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THE CATALYTIC VAPOR PHASE ALKYLATION OF
PHENOL BY ALCOHOLS

INTRODUCTION

The object of this research is to study the
reactions between phenol and various aleohols, using
an activated alumina eatalyst, at a temperature of 325 9,
The aleohols, which are stmdied, are methyl, ethyl, and
benzyl alecohol, respectively. |

It is futher desired to study methods of analysis
of producté. The reaction products are so numerous and
varied, that adapting appropriate methods of analysis
becomes a major problem. It is also desired to attempt
to uncover some information which may shed some light upon
an explanation of the mechanism of the reactions. lany
mechanisms have been proposed and all are highly

disputed by workers in the field.
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THEORETICAL Ayb HISTURICAL REVIEW

The prinecipal components of converted produects
eonsist of mono alkyl phenols, alkyl phenyl ethers, and
higher boiling components eonsisting of poly substituted
phenols and rhenyl ethers. Of these, the mono substituted
produets are obtained in greastest yleld.

From the information obtained in these resctions, it
would be sheer folly to be dogmastie about any proposed
mechanisgm, However, some insight into the problem may be
obtained from the following considerations. It is suprosed
that all of the above reaction products form a phenyl ether,
and the Corresponding phenols are formed as & result of the

rearrangement of the phenyl etherss This may come about
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in the following manner,

0H+R-0H Akla ~H,0+R0-4s

Such an explanation is in acecordance with Eyring's theory
of the activated complex¢’ Thus, bonding is represented
by him as being half way between that for the reactant

and that for the resultant, as,



More specifically,

The aetivation and proximity of the reacting molecules
is accomplished by the alumina catalyst through hydrogen
bonding. :

Much more information is availsble, concerning
the rearrangement of alkyl phenyl ethers. Claisen® found
that allyl phenyl ethers rearrange to allyl phenols.
He has also shown that the allyl group does not attach ltself
to the phenyl nueleus through the carbon atom originally
linked to the oxygen atom of the ether, but ragher, through

the gamma ecarbon atom, as,

O N OH H 4
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Iso-butyl, seec. butyl, and tert. buityl phenyl
ethers give the same para tertiary butyl phenol, when
aluminum trichloride is used as the resrranging agent.g
This would appear to indicate thsat the reaetion is inters
molecular rather than intrsmolecular as surposed in the case

of the allyl vhenyl ether rearrangement.



The absence of any ortho rroduct may be attributed

te sterie hindrance. Beesuse of this effeet, two alpha,
beta, gamna shifts to a pera position appesrs to be somevwhhat
unlikely. '

Olefins are generally produced as by-products in those
reactions whieh involve an intramoleeular rearrangement of
an alkyl group. For example, butylene and phenol are formed
in the rearrangement of scc. butyl phenyl etherm‘}It is also
of significance to note Llhat butylene and phenel reaet to
produce see. butyl phenol under conditions which are similar
to thcse'which prevail in the rearrangement of the ether,

In their studies on the mechanism of this change,
Niederl and ca~workeras have shown that the first product
of the reaction of unsestursted hydrocarbons with phenol
is not a substituted phemol, but an ether. The formation
of vhenols constitutes a second stege in the reaction process,
These conditions have been confirmed by Sowa, Hinton, and
Nieuwland? In the presence of beron trifluaride, phenol
and propylene first produce isopropyl phemyl ether, and

the ether rearranges to a eorresponding phenol, as,

(25’{5"19"(1h«%3H%2i+”""*" CESIH%:-(Z/{<Zthi)2. - ortho
OH |

The process may continue,
42 Hg ~CH= CH1+ Ce’,'/!f"CH(CHe){Q"&"’
L OH
czbf'fiv"C)"(3/¥(23ft321
CH-CH,),




JO-CHEHa), O,H
‘ GH(CHg) rearranges, ' CH(CHg)

‘\
CH CHz),

A third isopropyl group may be introduced in this WADNEY.
This rearrangement is considered to be intramolecular.
However, Short and Stewart! have shown in their study of the
rearvangement of phenyl benzyl ether that, in the presence
of anisole, more than one half of the benzyl radicals have
become att:oched to the anisole nucleus. These inwestigators
believe that the rearrangement is intermolecular.
Sowa, Hinton, and Nieuwlaud‘have submitted facts whieh are
best explained on the assumption that the resrrangements
are intermolecular in nature.

Sprung and Wallié* have also considered the
possiblity that the phenols are not produced by an intra-
molecular rearrangement, but are formed as a result of a res
action between two molecules of the ether. These workers
have prepared sec. butyl phenyl ether, sec. butyl meta
cresyl ether, and see. butyl para eresyl ether, in eptically
active wodifications, and have studied their rearvangements
under cifferent conditions. The prinecipal side resetion
was a geission into butylene and the corresponding phenol.
In each case, the alkylaged phenols, formed in the'
rearrangenment retained their optieal activity. The
intermolecular rearrangement proposed by Sprung and



wallis is,

’ //~—~\ = s 2y
CHEN 0T ol

1 CHs ff N-0f
Sueh a formulation easily explains the presence of
tnsaturated hydroecarbons, and unsubstituted eresols or
other phenols. This mechanism can also explain the presence
of poly sub#tituted phemolss Sprung and Wallis have also
suggested the possibility of an intra molecular rearrange-
based on the concepts of Whitmore.8 They suggest that the
rearrangement can take place in such a manner, that the
group, in its migration from the oxygen atom to the phenyl
hueleus, although never free, leaves behind its shired pair
of electrons. This fragment is now in such an electronie
state, that it may do either of three things. It can give
normal rearrangement rroducts. It can Rose a protoﬁ to the
potential phenol fragument, =nd form the corresponding
unsaturated hydrocarbon. Or, the fragment can isomerige during
the rearrangement process. If the fragment isomerizes,

tertiary butyl derivatives sre formed, as obtained by Smiﬁhf

in the presence of aluminum trichloride.



EXPERTLENTAL

Reaction Runs.

A disgram of the apparatus is illustrated in Figure one.
Nitrogen pressure is applied to'the surface of the PHMerZ
phenol and aleohol solution. This pressure forces the liquid
up through a capillary and over to the converter, where s
drop rate is started. These drops fall into a stainless
steel tube, which containg a bed of eighth inch activated
alumina peliets. After the re ctants pass through the cat-
alyst, the resultants are collected in a CGrignard flask,

at the bottom of the ¢onverter. The gas analysis apparatus
is used only in the phenoi ethyl aleochol resction and is
discussed in conneetion with ethylene analysis.

The converter autoclave is divided into three sections;
the temperature is maintsined constant throughout the cat-
alyst bed by careful regulation of the electrical power
fed to these seetions, by means of two variacs and a
rheostat. The temperature, throughout the catalyst bed,
is measured by means of a copper-constantin thermocouple.
The hot junetion is placed at predetermined positioms, in
the catalyst bed, through a small tube which is concentrie
with the reaction tube. The EMF developed by the thermo-
couple is measured by a Leeds and Northup student
potentiometer. The variacs and rheostat are adjusted to

maintain a temperasture of 225 °C, as nearly asg possible.
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Each run requires three hours time; during which,
aprroximately 200 ml. of eguimelar phenol and alechol
solution are passed through the converter. This rate
results in a catalyst contact time, which is approxim tely
three seconds. Exactly thirty two grams of catalyst are
used in eaeh three hour run.

Ethylene Gas Analysias.
In the phenol ethyl aleohel renction, & large volume of
gas was observed to be evolved. Since activated alumina
is an excellent cehydration catélyst for ethyl eleohel,
it was decided to analyze for ethylene. The method whieh is
used is discussed in the following paragraphs and results
are recorded in the Apprendix.

A sample of the gas is collec'led in the gas buret (A)

(see Pig.l), and the &ime required to ecollect the sample

is recorded., This time is determined, with a stop wateh,

by starting with the mercury level in the buret at zero.

The level of the mercury is dropped at a rate which just

maintains atmospherie pressure within the system. This

is accomplished by observing the trap (B). The level of

water in the inner tube is retained at & level with the
water in the outer cloced tube, by dropping the mercury

bulb on the gas buret. It is assumed that the Temperature
of the catalyst tube is maintained constant throughout a
run. The samrle, once collected, is passed from the

buret into an ethylene absorption tube (C), whieh eontaing

40% silver nitrate, & specifiec solvent for ethylene.9

This tube also contains a number of lengths
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of glass tubing, in order to inecrease the surface area of
the silver nitrate solution. The ethylene is dissolved,
and the remaining gas is returned to the burets The
difference in buret readings, before and after absorption,
yields the amount of ethylene in the sample. Samples are
collected and analyzed at 15 minute intervals in each run.
Since the rate ofreseticn on the surface of a
eatalyst is constant at eonstant temrerature, it would
appear that a plot of the rute of ethylen production versus
time would give & straight line parallel to the time axis.
That is, dx equals k. Further, the are: under such a
curve wou%a be equal to the total amount of ethylene
produced, Thus, x //fkdt” kt.
In practice this is not quite true. The system
contains only air st the start of the reuction. But,
as the rezeticn is eontinued, the ethylene procuced sweens
out the air, and ar the end of the run, the ethylene rate
Thus, the last sample
A straight

aporoaches an asymptetic value.
contains only ethylene, as shown by analysis.
line, parallel to the time axis is extrapolated from thig

point to time zero. The area under this line gives ilhe total

volume of ethylene which is produced.



Determination of Water,
In all resction runs, no unreacted alcohol wis ever recovered.

In the phenol ethyl alechol reactiom, it was deeided to

analyze the product for water. Since, in slmost all the

possible resctions, one molecule of water is produced for
each molecule of ethyl alecohol converted, it becomes
desiresble to compare the mols of w:ter, produced in the

reaction, with the mols of aleohol passed through the

The method used, is hat deseribed by F’:haox:lmr..‘°

converter.
The resgent, which is used, is known commergially as

Karl Fischer reagent, and consists of a solution of iodine

and sulfur dioxide in pyridine. A known weight of sample

is added to this solution, of known water equivalence.

The excess resgent is titrated with a watler in methanol stendard.

The stoichiometrie relations " for the reactiocns ure,

Tzt 5% +3 \W*fﬂﬁﬁw—??? ’/f ¢ /}/"%%

o H
LR7 +Chor— (@

e’ N0

and,

Tt was necessary to analyze both the product and

the re.ctants for wster, because of the hygroscopie nature

of phenol. Water is also present in ethyl aleohol. Water,

determined in this fashion, gives a result which

1
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correspondic to the total ethyl alcohol rescted, within the
limits of experimental errsr. The phenol ethyl aleohol
product was the only product & water analysis was earried
out for, using this method. |
Separation of Phenolic and Ethereal Components.
It was found by Adamaviszhm ihat maeh better separation of
products by fraticnal distillation was obtained if the
phenols and phenyl ethers were separated, and each
distilled separately. This is accomplished by tréating
the product with 20% sodium hydroxide, and extracting the
phenyl ethers with diethyl ethers The phenols nre
recovered by nsuiralization with hydrochlorie acid, and

consequent extraction of dissolved phenols with benzene

from the water solution.

Distillation Runs.
The phenolie and ethereal ccmponents are separated by
fractional distillation. A column of approximately thirty.

theoretical plates, at total reflux, is used. This eolumn

is illustrated in figure 2., It is approximately five fiet

tall, and the packed section congists of half ineh glass
tubing, packed with stainless steel helices. This still is
operated at a reflux ratio of anywhere from 10:1 to 3031

during one distillstion, derending on the eonditions

predominating during any one part of the distills tion. The

column znd pot s=re hested electrieally. The heat surplied

is carefully controlled by the same variacs used in
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reaction runs. Data and graphs of typieal distillations

‘are given in the Aprendix. This large column is used only

%o fractionate the phenolie components. The ethereal

components are fracticnated irn a smaller column of the same

type. A smaller column ig used@ because the hold up of the

larger colurn is 80 gf%t as to prevent an efféeient

distillation of smaller quamtities of material. In the

distillation of the phenol penzyl aleohol rezetion praduet;
fractions are distilled the the smaller

the alkylated phenol
distillation.

eolumn which has been adapted for vacuum

These high boiliing ccmponents (300° and up at 760 mm)

are distilled in vacuo to prevent unnecessary decomposition,

Analysis of Phenol and O-cresol
of the phenelie eomponent of the

Mixtures.ﬁa

In the fractionation

phenol methyl aleohol reaction product, & good sepsration

between unconverted phencl and o-eresol wae not accomolished.

Thus, it became necessary to snalyze these unresolved

fraetions, in order 1o determine more accurately the

amount of unconverted phencl and o~cresole

econtaining 66% water and 85% of the phenol
n eight ineh test tube, snd is heated
nts become miseible. The tube

A mixture
sample is placed in a
until the immiseible coupone

placed in 2 1o rger tube, which
oth tubes are placed in a thermostat, maintained

jis then servefds as an air

jacket, and b
1, about 65 °Ce



This thermostat consists of nothing more then a large

beaker of waters A thermometer, with .1 uegree diVi&iﬂng;

calibrated for 3 inech immersiom, is placed in the solution,

which is then stirred vigorously. A48 the solution eools,

a faint turbidity sets im, which serves &8 & warning of

the approach of a eloud point. Finally, there is an

abrupt increase in the opaclity of +he mixture. This is takaﬁ

as the eloud point, and the thermometer 1s read to the

nearest .06 of a degree. This procedure is repeated,
and the mean of several averages is taken. For eloud

points up to 70.25 °C, the % of o-¢resol is given by the

equation,

% owgresol == CaP.(90)— 66,40
1320

and for eloud points from 70‘35~?3.53 ’C‘bg,

% o-cresol = CePs (20 )—0C6.81

1.167
of o-cresol is beyond the range

In some samples the %

of these equations. They &re prought inte range by adding
pure phenol, so that & nixture resulte which contains
90% of added phenol. This method works very well, but of

course it inereases the axperimental eIrTrors

Tdentification of Producis.
fractions of the phenolic

The varicus distilla tion
pering phenoxyscetic aeid

nents are identified by pre

compo
ghriner and Fuson', and by

as directed by

derivatives,
points of these derivatives.

taking the melting

L g
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Ethers are identifged by preparing the 2, 4, di-nitro
derivatives. A samnle of ihe ether is trected with equal
volumes of concentrated nltrie and sulfuriec acids. The
reacticn is allowed to run for five minutes, ab a tempe&atura
of 45 8¢, The reaction mixture is then poured onto
eracked ice. The derivative which separates is recovered
by suction filtrstion. It is them recrystallized from
dilule aleohol, and & melting point is taken. Olher means
of identification are used, such as boiling points, and
indices of refraction. Sueh measurements also indicate the
cegree of purity of the sample. It was impossible to find
a value for the indes of refraetion of o~ethyl phenol in
the literature. 7The value obtained from the purest sample

is n® =1.53%4.



The results of t e varicus reactions are

recorded in the table on the following page. The run
numbers refer to the aleohol which is reacled. Thus PA-3
refers to methyl alechol, PA-2 to ethyl aleohol, and PA-l
to benzyl alechol. The phenyl ethers refer to anisole;in
PA-3, phenetole in PA-2, and to phenyl benzyl phenyl ether
in PA-1l. The alkyl phenois refer to the eresols, ethyl
phenols, and benzyl phenols respectively. It might be well

to mention that some meta alkyld phenols are produced in

these reactions, but they are in such insignificant quantities,

as not to wa:rant recording.

The analysis of the phenol benzyl alechol rezcticn
wes never comnleted beeauses of insufficient time. The
produets of this reactinn gonisined an unusually large
quantity of decoupesition productis, in the form of tare

and residues. Further, the amount of bengylated phenols

whieh were recovered form a minor part of the reaction

product. Yet, 52.5% of the vhenol was converted. The

etheresl components of the product were obtained in
greatest yield. These components econgisted principally of
decouposition products. It was 2 very viscous, stieky
ligquid, which became even more viseous upon heating. 1In
the light of these faeis, it appears that the ﬁhenol and
aleohol rescted to a large extent, but the products

decomposed immediately, because of the high temperature.

7
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RESULTS
Run Number ' PA 3 2 1
Time Hrs. 3 5 6.
Temperature - 325 318 325
Contaet Time Sec 2.72 2.84 5.62
Catalyst: Number A-1 A-1 A-1
Feed: Phenol Rate mol/mol| 1:1 151 1:1
Alechol Rate
P/A Ratie
Analysis: Aleohol Wte % 0.0 0.0 -
Alkene = 0.0 1.8 -
water 3 rEF 11.8 ~
Phenyl Ether " Ged 1.8 o
Other Ethers . 7e3 10.9 ~
Phenol 3 4043 Sl.4 23;1 :
o~a1kyi phenol o 13.6 117 8.7
p-alkyl phenol i 7ol 6.0 1.4
Higher phenols " 84 546 -
Residue » 0.0 743 "
Losses " 16.0 12.2 -
Aleohel Converted Mol % 100 100 -
Aleohol converted to alkene Y 0s0 946 A
Convertible phemel converted " 404 54.0 52;5
Convertible phenol to ether " 746G 240 -
Convertible phenol to other ethers " D4 A "
Convertible phenol to o-alkyl phenol & 16.7 13.1 2;3
Convertible phenol te p~alkyl phenol | " 8.2 6.8 1;5
| _9o-alkyl phenol/p-alkyl phenol ratio 1.9 1.9 1;9



&4

SUMMARY

The eatalytie vapor phage alkylation of phenol
by aleohols is studied. The aleohols which are reacted
with phenol are methyl, ethyl, and benzyl alcouol,
respectively. Im &ll reaction runs, approxigately 60 % of
the phenol is converted. Ortho, and para alkyl vhenols
are formed in a two to one ratio. This indicates that both
the ortho and para positions are equally vunerable to
attack. Other products consist of alkyl phenyl ethersg,
poly substituted phenols and phenyl ethers.

In the case of the phenol bengyl aleohol reacticn
it is believed that phenol and benzyl alcohol reset to form

products which are unsteble at the temperature studied.
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l. Typical reaetion run

APPENDIX.

datas

Thie is the benzyl alcohol, phenol

reaction run. This run consists of two 3 hour runs. Fresh catalyst
Fis used in the second 3 hour run.

Time | Feed Ml.| Drop Temperature of Cat. Bed Preheater | Bed
] Rate Fop , e 3% 4+ Variac Variae
3300 | 870 28 326 | 325 | 824 | 320 | 318 74 63
3:15 | 335 28 330 | 325 | 328 | 3256 | 326 74 63
3:30 | 325 2 | 336 | 340 | 340 | 336 | 330 70 70
83145 | 300 28 3265 | 328 | 830 | 326 | 325 &0 60
4:00 | 287 20 320 | 322 | 324 | 325 | 325 60 60
43115 | 275 20 306 | 320 | 325 | 3256 | 320 60 60
4130 | 270 20 310 | 310 | 310 | 310 | 310 60 60
4145 | 260 20 310 | 818 | 320 | 320 | 310 60 60
5:00 | 250 20 310 | 326 | 526 | 326 | 328 60 60
5130 | 230 20 325 | 330 | 330 | 330 | 330 60 60
53146 | 220 20 age | 827 | 387 | 387 | 386 60 50
8:00 | 210 20 326 | 330 | 327 | 586 | 326 off off
1:20 | 200 20 300 | 300 | @0 | 300 | 300 60 60
1:45 | 185 24 320 | 825 | 830 | 330 | 320 62 62
2:00 | 173 20 310 | 320 | 320 | 320 | 310 70 62
2115 | 165 20 310 | 220 | 320 | 320 | 310 70 64
2130 | 153 20 305 | 214 | 320 | 820 | 310 70 64
23145 | 140 20 310 | 820 |325 | 326 | 320 T4 68
3:00 | 123 20 320 |328 |335 |335 |333 74 68
33138 | g7 20 320 |8s2 1328 |328 |326 74 64
4:04 | 70 20 990 |3830 330 |330 |330 74 64
4:30 | 46 20 315 |320 |826 |328 |324 74 63




2« Results of Ithylene Cas Analysis.

The producis from & three hour run ané & two hour run

are commosited into one reaction product.

graphs for two ethylene determinstions are given.

Data for Curve I

Thus data and

Time . Vy Vo av o Av/Bt

O min. 50 mls | 60 ml. 0 ml. 75 secs| O ml./sec.
35 50.0 20 .6 234 856 0.28

S0 50.0 18.8 31l.2 1456 D22

70 49.8 12.4 376 159 Oe24

85 8§0.0 8.0 4240 146 0.29

113 50.0 73 42.7 147 0.29

138 49 o4 Teid 42.1 145 0.29

160 51.0 10.0 41.0 128 Oe32

176 51.8 104 41 ¢4 113 Q.36

Data for Curve II

0 min 60 mle | 50.ml. 0 ml. 104 sec| O wml./sec.
10 £0.2 48 o4 1.8 81 0.02

26 500 20.8 20.2 120 O.24

55 5040 12.0 38.0 110 D34

65 51.0 10.8 4042 130 0e33

80 49.8 7.6 422 120 035

25 49..6 68 4248 100 0443

The perfeect gas

weight of ethylene.

laws =2re used to calculate the

This gives a value of £.97 gms. for

a produce which weighs 320.42 ggs«
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S Dat& and Caleulations for Water Determine tion.
The first determination, in using Kerl Fischer reagent
consists in finding the number of milliliters of reagent
which is equivalent to one milliliter of water in methanol
standard. This is accomplished by titrating a sauple of the
reagent with the water in methanol standard. The end peint
is observed by a disappearance of the reddish brown color
of iodine, ancd the appearance of the light yellow color of
the resulting solutiom. The value obtained is called the
R factor. This factor ig 7.14 for the reagents, which are
used.

The next determination is the Fg, factor. This
factor revresents the grams of water equivalent to one
milliliter of the reagent. This asbsolute equivalence is
determined by adding a known amount of water to & 50 ml.
sample of the reagent, and titrating the remainder with the

water in methsnol standard.

Thus 3 FKF = e b O Ve ter ;
" (ml. KFR -~ ml. of Hp0 in meOH STD. x R.

This value is .001875 gm./ml.

It is now possible to compute the absolute water equivalence

of the water in methanel standard, which is denoted by FN&
Thiis, th:.FKFx Re

amnd Fay = 001875 x 7.14 =< 0134 gms. of water per
Ak mles of water in meOH S5td,



The &verage of two unknowns mimus the average of two
reactant samples give a value of 12.28 %. This figure
represents the perceniage of water formed in the reaetion
This corresponds to 40.13 gms. of water in a produet which
weighs 329.42 gms. The theoretical value of water is

43.25 gme.

4. Distillations.

A part of the distillation of the vhenolie component

of the phenol ethyl aleohol reaction produet is given in the
following table. Only part is given, since it would serve no
useful purpose to tabulate several pages of repetitious
numbers. Several distillation curves are given in the
following pages. The numbers along the curves refer to

eut or fraction numbers. Those fractions which appear at
the mtddle of a plateau are used for identification.

liost of the figures which appear at the table of results

have been deteruined from these distillation curves.

o< %1&8%“‘%%%%% Tot.Vol gi%? Cut NolCut Wt.
4:00 | 205 | 202.5 130 | 110 110.2 | 346 8 3,65
4:10 | 210 | 2083 130 | 112 113 3.0 9

4315 | 212 | 203 130 | 112 114 4.0 9

4330 | 212 | 204 130 | 110 120 10.0 9 9.66
11-22-48.

3:30 | 215 | 202 110 | 114 121 1.0 10

3:60 | 212 | 203 110 | 110 123 3.0 10 3,23
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8« Determination of o-Cregol in Phencl,
o-Cresol is detvermined for Cuts numbered, 9, 10, 11, 12,
13, and 13, of the rhenolie eomponent inm the distillation
of' the phenol methyl sleohol reaction product.
The thermometer is calibrated by observing the
cloud points of samples of pure phenol and water. Thue, a
eloud point of 66.40 °C indicates zero % o-eresol. The
average deviation ¢f the thermomeier frenm three samples is
0.48 %¢,
The analysis of Cui ue. 9 is given.
Cut no, 9 weighs 49.68 gns. 9,00 gms. of pure phenol sre
adced to 1,00 gms of cut no. 9, thus reducing the % of
o~eresol by 10 times.
Of this, 7.00 gme. are added to 13.00 gus. of water,
which results in a mixture which eontains 65% water and
36 % of phenol sample. Observed Cloud Points are: (1) 66.65
j (2) 66470
(8) 66.70
Average 66,70
adding the thermbmeter correection, gives 67.18 °C.

% O=Cresol == §7,18=66,40 - I8 - +588 %
1.32¢ T 1.3%6

% o-cresol in cut no. 9; .588 % x 10-6.88 %

or a totel of L0588 x 49.68 gm.>x 2,92 gme of o-eresol




Ge Preporetion of Derivatives and Identification of Producta.
%+ Phenoxy-scetie seld derivatives of phencls are prepared.
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