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ABSTRACT

Anisole was alkylated with 2-phenylethanol-l-Cl% and
2-phenylethy1-1-cl“ chloride respectively, using aluminum
chloride as catalyst, to give p-methoxydibenzyl. Radiocactivity
assay of the p-methoxydibenzyl and of the anisic acid obtained
by oxidative degradation with alkaline permanganate showed
that a 504 rearrangement of Cln from the C-1 to C~2 positions
occurred with both alkylating agents, |

The reaction may proceed by means of electrophilic attack
of a free carbonium ion, or by a nucleophilic attack of anisole
on a polarized complex between the alkylating agent and catalyst,
if it may be assumed that the observed rearrangement has taken
place during the formation of the polarized complex. The
possibllity exists that the rearrangement may arise from a

process separate from the alkylation reaction 1tself,
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1.

'HISTORICAL INTRODUCTION

The new interest injected into organic chemistry by Fran- '
kland's discovery of organozinc compoundé stimulated a series
of studles on the action of various metals on élkyl halidés,
one of which resulted in thé discovery of the Friedel-Crafts
reaction (20). Prior to the observations of these investig-
ators, several caSés of élkylation by means of metals and
metallic compounds had-been reported, ‘

In 1869, Zincke (90) reported the synthesis of diphenyl-
methane from behzyl;chiéfide'and zinc in benzene solution. 1In
subsequent publications, (91,92,93) Zincke reportéd similar
syntheses. Doebner and Stackmann (16) found that zinc oxide
would introduce chloroform or phenyltrichloromethane intb phenol
to yield salicylaldehyde or o-benzoyl phenol. It was pointed
out that zin¢ chloride was formed durihg the reaction, A4s
Friedel and Crafts later showed, (19) zinc chloride was the
active condensing agent in all of these syntheses. In benzene,
the reactlon was observed to yleld well-defined substances with
alkyl halides., ©Short or long-chained alkylbenzenes were obtained
using aluminum chloride together with various alkyl halides.

In every case, hydrogen halide was eliminated. 1In these early
papers, it was pointed out that'halogenbenzenes would not react
in the manner of alkyl halides(2l), and that alkyl iodides were
too unstable to be generally useful in the reaction (20).
4luminum chloride and zinc chloride were not the only efficient
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condensing agents. Ferrous chloride, ferric chloride, and sodium
aluminum chloride were found to be of value. It was further
pointed out that only the dhydrous salt’s were suitablevas con=
dehsing agents (20). |

The mechanism of reactions effected in the presence of &
aluminum chloride was assumed by Ffiedel and Crafts to take
rlace through a primary exéhange 6f hydrogen in the hydrocarbon
for an A12C15 residue?

C6H64-,Alzclé————€>06H5A12015 + HC1

The postulated hydrocarbon-aluminum chloride comﬁlex combined
with an aliphatic chloride, thus:

| RC1 + CéHSAIZCls-———4>A12016-+ 06H5R
They were unable to 1solate the compound CgHgAl,Clg, although,
at about the same time, Gustavson (26) reported the formation
of compounds of the type AlBrg.6CeHg and Al,Brg.6C,Hg 1in
Friedel-Crafts reactions of benzene or toluene in the presence
of aluminum bromide. |

Walker (85) noted the variation in conductivity on the

addition of small portions of aluminum chloride t§ mixtures of
.ethyl bromide and benzene or naphthalene, Breaks in the curves
indicated the formation of compounds 3X.A1013, 2X;Alcl3, and
X.AlCl3 where X stands for a molecule of hydrocarbon. Since
readiﬁgs were taken before evolution of hydrogen bromide was
noted, the brdaks were not due to alkylation of the hydrocarbon.
Varying the proportion of hydrocarbon used gave a corresponding
variation in conductivity curves,

Working on intermediate complexes in the reaction, Nor:is_
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and Wood (55) prepared a ternary complex, AlzBré.2C6H3(CH3)3.02H5Br
by shaking together a mixture of mesitylene, ethyl bromide, and
aluninum bromide at O°, Attempts to prepare complexes of def=-
inite composition, containihg only‘hydrocérbon and aluminum
halide were unsuccessful, and it was concluded that the presence
of a third component seems to be necessary for the formation
of an isolable complex. |

| Evidence for existence of a complex between aluminum chloride
and alkyl halide is based on conductance studies., Walker (85)
noted considerable conductivity with methyl-, ethyle, and n-
propyl iodiss as well as with ethyl_bromide and chloroform
solutions of aluminum chloride and assumed the formation of a
compound between the catalyst and alkyl halide,

Shortly after the discovery of the'Friedel-Crafts reaction,
Gustavson (25) found that either isopropyl bromide of n-propyl
bromide with benzene and aluminum chloride gave lsopropylbenzene,
Silva (73) confirmed this, using the two propyl chlorides.

Heise (32) was the first to offer a derivative as proof of the
structure of the propylbenzene obtained, He observed that at
-2°, n-propyl bromide with benzene and aluminum chloride gave
n~propy1benzene, identified as 1its sulfonamidé. Genvresse (22)
obtainéd both n-propylbenzene and isopropylbenzene by conducting
the reaction af reflux temperature, Konovalof (hé) found that
below O° n-propyl chloride gave n-propylbenzene, while from 0°
to reflux temperatures it gave mixtures of n-propylbenzene and
isopropylbenzene, the degree of isomerization depending on the
temperature, A recent study of isomerization (36) has shoﬁn it

to be dependent on the water content of the,catal&st. For propyl



chloride, the effect of aluminum chloride is strongest at -50°
to 0° when the water content is mihimum.

Higher alkyl haliées react similarly to the simple halides,
Thus, butyl (27) and amyl (20,23) halides were observed to
yield largely branched alkyl subétances. The resulting alkyl
groups above ethyl are rarely primary except from cycloparaffins
(24,38,75) and primary alcohols (38) and under mild conditions
from primary esters or halides (5,38). They are usually secon-
dary from a straight chain olefin and other reagents, and
tertiary from reactants ha#ing a branch adjacent to the functional
group. The generalization has been made that alkylation with |
a primary alkyl halide will yield a secondary alkylbenzene if
the alkyl hélide contains only primary and secondary carbon
atoms, and a tertiary alkylbenzene if it contains a tertiary
carbqn atom, The'extrapolation was even so made (15) as to
| give the erroneous conclusion that alkylation of benzene with
n-butyl chloride yields t-alkylbenzenes., Actually a mixture
of n- and sec-butylbenzeﬁe is produced. The carbon skeleton
is rarely isomerized in alkylatlion of aromatic hydrocarbons
except with nebpentyl derivatives, Even with this alkylating
agent the product 1s primarily 2-methyl-3-phenylbutane rather
than 2-methyl-2-phenylbutane (59). Isobutyl halides and t-
butyl hallides seem to be the only alkyl halides which yleld t-
aik&lbenzenes.as the major reaction product when aluminum
chloride 1s used as catalyst, ﬁowever, under vigorous cons
ditions a sec-bufyl group has been’;earranged to a tertiary
structure (52).

Balsohn's (2) disgovery of the facile alkylation of benzene



with olefins and Schramm{s (70) observation of the formation

of olefins during the coﬁrsé of alkylation with alkyl halides
led the latter author to propose that alkylation with alkyl
halides proceeds through the intermediate fofmation of an olefin,
Thus, the production of t-butylbenzene from isobutyl halide,
benzene, and aluminum chloride was assumed to be due to dehydro-
halogenation, followed by addition of benzene to the double |
bond of the resulting olefin. Isbbutyl chloride was found

to split into butjlene'and hydrégen chloride by the action

of aluminum chloride. -4ddition of benzene would then result

in formation of t-butylbenzene, the phen&l group, in accordance
with the Markownikoff rule, attaching itself to the carbon

atom which possesses the least number of hydrogen atoms:
(CH3) ,CHCH,C1 -A1Cl3, (CH3)C=CHp + HC1
(GH3)ofyst C6fs 13> (ng) g0
The produétion ofvseé—butylbenzene from n-butyl chloride was
explained in analogous fashion.
Wertyporoch.and Firla (86) explained'the differences in
conductivities of several alkyl halide solutions by assuming
~a dehydrohalogenation of such alkyl halides as propyl and 1so-
propyl chlpride or chlorocyclohexane to the corresponding olefin,
-and subsequent formation of highly lonlzed olefin-aluminum chlor-

ide complexes., However, previous to these conductivity studles

the alkylation by means of olefins, catalyzed by aluminum chloride,

has been observed not to take place unless HCl was present
and, accordinglyuMilligan and Reid (h9) suggested that this
would indicate that in olefin alkylation the rezction proceeds



through the prior formation of an alkyl halide,

If olefins are involved in the mechanism of the rearrange-
ment of alkyl halides, the olefins should act in much the same
way as the halides, themselves; but when behzene was alkylated
with propylene catalyzed by aluminum chloride (3), boron tri-
fluoride (76,89), hydrofluoric acid (74) and ferric chloride
(60), only isopropylbenzene(s) was formed. |

Alcohols will alkylate aromatic compounds in the presence
~of active metal halides or other Lewis acids. Isopropyl alcohol
gave isopropylbenzene and secondafy butyl alcohol gave secondary
butylbenzene. Pentanol-2 was reported to give 2-phenylpentane,
while.2-methylbutanol—3 gave 2-methyl-3-phenylbutane. No
evidence other than boiling point was given for any of these
structures (35). A4 number of tertiary heptyl alcohols have
been shown to react with phenol and aluminum chloride to give
t-heptylphenols (34).

Isomerization is common in the reactions of aliphatic
alcohols with aromatic hydrocarbons. Thﬁs, while isopropyl
alcohol and secondary butyl alcohol reacted with benzene and
toluene to give the unisomerized products (83),»1soamy1 alcohol
with 1,2,3,%-tetrahydronaphthalene catalyzed by aluminum
chloride, zinc chloride and phosphoric acid respectiVely,
was shown in all cases to yield the tertiary isomer (78).

Meyer and Bernhauer (48) alkylated benzene, toluene, phenol,

and other aromatic compounds with'alcohols in 80% sulfuric acid
at 65°, Both isopropyl alcohol and normal propyl alcohol with
benzéne were reported to give isopropylbenzene. Isobutyl alcohol

and tertiary butyl alcohol both yilelded tertiary butylbenzene,
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identified as its bromo derivative. Both secondary butyl alcohol
and normal butyl alcohol gave secondary butylbenzene (38).

Nightingale and Smith (52) obtained 1,3=-dimethyl-lt-s-butylbenzene

~ from xylene and secondary butyl or normal butyl alcohols with

sulfuric acid, Néopentyl alcohol with benzene and sﬁlfuric

acid produéedvtertiary amylbenzene, identified as its diacetamino
derivative (59), Isoamyl alcohol gave tertiary amylbenzene (38).
Normal amyl alcohol ylelded a monocamylbenzene fraction of which
60-65% wés 2-phenylpentane and 35-40% was 3-phenylpentane,

when treated with benzene and 80% suifuric acid at 70° for

six hours., A4pparently, l-phenylpentane was absent., With

boron trifluoride, both propyl alcohols gave isopropylbenzene;
normal butyl alcohol and. secondary butyl alcohol ylelded sec=
ondary butylbenzene, Isobutyl alcohol and tertiary butyl
alcohol gave tertiary butylbenzene (hé).

Sowa (46,47,57) proposed that the mechansm for alkylation
reactions using boron trifluoride as catalyst, with esters and
ethers as well as with alcohols, consists primarily in the
formation of an olefinic hydrocarbon to which the aromatic
compound then adds under the influence of the catalyst. This
was refuted by the work of Price and Ciskowski (62) who found
that cyclohexanol, which reacts readily with naphthalene could
be recovered quantitatively after treatment with boron tri-
fluoride under conditions consider?bly more drastic than thqse
required fof alkylation. Not even traces of the olefin were
detected, Furthermore, it was pointed out that formation of
an olefin is impossible in the case of the benzyl group, which

may be introduced as readily as any secondary or tertiary alkyl



group. Alkylétions of benzéne with cyecloheptanol and cyclo-
heptene respectively, catalyzed by sulfuric acld, exhibited
markedly different behavior, For the monoalkylated fraction,
cycloheptanol gave a 4W0% yield of cycloheptylbenzene while the
corresponding yleld from cycloheptene was 95%.

The sole basis for the suﬁﬁbsition of iﬁtermediate olefin
formation is that the products obtained in alkylations can be
explained by addition of the aromatic nucleus to the supposed
olefin, in accordance with Markownikoff's rule. Numerous
authors have endorsed this mechanism. The alkylation of
aromatic hydrocarbons with various alcohols catalyzed by
aluminum chloride (82), sulfuric acid (46), phosphorus pent=
oxide (81), phosphoric acid (50,67), zine chloride (43), and
zinc chloride on aluminum oxide (72) have in all cases shown
the expected product on the basis of intermediate olefin
formation. "

The alkylation of benzene with methyl and ethyl alcohols
was investigated by Norris and Ingraham (53). They suggested
that alcohols react with aluminum chloride to form cpmpounds
having the formula RQA1012 which decompose when heated to
produce: RC1 plus AlOCl, with subsequent reaction of the alkyl
halide. This work was extended by Norris and Sturgis (54%) who
showed the formation of methyl chloride and ethyl chloride
from contact of the corresponding alcohol with aluminum chloride.
However, when secondary butyl alcohol was placed in contact
with aluminum chloride at room temperature for fifteen hours,
only traces of alcohol, and no alkyl halide was obtained (63).
Tzukervanik (82) suggested that an alkoxy aluminum chloride



forms, followed by decomposition to yield an olefin and hydroxy-
aluminum chloride.

‘ It is of significance that diphenyimethyl bromide and
phenol, or benzyl chloride with diphenyl, benzene, toluene,
o-xylene or mesitylene will yield, at elevated temperatures,
without a catalyst, normal condensation products (12,51).

This emphasizes the fact that the alkylation by metal halides
is essentially an activation reaction occurring when suitable
activation of the nuclear hydrogen and aliphatic halogen are
realized,

Walker (85) and Dougherty (17) found that certain meta-
thetical reactions oceur betweeh certain types of aliphatic
halogen compounds in the presence of aluminum chloride. On
this basis, the latter investigatof:suggested that lonization
of an alkyl halide 1s induced by aluminum chlorides

RX -+ A1C13 == RX.A1CLy===RT(X41C13)

Such an ionization agreed with Prins* theory (64) who
assumed that aluminum chloride ionlzes benzene in such a way
that it produces a phenyl ion and a hydrogen ion. The Friedel=-
Crafts reaction was then regarded as a reaction of the negative
phenyl ion with the positive aikyl ion. Wertyporoch and
Firla (86) did not believe that any further activation of the
aromatic nucleus was necessary. Substantitation for this
belief was obtained from the kinetic study of alkylation by
Ulich and Heyne (84) who found definite evidenée for the
formation of the complex between alkyi halide and metal halide,

and in fact were able to determine the equilibrium constant

9.

for its formation., The rate of alkylation was directly proportional
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to the concentration of this complex and of the hydrocarbon,
indicating that any further function of the catalyst in activ-
atiﬁg the latter is negligible,

Fairbrother (18) proposed that an initial and necessary
step in the reaction is the transition of the mainly covalent
carbon~halogen bond of the alkyl halide into an ionic bond
through complex formation with the metal halide catalyst.
Evidence for his proposal was the observed radio-isotopic
exchahge of halogen atoms between the organic and inorganic
halides, an exchange which has recently been demonstrated
to also occur between naphthyl halides C8H9X and stannic
halides SnY), (31), and by the observed large increment in
dielectric polarizability when aluminum bromide and ethyl
bromide were dissolved together in cyclohexane. In contrast,
a mixture of bromobenzene and aluminum bromide showed no
increment, the polarizability of the mixture being very nearly
the sum of the partial polarizabilities of its components,

Price (61) concluded that substitution proceeds through
an electron-deficient intermediate which acquires an electron

pair from a double bond of the aromatic nucleus:

4 . R R H_‘_,.
rite— (] — )+

Rearrangement of alkyl halides by aluminum chloride was
explained by Whitmore's theory of rearrangements ¢87), i.e.,
the electron deficliency in the alkyl ion migrates from a

primary to a secondary to a tertiary cafbon atom, to give a
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carbonium ion of minimum energy.

Justification of the ionic theory of reaction has been
advanced by stereochemical evidence., An alkylation of benzene
with optlcally active secondary butyl alcohol, catalyzed by |
‘aluminum chloride and boron trifluoride respectively, gave a
product which was completely racemized in the first case and
over 99% racemized in the second (63). This work was sub-
stantiated and extended by Burwell and Archer (14) to hydro-
fluoric acid and ﬁhosphoric‘acid catalyzed reaétibns. They |
showed that the alcochol could not have been racemized before
it reacfed since with phosphoric acid and alcohol alone the
recovered alcohol had the same rotation as the 6rig1na1.
However, with hydrofluoric acid and alcohol alone, the recovered
alcohol was 23% racemized (13). The extensive racemization was
attributed to the result of a plahar carbonium lon intermediate,
Racemization of optically active X-phenylethyl chloride has
been observed by the actlion of various metal salts which act
as catalysts for the Friedel-Crafts reaction (4),

While the lonic mechanism of alkylation was at one time
widely accepted, several points arose which could not be sat=-
Aisfactorily explained by such a scheme, Pearlson and Simons.
(58) were able to calculate the rate of reaction between toluene
and tertiary butyl chloride as catalyzed by hydrogen fluoride
and showed that the maximum rate so calculated on the basis
of formation of an intermediate carbonium ion, was slower than '
the experimental rate to such an enormous extent, a factor of
1011,-that the assumption of intermediate carbonium ion form-

ation was untenable, These authors also demonstrated the very



similar effects on promotion of the reaction by the very
dissimilar compounds, water, methanol, diethyl ether, and
hexamethylacetdne and pointéd out that on the basis of a
mechanism which requires two or more consecutive reactions and
active intermediates, it is difficult to‘explain the similarity
of the observed effects. The proposal of a one-step condensed
phaée, cataleed,‘and promoted reaction as the eséential factor
in the mechanism was shown to be satisfactory from kinetic
-considerationé and reasonable from energy considerations.

A recent in#estigation of the alkylation of phenols with
optically active X-phenylethyl chloride in acetone-potaésium
garbonate medium showed an observed inversion of configuration
and high (ét least 64%) retention of optical purity. It
'was suggested that the major reaction path is a nucleophilic
displacement of halogen by phenoxide ions (28), 'It was
further demonstrated that racemization occurred independently
of alkylation at a rate comparable with it (30).

} The independende of rearrangement and élkylation has been
demonstrated, Contact of propyl chloride with aluminum
chloride has been observed to cause nearly complete isomeriza-
tion to isopropyl chloride in five minutes, considerably less
time than 1is required for an alkylatiOn with this reagent in
which at least some normal propyl benzene 1s usually formed.
When propyl chloride was stirred withAAICleSOM, no isomer-
iZation occurred, Yet, when benzene was alkylated with propyl

‘chloride with this catalyét, the yield of propylbenzenes con-

sisted of 22% normal propylbenzene and 78% isopropylbenzene (79).

In a reaction between tertiary butyl chloride and phenol,

12,
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the activation energy was determined to be 13-17 kecals,/mole.
For a carbonium ion mechanism it was calculated that the energy
required would be 28 kcal,/mole. In addition, a very high
order rate dependenéy upon cqncéntration of phenol was observed
(29). | |

Topchiev (80) studied the relationship between catalyst
activity and electrical conductivity of various Friedel-Crafts
Qatalysts. The absence of any correlation led to the conclusion
that complex formation with the catalyst rather than carﬂonium,
ion formation was the sourcé of catalytic action,

Brown and Grayson (7) concluded that in view of the
suppoéed very high reactiﬁity of carbdnium ions and the
observed progression of various alkylation reactions at
moderate, measurable rates, that the first step of the reaction,
the ionlization of the alkyl halide must represent the rate-
determining stage and therefore rate of reaction should be
independent of the concentration or nucleobhilic character=
istics of the aromatic constituent undergoing alkylation.

These authors were able to demonstrate that for alkylations
with benzyl chloride, the rate was dependent both on the struc-
ture and concentration of the aromatic reactant and interpreted
their results as being more consistent with a mechanism
involving a rate~-determining nucleophilic attack.by the
aromatic cbmponent on a polar benzyl halide-aluminum chloride
compound, |

| RC1+ AlCl3—‘—————‘= RC1: AlCl3

4ArH + RCl: AlCl34£Le% /g AlClu

E (Hi\ AlC1 #Mr + ECL + a1013
R
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The transition state in the displacement step was represented
as a g complex containing a partially formed carbon~carbon
bond and a partially broken carbon-chlorine bond.,

H §
--R---C1:41C1,

J+

This theory was tested by extension of the study to the alkyl=
ation of benzene and toluene with various methyl halides with
aluminum bromide catalyst. It was found that neither the
; isomer distribution nor relative reactivities were independent
of the halide used(8).

With increased branching of the alkyl halide there should

be observed an increased tendency for the formation and reaction

—
i g

of ionic intermediates. In order to obtain evidence on this
point, Brown and Jungk (9) undeftook an examination of the
alkylation of aroﬁatic compounds with ethyl, isopropyl, and
tertiary butyl bromides. The re;ults indicated that the rates
of alkylation, isomerization, and disproportionation all
increase sha}ply with increased branching of the alkyl group.

In view of the fact that'stability'of carbonium ions also
increases with increased branching, the results indicate carbon-
- 1um ion formation. However, if carbonium lons are involved |
in the alkylation reéction, the toluens/benzene reactivity

ratio should be expected to increase with increasing stability
of the carbonium ion (10); The reactivity ratio as determined
by Brown and Jungk showed the opposite trend., In contrast,

it was pointed out that if the reaction were primarily a

nucleophilic displacement by the aromatic componént, the rate
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of alkylation would be expected to decrease in the order:
methylation>>ethylationt>isopropylation:>t-butylation. The
results showed the opposite trend, ' ,

These authors maintain that the transition state is best
described in terms of a nucleophilic attack by the aromatic on
a strongly polarized alkyl bromide-aluminum bromide addition
compound and in accordance with the interpretation of Winstein
(88) suggested that as the alkyl group is changed to ethyl,
isopropyl,aand finally to tertiary butyl, the carbon-halogen
bond must become more and more ionic in the transition state
with a correspondingly decreasing covalent contribution from -
the aromatic, and expected at some point in the series to
approach the "limiting" condition with the reaction proceeding
through an essentially free carbonium ion.

Several anomalous results with regard to the structure
of products has also cast doubt on the theory of intermediate
carbonium ion formation, The ionic mechanism does not account
for the high ylelds of normal propylbenzene obtained in the
alkylation of benzene with normal propyl chloride (38) and
the sole formation of the normél propyl isomer in the alkylation
of benzene with normal propyl alcohol and aluminum chloride.
Moreover, it was found that neopentylbenzene is formed in the
alkylation of benzene with neopentyl alcohol and aluminum
chloride (59).

If the carbonium ion theory is valid, then it is to be
expected that alkylation with tertiary halides should yield
exclusively tertiary alkyl benzenes. However, not more than

about 20% of the pentylbenzene obtained with tertiary pentyl



chloride at 25-30° was tertiary pentylbenzene, the remainder
being a mixture of 1someric compounds believed to éonsist
chiefly of l-phenyl-2-methylbutane and 2-methyl-3-phenylbutane
(37). On the other hand, when either aluminum chloride
dissolved in nitromethane or ferric chloride was uéed.as cat=-
alyst, the prgduct'consisted of very pure tertiary pentyl-
benzene, The non-formation of tertiary alkylbenzenes as the
principal product in the presence of aluminum chloride has
been shown to be the general rule rather than the exception,
Alkylation of bgnZene with a tertiary hexyl chloride, 2~chloro-
2,3-dimethylbutane, in the presence of aluminum chloride at

1° resulted in a 62% yield of hexylbenzene which consisted of
the secondary hexylﬁenzene, 2,2-dimethyl-3-phenylbutane,

mixed with about 10% of the tertiary isomer, 2,3~dimethyl-2-
phenylbutane._ Thisifearrangement also occurred with zirconium
chloride. A&gain, when the reaction was carried out at room
temperature in the presence of ferric chloride or of a nitro-
' methane solution of aluminum chloride, the product was the
préctically pure teértiary isomer (69),

- The formation of the secondary isomer can be explained
without using carbénium ions by assuming that the reaction
occurs by way of a concérted bimolecular nucledphilic_displace-
ment'reaction; It 1is suggested that substitution takes place
at the secondary'carbon atom rather than the tertiary atom 
 because backside attack by the approaching phenyl group is

more difficult at a tertilary carbon atom,

16,
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@: $-§-0H3 + A1C1, ©— éF3AlC1z+ —

H01+ A1C1, + g%%-éﬂia - |

The displacement was expected to proceed through a bimol-
ecular reaction involving the reaction of the alkyl chloride
with a complex of benzene and aluminum chloride (68) or of
benzene with a complex of the alkyl chloride and catalyst (6).

The proponents of this theory (69), however, themselves
objected to it on the basis that such a displacement mechanism
involves two simultanéous SN displacements, i.e., two Walden
inversions on édjacent carbon atoms, The benzene displaces
a hydride ion from one'carbon afom and the hydride ion displaces
the chloride ion from the adjacent carbon atom, Singe the
bulky.enteringkand leaving groups are adjacent, reaction by
this mechanism was stated to be unlikely. The authors suggested
that in view of the ease with which tertiary alkyl ions are
belleved to be formed in the presence of catalysts of the
Friedel-Crafts type, that a more likely mechanism was the
intermediate formation of the tertiary alkylbenzene by reaction
with the tertiary alkyl ion, followed by isomerization of this
intermediate, |

& recent Investigation of the alkylation of benzeﬁe with
etl:xyl-ﬁ-C:U+ chloride showed that there was no isomerization
of the ethyl group (66)., Ethylbenzene was prepared by the
interaction of ethyl-@-clh chloride, benzene, and aluminum
chloride, Oxidation of the purified ethylbenzene gave non-

radioactive benzoic acid, indicating that no isomerization of
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the ethyl group had occurred during condensation. On the
other hand, when ethyl-ﬁ-clh chloride was placed in contact
with aluminum chloride for one hour at room temperature,
distilled and then used to alkylate benzene by the same
procedure, almost complete isomerization was indicated by
an almost equal distribution of C1l+ between the two positions,
It was pointed out that while the nucleophilic displacement
mechanism was the most probable, the alternative mechaniém
of formation of an intermediate carbonium ion could not be
excluded since the possibility exists that the ethylcarbon-
ium ion is produced but no hydrogen shift occuré before the
ethyl group reacts with the aromatic nucleus. The formation

of an intermediate olefin is definitely excluded,



THE PROPOSED WORK

In view of the multiplicity of theories and interpretations
set forth on the Friedel-Crafts‘alkylation, no proposed reaction
mechanism can yet claim general and unequivocal acceptance,

In the hope of shedding further light on the mechanism of this
feaction, a study of the alkylation of anisole with 2-phenylethyl-

1-Clu'chloride and 2-pheny1ethanol-l-clh

in the presence of
aluminum chloride was undertaken, A

In reactions where carbonium ions are likely involved
as Intermediates, rearrangements of Clh-labeled'atoms from
C~1l to C~2 positions in the phenylethyl cation have been

observed, either through the 1l,2~phenyl shift:

Should' the alk&lation reaction under study involve the carbonium

ion, analogous rearrangements should be observable:

" |
@cazc Hyl ron3
' (OH) !

J/ a1014 |
Iy ' 1 T
chzc 32©00H3 —+ @-c )"H20H2—©-OCH3

unrearranged : rearranged

19,
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Permanganate oxidation of the alkylation product,
p-methoxydibenzyl, should afford anisic and benzoic -acids.

From the Clh content -of these degradation products, the degree
of rearrangement, if any, may be calculated.

In the present study, pure benzoic acid could not be
isolated after the oxidative degradation. The degree of
rearrangement was determined from the radiocactivity assays
of p-methoxydibenzyl and anisic acid, the activity theoretically
present in the benzoic acid being calculated by difference.
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RESULTS AND DISCUSSION

2-phenylethanol-l-Clh was prepared by the lithium alﬁm—
inum hydride reduction of phenylacetic acid-1-clh (56).
‘Conversion of the alcohol to'the chloride was effectéd wlth
thionyl chloride in pyridine (¥5), That all the Cl* activity
was located at the C~-1 position was shown by the permanganate
oxldation of both the alcohol and the chloride to give none
radioactive benzoic acild. _ |

The alkylation of anisole with either 2-phenylethy1-l-clh
chloride or 2-phenylethanol-1-cln was effected using an excess
of anisolé as solvent and slightly over one and a half molar
equivalents of anhydrous aluminum chloride at 100° for several
hours, The p-methoxydibenzyl obtained:was assayed for radio-
activity'and then oxidized with potassium permanganate to
yield anisic acid, _

As a check on the total activity, the 2-phenylethy1-1-clu
chloride was converted to hydrocinnamic acid whose radioactivity
was found to be essentially identical with that of the cor-
responding g-methoxydibénzyl. In the alcohol runs, fhe radio~-
activity of the phenylurethan of 2-pheny1ethanol-1-clh was
also shown to be the same as the corresponding p-methoxydibenzyl
products, -

If there were no rearrangement in the reactions studied,
100% of the total radioacfivity in the p-methoxydibenzyl should
be recovered'in the anisic acid, The results from duplicate
chloride and alcohol runs are tabulated in Table I, the % rear-
rangement being the difference between 100% and the % of total

activity actually recovered in the anisic écid.



TABLE I
REARRANGEMENTS IN THE ALKYLATION OF ANISOLE

Alkylating - Compound Observed Corrected % bctivity in % rear-
Agent Counted 8 Activity'b' o Activity © Anisic Acid rangement
(cts/min/sample) (cts/min/mole)
Run I Run II Run'I Run IT Run I Run IT Run I Run I
c6H5CH2c1“H20H CgHgNHCOOCHoCHaCgHs 590 590 8850 8850
© D-CH30CEH,CH,CH,CgHs 59 592 8910 8880
R-CH30CgH,COOH 567 565 4536 4520  50.9 50.8- 49.1 49,2
CeHsCH,CL Y 01 CoHsCH,CH,CO0H 1929 1010 17360 . 9090
D-CH30CgHLCH,CHoCgHy 1152 595 17280 8925
D~CH30CgH), COOH 1073 537 8580 4296 49,7 48,2  50.3 51,8

(a) All compounds were converted to barium carbonate and
counted as infintely thick samples of constant geometry
in a windowless gas flow counter.

(b) All samples were counted for a sufficient length of time
to insure statistical deviation of not more than 1-2 %.

(¢) Corrected for the dilution by non-labeled C atoms. Equals
- the observed activity multiplied by the number of C:atoms

in the compound counted.

*ec
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These results clearly indicate that essentially 50%
rearrangement has taken place in the alkylation of anisole,
in the presence of alumihum chloride, byvboth 2-phenylethyl-1-Clu
chloride and 2-phenylethanol-l-clh. Such a complete squil=-
ibration of the labeled atoms in the C-1 and C-2 positions
of the original chloride and alcohol may best be accounted
for by the assumption that the phenylethyl cation is involved
at some stage of the.reaétion process or érocesses, the rear-
rangement being the result of a 1, 2-pheny1 shift or the formation
of a phenonium ion as previously indicated. It is very tempting,
therefore, to simply conclude that the Friedel Crafts alkylation
of anisole with 2-pheny1ethyl chloride or 2-phenylethanol
proceeds by way of a carbohium ion mechanism, i.e., the
alkylating agent first gives rise to the alkyl cation which
then effects an electrophilic attack on the aromatic hydro-
carbon to give the final product, However, the observed results
merely demonstrate that under the experimental conditions used,
there is a rearrangement of the Clh-labeled étoms which most
probably results from the formation of the phenylethyl cation.
These findings do not indicate what exact role such a cation
would play in the Friedel-Crafts alkylation.

It 1s a fact that, in many cases, rearranged products
have been obtained from Friedel-Craftg alkylation reactions
(20,22,23,25,27,32,36,38,42,48,52,59,78), These rearrangements
are generally explained by assuming the formation of a car-
bonium ion from the alkylating agent (61) followed by subsequent
' rearrangement to a more stable carbonium ion (87). By analogy

with generally acceptgd cationic orgénic reaction processes (1),
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one may assume that in a carbonium ion mechanism for the
Friedel-Crafts alkylation, the rate determining step may
be formation of the ion, the subsequent reaction of the

cation with the aromatic hydrocarbon being fast:

RC1 4 41C1y -Slowy ¥4 a1c1y
arg -+ rT Lasty Rarnt
rRarg*4 aici, fasty 4101, -+ HC1 + Rar

For such a mechanism, one would expect that the overall rate

of reaction would be independent of the concentration of the
‘aromatic hydrocarbon. Brown and c¢o-workers recently found

that in the Friedel-Crafts alkylafion with several benzyl,
methyl and ethyl halides, the reaction rate showed first ofder
dependency on the alkyl halide, aluminum halide, and aromatic
hydrocarbon (7,#1). Consequently, these workers suggested

that the Friedel-Crafts reaction of aromatic nuclei with primary
halides may proceed by a displacement mechanism, with the
aromatic contributing to the breaking of the carboh-halogen bond

in the transition state:

RX+ A1X; == RK:41X,
| ATH 4 Rx:A1X, —slows pa i talx],
| RArH'ALX, e== RAr 4 HX + 41X,

On the other hand, Hine (33) has pointed out that the
observed kinetic data of Brown et al, may also be accounted
for by assuming a rate controlling attack of the carbonium

ion or ion pailr on the aromatic ring:

RX 4 A1K; == RY 4 a1x;,
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R*4 arg Slowy pargt

RATH T} 41X, —> RAr + HX+ a1x,

In their most recent papers, Jungk and Brown (40,#1)
pointed out that the rates of alkylation of benzene increase
sharply with increased branching of the alkyl groups in the
series where R represents methyl, ethyl, isopropyl and tertiary
butyl groups. They therefore proposed that methylafion proceeds
essentiélly by a.displacement mechanism involving nucleophilic
attack by the aromatic nuéleus on the polarized alkyl halide=-
aluminum halide addition compound. A4s the alkyl group becomes
better able to accommodate a positive charge, 1.e., methyl<
‘ethyi(isopropyl(tertiary butyl, there will be an increase in
the amaunt of ionic character in the carbon-halogen bond in
the transition sfate, accompanied by a decrease in the nucleo-
phiiic‘contribution by the aromatic, Theyvspeculated ﬁhat
isopropylation may represent the limiting case where the aromatic
will no longer contribute significantly to the breaking of the
carbon-halogen bond. In such an event, the mechanism will
become essentially bne of the free carbonium iqn type and the
reaction rate will therefore be independent of the aromatic
hydrocarbon, However, Brown and co-workers were unable to
verify such cdnjectures, for they were not able to make detailed
kinetic measurements of the very fast isopropylation and
tertiary butylation reactions,

To interpret the presently observed rearrangement of the

1k

C*'=labeled atoms in the phenylethylation of anisole, firstly,

one may subscribe to the ionic mechanism as suggested by Hine,
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On the other hand, if one were to choose a nucleophilic dis- ‘
placement mechanism as suggested by Brown, one may rationalize
the observed rearrangement by assuming that the rearrangement
may have taken}place during the formatibn of the polarized
complex between the alkylating agent and the catalyst,

There is a third possibility which may also account for -
‘the present results. One may postulate that rearrangements |
in the Frie&el-Crafts alkylafion arise from a process separate
from the alkylation reaction itself., The fact that the alkyl-
ation of benzene with ethyl—e-clh chloride results in no rear-
rangement, whereas simple contact of this chloride with aluminum
chloride results in the complete equilibration of the labeled
atoms (66)‘appears to be quite dramatic evidence that alkylation
and rearrangemeht can be independent of each ddher, Rearrangement
of normal propyl to 1sopropyl chloride by contact with aluminum
chloride has also been demonstrated (79). Moreover, the work
of Hart and others (28,30) has shown that in the alkylation of
phenol with optically active (-phenylethyl chloride, racemization
occurred independently of alkylation, an appreciable part of
the observed-loés of optical purity being due to racemization
prior to alkylation,

On the basis that separate processes account for rear-
rangement and alkylation in the Friedel;Crafts alkylation
reactions, the 50% rearrangement observed in the present studies
may be visualized as resulting from the action of aluminum
chloride on the 2-phenylethyl-l~clh chloride or 2-phenyl-
_ethanol-l-Clh. The aluminum chloride, being a strong Lewls
acid, promotes the formation of the labeled phenylethyl cation,
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afford;ng an opportunity for the 1,2-phenyl shift. The rate

of this catalyst promoted rearrangement must be faster or at
least comparable to the rate of alkylation; thus, the phenyl-
ethyl system would have the opportunity of attaining complete
equilibration before yielding the final alkylation product,

As a further test of such a postulate, possible rearrangement
of 2—phenylethy1-l—clu chloride and 2--phenyl<=.:t1r1aalnol-1-cl)+ on
simple contact wifh'aluminum chloride is currently being inves-
tigated.

In interpreting their results obtained from ethyl-@-cll+
chloride, Roberts et al. (66) suggested that the non-rearrangement
in the ethylation of benzené may mean either a displacement
mechanism without the formation of the ethyl cation, or that a
carbonium ion mechanism 1s operative but that no hydride shift ‘
takes place 1n the ethyl cation during the ethylation of benzene.,
However, since these same workers shdwedithat contact of ethyl-ﬁ-clh
chloride with aluminum chloride alone resulted in the complete

equilibration of the ct

activity in both o« and 6 carbons, one
may visualize, on the basis of separate processes governing the
rearrangement and alkylation reactions, that in this case, the
alkylation reaction is faster than the aluminum chloride

promoted rearrangement, Non-rearranged ethylbenzene is therefore
formed before the catalyst can effect a rearrangement of the
labeled ethyl system. Brown and Jungk (8) have found that the
rate of alkylation of benzene with methyl iodide is much slower
than that with methyl chloride. Should the same difference

exlist between ethyl chloride and iodide, it may be possible that,

if rearrangement and alkylation do take placd by separate processes,



M Sodide may lead. to

ethylation of benzene with ethyl-@-C
some rearranged product, because the expected slowef”rate of
ethylation with the iodide would allow the datalygt proﬁoted
rearrangement to take place, at least to some egtent,“befdre—
the final formation of the end alkylation produét. The work
with Clu-labeled_ethyl iodide 1s therefore also under current

investigation (39).

28.
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EXPERIMENTAL

5-Phenylethanolel-Ct

A solution of 5.7 gm (0.15 moles) of lithium aluminum
hydride in 200 ml of sodium-dried ether was placed in a one
litre three-necked flask equipped with coﬁdenser; dropping
funnel, and mercury-sealed stirrer., Through the dropping -
funnel, a solution of 13.9 gm (0.10 moles) of phenylaéetic
acid--l-C1l+ was added at such a rate as to maintain gentle
reflux. One half hour after complete addition, the reaction
vessel was immersed in an ice-bath and water added dropwise
to the contents of the flask 1ln order to decompose excess
anhydride, With continued stirring, 200 ml of dilute sulfuric
acid was addéd, when a clear solution resulted. The organic
layer was then separated, the agueous layer extracted with
three 25 ml portions of ether and the combined ethereal
solutions washed with sodium bicarbonate solution and water.
After drying over anhydrous magnesium sulfate, the ether was
removed by simple distillation and the residue distilled under
reducéd pressure, Average yleld for the various trial and
radioactive runs-was 10.9 gm (88%), b.Pey llh.5-115.5°. &
Lit, (56) yield 92%, b.p,18 112°. To recover traces of radio=-
activé product, lo-gm of pgenyethanol was added to the pot,
distilled, and combined with the producf.

Oxidation of 2-Pgenxlefganol-l-clh

Phenylethanol-l-clh (1 gm), together with 8 gm potassium
permanganate, 5 gm sodium hydroxide and 50 ml of distilled

water was placed in a 125 ml erlenmeyer flask and heated on

& A1l boiling points are uncorrected
Al]l melting points are corrected for stem exnosira



a boiling water bath for three hours, with frequent stirring.
The flask and contents weré then cooled, filtered by sﬁction,
‘and the precipitate of manganese dioxide.washed thoroughly
with distilled water.‘ The combined filtrate and washings were
acidified with dilute sulfﬁric acid and treated with solid
sodium bisulfite until the color of the permanganate was dis~
charged, The resulting mixture wés extracted repeatedly with
ether, the extracts dried, the éther removed by evaporation
and the residue.recrystallized from_water. The yield of
benzoic acid was 0.70.gm (70%), m.p. 120-121°, Lit, (M)
yield (70-80%), m.p. 121°,

Phenylurethan of 2-pg§gxletganol-l-glu

A nmixture of 1 gm 2-pheny1ethanol-1-Clh, 1 gm phenyliso= -

cyanate and 2 drops of pyridine were placéd in a 5 ml beaker
and heated on a low temperature hot plate for twenty minutes,
The mixture ﬁas then cooled by refrigeration and the resulting
solid transferred to a funnel and washed ten times with light
petrocleum ether., Becrystallizationffrom chloroform-petroleum
ether yielded 1.7 gm (82%) of product, m.p. 78.5-80°, Lit; (44)
79-80°.

.’2--Pgen}[_1et.hzl'--l-C.ll+ chloride
4 solution of 17.5 gm of 2-phenyléfhanol-l-01h in 80 ml

of pyridine was placed in a 500 ml flask and cooled in an ice=-
bath. Thionyl chloride ( 35 ml) was addedldropwise over a
period of one-~half hour., The reaction mixture was then heated
on a bolling water bath for 10 minutes. The resulting black

solution was allowed to stand at room temperature for one—half

30.
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hour and then poured slowly, with rapid stirring, into an icew~
water mixture. The product was extracted with four 100 ml
portions of ether and the combined extracts washed successively
with distilled water, dilute hydrochloric acid, saturated sodium
bicarbonate solution, and distilled water, After drying over
anhydrous magnesium sulfate, the ether was removed by distillation'
and the residue distilled under reduced pressure. Average

13 82-83°.

Lit. (45) yield 66%, b.p.l7 85—870. To recover traces of

yield for the various runs was 13.1 gm (65%), b.p.

radioactive product, 10 gm of phenylethyl chloride was added
to the pot, distilled, and combined with the product,

Oxidation of 2-Phenylethyl-1-Cl* chloride

2--phenylethy1-1-C11+ chloride ( 3 gm) was placed in a 500
ml flask attached to a reflux condenser., The chloride was
heated with a freé flame to the boilihg point and then a sat-
urated solution of potassium permanganatevwas added slowly.
After a total of 10 gm of permanganate as a saturated solution
had been added, the mixture was refluxed for 30 minutes, cooled,
filtered by suction, and the precipitate of manganese dioxide
washed théroughly with)distilled water, The combined filtrate
and washings were acidified and treated with éolid sodium
bisulfite until clear. The resulting solution was extracted
repeatedly with ether, the combined extracts dried over amhydrous
magnesium sulfate and-evaporéted to dryness. The solid residue
was taken up in dilute sodium hydroxide and washed twice with
ether, The alkaline solution was then acidified with dilute
hydrochloric acid, the resulting mixture extracted with ether
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and the combined extracts dried over anhidrgus magnesium sulfate,
Removal of the ether and recrystallization of the residue from

water yielded 1.6 gm (61%) of benzoic acid, m.p. 121-122°,

Hydrocinnamic acid-2-ClM

A mixture of ,68 gm (028 moles) magnesium turnings, 1.5 gn
(.Oli moles) 2-phenylethy1-l-_-cll+ chloride and 3 ml of ether
was.placed in a 200 ml three-necked flask equipped with conden-
ser, mercury-sealeé stirrer and dropping funnel, The mixture
was stirred and heated gently to initiate reaction. A solution
of 2.5 gm (.017 moles) of'2-phenylethyl-1-clh‘chloride
dissblved in 15 ml of ether was added dropwise at just the
rate to maintain gentle reflux (20 minutes for addition).

The mixturé was then gently refluxed for one hour and the
resulting Grignard reagent poured slowly onto 10 gm of "dry ice",
Stirring was continued until all of the "dry ice'" had eVap-
orated and a stiff mass resulted, 4 mixture of 10 gm of
crushed ice and 8 ml of dilute hydrochloric acid was then
added_and'the mixture stirred until the solid had decomposed,
The resulting mixture was extracted with three 10 ml portilons
of ether. The combined extracts were washed with water and
then extracted with three 10 ml portions of 5% sodium hydroxide.
The combined alkaline extracts were then reacidified with
dilute hydrochloric acid., This solution was then extracted
with ether, the extracts dried, the ether removed and the
residue fecrystailized from light petroleum ether, The yields
of hydrocinnamic acid for.the various runs éveraged 2.0 gm

(47%), m.p. 48-49°, Lit. (45) yield 70-80%, m.p. 48-49°,
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Alkylation of Anisole with 2-P.'t1_en1(1gtganol-l-()‘l)+

Anisole (130 gm, 1.20 moles) was placed in a three-necked

250 ml flask equipped with stirrer, dropping funnel and condenser,
Aluminum chloride (30 gm, 0.23 moles) was added and the mixture
stirred until solution was effected, Phenylethanol-l-clh

(17 gm, 0.1k mdles) was added and the resulting solution,

with vigorous stirring, heated on a boiling water bath for
eight hours, The wine-coloured solution was then poured_into
an ice-hydrochloric acid mixture, the organic layer separated
and the aqueous layer extracted with two 100 ml portions of
ether., The combined organic solutions were then extracted

with five 100 ml portions of 5% sodium hydroxide (until acid=-
ification of the alkaline layer after extraction no longer
produced an appreciable precipitate). The organic solution

was then reacidified with dilute hydrochloric acid and washed
succeésively with dilute sodium bicarbonate solution and water,
After drying overnight over anhydrous magnésium sulféte, the
solvents were removed and the residué fractionated in vacuo,
The product was collected overtthe range 157-163° at a pressure
of 6 mm, Lit, (77) b.p.g 166-167°, 'On storing for several
days in a refrigerator, the liquid product partially solidified.
It was then recrystallized three times from 95% methanol.
Yields of p-methoxydibenzyl for the various runs ranged between
2,82 and 2,96 gm (9.7-10.2%), m.p. 59.5°-60.5°, Lit. (77)
60-61°, (11) 61-62°. | |

Alkylation of Apisole with 2-Phenylethyl-1-C3* chioride

Anisole (130 gm, 1.2 moles) was placed in a three-necked



250 ml1 flask equipped with mercury-sealed stirrer, dropping
funnel and condenser, Aluminum chloride (30 gm, 0.23 moles)
was added and the mixture stirred until solution was effected.

5-phenylethyl-1-cLY

chloride (19.3 gm, O.,1% moles) was then
added and, with continued vigorous stirring, the resulting
mixture heated on a boiling water bath for six hours. The
reaction mixture was hydrolyzed and worked up as déscribed
in the alcohol run. Yields of p-methoxydibenzyl for the
various runs ranged between 2,63 and 2,86 gm (9.0~9;8%),

m.p. 59+5-60,5°.

Oxldation of p-Methoxydibenzyl
In a two-necked 1000 ml flask equipped with condenser

and stirrer were placed 500 ml of 3,2% potassium permanganate
solution, 3.5 gm potassium hydroxide, and 2,0 gm of p-methoxy-
dibenzyl. The mixture was refluxed, with stirring, for 120
hours, after which the flask and contents were>cooled and the
manganese dloxide filtered off by suction. The water whife

" filtrate was slowly evaporated to a volume of about 200 ml
before acidifying with dilute sulfuric acid, The resulting
mixture was extracted repeatedly with ether and the combined
extracts dried and evaporated to.dryﬁéss. The residue was
dissolved in dilute sodium hydroxide, washed with ether, and
reacidified. Repeated extraction with ether, followed by
dylng and removal of the ether and two recrYstallizations of
the reSulting residue yielded pure anisic acid, m.p. 182.5-
183,5°, Lit. (71) 184°,  Yields for the various runs averaged

0.15 gm (10%).
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