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It is not as yet clear how this proposal!! fits with
our results since it requires the rate-determining
abstraction of hydrogen by the approach of an
external reagent in the transition state and it pro-
vides no sound basis for understanding the steric
acceleration effects we and others® have observed for
alicyclic and bicyclic alcohols. '

A possible modification of the Westheimer
mechanism, which can be reconciled with conclu-
sions (1) and (2) above and with all the results we
have considered thus far, specifies that the proton
is removed in a cyclic transition state, the basic
center of which resides on an electron dense oxy-
gen on the chromate ester.'®®P In these circum-
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stances, steric hindrance afforded by groups near
the reaction center could result in rate accelera:ton
by restricting rotation about the C—O bond. Elimi-
nating a number of (unstable, strained) conforma-

(13) (a) Investigations currently in progress in these laboratories, bear-
ing directly on the question of the position of this equilibrium as a func-
tion of the structure of the secondary alcohol and the acidity of the me-
dium, do notas yet permit any specification of how extensively the alcohol
has been converted to chromate ester prior to decomposition to ketonic
product. (b) Similar cyclic transition states have often been suggested
by R. T. Arnold and co-workers where the evidence seemed to indicate
that proton transfer had not been effected through the direct inter-
vention of an external base; see, for examples, R. T, Arnold, O. C.
Elmer and R. M, Dodson, THis JoURNAL, T2, 4359 (1950), and R. T.
Armold and M. J. Danzig, sbid., T9, 892 (1957), as well as F, H. West-
heimer and W. A. Jones, sbid., 68, 3283 (1941), and G. L. O’Connor and
H. R. Nace, ¢bid., T4, 5454 (1952), T8, 2118 (1953).
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tions of the chromate ester the hindrance of the
substituents increases the probability of attaining
the five-membered cyclic transition state, pictured
above, in which all the atoms involved are co-
planar., Graham and Westheimer!? have also
considered an analogous cyclic transition state in
the mechanism of benzaldehyde oxidation as a
possible alternative to proton abstraction by water
molecules acting as base, !¢ )

It is possible that the mere relief of steric strain
in the chromate ester in going to the ketone may
contribute to the rate as has been discussed for
cyclohexanol and cyclopentanol derivatives?$15
though this effect may not be of general impor-
tance. Furthermore, in the cyclic mechanism
discussed here a good part of the diminished rate of
2-propanol (as compared to cyclohexanol and
cyclopentanol oxidation) may be accounted for on
the basis of reduced hindrance to rotational motion
in the chromate ester.

Experimental
Preparation of Alcohols.—All alcohols used were synthe-
sized by standard techniques. Their physical constants
agreed well with the literature in all cases. o
Kinetic Runs.—The technique used for these runs is iden-
tical to that employed in aqueous acetic acid given by the
authors in their previous publication.?

Acknowledgment —We are grateful to the Her-
cules Powder Co. for supplying the pure samples
of borneol and isoborneol.

(14) This is also consistent with the recent report of Westheimer to
the 7th Reaction Mechanisms Conference, University of Chicago,
Chicago, Ill., Sept. 6, 1958, indicating that the accelerating influence
of added base on the rate of alcohol oxidation is sufficiently small to
be a medium effect; see F. Holloway, M. Cohen and F. H. West-
heimer, THIS JOURNAL, 78, 65 (1951), as well as J. Roéek and J.
Krupitka, Coll. Czech. Chem. Comm., 28, 2068 (1958).

(15) H, C. Brown, J. H. Brewster and H. Shechter, THIS JOURNAL,
76, 467 (1954), and early articles cited therein.
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Alkylation of p-Cresol: Effect of High Concentrations of Boron Trifluoride Catalyst

By S. PAuL MALCHICK AND Roy B. HANNAN
RECEIVED JUNE 27, 1958

Alkylation of p-cresol with tertiary alkylating agents (2-methylbutene-2 or t-amyl chloride) in the presence of 50 mole %

boron trifluoride gave less than 209, of the expected 2-t-alkyl-4-methylphenol.
composed of 2-sec-alkyl-4-methylphenols, p-t-alkylphenols and 2,2’-bismethylenediphenols.

The remainder of the phenolic materials was
Alkylation of p-C“H,C¢H,OH

showed that the methylene carbon atom of the 2,2’-bismethylenediphenols was originally the methyl carbon of p-cresol. A
hydride-ion transfer as an early step in the mechanism could explain the formation of saturated hydrocarbons and the sup-
pression of the reaction by the presence of isopentane in the alkylation.

Introduction

The alkylation of p-cresol in acid-catalyzed
systems generally produces 2-alkyl-4-methylphenols
which are used commercially as oxidation inhib-
itors.! Reaction of p-cresol with 2-methylbutene-2
or ¢{-amyl chloride would be expected to give 2-¢-
amyl-4-methylphenol (I).

With 1-25 mole 9%, boron trifluoride as catalyst,
I is obtained in good yield. However, with concen-
trations of BF; around 50 mole 9,, we have ob-

(1) W. Weinrich, Ind. Eng. Chem., 85, 264 (1948); L. J. Kitchen,
Tuis Journar, 70, 1290 (1948),

served that the alkylation products include less
than 209, of 1.
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The effect of BF; concentration on the alkylation
does not appear to have been studied. More-
over, in view of the good yields of desired product
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obtained at low catalyst concentrations, workers
have had little occasion to be concerned with the
minor amounts of by-products that are formed.
In order to determine the effect of high concentra-
tions of BF;, we have attempted to identify the
products of the alkylation and to establish the
mechanism by which they are formed.

Accordingly, p-cresol was alkylated with 2-
methylbutene-2 or f-amyl chloride. Volatile prod-
ucts were trapped out and analyzed by gas chroma-
tography and mass spectrometry. The non-vola-
tile reaction mixture was recovered, and the
phenolic products were separated by two methods:
elution chromatography, to separate the material
into structural types, and distillation, to isolate
individual components wherever possible.

Some insight into the mechanism of the reaction
was gained both from the nature of the products
and from the results of other experiments: alkyla-
tion was carried out in the presence of an added
hydride-ion donor to establish an intermediate step;
BF; was allowed to react with an alkylating agent,
to tie down some side reactions, and with the ex-
pected product I, to examine part of the reaction
path; C!%labeled p-cresol was alkylated to deter-
mine the source of one of the products.

Experimental

p-Cresol (Eastruan Kodak Co. practical grade) was dis-
tilled at atmospheric pressure, and a cut boiling within a
one-degree range was taken; cryoscopic determnination in-
dicated a purity of 99.5 &= 0.2 mole Y. Phillips pure grade
2-methylbutene-2 and Matheson, Coleman and Bell ¢-unyl
cliloride were uscd without further purification. Boron tri-
fluoride gas was used dircetly from commercial cylinders.

The crude phenol products were distilled in spinning-
band columns® at reduced pressure.  Infrared speetra were
recorded on a Perkin-Elmer model 21 spectrophotometer
with NaCl optics. Beekman DU aud Cary 11MS spee-
trophotomcters were used for mecasurciments in the nltra-
violet region.

Alkylation of p-Cresol.—In a typical run, one mole (108
g.) of p-cresol was treated with boroun trifluoride with stir-
ring until the desired incrcase in weight was attained. Con-
centrations of BF; near 50 mole %, could be obtained only
by keeping the mixture below 50°.  One mole of the alkyl-
ating agent (106.5 g. of t~-amyl chloride or 70.0 g. of 2-methyl-
butene-2) was added to the p-cresol-BF; mixture at room
temperature.,  The t-amyl chloride could be added all at
once withont causing a temperature rise, but HCI cvolution
required constant stirring toreduce foaining.  The olefin had
to be added slowly becanse of the temperatnre rise. The p-
cresol-olefin  reaction  mixture was lheterogeneons bt
gradually becanme homogencous after 2 to 4 honrs of stirring.
A trap cooled by Dry lee and aectone was conneeterl to the
ontlet of the system to collect low-boiling materials.

After 4 hours, 150 ml. of water was added to take up the
BIgy, the layers were separated and the organic layer was
washed with two 100-ml. portions of water. Hydrocarbon
solvent or ether was added to facilitate separation. The
phenolic mixture was dried over Drierite and filtered, and
the solvents were removed. The yield was 120-150 g. of
crude product.

To investigate the effects of possible hydride-ion donors,
several alkylations were carried ont in the prescuee of 200
ml. of isopentane or n-hexaue.

Chromatographic Separation.—A chromatographic
column 3 cu. in diameter and 70 cin. long was prepared with
350 g. of silica gel, Davison Grade 950, 60-200-mesh, in
isooctane.® A 3-g. sminple of the crude phenol mixture dis-
solved in iso6etane was charged to the columnn, and elution

(2) A. G. Nerheim and R. A. Dinerstein, Anal. Chem., 28, 1029
(1956).

(3) 22,4-Trimethylpentane, knock-cest-grade; this solvent did not
contribute excessive amounls of residne or inlerfere with ultraviolet
mneasurements.
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was started with 3% anhydrous ether in iso6ctane. Half-
liter cuts were taken, and the ultraviolet absorption spec-
trum of each was recorded. After the p-cresol was com-
pletely removed from the column, the ether content of the
eluent was increased to 159, to elute the more-polar phenols.
Cuts corresponding to peaks in the chromatogram were
recombined into main fractions, and the products were re-
covered by removal of the solvent. Because of the high
vapor pressure of some low-molecular-weight phenols,
the solvent was removed by distillation through an Older-
shaw column until the volume was reduced to 100-200 ml.
The residue was then transferred to a tared 200-mil. flusk,
the solution was concentrated to 20-30 ml. through a small
Vigreux-head column, and the remaining solvent was re-
moved in a rotating evaporator under vacuum.
. The chromatographic procedure gave four distinct frac-
tions

Significant
Frac, Wt, 9 infrared max.., u Probable structure, phenol
1 15-20 2.81,12.34 2-t-Alkyl-4-inethyl-
2 10-15 2.92,12.35 2-sec-Alkyl-4-alkyl-
3 30-50 3.06,12.05,12.37 p-Cresol and p-t-alkyl-
4 20-25 3.05,12.35 2.2’-Bismethylencdi-

Each frattion was characterized by the wave length of the
O--H stretching vibrationt and by the wave lengths of the
aromatic substitution bands in the infrared spectrum.

Identification of Individual Components.—The material
collected in the cold trap was found to be 60-709; saturated
hydrocarbon—about 75%, isopentane and 25%, isobutane
and methylpentanes. The remainder consisted of olefins
or alkyl chlorides, as governed by the alkylating agent used.

Careful fractional distillation of the crude phenol mixture
gave many fractions that deposited crystals. Five crys-
talline materials were recovered: 2-t-butyl-4-methylphenol
(IIa), m.p. 50~51.5°; p-t-butylphenol (IVa), ni.p. 98-99°;
p-t-amylphenol (IVb), m.p. 93-94°; 2,2’-methylencdi-p-
cresol (Va), m.p. 120.5-121.5°; 2,2’-dihydroxy-5-methyl-
diphenylmethane® (Vb), m.p. 95-96°. Each was purified
and characterized by melting poiut, mixed melting point
with an authentic sample, and comparison of the infrarcd
spectrum with that of the authentic material.

Reaction of 2---Amyl-4-methylphenol with BF;.—p-
Cresol was alkylated with 2-methylbntene-2 in the presenee
of 59, of an alkanesulfonic acid as catalyst; distillation gave
a heart cut of 2-t-amyl-4-methylphcnol, b.p. 121-122° (10
mm.), n%p 1.5210.

In a typical run, 0.25 molc (44.5 g.) of 2-t-amyl-4-mcthyl-
phetiol was treated with boron triftuoride at room tempera-
ture for one hour. The mixture gradually turned decp
maroon. The boron trifluoride was not taken up as rapidly
by tle alkylplienol as it was by p-cresol; most of it passed
out of the system. Although no further material condensed
in the cold trap after about one lour, the reaction was
allowed to proceed for fonr hours.

The prodnct was worked up in the same way as in the
alkylation procedure except that it was diluted to 500 ml.
voluinetrically and chromatographic analysis was run on a
50-mil. aliquot. The chromatogram gave the same four
fractions as obtained from the alkylation and in about the
saine proportions. Elemental analysis of each fraction
sliowed the presence of lhigh-moleenlar-weight materials.
The matcerial in the cold trap was found by gas eliroma-
tography to be 67Y% isopentane, 179 isobntane and 16%;
lexanes.

Reaction of +-Amyl Chloride with BF;.—A sample of ¢-
amyl chloride was trcated with B1% for 10 minutes and the
cloudy mixture was allowed to staud for 4 hours. Water
was added, and the organic layer was scparated, washed
twice with watcr, dried over Drierite, and filtered. Dis-
tillation yielded 509, t-unyl chloride, 309 material boiling
up to 160° and 209, bottons. Infrared spectra of the dis-
tillate and bottoms showed absorptions at 11.29 and 12.23
u, indicative of R,C==CH, and R,.C=CHR, rcspectively.

Alkylation of C'*-Labeled p-Cresol.—To 0.4 mole (70
g.) of p-bromoplienol in ether was added 0.8 mole of butyl-

(4) N. D. Coggeshall, Tris JournaL, 69, 1620 (1947); W. C. Sems
and L. J. Kitchen, ibid., T1, 4110 (1949); R. A, Friedel, ibid., 78,
2881 (1951).

(6) Prepared according to Brilish Patent 672,820, May 28, 1952,
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lithium in ether.® The mixture was refluxed 1.5 hours, and
0.4 mole (57 g.) of CYH,I (spec. activity = 0.2 pc. per
millimole) was added. The organic layer was secparated
and dried, and the ether was evaporated. Distillation at
1-2 mm. gave 16 g. (309, yield) of p-cresol.

The labeled p-cresol was alkylated with 2-methylbutene-2
in the presence of 50 mole 9, BF;. Fractional distillation
gave several fractions, b.p. 160~180° (0.5 mm.), which were
chromatographically separated over silica gel with 109,
ether in isoéctane as the eluent. The last fractions were
concentrated, and the crystalline 2,2’-methylendi-p-cresol
was filtered off directly; m.p. 119-120.5°.

The radioactivity of the starting p-cresol and that of the
bisphenol were compared by liquid scintillation counting.?
Samples were prepared by dissolving 1 g. of the radioactive
material in 20 ml. of a solution containing 6.9 g. per liter of
diphenyloxazole in C.P. toluene and diluting to 50 ml. with
toluene. Tle total counts per minte were then determined
ou both materials. After correcting for quenching, the ratio
of bisphenol counts to p-cresol counts per mole was found to
be 3.2. The theorctical ratio for the case in whicl the meth-
ylene carbon atom is radioactive is 3.0; that for its being
inactive is 2.0.

Discussion

Alkylation of p-cresol with 2-methylbutene-2
or t-amyl chloride at 25 mole 9, BF; gave a high
yield of I, as expected. With 50 mole % BF;
present, the alkylation resulted in a mixture of
phenolic products, which was separated by chroma-
tography into four general classes of compounds:
2-t-alkyl-4-methylphenols (II), 2-sec-alkyl-4-alkyl-
phenols (III), p-t-alkylphenols (IV) and 2,2'-
bismethylenediphenols (V)

OH OH
—R —R,
CH; R,
IIa, R = t-butyl 111, Ry = s-alkyl
OH ?H OH
—CHz
R R; R,
IVa, R = t-butyl Va, Ry and R, = CH;
IVb, R = t-amyl Vb, Ri = CH;, R, = H

In addition, isopentane and other volatile saturated
hydrocarbons were isolated during the alkylation.

Attempts to trace the course of the reaction by
quantitative determination of the products were
hampered by formation of high-molecular-weight
materials. Reaction of ~amyl chloride alone with
BF; showed that these materials are formed by
side reactions of the alkylating agents with the
catalyst.

When 2-f-amyl-4-methylphenol (I) was treated
with BF;, the rapid absorption usually exhibited by
phenols did not occur. Only after continued addi-
tion of BF; did much reaction take place. The
same sort of products were obtained as in the
alkylation of p-cresol at high concentrations of
BF;. An —OBF; group apparently cannot exist
in a position ortho to a tertiary alkyl group, prob-
ably because of steric effects. An intermediate

(6) R. G. Jones and H. Gilman, *Organic Reactions,” Vol. V1, John

Wiley and Sons, Ine,, New York, N. V., 1951, pp. 351-353,
(7) 1. A. Berstein, Tracerlog, 59, 5 (1954).
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ion-pair (VI) is produced which is probably the
same as that formed in the alkylation.

BF,
OH ? oe ? ?H .
cce ®CCC |
| ffi | iﬁl + cC=cCC
C C
CH, CH; CH;,
I VI

An early step in the reaction must be transfer of
a hydride ion to a tertiary carboniun ion, with the
formation of a benzyl cation.® Evidence for such
a transfer was the isolation of saturated hydro-
carbons. Added isopentane, a good hydride-ion
donor, suppressed the formation of the unexpected
products and gave a good yield of I; n-hexane did
not do so.

The loss of a methyl group by p-cresol in the
formation of the p-t-alkylphenols plus the appear-
ance of a methylene group in the bisphenols sug-
gests that an interdependent mechanism is in-
volved. The alkylation of p-C"H;CeH,OH and
recovery of the 2,2’-bismethylenedi-p-cresol showed
that the mmethylene carbon was radicactive and
therefore derived from the methyl group in p-
cresol.

In the over-all mechanisin, high concentrations
of boron trifluoride must inhibit the normal alkyla-
tion reaction by forming a complex with most of the
p-cresol. The complexed p-cresol may then undergo
the reaction sequence

OH OH

+tR® +RH
CHs cH§3

lp-cresol
@w@ 520y o
CH3z CHs
@ @ @ Q
CHs

For simplicity, the BF; portions of the structures
have been omitted.

The material represented as III is probably 2-
sec-alky-4-alkylphenol, which arises from a hy-
dride shift within a f-alkyl carboniuin ion and is
analogous to examples reported in the alkylation

(8) A similar process has been proposed to acconnt for analogous
products obtained in the alkylatian of p-xylene; L. Schmerling, J. P.
1,uvisi and R. W. Welch, paper presented at one-day Symposium of the
Chicago Catalysis Club, May 17, 1958.
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of benzene.® The formation of {-butylated products
during the alkylation must result from a side re-
action of the f-amyl ion similar to that described
by Friedman and Morritz. 1

Conclusion.—In the presence of boron tri-
fluoride, alkylation of p-cresol by tertiary alkylat-
g agents can proceed by two mechanisms. At
low BF; concentrations, normal alkylation re-
sults in ortho substitution by reaction of the f-alkyl

(9) B. S, Friedman and F. L. Morritz, Turs JournaL, 78, 2000
(1956), and references cited there.
(10) B. S. Friedman and F. L, Morritz, tbid., 78, 3430 (1956).
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carbonium ion with an uncomplexed p-cresol
molecule. At high concentrations, the availability
of uncomplexed p-cresol is reduced; hydride trans-
fer then occurs and leads to the formation of p-
t-alkylphenols, bismethylenediphenols and satu-
rated hydrocarbons.

The effect of the structure of the alkylating agent
remains to be studied. Further investigation
into the properties of the p-cresol-BF; complex
may shed further light on the mechanism of aro-
matic substitution.

WHITING, IND.
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Raney Nickel Catalyzed C1-C2 Fission of 2-Arylethanols; the Single Carbon
Fragment!?

By WirLiaM A. BONNER aND THOMAS W. GREENLEE
RECEIVED NOVEMBER 7, 1958

Experiments have been undertaken to establish the chemical identity of the single carbon by-product formed when 2-
arylethanols of the type ArCRR’'CH,OH are cleaved to hydrocarbons of one less carbon atom (ArCHRR') by action of
Raney nickel in refluxing ethanol. When 2-phenyl-1,2-propancdiol-1-C* (IV) was subjected to such reaction conditions the
resulting cthylbenzene product was non-radioactive, indicating that only the -CH,OH group at Clin IV had been lost during
the c}eavage reaction. When the gases (chiefly H; and CHj, with small amounts of CQO;) evolved during such cleavage
reactions were examined for radioactivity in the case of IV tliey were found to contain less than 0.5%, of the label. The liquid
fraction obtained on filtering the catalyst after cleavage of IV was found to be void of radioactivity except for that (19%,)
which could be accounted for by the isopropylbenzene-3-C!* present among the products therein. Examination of the
residual catalyst after cleavage of IV showed it to contain over 75% of the original label.  Solution of this residual catalyst
in sulfuric acid provided a gas sample containing radioactive carbon monoxide as its major siugle carbon constituent. These
observations are in accord with the conclusion that carbon monoxide, strongly adsorbed to the catalyst surface, is the major

single carbon by-product of the Raney nickel-catalyzed cleavage of 2-arylethanols.

In 1957, we reported® our observations that 2-
aryl primary alcohols (I) and their corresponding
aldehydes undergo simultaneous deoxygenation to

R l‘{ R

| | |
Ar?CH;OH ArQCHz Ar‘CH
I R’ II R’ 1l R’
R = aryl, alkyl, H R = aryl, alkyl, H
R’ = alkyl, H, OH R’ = alkyl, H

alkylaromatic hydrocarbons (II) of similar carbon
skeleton as well as C1-C2 carbon—carbon bond
cleavage tc alkylaromatics of one less carbon (IIT)
under the influence of Raney nickel catalyst in re-
fluxing ethanol solvent. The relative quantities of
simple deoxygenation product I and cleavage prod-
uct III varied over rather wide ranges depending
upon the nature of R and R’ in I, and no signifi-
cant amounts of cleavage products at all were noted
when a 2-aryl substituent or a primary alcohol func-
tion were absent in the starting reactant. A tenta-
tive mechanism (1), involving initial dehydrogena-
tion of the 2-arylethanol to an intermediate alde-
hyde, was proposed? to rationalize the known facts
of such C1-C2 cleavage processes. A mechanism
such as (1) would predict the formation of carbon

(1) This constitutes Communication XI in the series *‘The Stereo-
chemistry of Raney Nickel Action”; for X see THIS JOURNAL, 81, 1448
(1959).

(2) This research was supported by a grant from the Petroleum Re-
search Fund administered by the American Chemical Society. Grate-
ful acknowledgment is hereby made to the donors of this fund.

(3) J. A. Zderic, W. A, Bonner and T. W. Greenlee, THIS JOURNAL,
79, 1696 (1957).

nionoxide as the single carbon by-product of the
cleavage reaction, and indeed Paul has reported*s
without analytical details the production of carbon
monoxide by action of Raney nickel on several pri-
mary alcohols under roughly comparable conditions,
Paty and Deschamps, on the other hand, have re-
ported® methane (80%) and carbon dioxide (10-

i
!

N

—» Ar—CH,LC=0

R
\ v
Ni)

*
(Ni) (

(Ni)

159%) as the principal gaseous products along with
only small quantities (49,) of carbon monoxide
by action of Raney nickel on ethanol at 225-280°
and 1430-3420 p.s.i. In view of the experimental
sketchiness of Paul’s reports and the possibly con-
flicting data of Paty and Deschamps, we have un-
dertaken an experimental evaluation of mechanism
1 by seeking to isolate and characterize the single
carbon by-product in C1-C2 cleavage reactions of
the above type. Such a by-product might consist of
one or more of any of the stable single carbon com-
pounds containing H and/or O, i.e., C, CO, CO,,
HCO,H, CH,0, CH;0H or CH,. Our principal
experimental tools in this study have involved frac-
tional freezing of the gascous reaction products,
vapor-liquid partition chromatographic separation
(4) R. Paul, Bull. soc. chim., 8, 507 (1941).

(5) R. Paul, Compt. rend., 208, 1319 (1939).
(6) M. Paty and J. Deschamps, ibid,, 208, 1319 (1939).



