
reacted thiol. The chloride content of the aqueous layers was
determined by potentiometric titration,.

(4) Fast reactions ia the solvent of dimethyl sulphoxide-
methanol:

F'ive ml of nucleophile was mixed with 5 ml of substrate after thermal
equilibrium. After certain intcrvala. the mixture was poured into &
chilled {flask containing 20 ml of 0.1 N of HNOj and 30 ml of ether and

the aquecus layer was immediately separated.
(5) Solvolysis of substituted benzyl chlorides: A weighed

amount of substrate was dissolved in methanol and placed in a
temperature-controued water bath, At recorded times, aliquots

weare withdrawn for analysis of the chloride content. (The procedure
was the same as that for the reactions described under methoxide runs,

except that no nucleophile was placed in it).

ViI, SOLVENT EFFECT ON THE CHEMICAL SHIFTS OF
SUBSTITUTED BENZYL CHLORIDES

Nmr data were obtained with a Varian model V-4302
spectrometer at 60 Mc/sec. The concentration for each measurement
was 0.0542M, which was twice that of the initial concentration for the

kinstic measurement,. Purities of the compounds studied were checked




by gas-chromatographic analysis, Freshly prepared solutions were
used. The mixed solvents were prepared by volume % and converted

into mole frections by the equation:
ay =(vidp/Mp/lvidi/Mp) + (1 - vp)da/M;]

where n is the mole fraction of the solvent composition; d) and d; are
the densities of the solveats; v is the volume % of a solvent com-
position, and M) and M, are the molecular weights of the solvents
respectively,

Vi, MASS SPECTRA OF SUBSTITUTED DIPHENYL DISULFIDES

Mass spectra were taken on an RMU-6D mass spectro-
meter (Tokyo, Japan). Samples were introduced through a heated inlet

system in a range from 100-200°C. The electron energy was 50 ev.

IX, TREATMENT OF THE DATA

(1) The reactions of lithium methoxide and thiophencxides
with bensyl chlorides are second-order and the valuee of [(RCl)o- (C1)] -1
were plotted against t, where (RCl)o is the initial concentration of
reagent and (Cl) is the concentration of the chloride produced at the
time t. The slope of this plot is equal to the observed second-order rate
constant kg, of the reaction, A typical plot for these reactions is




shown in Fig. E-II. For the solvolysies in rmethanol, the first-order
rate constants (k]) were calculated from the slopes of the plots of log
[(RC1)=(C17})] vs. time, as shown in Fig, E-III. The observed rate
constants kg, for the SN2 reaction are not true values for the dis-
placement reactions, as they contain some contribution from the

solvolysis reaction. Correction is made by the following method90;
dx/dt = ky(a-x) + kp(a-x)°
dx/(a-x)% = [(k}/a-x) + k2, ]dt

As X~ 0 k)

dx/(a-x)¢ = (4 +kz)dt

k

kapp = - + Kk

It follows that kapp (the alope of the plot. of 1/(a-x) vs. t)
is, when the reaction has not progressed very far, approximately equal
to ky (the true bimolecular rate coefficient) plus kll'a; k] is the
solvolysis rate coefficient. The k) values reported are kapp less
kj/a. Since k‘pp was based on 40-60% of the reaction, the corrections
are somewhat approximate. On the other hand, the corrections were
highest at about 7% of kapp- Thus, the uncertainty due to the approxi-
mation is, in the most unfavorable case, only slightly greater than
experimental error.

Ia the case of fast reactions such as those when thlo-
phenoxides were used as the nucleophiles or when the reactions were
carried out in high conteat of aprotic solvent, such corrections for the
solvolysis would have been well within the experimental error, 2nd

were therefore neglected.




FIGURE E-I

Plot of the reciprocal concentration of the
reagent against time for the reaction of m-
NOj,-benzyl chloride with m-CHj-thiophenoxide
in CH5OH at 25°
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FIGURE E-III

Logarithms of (a-x) plotted against t for the
solvolysis of 2,6-dimethylbensyl chloride in
CH3OH at 25°
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{2) - Least square fitting: The reaction constants ( {7, )

were obtained from the slopes of the regression lines

logk=mlogk' +b
where k: is the rate constant for the bimolecular reaction of sub-
stituted bensyl chloride with substituted thiophenoxides, k' is the
correipondi.ng value for bengyl chloride as the substrate, and m s
the relative reaction constant for the two reactions, The least-square
fitting was performed by the computer.

In order to calculate the correlation constant rlzﬁ.

the dependent variable and independent variable are reversed, i.e.
logk!' =m' log k + b’ .

The correletion coefficient was calculated by the equ&tlonlzé

r= (mm')”z

(3) Thermodynamic calculations: The activation energy
was obtained from the plot of log k vs. 1/T

logk = -E, /2.303RT + C
Egy = -slope 2.303 R

where E, is the activation energy. The enthalpy of activation (AH#)
is almost equivalent to the experimentsl snergy of activation in the
Arrhenius equation. In a liquid system the PAV term is negligible at

ordinary pressure:

Es = AH? + RT




(e8]
QN4
1

The entropy o activation can therefore be readily calculzzed Irom the
acrivation e¢nthalpy and the rate constant
kT AS#/R -AHF/RT
< = 'E- e c

where k is Boltzmann's constant and h is Planck's constant.

x. ISOLATION OF THE PRODUCTS

The possibility of a-elimination fer the vezziicn of o-
substituted benzyl chlorides with methoxide has kteen shewn v
Bunnett et a199 to be insignificant. Reiheimer et al isclated the
products for the reactions of methoxide and thiophenoxice w:t: denzyl
chlorides to show that they are nucleophilic displacement rzei ions
without the complication of other side réactions. The rate for the
reaction of 2, 6-dimethylbenzyl chloride with 3, 5-dinitrothiophenoxide
is abnormally fast. It was thought that the reaction mechanism might
be different from the Sy2 reaction. Therefore, the product of this
kinetic reaction was isolated; it is a bright yellow crystalline solid.
-The melting point is 151°C. The identity was characteriz:d by nmr,

as shown in the structure:

J
CH3 NO;

-

CH;-S-

CHj ‘NO2
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The chemical shifts of this compound were
compared with the chemical shifts of 2, 6-dimethylbenzyl chloride
and that of the 3, 5-dinitrothiophenoxide as shown in the following
table:

Chemical Shifts of Various Substituents in ppm

Compound ScH 3 SCHZ 5 H(Ar)) Sulary)

2 » 6 -dimethyl-

benzyl chloride 2.4 4,55 7.00

3, 5-dinitro- 8.5 (doublet)
thiophenol 8.8 (triplet)
product 2.45 4.4 7.18, 8.5 (doublet)

7.35 8.9 (triplet)
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RESULTS AND DiSCUSSION

I. "SOLVENT EFFECTS

(1) Solvent Effect on Reaction Rates

There 2re four kinds of strong solveat-sclute inter-
actiona": ion dipole, dipole-dipole, T-complex-forming, and
hydrogen bonding. In protic solvents, anions are solvated by ion-
dipole interaction, on which is superimposed a strong hydrogen
bonding which is greatest for small anions. In dipolar aprotic solvents,
anions are solvated by ion-dipole interactions, on which is superimposed
an interaction due to the mutual polarizability of the anion and the
solvent molecule, which is greateat for the large anions,

In order to study the influence of solvent changes on
Buanett's rate ratios, the solvent mixtures of methanol and dimethyl
sulphoxide (DMSO) in various proportions were chosen, The solvent
pair MeOH-DMSO seems to be particulerly attractive, because the
dielectric constant of DMSO (ca. 46) is somewhat larger than that of
methanol (ca. 34); [ the former is the typical aprotic solvent while
the 1atter is the protic solvent ]. The rate constants for the reactions
of o-methylbenzyl chloride and benzyl chloride with lithium methoxide
or lithium thiophenoxide in various solvents at 25° are shown in
Tables 1-2.
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S e
l o+ YT S + Cl1*
’ t

Y® = "OCH3 or ‘SC6H5

Addition of DMSO to methanol causes only 2

slight increase in the dielectric constant of the medium, but

the rates increase greatly. According to Ingoldz. the direction

of the change in rate in different sclvents may be predicted by

considering the extent of solvation of the initial and transition

state,
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NOTES TO TABLE I

kapp is the slope of a plot of 1/({a-x) vs. t.

k is the first order rate constant for the solvolysis,

solv
k, is the corrected second-order rate coefficient.
(2) = private communication from Tommila.

(b) = solvaticn is negligible in this case.

(c) = Lithium ethoxide was used as the nucleophile instead of methoxide,
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Since the reaction involvas a transition state with
dispersed charge, the rate should decrease as the dielectric con-
stant of the solvent increases. This is in agreement with the theory
of Hughes and Ingoldz. i.e. the plot of the logarithm of the rate constant
against the reciprocal dielectric constant of the solvent should be
- unaa;- with a positive slopes. I fact, this plot does not give the
straight lines as shown in Fig. 1-2, and the rates go in opposite
directions to those predicted by this theory.

Treatments based on electrostatic considerations only,
which regard the solveat as n'continuum having a bulk dielectric
con‘nt7. sometimes fail completely to predict sclvent effects’ '6.
Most anions in dipolar aprotic solvents are much less solvated than
in protic nolventaa. but polarizable charged transition states in dipolar
aprotic solvents are more solvated than in protic solvents,

It has been observed that the rates of bimolecular
reactions of anions passing through a large polarizable transition
state are much faster in dipolar aprotic solvents 910, The rate en-
hancement of these reactions at high DMSC conceatration (mole
fraction of DMSO > 0.5%) was attributed by Tommila et 3149 to an
increase in anion reactivity caused by reduced solvation of the anion
in the aprotic solvent (whereai at low concehtrutlona of DMSO, it was

found that DMSO has the catalytic activity*9),




FIGURE 1,

Logarithms of k for the reactions of o-
substituted benzyl chloride with methoxide
plotted against reciproceal of the dielectrical

constants of the solvents
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FIGURE 2,

Logarithms of k for the reactions of o~
substituted benzyl chloride with thiophenoxide
plotted against reciprocal of the dielectrical

constants of the solvents,
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It is also possible that lon-pair dissociation of the
aucleophile in DMSO, which has a higher dielectric constant than
methanol, may contribute to the rate increase in high DMSO con-
centration of the solvent. Ion pairs are generally considered to have
less or no reactivity relative to their free anions?9:23,24,28, Thie
possibility is ruled out by the fact that the rate constant for the
reaction of bensyl chloride with methoxide in 90% DMF -MeOH is 211
times faster than the corresponding reaction in methanol. Both
solvents possess similar dielectric constants.

In solvent of DMSC composition higher than 75% DMSO-
MeOH, the rate of the reaction of o-methyl benzyl chloride with
thiopkenoxide is too fast to be measured by the method we used.

Support for the favourable solvent effect on the Sp2
reaction in aprotic solvent® can also be seen from the relatively small
change for the rate of solvolysis in various solvents as compared to
the corresponding nucleophilic displacement reaction, as shown in

Table 1.,

(2) Solvent effect on the adjusted rate ratios

In apite of the fact that the change of reaction rates in
these solvent mixtures is at least an order of magnitude larger than
in other solvents, the Bunnett adjusted rate ratios remain constant, as
shown in Table 3, The adjusted ratio contains four rate constants
which serve as a parameter for the energy of the interaction between
the ortho substituent and the incoming nucleophile in the transition
state. 90




“93 .«

(ky-/Kpnge0=) 0-R/KY-/Mpge0- 1

The solvent effects do not appsar to change the Bunnett' - ratios.
These ratios mey be solvent independent only if AAAFROLY = o;

1v, aolv, solv, solv, solv,
AALFEOIY. = (AF S Ve - AF‘_O" ) - (AFSSY. - AFglH )

where AF{fﬁ"‘ is the solvation energy of the transition state for
the ortho substituted substrate, and AF;‘.’},"- ie the solvation
energy of the ground state of the ortho compound.

Similarly, AF29}V. and AF;‘_’%.}" are the solvation
energies of the transition state and the ground state for benzyl
chloride respectively. Thus, AAAFS0LV. g the gross difference
of solvation energy between the reactions of bensyl chloride and
the ortho substituted compound with éhe same nucleophile. It will

be saro if:
v, solv. solv. ..
(a) AF{.‘_’A mrggo AFSSY = AF&?H : or

{b) if the firat term is equal to the second term,
(aFgolv. -AF;SB")-(AF:_?&"'-AF;‘_’%,IV') : or
(e) i AF§lVes AFRSN- , AFPRY = AR

Among these possibilities, (a) is not :reasonabls.
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‘ Since the distribution of the charge in the reagent and
the transition state is different, the degree of solvation in the ground
state and the transition state is not likely to bs equal. If (c) is true,
(b) will be true automatically, Therefore, the rslative solvation for
o-substituted and unsubstituted bensyl chloride at the transition state
was examined, The ground-state solvation of the neutral molecules

is considered to be small compared to that of charged species,

(3) Comparisons of the transition state solvation for
reactions of 0-CH3: 2,6-(CH3)2, and benzyl
" chloride with methoxide

For the bimolecular reaction:

A +B == X* - products
the equilibrium constant between activated complex and the reagents

may be expressed as

K* = ‘X*I‘A'aB (R"l)

where 2 {5 the activity, and K* is the oquilibrium constant of the
activated state. The rate of the reaction is proportional to the concen-~
tration (X*), not activity ay«, i.e.

v o (X¥) (R-2)

Substitution of equation (R<l) to equation (R -2)

leads to:
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v = K* [A)(B] v, vg/vks
The rate constant is given by the equation
k > K% yp. Yplvxs
Since the actlvity coefficieat for an ideal gaseous

system is unityl. the rate constants in solution can be related to

those in the gas phase by the equation:

Using a similar principle, Parker?0 estimated the
relative transition state activity coefficient by measuring the rate
constants in methanol and dimethyl formamide (DMF) respectively
(see Introduction). Methanol and DMF are solvents with similar
dielectric constants, The former is a protic solvent with < = 32.7,
the latter an aprotic solvent with & = 37,6, The effect of solvation
by methanol relstive to DMF may be conveniently described in terms
of the hydrogen-bonding activity coefficientd!, An assumption that
other effects for solvent-solute interactions are similar ian both
solvents leads to:

K™ = 1.y YFYRX)"
where k™ is the rate constant in methanol, and k4 is the rats constant
in DMF, The activity coefficient yH is a function of the charge in
free energy of the solute due to hydrogen-bond by methanol.
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A comparison between rate constants (kH) for the
reactions of bensyl chloride with Y™ and the rate constants
(ko-CH3) for the reaction of o-methylbensyl chloride with Y= in MeOH
and DMF gives the hydrogen-bonding activity coefficient of the transition
state [Y----CH(CgHg)--Cl]” relative to {Y----CHZ('C6H4)(CH3)--C1]".
if the reaction for benzyl chloride is used as standard:

YH(YCgHCH,Cl) = 1.

mpd 4 m = JH
KR/ - o-cug/®o-cus = Y(ycu cuycuar / V(Y CgHs CHCN)"

= YH
(YCgH 4( CH3)CH,Cl)”

where k‘;} ‘and k:[ are the rate constants for benzyl chloride in
methanol and DMF respectively, and ku;_CH 3 and kg-CH 3 2re the
corresponding constants for the ortho compound.

An equation equivalent to the above equation can also
be derived from the reactions of 2, 6-dimethylbenzyl chloride relative
to reactions of benzyl chloride, with Y, |

Values of the transition-state activity coefficients are
given in Table 4, These ratiocs must be mostly due to the transition-
state solvation for these three substrates, since the ground state
solvation of the neutral molecule is small, In Table 4, the differences
in activity coeﬂlclenti of the transition state for the three reactions are
shown to be only aboutl0%. These small differences may arise from
the approximation in assumption or the experimental error. It seems
that the degree of solvation of transition states for o-methyl, 2,6~
dimethyl and bensgyl chloride with methoxide are very similar.
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y From Table 4 the order for the transition-state

solvation of the three compounds is:

(YCgHgCH,Cl)™ { (YCgH3(CH3),CH,Cl)" ( (YCgH4CH3CH,Cl)”
in methanol relative to DMF., These differences can be explained as
follows,

It is known that a substituent in the benzyl compound
cen 2alter the degree of resmblance of the actual mechanism to the
Syl and Sp2 modelsl?7, An electron-donating substituent interacts
strongly with positive charges of the reaction center and shifts the
mechanism towards the formalistic SNI extreme. The two charged
ends of the transition state are methoxide aad chloride as shown in
Strucutre I: )

H H

Y ! eeeeC “aeee Cl=6

|

@

Structure I
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) if one examinee the solvation of the chloride
"gnd" first, hydrogen bonding solvation by methanol relative to
DMF should be in the order: '

(YCgH5CHRCL)" ¢ (YCgH CH3CHZCN)" ( (YCgH3(CH3)zCHCL)"

because the degree of bond breaking increases in this series.

If the solvation of the methoxide "end" is considered, the order

in the series should bﬁ the same as that of the chloride "end", since

the degree of bond forming increases ae the sigma value of the sub-

stituents increase:9%, This is reflected in the éhange of the reaction
' constants with the change of the substituents of bensyl chlorides, ae

shown in Table 16 (details will be given later):

£, = 1 for benayl chloride which is used as a standard;
"~ fi= 0.91 for o-methylbenzyl chloride;
fu= 0.77 for 2,6-dimethyl benzyl chloride.

The lesa: - the degree of bond formation in the
traneition state, the more the charge remains on the nucleophile Y-,
Thus, if the steric and other specific effects are ignored, the order
for the overall transition-state solvation should be:

2, 6"(CH3)2> 'd--CH3> H

when the solvation of the two charged ends are considered alone.
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However, the obaerved transition state solvation of 2, 6-dimethyl-
benzyl chloride is almost the same as that of o-methylbenzyl
chloride. This is less than would be expected from its traasition
state structure, as explained above. The reason for this may be
that the steric hindrance for solvation of the transition state is more
pronounced when the second methyl group is introduced into the
orthe position.

(4) Relative Sensitivity to Solvent Changes for the
Reactions of Substituted Beazyl Chlorides

Another approach to the overall solvation energy of
a reaction relative to the other reaction of similar reaction mech-
anisms is to obtain the relative sansitivity of these reactions to the
solvent changes. The plots of log k/k, for the reaction of sub-
stituted benzyl chloride with methoxide in various solvents vs. the
corresponding reactions of benzyl chloridc are shown in Fig. 3,
The rete data for Fig., 4 - 6 were collected from Tommila's work49,
Good straight lines were obtained except for the reactions of p-NO,-
benzyl chloride relative to bencyl chloride. The curve obtained in
Fig. 6 (p-NO, vs. H) implies that the mechanisms for the two reactions
are differeat. Tommila proposed that the p-NO2 compound involved
a reversible carbanion intermediate. The product of trans-4,4'-
dinitrostilbene was obtained insterd of the ether from the displace-

ment reaction.




FIGURE 3,

Relative sensitivity to the solvent changes for
the reactions of o-CHj-benzyl chloride with
methoxide and the corresponding reactions of

benzyl chloride at 25°
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FIGURE 4.

Relative sensitivity to the solvent changes for
the reactions of p-CHj-benzyl chloride with
methoxide in the mixed solvent of MeOH-DMSO
and the corresponding reactions of benzyl

chloride at 25° (rate data from Ref, 49)
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FIGURE 5,

Relative sensitivity to solvent changes for
the reactions of p-Cl-benzyl chloride with
methoxide in the mixed solvent of MeOH-DMSO
and the corresponding reactions of benzyl

chloride at 25° (rate data from Ref, 49)




2.8r

- 104 -

20 %

| 24F

o

m

o 20

o

= o 40%

=%

S 16[

u

Ny

~

= 12}k

o 0'60%

-

o8l
o 80 %
04}
=
00% | '| l | ]
0 04 08 12 16 20 24 2.8
FIG. 5 LOG k/kc;.|30H(BC|)




FIGURE 6.

Logarithms of k/ky1e0p for the reactions of p-NO2-
benzyl chloﬂde in the mixed solvent of MeOH-DMSO
plotud-againat logarithms of k/ky, .0y for the
corresponding reactions of bcdsyl chloride at 25°
(data from Ref. 49).
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B-

ArCH,Cl ArCHCL + BH

=
ArCHCL + ArCH,Cl

ArC':HCHZAr + Cl*
Cl B~ —>» ArCH=CHAr + BH + C1™

The free-energy changes for the rest of the
reactions of substituted bensyl chlorides in various solvents are
linearly related to one another (Fig. 3-5). The slopes of these
plots aiso change regularly as shown in Table 5. The sensi-
tivities of the reactions to the solvent changes increase as the
electron-withdrawing power of the substituent of benzyl chloride
facreases. These sensitivities can be discussed in terms of the
relative solvation energies of the initial and the transition state.

The transition state for p-chlorobensyl chloride is
relatively tighter than that of the methyl compound with less bond
breaking of the C-Cl bond and more bond formation of the O-C bond
as shown in Strudures Il and III. The result is that Structure Il is
more solvated in the transition state than Structure II, as
explained above.

H H H H
-3 N/ -3, ~8& N 7 -8
CH30 ---C---Ql CH30~-~~--" C-----= <l
|
1 'CH3
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. Therefore, there is relatively little loss of
solvation energy for Structure Il accompanying the formation
of the transition state from the ionic reactant, as shown in the

following schematic diagram:

transition
state T T =golv, T solv.
gy
E
ground S——
state  __ _ s, _Bolv, — . .. .Y_soOlv
p-Cl p-CH y-benzyl chloride

Conuqmuy, the former is more sensitive to
the solvent changes than the latter, owing to its large gross loss
of solvation energy from the initial to the transition state. Fuchs 47"
made a similar observation but with a different approach, The rate
ratios in two different solvents vary from bensyl chloride to sub-
stituted benczyl chlo}ldcl. and appear to be a linear function of the
subatituent constants.
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Similar plots of log k for the reactions of sub-
stituted benzyl chlorides with hydroxide in variocus compositions
of mixed solvents of DMSC-H0 va. log k for the corresponding
reactions of benzyl chloride with hydroxide are shown in Figs.7-9
(rate data from Reference 33). The slopes show that the sensaltivity
increases as the electron-withdrawing power of the substituent
increases. This solvent effect also serves as an indication for the
variation of the transition-state structure.

The linear free-energy relationship between o-methyl
bensyl chloride and bensyl chloride in a wide variety of solvents
from methanol to 90% DMF implies that there is no specific inter-
act}pn between the ortho methyl group and the solvent molecules,
or that the presence of the ortho methyl group does not have the
specific effect of changing the solvation shell of the resction centre
(-CH~Cl). If there was any specific solvent effect due to the presence
of the ortho methyl substituent relative to the unsubstituted compound,
the free-energy relationship would not be expected to remain linear
when large changes in solvent composition are made.

The reason that Bunanett adjusted rate ratios '
remain constant can be easily demonstrated from Fig. 3. The closeness
of the slope to unity (0.954) indicates that the relative solvent effect
for the reaction of o-maethyl and unsubstituted benzyl chloride are
very similar. This is alao in agreement with the previous results
that the difference fér. the transition atate solvation of beazsyl chloride
and o-methyl bensyl chloride with methoxide is small.




FIGURE 7,

Relative sensitivity to the solvent changes for

reactions of p-CH3-benzyl chloride with hydroxide
and the corresponding reactions of benzyl chloride -
at 50° (data from Ref. 33)
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FIGURE 8.

Relative sensitivity to the solvent changes for
reactions of m-Cl-benzyl chloride with hydroxide
and the corresponding reactions of benzyl chloride

at 50° (data from Ref. 33)
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FIGURE 9,

Relative sensitivity to the solvent changes for
reactions of p-Cl-benzyl chloride (data from
Ref. 39
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11, GROUND STATE STRUCTURE CORRELATION OF SUBSTRATES
.AND NUCLECPHILES

{1) Examination of the steric effect in ortho-substituted
benzyl chloride by n.m.r, spectroscopy

The n.m.r. spectra of benzyl chloride, o-methyl and
2, 6-dimethylbenzyl chloride were taken in various solvent mixtures
(DMSO-MeOH, dioxane-MeOH, monoglyme-MeOH) at 0.054 M using
tetramethylsilane as the internal reference. The chemical shifts of the
CH, groups of o-methyl, 2,6-dimethyl and unsubstituted bensyl
chloride are shown in Tables 6-8. The spectra were measured at
room temperature, and the reproducibility is £ 0.5 c.p.s. Itie
interesting to note that the order of the —— values of the methylene
groups for the three bensyl chlorldis -.tudled areH > o-methyl > 2,6-
dimethyl. The substitueat effect, in principle, will affectthe nuclear
screening direcfly by changes in the local electron density
distribution!28,

It was suggested that the shielding must be inter-
preted in terms of both inductive and resonance sffects of the sub-
stituents!?9, However, Spiesecke and Schneider!?® observed that
the large low field shifts of the ortho proton resonance in bromo and
jodobenzene cannot be accounted for either on the basis of electron
inductive or resonance effects only. This low field shift due to the
presence of the ortho substituent was ascribed to magnetic anisotropy
of the ortho substituent. If the chemical shifts of the methylene
groups in these three benzyl chlorides are predicted by the electroaic
effect of the substituent alone, the order for -7 values should be the
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reverse of that of the observed order.. This may be due to the
magnetic anisotropy overshadowing the electronic effects,
Stegungwo also obaserved that the chemical shift of the methylene
hydrogen in Ar-CHX is independent of the identity of X and that
ortho substituents of -CHj-X-halogen cause the methylene abiorpticn
to shift downfield relative to the unsubstituted compound.

The changes in chemical shifts in various com-
positions of solvents are quite regular. Figs. 10-12 show the plots
of chemical shifts of methylene hydrogen vs. mole {raction of the
solvent composition. N.m.r. chemical shifts are known to be solvent
dependentwl. The variations in chemical shift show that the
electronic distribution of the methylene is perturbed by changing
solveat composition. '

There are four effects from the contribution of
molecular interactions of solvent to measured proton chemical
shifts!3<, (a) hydrogen bonding; (b) Van der Waals interaction;

(¢) diamagnetic anisotropy of the solvent molecule (such as the

ring current effect of aromatic solvents); (d) polar effect [ an.
electron field E acting along the axis of an X-H bond tends to draw
electrons away from the proton. When a poli.r molecule is dissolved,
it polarizes its surrounding and this polarization leads to an
alectronic field at the solute>> P

The following equation was derived to €orrelate di-

electric constants of the solvents and the chemical shu'tsmz :




FIGURE 10,

Plot of chemical shift ( SCHZ) of o-substituted
benzyl chloride against the mole fraction of the
mixed solvent MeOH-DMSO
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FIGURE 11,

Plot of chemical shift ( SCHZ) of o-substituted
benzyl chloride against the mole fraction of the

mixed solvent RO -CHaCH,0Et-DMSO
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FIGURE 12,

Plot of chemical shift ( BcH,) of o-substituted
benzyl chloride against the mole fraction of the
mixed solvent MeOH -dioxane
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o= =2 x 107 (¢-1)/(2 ¢+ 2.5)(RCOSP fai-ii vl 1 b+ 25018 (e /ol
E - TS (e-D/(2e¢+ -3)](H ©/ay-.0 e Ll T & )] (r=/a%)
where p is the permanent dipole moment of the solute; . .: its

polarizability and @ is the angle between p and the X-= oo
Abraham!34 examined the solvent cffect by ciscctly
comparing the chemical shifts of the polar and non-polar solure in
the same solvent. The difference in chemical shift is due to tac
difference in chemical nature of the solute proton only. The obvious
explanation for the low field shift of the solute in solution relative to
gas was ascribed to the reaction field of the so..«:at when the polar
compound was used as the solute.
135

Buckingnam ct al coni. ..ol Ut vl wsC L. - oaon-

solar sciite zg an internsl reterence in the same ... .. <izining

(9]

e polar zclute serves to isolate the *‘'reaction field” n a s.raight-
~orward manner. It is belicved that solvent shifts of the rezcrion
field are roughly in proportion to a function of the dielectric constan:
of the solvent [(&-1)/(¢+ 1)] or [(&-1)/(2 &+ 2.5)]t31-136

The solvent chosen in the present studies is not a
disk or rod-like molecule; hence the effect of the diamagneric
anisotropy of the solvent should not be involved Voo o .:mical
shifts were measured in dilute solution (0. 052 M) .. ~ve Van
der Waals interaction between the solute and solute mo.. . 5. It
is felt that so.vent shiit is caused by the reaction field c:. .ich
depends or. the chemical nature of the solute proton and dolarity

of the solvent.
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The chemical shifts of methylene hydrogen of
H, ©-CHgj, and 2,6-dimethylbensyl chloride were plotted against the
(&-1)/(24+ 2.5) function of the mixed solvents, as shown in Fig. 13,

The dielectric constants of the mixed solvent
DMSO -MeOH at 25° were given by Tommila!3!, There is a roughly
linear correlation between the solvent shifts and the dielectric
constant of the solvents. The two lines for benzyl chloride and o-
methylbenzyl chloride appear to be parallel. It is suggested that the
ground state of methylene groups of o-methyl and unsubstituted
benzyl chloride have a similar chemical environment for their inter-
action with the medium. However, the slope for 2, 6-dirnethyl-
benzyl chloride drops sigaificantly, It seems that when the second
methyl group is introduced into the other ortho position, there is
appreciable steric hindrance for the interaction of the methylene in
2, 6 -dimethyl compound with the solvent molecules.

Since we do not have the data for dielectric constants
of the mixed solvents monoglyme-DMSO, the correlation between
chemical shifts and the dielectric constant of the solvent cannot be
obtained, Instead, the chemical shifts ( S CHj) of ortho substituted
beazyl chloride in various compsoitions of the mixed solvent mono-
glyme-DMSO ware plotted against the corresponding chemical

SCHZ of benzyl chloride, as shown in Figs. 14-15, Again, the solvent
effect on the chemical shifts of methylene hydrogen of H, and o=CHg-
benzyl chloride are similar. The slope for the plot of 0o-CHg vs. H
(Fig. 14) ie 0.98, which is very close to unity, but the plot for
2,6-(CHj3), suddenly decreases to 0,78 (Fig. 15). This may be due
to the fact that the two ortho methyl substituents interfere in the
interaction of the methylene group with the medium in the ground
state. -




FIGURE 13,

Plot of chemical shift ( E’CHZ) of o~
substituted benzyl chloride against the
function of dielectric constants

(€ -1/2&+ 2,5) of the solveat)




, el DId
(OSWA - HO3W) (G'2+ 22)/ |- 2

Ly Slby €lv

It 69t L9%
! ]

_ r
% 00l \

O

%0SG O

-123 -

% G2 6
% G2l .0

199 \

- —v8¢
108 ~€HD -0
o
_omwﬁmrov-m.m _—

—198¢




FIGURE 14

Plot of chemical shift ( £ CHZ) of 0-CHj-
benzyl chloride against chemical shift
(s CHZ) of‘ benzyl chloride in the mixed
solvent of monoglyme-DMSO
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FIGURE 15

Plot of chemical shift ( SCHZ) of 2,6~(CH,)2-
benzyl chloride against chemical shift ( 5 CH,)
of benzyl chloride in the mixed solvent of
monoglyme-DMSO
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(2) Acidities of the nucleophiles

Generally, the nucleophilic reactivity and the basicity
of a nucleophile towards a proton are related. A seriez of m- and
p-substituted thiophenols were synthesized, Eight of the nine thiois
studied are known, with the exception of 3, 5-dintrothiophencl. m-
Nitrothiophenol was reported by Leuckart and I*Icolt;.'zapfoln‘r as a dark
red oil by xanthate ester hydrolysis, ‘Bordwell and Andersen,
following the same route, obtained a straw-coloured oilll5, They
made two attempts to analyse this compouna. and a value about 1%
low in carbon was obtained.

We followed the same method several times and a
golden brown oil was obtained. It showed a definite S-H stretching
absorption in i{nfrared (2250 cm"l) but there was an extra absorption
band at the 3400 cm ! region in I.R., e'ven after distilling twice.
Reduction of bis(m-nitrophenyl)-disulfide was then tried, and & clsar
yellow oil of m-nitrothiophenol was obtained after column chromato-
graphy. Its identity was checked by I.R., n.m.r. and mass spectra.
It also gave good element analysis (see Experimental section).

The acidity constants of subsatituted thiophenoles were
measured according to Hudson?8. The results of duplicate runs are
given in Table 9, and indicate that the reproducitlity is about I 0,02 pH
(maximum error), Compariaoﬁ of the results with the literature shows
good agreement. Our pKg values are equal to 9.055 t0.015 for p-CHgy-
thiophenol aad 7.93 £ 0,02 for p-bromothiophenol. Hudson's values
are 8.96 £ 0.1and 7.82 ¢ 0.16 respectively. All the acidity conatants
were measured in absolute methanol which was the same medium as
that used for the kinetic measurements. Since aqueous buffer solutions
were used for standardization, the acidity constants measured are not

the absolute values.
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The acidity constants of substituted thiphenols were
plotted against their substituent constants 6 , as shown in Fig. 16.
Sigma values were taken from the ionization of the phenol seriesl38
except for p-NO;, Excelleat correlation was obtained. The
acidities of these thiophenols behave normally, as one would expect
from their substituent effects. The slope of the regression line
determined by the method of lease squares is -2.606 and the intercept
is equal to 8.618. The Hammett correlation for the acidities of thio- |
phenols in methanol at 25° can be described by the following equation
(with the correlation constant = 0, 995);

PK, = -2.666 +8.618 (R-3)

The negative slope means that an increase of the
electron-withdrawing power of the substituent will increase the
acidity of the compound. The 6 -values for the strongly resonance
interacting para nitro substituent vary depending on the substrate (in
contrast to those of the meta-nitro group). The value becomes in-
creasingly great when determined for benmoic acid | sp-NOz- 0. 778139].
for thiophenol [ $p.NO, = 1. 00“5]. for phenol [ €p-NO; = 1.22138].
and for anilinium ions [ 6p-NO, = 1.2711%], The €p-NO, =1 observad
from Fig. 16 is the same as value determined by Bordwell and
Andersen!%? for the dissociation of the thiophenols in 48% ethanol-
watsr. The increase of ©p-NO, Values as the electron affinity of the
functional groups increase is usuelly interpreted as a varying degree

of resonance interaction, as shown in Structure IV,




FIGURE 16

Plot of pK, of substituted thiophenols
against substituent constant s
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Structure 1V

The effect of multiple substitution has been well
establiahed14'oas the sum of the individual effects of the sub-

stituents in the corresponding monosubstituted compounds:

Giotal =3 6 (R-4)

The additive relationship should be expected to hold for 3,5-
dinitrothiophenol, since the two nitrbc'a substituents are not adjacent
to each other, .:or to the functional group (SH). The prediction
for the substituent constant of 3,5-dinitro substituent from
equation (R-4) will be:

=26__ = =

©3.5(NOg), = 2 Sm = 2% 0.71 = 1.42
The observed values from the regression line (equation R-3 )
is 1.5, which deviates from ite additive relationship by 0. 08 unit.

The 63 5-(NO2), value for the dissociation of
the benzoic acid series wae found to be 1. 395/40,141, The greater
effectiveness of 3, 5-dinitro substituent in thiophenol

(3 =

[ 3,5-(NOg), 1.5]) as compared to the same substituent in
benzoic acid [ 53, 5-(NOz), = L 395] in the transmiseion of the
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electronic effect to the reacting center may be ascribed to the
difference in the nature of the center atom sulfur (SH) and the
carbon { COOH) respectively. Although the resonance effect

acts more strongly from the para position than from the mets

or ortho positions, resonance does have some importance for
meta substituental?, The para carbon adjacent to the two
strongly electron-withdrawing meta nitro groups is made positive
by inductive contribution of the two neighbouring groups. This
positive charge may have direct interaction with the reacting

sulfur atom as follows:

5
SH SH

ON NO, O,N NO,

+9

The difference in the substituent constant of 3,5~
dinitro substituent of thiophenol and of benzoic acid may be due to
the difference in the ability of the reacting center to conjugate with

the aromatic ring.
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{3) Ground State Structure Correlation of Nucleo-
philes by n.m.r,

The chemical reactivity at the m- and p-positions
in various substituted benzenes can be expressed in terms of Hammett
substituent constants. If these constants are related in any way to
the electron densities at the m- and p-atom, one might expect Hammett
substituent constants to show a correlation with the chemical shift of
the nuclei involved29: - . Taftl#3 correlated the chemical shift
successfully with inductive and resonance parameters.

The chemical shifts of nine substituted thiophenols
were measured in CDCl3 solution (approximately 5-20%)., Tetra-
methylsilane was used as the internal reference and the chernical shifts
of S-H groups are given in Table 10. Solutions of p-.Br-thiophenol and
p-methyl thiophenol were examined over a range of concentrations in
order to demonstrate that the chemical shifts of S-H groups are
concentration independent, unlike those of acidic hydrogen which are
easily hydrogen bonded and show marked shifting of resonance with
change of either the type or the concentration of solvent!4%, The
present results indicate that the mercapto groups of the thiophenols
are not hydrogen bonded under this condition.

Since the pK, value is the measure of the acidity of
the hydrogen, it should be strongly related to its electron density.

The assumption that chemical shifts of SH groups of substituted thio-
phenole: are linearly related to their acidity constants is reasonable.
The Tg_y values vary from 6,67 for p-OCH3-thiophenol to 5.93 for
3, 5-dinitrothiophenol.
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Fig. 17 shows the plot of £ g_;; against their
pKa values, All the points fall very close to: the line. The
slope is equal to -10,034 and the intercept is 289. 38 c.p.s.
away from TMS. The slope and the intercept were obtained
from least-square fitting by computer, and the equation for the

normal regresesion is

$s.H = -10.034 pK, + 289, 38

An important implication of this is that under
favourable circumstances (for example, in the absence of
neighbouring magnetic anisotropy or other interfering effects),
proton resonance shifts can be employed to obtain information

about the electron densities in the functional group~ studied.




FIGURE 17

Flot of chemical shift ( S cpy,) of substituted
thiophenols againet pKa
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III, ADDITIVE LONDON INTERACTION ENERGIES IN
'~ NUCLEOPHILIC DISPLACEMENT REACTIONS

(1) Nucleophilic reactivities of substituted thiophenols

Bunnett9o. Reinheimer %% and Siltigl estimated the
London interaction energies between the ortho substituent and the
nucleophile at the transition state by adjusted rate ratios, as
discussed in the "Introduction'". They a1l assumed that differences
in inherent nucleophuilc reactivity can be cancelled out if the
reaction constant [ for the reaction of o-substituted benzyl chloride
and the corresponding reaction of the reference compound (benzyl
chloride or p-substituted bensyl chloride) are the same.

It is known that the reaction mechanism changes con-
tinuously for each substituted benzyl halide%6, This assumption may
lead to appreciable error in the calculation of the London energy if
the change of the reaction constant in the ortho and reference
compounds is large.

Our approach here, in order to investigate the effect
of London energies in the displacement reaction of 0-CHj and
2,6-(CHj3)-bensyl chioride, is to measure the P values of the

reactions first,
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The general Hammett [-S relation is usually
used for nucleophilic displacement reactions!43, The value of
the reaction constant f is considered as a criterion of the
transition state structure relative to the ground state. The Hammett
plot cannot be used for the estimation of the rho values of the benzyl
chloride system%. since the plot is known to be & curve, &s
previously discussed. |

The Bre¢nsted catalysis law, which was originally
taken 2s a measure of the degree of proton transfer to the base in &
rate determining step, has been applied to nucleophilic reactions such
as alkyhtlonss. acylationss' 56. or aromatic substitution37» 58, 59.

For reactions involving a series of nucleophiles of
constant functional type with & common substrate, the value B (the
slope of the plot of log k va, pK, of the nuclsophiles) gives the degree
of bond formation in the transition state>3,

A series of m- and p-substituted thiophenols were
synthesized. The rates of reactions of nine substituted thiophenols
were benzyl chloride, p-methylbensyl chloride, o-methyl, 2,6-
dimethyl and m-nitrobansyl chloride were measured in methanol at
25°C, as shown in Tables 11-15, The error limits given are based
on the values obtained from duplicats runs. The reproducibility is
within 3%. Comparlsbn of the data with known values in the

literature shows acceptable lgreemant9°' 92.
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Rate constants experimentally observed for the
reactions of benzyl chloride with methoxide and thiophenoxide
at 25°C are 2.41 x 10~5 1 mole™! sec~! and 2. 46 x 1072 1 mole-!
sec”! respectively., The values reported by Reinheimer et al92
are 2.44 x 10-5 1 mole-! sec”! for the former and 2.28 x 10-2
1 mole-! sec”! for the latter.

The rate constants for the reactions of o-methyl-
benzyl chloride with thiophenoxide and methoxide at 25° are |
1.21 x 101 1 mole-lsec"! and 6.87 x 10~5, while the corresponding
values reported by Buanett ot 170 at 24.6°C are 1.15 x 10-1

lsec! and 6. 62 respectively.

- 1mole”
Our results for the reactions of p-methylbenzyl
chloride, however, are not in acceptable agreement with the results

2, with methoxide they gave

of Reinheimer and co-workers?
k = 2.29 x 105 1/mole sec., with thiophenoxide k = 4,85 x 10-2,
for methanolysis k = 1,3 x 10-7, Our results are; k = 4.29 x 105
1/mole sec. for methoxide; k = 3,78 x 10~2 for thiophenoxide, and
k =3,33x10"7 secl for methanolysia., We believe we have the
correct rate constants for the following reasons:

(a) Purity: The purity of p-methylbenxzyl chloride
was checked by v.p.c., indicating that there is only one compound
in the spectrum, and the blanfc test was made to show that p-xylene
(starting material in synthesis) did not come with the same peak as

p-methylbenzyl chloride under the conditions used for analysis.
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(b) {b) Tommila%? reported k,p,, = 4.78 x 10-5 1/mole
aec. for reaction of p-methylbenzyl chloride with methoxide in
methanol at 25°C. This ke includes the rate of solvolysis.

Correction was made by the equation
Kops = k + Kgoly, /a (see Experimental Section)

Using our results for the rate of solvolysis, the corrected rate
constant is equal to 4.2l x 10°5 1/mole sec., which is only 1. 8%
different from our result,

146 cave 5.1 x10°5 and

(c) Charton and Hughes
5.46 % 10~5 1/mole sec for the reaction of p-methylbeneyl chloride
with KI at 0°. Extrapolation of Reinheimer's result for the

reaction gave a value of k = 3,3, x 1073,

(1) Correlation of Nucleophilicity and Basicity of
the Nucleophiles:

The ploti of log k against the pK, values of substituted thiophenols

for their reactions with various. substituted . .benzyl chlorides
are shown in Figs. 18 - 22, There are systematic deviations from
this Brgnsted relation, The rates for reactions of p-methéxy and
p-bromothiophencl are systematically greater than would be expected
" from their basicities, and m-nitro, 3, 5-dinitrothiophenol shows
even larger deviations,

Hudson propoeed that substitution of the nucleophiie
changes the electron affinity, the energy for the polarization and the
bond formation energy of the nucleophile, According to Hudson's
hypothetical equation?8 (see Introduction), if all thase variablee
change regularly and are lingarly related to the conjugation energy
Ec + due to the introduction of the substituent, the activation energy




FIGURE 18

Logarithms of k for the reactions of benzyl
chloride with subsatituted thiophenoxides plotted
against pK, of the thicls
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FIGURE 19

Logarithms of k for the reactions of p-CHj3-benzyl
chloride with substituted thiophenoxides plotted
against pK; of the thiols
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FIGURE 20

Logarithms of k for the reactions of o-CH3-
benzyl chloride with substituted thiophenoxides
plotted against pKa of the thiols
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FIGURE 21

Logarithms of k for the reactions of 2, 6-(CH3),-

benzyl chloride with substituted thiophenoxides plotted
agalnst pK; of the thiols
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FIGURE 22

Logarithms of k for the reactions of m-NO,-
benzyl chloride with substituted thiophenoxides
plotted against pK, of the thiols
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will then be proportional to the dissociation energy of the aucleophils,

Any deviation from these proportional changes will produce the

deviations in the Brensted relttlougs.

(i1) Attempts to Correlate the Nucleophilicity with
Edwards' Equation:

In the nucleophilic displacement reactions of a saturated carbon
center, Swain and Scottb! have used an empirical squation to define
the nucleophilicity n by the reaction of the nucleophile with methyl
bromide in water at 25°C. In view of the limited validity of this

paramaeter, Edwards32 devised a two-parameter equation:

log k/kg = aE, + PH
where E, i{s the oxidation potential for the oxidative dimerization
of the donor relative to water, H is the acidity constant of the
nucleophile relative to water, and a'and p are the susceptibility of
the reaction, Edwards' equation has been considered to give a
better fit and wider application than that of Swain and Scott,
Freedman and Corwinl47? confirmed that the oxidation-
reduction potential of the thiourea-formamidine disulfide system

estimated by Prelnler“s is reversible;

RSSR + 2e + 2H" 2RSH

E = E, + RT/2F: In(RSSR)/(RSH)?

where E is the potential of the system and Eo is the constant
characteristic of the specific system.
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An attempt was made to correlate the nucleo-
philicity of substituted thiophenoxides with Edwards' equation.
The disulfides were synthesized from the corresponding nine
thiophenols by the oxidation of thiols with H;0,. The oxidetion
potentials were measured according to Freedman and Corwin's
procedurel47 by mixing different proportions of thiol and di-
sulfide of known concentration at a constant pH. The potentials
were measured at 25°C under a nitrogen atmosphere to prevent
the oxidation of the thiol by air. A calomel electrode was used
as the reference electrode and plattmmi wire as the indicating
electrode.

However, we were unable to obtain reproducible
results with this system. It appeared that the platinum elec-
trode was polsoned by the reagents. Other inert metals were
tried (such as iridium and rhodium) with similar results. Due
to the insolubility of the materials, the system could not be
measured in water, as Freedman and Corwin had done for the
thiourea system. Various other solvent systems were tried
(methanol-water, dioxane-water and acetone-water) but without
success,

{iii) Determination of the reaction constants of
substituted bensyl chlorides:

The Hammett plots for para and meta substituted benzyl chlorides
are kanown to be curves?6, Similar plots for ortho substituted
benzyl chlorides with methoxide and thiophenoxide are shown in
Figs. 23-24. The Sp-valuel were used for ortho substituents,




FIGURE 23

Logarithms of k for the reactions of o-substituted
benzyl chlorides with methoxide in MeOH at 25°
plotted against &
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FIGURE 24

Logarithms of k for the reactions of o-substituted
benzyl chlorides with thiophenoxide in CH3OH at
25° plotted against G
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and the value for the 2, 6-dimethyl substituents was taken ar twice
that of the o-methyl group., These plots appear to be curves with
positive curvatures like those for the reactions of m- and
p-substituted bensyl chiorides. The transition states for the
nucleophilic reactions of ortho compounds must also vary between
the Syl and SN2 extremes, i.e, electron-donating substituents will
assist bond breaking while electron-withdrawing substituents
favour more completion of bond making relative to bond breaking
in the transition state. In addition to this polar factor, an ortho
substituted benzyl chloride is subject to two other effects:

Steric effect due to the substituent located in prox-
imity to the reaction center can be of importance. Ortho sub-
stituents having different sizes exert different steric effects on
rates, Steric effects in such cases do not seem to be of primary
importance since all the ortho substituents whether they are
electron-donating or electron-withdrawing, enhance the rates,
The rate increases further when both ortho positions are sub-
stituted by two methyl groups, as compared to the o~-methylbensyl
chloride, even though the steric factor is reatively unfavourable
for the former,

The rate ratios for reactions of o-methyl, p-
methyl and 2, 6-dimethylbensyl chloride with thiophenoxide and
the corresponding reaction of benzyl chloride are shown in the -
following table:




- 155 -

Substrate k (1 mole~lsec")) ky /by
H 2.45 x 1072 1
p-CH, 3.78 x 1072 1.54
0-CHj 1.21 x 107} 4.9
2,6-(CH3), 7.46 x 1071 3.0x10

London interaction may be present. FPolarizable
ortho substituents increase the reactivity of nucleophmc dis-
placement interaction between the ortho substituents and the
polarizable nucleophile, From Figs. 23 and 24, it can be seen
that the curve becomes steeper when the more pbl_arizable
thiophenoxide is used as 2 nucleophile instead of methoxide.

This would appear to indicate that the London energy of inter-
action increases as the polarizability of the nucleophile
increases,

In order to determine the modified reaction con-
stants ( FN)QS. the log k values for the reactions of sach
chloride with the substituted thiophenoxides were plotted against
log k; values for the corresponding reactions of bensyl chloride.
A series of lines with varying slopes is shown in Figs, 25-28.

As pointed out previously, the slopes give the reaction parameter
‘):’N. which is similar in significance to the Brgnsted § value.
It is a measure of the sensaitivity of the rate of reaction to changes

in the degree of the bond formation in the transition state?8,




FIGURE 25

Logarithme of k for the reactions of p-CHg-benzyl
chloride with substituted thiophenoxides plotted agalnst
logarithms of k for the corresponding reactions of
benzyl chloride,
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FIGURE 26

Logarithms of k for the reactions of 0~CH3-benzyl
chloride with substituted thiophenoxides plotted against
logarithms of k for the corresponding reactions of
benzyl chloride.
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FIGURE 27

Logarithms of k for the reactions of 2,6-(CHg)z-benzyl
chloride with substituted thiophenoxides plotted against
logarithms of k for the corresponding reactions of
benzyl chloride.
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FIGURE 28

Logarithms of k for the reactions of m-NO,-benzyl
chloride with substituted thiophenoxides plotted against
logarithms of k for the corresponding reactions of
benzyl chloride.
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) The relative reaction constants for the sub-
stituted bensyl chlorides are given in Table 16. The reaction
constants for meta or para substituted benxyl chlorides (in
which steric and London interactions are assumed to be small)
increase as the < -values of the substituents increase. The
linear relationship of Py and © for m- and p-subatituted
benzyl chlorides is shown in Fig. 29, This agreee with the
proposal that the reaction parameter J N should increase
regularly with the decrease in electron density at the reaction

centergs’ 140.

The inference is that the transition state of
nucleophilic displacement has the greatest degree of C-S bond
formation for p-nitro and the least with p-methyl benzyl chloride
as substrates., Thus, electron-donating substituents conjugate
with the reaction ceater which, for a nucleophilic displacement,
behaves to some extent like an incipient carbonium ion; the
interaction of the nucleophile and the leaving group with the
reaction center is thereby reduced. The electron-withdrawing
substituents promote conjugation between the -T-orbitals of the
benzene ring and the reaction center and thereby increase the

interaction of the nucleophile with that center?+ 98,




FIGURE 29

Plot of the reaction constants ( P N) of substituted
benzyl chloride against substituent constants.
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The reaction constant for o-methylbenzyl chloride
(f N = 0.87) ie only slightly larger than that for the p-methyl
isomer ( J’N = 0,78), indicating that steric effect contributions to
the reaction of the ortho methyl compound are not very large.
The reaction constant | N of 2, 6-dimethyl benzyl chloride is further
reduced to 0,77, as one would expeact on the basis of electronic
effects, but this value is too large if a comparison is made with
the reaction constant of p-methylbenzyl chloride (see Fig. 29).
These results are consistent with the explanation that the elec-
tronic effect of the methyl substituente lowers the reaction constant,
while the steric effect raises it owing to the decrease in the trans-
mission of electronic effect of the methyl substituents to the reaction
center. It may be concluded that ortho substitueats reduce the de-
localization of T -electrons more than do the corresponding para
substituents. This may be attributed to the interference of the
ortho substituent with the coplanarity of the ring and CH, group in
the transition state. :

(iv) Re-estimation of the London energy

Bunnett?? estimated the beneficlal London energy by
the adjusted rate ratios

(ky-/kcpy0-lo-r/ky=/kcr30-)1

using benzyl chloride as the reference for comparison. The reaction
constants for the ortho substituted compounds and benzyl chloride

were assumed to be similar in order to cancel the inherent difference




- 164 -

in nucleophilicity, Table 16 shows that benzyl chloride is not a
good reference because the reaction constant of benzyl chloride
is not cqﬁal to that of the ortho compounds.

Relnhel.mer9z and Sisti% used the corteaponding
para eubotltuud bensyl chloride a3 the standard and assumed that
the polar effect for the ortho and para isomers are nearly
identical, |

In order to study the London effect of o-methyl and
2,6-dimethyl substituents, p-methylbenxyl chloride was chosen
as 8 reference substrate. Thie compound has a closer reaction
constant to o-methyl and 2, 6-dimethylbensyl chloride than has
bensyl chloride, as shown in Table 16. This likeness can also be
seen from the plots of log k for the reactions of ortho substituted
benzyl chlorides with substituted thiophenoxides vs. log k for the
corresponding reactions of p-methyl benzyl chloride, as shown
in Figs. 30-31 The slope of these plots is the measure of the
relative reaction constant between the two compounds, The ratios

FN/ PN &re closerto unity for the o-methyl and 2, 6- ~-dimethyl
benzyl chlorides relative to p-methylbenzyl chloride than if one used
benzyl chloride as a reference substrate.

The energy differences between reactions of
methoxide and thiophenoxide with the same substrate may be ex-
pressed as the differences in its nucleophilicity plus an additional

term for the differences in London energy.




FIGURE 30

Logarithms of k for the reactions of p-CHj-benzyl
chloride with substituted thbphenoxides plotted against

logarithmé of k for the corresponding reactions of
0-CHj3-benzyl chloride.
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FIGURE 31

Logarithms of k for the reactions of p-CH3-~benzyl
chloride with substituted thiophenoxides plotted against
logarithms of k for the corresponding reactions of
2,6-( CH3); benzyl chloride.
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AAF = «2,303RT.log kY‘/kCH30" ‘f' AN +aAFy, (R-3)

where AN represents the nucleophilicity difference of the nucleo-
philes, If o-methylbenzyl chloride is used as a substrate, the energy
difference between the nucleophiles methoxide and thiophenoxide

will be;

O

# 3. -

= PO_CHéAN +aari + AAFiH3 {R-6)

where k is the rate constant of the reaction with methoxide or thio-
phenoxide as cited; AN the diﬁereqce in nucleoph{licity of the two
nucleophiles; J °"CH3 the reaction constant of the reaction;
AAFI{‘ the difference in Loadon interaction energy between two
nucleophiles with the ortho hydrogen groups, and AAFiH3 the
dlif@rence between two nucleophiles with the ortho maethyl group.
Similarly, the energy difference for the reactions of
p-methylbenszyl chloride (in which two hydrogen groups are in both

ortho positions) with methoxide and thiophenoxide is:
# .2.303 : H, o
AAFp.cns = «2,303RT log(kqs-/kcﬂao_) = ?p-CH3AN + 2(AAFT) (R=7)

Subtracting equation (R-6) from equation (R-7) one
obtains: '




-
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(kQS'/kCH3O-)o-CH3
(km'/kCH30‘)P-CH3

Aé F aAAFo_Cnsa FP_CH3= 2,303RTlog|

5  AaapCH3 H -
s (f 0-CH3" Pp-CH3)AN 4 AAFL AAFL (R-8)
From Fig. 30, j)o-cri;/ Pp-ciiy = 0.91. This 10%
difference in PN values is not considered to be critical enough to
affect evaluation of the London energy when it is neglected; equation
(R=8) can then be reduced to:

(kﬁs'/.kCH;;O')o-C!h
(R@S'lkCH3O')p-CH3

asar? 2 AAFiHS - AAFI'E = -RT 2.303 log[ ] (R-9)
where AAAF# s the London energy difference for the polarizable
nucleophile, thiophenoxide, relative to methoxide with p-methylbenzyl
chloride relative to p-methylbenzyl chloride. ,

The London energies for seven substituted thiophenols
relative to methoxide are given in Table 17. The variation of the
London energies for theae seven thiophenols is small. There are
three variables that determine the magnitude of the energy; the
polarizability, the ionisation potentials of the two groups involved,
and the distance of-.‘the ortho substituent and thexcoming nucleophile
in the transition state, The equation to evaluate the theoretical

London energy is usually given as follows?9:
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SQYaR Iy. IR
z2,.1 { ) (R~10)

w
YR 2!‘6 IY + IR

where Wyp is the energy of attraction between atoms Y and R;

ay and ap their polarizabilities, r their distance of separation, and
Iy and Iy their ionization potentials. Substitution in the thiophenol
will change the ionization potential of the thiols, and the polariz-
ability of the S atom may also change slightly. Even though the
reactions go through the same mechsnism, the London energies may
not be constant due to changes in I and a.

| The term of the differeace in nucleophilicity in
equation (R-8) can be eliminated without approximation by multiplying
equation (R-6) by 0,9 ( PP-CHBI Fo-CH3 = 0.9 calculated by plotting
log ko-CH3 vs, log kp_ms): then gubtracting equation (R-7) one gets

saart = 0,9 (aaFH + aarCH3) | 2(aarl)

= «2.30RT log[0.9 (kpg-/k <Jo-CHq/(kps-/k <Jp.cH,] (R-11)
CH30 3 CH30-'p-CH4

This energy would be the comparison between the attraction energy
for 0.9 o-methylbensyl chloride with p-methylbenszyl chloride as shown
in Table 17 under the column Eg_ 9(0-CHg3). The difference between
energies obtained from equation{R~9) and equation (R-11) are about
60 cai. This calculation indicates that the approximation used in
deriving equation (R-9) has a small effect on the E ealculated.

The values obtained from our rate ratios were compared
with the calculated values derived from equation {(R-10). Bunnett has a
calculated value of -340 cal. for the interaction energy of thiophenoxide
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relative to methoxide with a methyl bensyl chloride relative to
benzyl chloride?), Reinheimer's value is 151 cal,92, Our ex-
perimental value is 380 cal, which is closer to Bunnett's calculated
value, |

There are difficulties in the calculation of the theoret-
ical London energy in this case, inasmuch as the ionization potential
of the ortho methyl substituent is not known (the value for the
corresponding radical was used%). Further, the distance between
the nucleophile and the ortho substituent in the transition state is un-
certain, and {inally the values for the lonization potentials and the
polarisabilities of the nucleophiles in the transition state were assumed
to be the average of the corresponding atom and the ion. All these
factors make it impossible to calculate the absolute value for these
London energies, ‘

(v) Additive London effect for the di-substitution in
ortho positions

The London energy for 2, 6-dimethylbenzyl chloride
can be evaluated in a similar way to that of o-methylbenzyl chloride:

# = -
AAFZ.&.(CHS)Z 2.303 RT log (k¢5'lkCH30')2.6-(CH3)2

Subtracting equation (R-12) from equation (R-7),
one obtains: '
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aaar?f o F 2,6-(Citg);" PP_CHS)AN\- 2(aar$H3) - 2(aarFH)

F2.6-(CH§)g
Since =1,04

F2,6-(cr),~ fp-cuy= 0

Therefore

aaart = z(AAF?*Is .AAF*i) = -2,3RTlog

The London ensrgies for 2,6-dimethylbenzyl chloride
with various substituted thiophenoxides estimated from equation
(R-13) are given in Table 18. 1f one compares equation (R-13) to
equation (R-9), the energy for 2, 6-dimethylbenzyl chloride

[asar? = 2aaFH3 . aaFY)] should be theoretically twice that of

the o-methyl compound [AAAF* = AAFiH3 - AAF% ]. Indeed, the
experimental values show that the energies for diorthomethyl com-
pound are almost double that for one methyl compound (Table 17 and
18). This implies that the _effect of the ILondon interaction of a
nucleophile with an ortho methyl group is, to at least a good
epproximation, additive,

(R-13)




-172 -

Sisti and Lowell !t argued that the trend in
adjusted rate ratios for various nucleophiles with a given ortho
substituted benzyl chloride is also consistent with decreasing
steric interaction between the aucleophiles and the given ortho
substituent, i.e. the rate ratios increase in the series
MeO™ { CgHgS™ ( 1°. They suggested that these variations of the
adjusted rate ratios might be caused by the ability of the highly
polarizable nucleophiles to distort their bonding electrons without
bringing the rest of the molecule close eacugh to cause excess
repulsive forces.

Our present studies of o-methylbenzyl chloride and
2,6-dimethyl bensyl chloride do not agree with Sisti's proposal,
Accordlngly, the 2.6-dimethy1 compound should have a less
favorable steric effect compared to the mono-ortho methyl compound,
but the adjusted rate ratios further increase from o-methyl to 2,6-
dimethylbenzyl chloride. The additive energy fot the two ortho
methyl groups is consistent with the presence of a London energy
between the substituent and the nucleophile. The anomalous result
observed by Siati and Lowell for the adjusted ratios of o-methyl
and o-bromobenzyl chioride with a given anucleophile may be due to
the steric dissimilarities of the methyl and bromo substituents and
the difference in the distance between the substituent and the coming

nucleophile at the transition states,
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1V, CHARGE TRANSFER COMPLEX FORMATION AT THE
TRANSITION STATE

There appears to be abnormal reactivity of m-nitro-
thiophenoxide and 3, 5-dinitrothiophenoxide, For example, there
are significant deviations for m«NO2 and 3, 5-dinitrothiophenoxide
in the plots of log k/kg, for reactions of substituted bensyl chlorides
with various substituted thiophenoxides vs. log k/k, for the corres-
ponding reactions of benzyl chloride, as shown in Figs. 25-28.
Deviation is greatest when 2, 6-dimethylbenzyl chloride is used as
the substrate and 3, 5-dinitrothiophenoxide as the nucleophile. The
rats constant of this reaction with 3, 5-dinitrothiophenoxide is almest
the same as that of the unsubstituted thiophenoxide, even though
thiophenoxide (pK, = 8.65) is a much stronger base than 3, 5-di-
nitrothiophenoxide (pK, = 4.745).

The magnitude of the observed deviation in these plots

increases as more electron-withdrawing groups are added to the
meta position of the thiophenoxide, or as more electron donating sub-
stituents are added to the ortho or para position of the substrate
benzyl chloride. There are several possibilities that might cause
these deviations:

(1 A large change in polarizability of the sulfur atom by
introducing a nitro group iato the benzene ring of the thiophenol. The
presence of an exalted molar refraction is a common property of

conjugated unsaturated compoundn“g.

X-C = C > ¥X.Cc-C"
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The grester the stability of the dipolar structure,
the' lower the level of the excited state, and the greater the exaltation
of the refraction of the X atom. If the sulfur in m-NO,, and 3, 5-
dinitrothiophenocl have greater polarizabilities (by mductiv_e effect),
there will be an extia inecrement in the London energy due to this
presumaed exaltation of the molar refractloxi of sulfur by the sub-
stituents of m-NO, and 3, 5-(Noz)z as compared to the rest of the
seven thiophenols. These increments will become greater as the
polarizabilities of the ortho substituents of the substrate increase the
order should be 2, 6-dimethyl > o-methyl > bensyl chloride, and the
deviations observed, which are shown 2s the length of vertica'l line in
Figs. 13-16 increase in the same oréer. This possibility is rendered
less likely by the fact that there is no deviation for m-NOz and 3,5~
dinitrothiophenoxide in the plot of log k for reactions of o-methylbenzyl
chloride against log k for reactlons of the p-methyl isomer, as shown
in Fig. 30, in which the former possesses a H atom and one methyl
group while the latter has two H atoms in the ortho position.

The deviation, however, is observed in the piot of log k
of p-methyl va. log k of benxyl chloride (Fig. 25); in this case, both
substrates contain only hydrogens in the ortho positions. Here the
deviations cannot be due to the large change of the polarisability of
sulfur., Furthermore, if there is any large change in the polarizability
of S, one would expect that the change in p-nitrothiophenol would be
the greatest of all the thiols studied, as it is able to form structures
in which the p-NO, group and the sulfur atom are directly conjugated.
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Cae would therefore expect it to show the largest deviation in those
plots of log k for & substitutad benzyl chloride vs. log k for benszyl
chloride. On the contrary, however, there is no deviation for P~
NO, -thiophenoxide,

(2) £ possible explanation for the deviations involves
differences in solvatioa of nucieophilea and fon-pair dissociation.
The pK, values for substituted thiophenols vary from 9,055 for p-
methyl to 4.75 for the 3, 5-dinitro compound. The degree of solv-
ation for the weak base 3, S-dinitrothiophenoxide is likely to be
smaller than that for a strong base such as p-methylthiophenoxide,
which would have & more concentrated electron density on the sulfur
atom. The solvated anion is usually considered to suffer a rate-
diminishing influence which increases as the degrce‘ of solvation is
increased8 9, Thus, 3-5,dinitrothiophenoxide would on these grounds
be more reactive relative to its basicity than the more basic thio-
phenoxides, which are more strongly solvated. It is doubtful that such
an effect would so moderate aucleophilicity in a protic solvent as to
overcome a difference of almost 4 pK, units. |

However, the change in aucleophilicity due to
solvation cannot be responsible for the deviations of the m-NO, and
3, 5-dinitrothiophenoxide, inasmuch as each point in those plots
involve reactions of two different substrates with the same nucleo-
phile (Figs. 25-28,.30). Any change in nucleophilicity will be
cancelled out. For the same reason, any difference in the degree of
ion-pair aggregation of the nucleophiles in methanol cannot be res-
ponsible for the observed deviations.
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(3) Charge-transfer complex stabilisation of the
transition state for the reactions of m-nitro an.d 3, 5-dinitrothio-
phenoxide with substituted bensyl chlorides: Mulliken considered
the idea of transferring an electron pair from the donor to the

150 which involves the interaction of a non-bonded ground

&cceptor
state ~V (D, A) and a polar excited state } (Dt - A" ) to produce

a stablized ground state having a wave function

Y, = W(D.A)+ X (Dt - A",

In the excited state, the charge-transfer state,

Y= VDY - A%) +p Y(D, A)

. and p in most cases is small compared with unfty. The energy
of the electronic transition (D, A) -~ (D+ - A7) is given to a first
approximation by the expression

I-Ep+C

where I, is the ionization potential of the donor, E A the slectron
affinity of the acceptor and C is the mutual electrostatic energy of
D and A" relative to that of D and A,

The ficld of organic molecular complexes of donor-

acceptor type has been a very active one during the past decadel50, 151

Photometric absorption and a.m.r. techniques have been applied

suscessfully to measure the association of the complexuz' 153,154 (and

references cited therein). However, relatively little attention has
been given to the effects of charge transfer complex formation in

reaction kinetics,
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The formation of 2 complex in the rate-
determining step was found in the nitration of aromatic hydrocarbon
and in the Friedel-Crafts alkylation of toluene with benzyl chloride
and alumioum chloride!33:156, The molecular complex of allyl
chloride and HBr was suggested to initiate the radical chain reaction
of photolytic hydrobrominatiouls 7, Evidence has also been
reported that the reactivity of a compound can be modified through
charge-transfer complexlqglss"'”'“’o. Rates of acetolysis of 2,4, 7-
trinitro-9-fiuorenyl p-toluenesulfonate are increased by addition of

an aromatic donor.

Swain and Ta.).'lccx"‘61

reported that the rate constant

for sodium phenoxide with benzyldimethylsulfonium p-toluenesulfonate
ie faster than the corresponding reaction with the stronger base
sodium hydroxide. It was attributed to the ancillary molecular bonding
of the T -complex or charge transfer type in the transition state.

With trimethylsulfonium perchlorate, a case in which T ~complexing
is impoasible, hydroxide is more reactive than phenoxide.

The significant rate enhancement in the case of m-nitro
and 3, 5-dinitrothiophenoxide with the methyl substituted benzyl
chlorides may be explained by assuming that there is a charge transfer
interaction between the electron-deficient ring of the nucleophile due
to the presence of ti:e ntroné electron-withdrawing nitro group and the
electron rich methyl substituted benzene ring of beazyl chloride at the
transition state, ;s shown in the following hypothetical transition
state:
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The following evidence is consistent with charge-
transfer complex stabilization of the transition state for reactions
of m-nltrc; and 3, 5-dinitrothiophenoxide with substituted bensyl
chlorides:

(1) Substituent effect: Accordiag to Chartonl62, 163
the effect of the substituent in donors on the equilibrium constant
of chnlrge -transfer complex can be correlated by the Hammett
équtlon:

. Qx=a 61"’5 GR +QH

where Qx and Qp; are the logarithm of the equilibrium constaat for
substituted and unsubstituted compouads respectively, Sy #nd
CRr are substituent constants, and a and P sre constants for the

system,
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The trend of the deviations (or the deviation relative
to their expected nucleophilicity) for the reactions of m-nitro and
5. 5-dinitrothiophenoxide depends upon the donor strength of the sub-
stituted benzyl chlorides. The order of the deviation estimated
from Figs, 25-28 by the vertical length of the line appeared to be
2, 6-dimethyl > o-methyl > H > m-nitro. This order is consistent
with the predicted hehaviour for a substituent in the substrate.

(2) If the degree of T -complex stabilization at the
transition state is governed by the donor, this favorable effect for the
rate of the two meta nitro substituted thiophenoxides should be similar
for both o-methyl and p-methylbensyl chioride. The polar effects in
ortho and para positions are often considered to be similar when not
complicated with steric and hydrogen bond effects, etc. Further, we

have shown this to be the case for these two substrates by our
determination of the [ N Values (a;e Table 16).

It is very interesting to observe that there is little if
any deviation for the nucleophiles of m-NO; and 3, 5-(NO)~thio-
phenoxide in the plot of bg k of 0-CH3 vs. log k of p-CH3 benzyl chloride
(Fig. 30, p. 166), even though the individual rate for the o-methyl
isomer is almost three times as fast as in the case of the p-methyl
isomer.

(3) m-Nitrobensyl chloride should be a weaker donor
than benzyl chloride. The T -complex stabilization at the transition
state should be more favorable for the latter than for the former. From
Fig. 28 (the plot of log k for m-nitrobenzyl chloride vs, log k for
benzyl chloride), the negative deviation for :3,.5 '=dinitrothiophenoxide
is as expected. Since the point for m-nitrothiophenoxide is on the line
in Fig. 28, it seems that m-NO, -thiophenoxide is not an acceptor when
it reacts with bensyl chloride or m-nitrobenzyl chloride, which are

both relatively weak donors,
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The change of the reactivity of 3, 5-dinitrothiophenoxide
with the change of the substrate (substituted benzyl chloride) becomes
very obvious if one compares its rate constent with the corresponding
rate constant for unsubstituted thiophenoxide. When m-anitrobensyl
chloride is used as 2 substrate, the reaction for 3, 5-dinitrothiophenoxide
is about seven times as slow as the thiophenoxide, but if the 2, 6-di-
methylbenzyl chloride is used as a substrate, the rates for bofh nucleo-
philes are almost the same,

It is therefore proposed that the anomalous bebaviour
exhibited by 3-nitro and 3, 5-dinitrothiophenoxide can be explained by a
charge-transfer complex stabilization of the transition state. An attempt
was made to detect charge-transfer complex formation‘between 3,5- |
dinitrothiophenol and 2, 6 -dimethylbenzyl chloride by spectral means, No
charge trensfer band was found from 640 mp to 220 mp. To prevent
reaction complications, the 3,5-dinitrothiophencl was used rather than
its anion. It is probable that there is no charge-transfer interaction
for the ground state reagents of 3, 5-dinitrothiophenoxide and 2, 6-dim ethyl-
benzyl chloride, but as the reaction proceeds along the reaction co-
ordinate, tﬁd two molecules are brought close enough to allow charge-
transfer interaction in the transition state, as shown in Structure I on
page 180,

The puzzling question remained as to why there is no
charge-transfer stabilization for p-NO, -thiophenoxide whiie there iz for
m-NOz-thiopheno:;ide. It may be suggested (although it is not convineing)
that the aromatic 1T -electrons in p-NO Z-thlophenoxide‘are not as
electron-deficient as that of m-NO; -thiophenoxide, owing to its ability

to. form the resonance structure
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(4) Thermodynamic criteria: The rate constants for
reactions of o-methylbenzyl chloride, 2, 6-dimethylbenzyl chloride
and benzyi chloride with p-methyl, H, p-nitro and 3,5-dicitr.hio-

p -anoxides measured at ZSOC, 16°C and 6. 8°C are shown in Tubles 19,

. 21. Taese thermodynamic parameters were obtained ‘rom the

-ts of log k vs. 1/T as given in Figs. 32-37. The Arrkeaius activation '

energies were calculated from the slopes of these plots and the thermo-
dynamic parameters are shown in Table 22. It is to be noted that the
standard deviations of the plots are in most cases about 1%, which
‘means that the probable errors in the activation energies are about

0.2 kecal. per mole. The activation enthalpies decrease zs zhe 3, 5-di-
-nitro substituents are introduced into thiophenol. In order ic .xamine
the rate enhancement for 3, 5-dinitrothiophenoxide, its activa.ion
enthalpy and entropy were compared with those of the nucleophiles which

#

do not show the deviation formerly discussed. It appears tha: AST for
3, 5-dinitrothiophenoxide is relatively more negative and AH? s smaller
-nan for the rest of the thiophenoxides. The rate decrease for :he 3, 5-
dinitro compound is due to the decrease in L\.H¢, while the mure negative
entropy indicates a relatively more rigid transition state. It seems

i..at charge-transfer interaction as shown in Struciure I will stabilize

the transition state and enhance the rate.
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FIGURE 32

Logarithms of k for the reactions of benzyl chloride
with substituted thiophenoxides plotted against 1/T.




Ny

O,

09
~
108)

(epirousydoyyy ~CoN ~d +

(epixousydonys
~S2OM- 5T + & O

(epxouaydoiys-SHo-d+ 10g )\ o

- 1384 .

=91

20
%0
90
480
o1

~2l

€ 4+ M 907




FIGURE 33

Logarithmes of k for the reaction of benzyl chloride
with thiophenoxide plotted against 1/T. (The rate

constant of the first point
Ref. 90)

B is taken from
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FIGURE 34

Logarithms of k for the reactions of 0-CH3-benzyl
chloride with substituted thiophenoxides plotted
against 1/T,
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FIGURE 35

Logarithmse of k for the reactions of 0-CHg-benzyl
chloride with thiophenoxide against 1/T. (The rate
constant for the last point* is taken from Ref, .90),
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FIGURE 36

Logarithms of k for the reactions of 2,6-(CH3)z-

benzyl chloride with substituted thiophenoxides
against1/T.




opixousydolys- 2oN-d + 198 -3(SHI)- 92\ 4

o
o)

apIxousydoyl +109g :NA.mIOA /
apxousydoiyl €40 -d + [9g2(SHD)-9'2

2* 1 907

/




FIGURE 37

Logarithms of k for the reaction of 2, 6-(CH3)2-

benzyl chloride with 3, 5-dinitrothiophenoxide
d against 1/T.
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V. UNIMOLECULAR DECOMPOSITION OF DIARYLDISULFIDES
BY MASS SPECTROMETRY

Much attention has been given to the scission of the
sulfur-euvifur bond“’" 165 . Light-induced homolysis of the S-S bond
of disulfides has been reported in several casesl®5: 166'“’7;

RSSR === 2RS"

However, the structural effects on the homolysis of the S-S bond have
not yet been investigated. Eight symmetrical bis =(substituted-phenyl)-
disulfides were prepared from the oxidation of the corresponding
substituted thiophenols.

Applications of the kinetic approach to mass spectra
have recently been made by Mcl..lfferty“’sv 169, 4 kinetic argument
can be made to provide a basis for the applicabllity of free-energy
relationships to ion abundancee in mass spectra. If the formation of

the fragment A has many sources and decomposes to another

M %\ /h/Bl

(4]

5N,

the rate of the change in the concentration of A in the ion source is

fragment;

given by the equation:
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R 5 kmMp)
%?l * Tém{Mm] - s kalA) - vkinatl4] = 0 [A] = =5 + T k|net

where k., is the rate constant for the formation of A! k, i the de-
composition of A, and ky,q¢ represents the apparent loss of A

(R-14)

because of an instrument parameter. If z is the concentration of the

A fragment relative to the molecular ion,
5 =(AM) (R-15)
Combining equations (R -14) and (R<15), one obtains
[(A]/[M] ki Ky +3Kine
%o * [AMM,  © k2  kp +TKk|net

where (A)/(M) and (Ao)/(Mq) are the ratios for substituted and un-
substituted diphenyl disulfide respectively; it was assumed that the

s/

(R-16)

formation of A has only one source. If the further degradation of A
is small (this can be accomplished by using low electron snergy),
aquation (R-16) is reduced to

8/2q = Ky/kg « (R-17)

The free-energy relationship in ion intensities has
been applied successfully in the form of the Hammett equationms'”z.

The mass spectra of disulfides have been reported by
Williams and co-workers!?3 whose attention was focused on skeletal
rearrangements of the disulfides. Our attempt was to study the sub-
stituent effect on the degradation of the molecular ion [RSSR]?, to
the fragment ion RST. The relative abundance of the molceular jon
and fragment ions are given in Table 23, '
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z = [RS]*/[RSSR]- *

A plot of log =z vs. G is shown in Fig, 38;
five disulfides are on the line, The deviation for p-CH3 aad
p~OCH 3 substituted dipheayl disulfide are <f the scale used
in graphing. From Fig. 38 it will be seen that the intensity of
RS* will be zero when the substituent constant is greater than
1,05, There is no fragment peak of RS*jor bie-(3, 5-dinitro-
phenyl)disulfide as expected. It is interesting to note that the
reaction constant ( £ = .1,28).

After electron bombardment, the disulfide
gives a molecular radical ion. Following the homolytic cleavage
of the S-S bond of the molecular ion, an odd electron radical and

an even electron ion are formed:

O Do
X

"

&2



FIGURE 38

Logarithmse of the ratios of fragment ion (RS*) and

molecular ion (RSSR)" * plotted against substityent
constants
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Generally, the even-electron fragmentl?4,
whether ion or neutral, has 2 much greater stabllity and there-
fore a greater influence on the course of degradation. The
large negutive reaction constant in this case implies that electron-
donating substituents will enhance the rate of the S-S bond cleavage
and this rate enhancement is due to the increase in the stability
of the even electron fragmant ion RSY, which will decidedly affect
the rate, to give a subsequent increase in the abuadance of the
fragment peak, Product ion stability is an Important driving
force in ion decomposition reactionsl69, 174,

The present results indicate that the m-nitro sub-
stituent obeys the linear substituent effects (Fig. 38), From the
pPrevious ground-state structure correlations of the nucleophiles
(substituted thiophenols) there are linear relationehips between the
acidity constants of the thiols and their substituent constants. The
chemical shifts ( S5g_3;) of nine substituted thiophenols are linearly
related to the corresponding pK, values of the thiols. This implies
that the high reactivities of m-nitro and 3, 5-dinitrothiophenoxide
towards benzyl chlorides (as discussed in Section IV), is not due
to the ground state structures of m-nitro and 3, 5-dinitrothio-
phenoxide. The charge-transfer complex stabilization in the
traasition state of substituted benzyl chlorides with m-nitro or
3, 5-dinitrothiophenoxide has been discuseed in Section 1v.
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