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ABSTRACT

The purpose of this investigation was to study the effect of
structural changes on the acidity of the alpha-~hydrogens of certain
alkylaromatic hydrocarbons. When alkylaromatics are heated in the
pressnce of a sultable catalyst such as potassium metal, hydrogens on
the carbon alpha to'the aromatic ring may exchange. This reaction was
investigated as a possible method for determining the relative acidity
of hydrocarbons.

A general procedure fdr the preparation of alpha~deuterated hydro-
carbons was developed which resulted in little or no deuterium in the
aromatic ring. The method involved cleavage of the appropriate aryl-
alkyl methyl ether with potassium metal followed by hydrolysis of the
organometallic with deuterium oxide. The following hydrocarbons were
prepared in this manner: cumene-da, sec-butylbenzene~da, 3=-phenyl-
pentana-da, 2-pheny1pentane—da, 2~methy1-3-phenylbutane~da and
2,2~dimethy1—3-phenyibutane—da, These standards were analyzed mass
spectrometrically and then used for preparing infrared calibration
curves from which unknown amounts of deuterium could be determined.

Separation of small wvolumes of hydrocarbon mixtures was adcomplish~
ed by adapting a gas chromatography apparatus so that recovery of the
individual components was near-quantitative.

The»effects of several catalysts, temperature ranges, reaction

vessels and compound types were studied. The exchange rates varied



directly with the amount of cétalyst and are also dependent on the

molar concentrations of the hydrocarbons. Conditions found most suit-
‘able for kinetic experiments involved heating two hydrocarbons with
ethylbenzene—-dy for varying times at 150O in sealed tubes using potassium
metal as the catalyst.,

First order rate copstants were obtained from plots of log {100/
100=-9D) vs. t, where %D was the mole percent of deuterium in the hydro-
carbon at time t. The order of decreasing relative exchange rates was
found to be: cumene, 18.9; sec-bubylbenzene, 8,13; 2-rhenylventane,
6.91; 3=phenylpentane, 1.56; 2—methy1?3=phenylbutane, 1.90;3 2,2-dimethyl-
3=-phenylbutane, 1.00. This order parallels that of predicted acidity
of these compounds.

Results obtained are consistent with a mechanism involving initial
attack by potassium on the alpha~hydrogea of each competing hydrocarbon
to form thelorganopotassium salt. This is followed b& deuterium trans-
fer between ﬁhe carbanion portion of the salt and ethylbenzene-da.
Attack by potassium is believed to be rate determining in the case of
most of the hydrocarbons studied. Both paths are believed to be
directly related to the agidity.

Dipheny;methane did not exchange protium for deuterium with ethyl=-
benzenefda under a variety of conditions. An explanation for this is
offered; An attempted compstition reaction between cumene and phenyl-
cyclopropane under the exchange conditionz resulted in deuterium

transfer to cumene but polymerization of phehylcyclopropane.

vi
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INTRODUCTION

Tais thesis is conzerned with a study of the acidity of alpha-
hydrogens in several alkylaromatic hydrocarbons. Before discussing
the preseant work, however, it may prove useful to examine several
previous, related studies which have been reported, including a list of
hydrocarbons whose acidity has been investigated.

It has been generally accepted that organcalkali compounds exhibit
salt-like character (1). Using Bronsted’s definition of an acid, the
hydrocarbon portion of such compounds is derived from an acid whose
acidity must be of an extremely low order; The general method which
has been utilized for measuring the acid strength of compounds of this
type is the replacement of a weak acid by a stronger one. The wcrk of
Conant and Wheland (2) was the first attempt to assign pK; values to a
number of extremely weak organic acids. This they did by studying
metathetical reactions between salts and acids, assuming the degree
of dissociation of all salts to be approximately the same. [t was only

nzcessary to determine whether the resaction

/1) )

\

RH + RVYK =———> PK ¢+ R'H
g—

proceeded from right to left or vice versa with each pair of acid and
salt (R and R are organic residues). Observation of the color of the
solution, which is very characteristic for a number of mstallic com-

pounds, and carbonation of the reaction mixture followed by isolation

of the resulting carboxylic acids were the {two methods used for



determining on which side of the equation equilibrium lay. This study
was later extended by McEwen (3) whe used a spectroscopic method (using
ebioporphyrin I as an indicator and sodium triphenylmethyl as the base
used té titrate the acid) and a polarimstric method (in which an
optically acfive acid was used, equilibrivm being determined with the
éid of a polarimster). Both of these studies assigned approximate

values of strength on the basis of the equation
pK; = pK; = log [(R,")/(RyH)] = log [(R;7)/(R:H)]

where pK, and pK, are the respective acid strengths, (R, ) and (R, )
are the concentrations of the respective anions and (R,H) and (R.H)
are the conceatrations of the corresponding acids. Conant and Wheland
estimated that metathesis wquld proceed to 90% completion if the acids
differed by two pK units. However, in the case of the colorimetric
measurements, a five-fold excess of onhe reagent was used, resulting in
a difference of 0.l pK units correspending to 90% corpletion. As a
reference standard, Conant and Wheland chose the pK value »f 20 for
acetopheanone while McEwen used the known value of 16 for methanol.
Table I 1lists some of the resalts of these investigators.

Kleene and Wheland (i) extended this series to phenylcyclohexane
and phenylcyclopentane. The order of decreasing acid streangth was found
to be diphenylmethane - phenylcyclopentans > cumene - phenylcyclohexane.

Bryce-Smith (5) has studied the acidity of several hydrocarbons
by investigating the metalation of alkylbenzenss by alkyl-sodium and

-potassium compounds. He found that the tendency for reaction at the



TABLE 1

ACIDITY OF VARIOUS COMPOUNDS STUDIED BY CONANT AND
WHELAND (2) AND BY McEWEN (2) .

Acid pK Acid pK
Methanol ’ 16 - Fluorene 25
Isopropyl alecohol Aniline 27
Ethyl alcohol 18
Bengyl alcchol Diphenylbenzylmethane 31
tert-Butyl aleohol Triphenylmethane 33
Acetophenone 19
Triphznylcarbinol Diphenylmasthane 35
9-Phenylfluorene 1,1-Diphenylpropene 36
Indene 21 -
Phenylacetylene Cumene 3¢
Diphenylamine _ 23 Ethan= Lo(?)

alpha-position of the side chain decreased in the order, toluene =
ethylbenzerie ~ cumene. He also determined isomer ratios for the
metalation of cumene by ethylpbtassium, n-propylpotassium, n-aryl-
potassium and n~amylsodium, discovering that the meta~isomsr always
predominated. From the data obtained in the competitive metalation of
benzene and cumene by ethylpotassium, partial rate factors were calcu-
lated from which it was concluded.that, qualitatively, each hydrogen
atom in cumene was less acidic than a hydrogen atom in benzene, the

order of decreasing acidity being para - mete - alpha - ortho > - beta.



Considerable work has been appearing in the Soviel literature
since 1950 dealing with deuterimm exchange as a method for comparing
the strength of very weak acids. The bulk of this work has been done
by Shatenshtein {6;/), who determined the amount of exchange for a
namber of hydrocarbons in D 0, ND; and NP, containing potassium amide
at various temperatures. Included in the list of compounds studied
were benzene, toluene, indene, fluorene, briphenylmethane, diphenyl-
methane, acenaphthene and naphthalene. 'Shatenshteiﬁ pointed out the
parallelism between the first order rate constants which hz sbtained
and the ionization constants of Conant and Wheland {2). A somewhat
similar procedure was followed hy Roberts (8) who determined the exchange
rates of various o~, m—- and p-deuterated benzene derivatives with
potassium amide in liquid ammonia. The results were interpreted on the
basis of the relative acidity of the various aromatic hydrogens.

While the method of deuterium=protium exchange in hydrocarbzsns in
basic media has been little used until recent years, exchange in acid
media has been extensively studied. A large volume of work concerned
with deuterium exchange of aliphatic and aromatic hydrocarbons in
deuterosulfuric acid has appeared in the literature, much beinz done by
Ingold and Wilson (9), Stevenson (10), Burwell (11) and Gold (12,13).
Shatenshtein (14,15) has also studied the deuterium exchange >f a number
. of aromatic hydrocarbons in liquid hydrobromic acid containing deuterium
bromide and determined first order rate constants for the various
hydrogen atoms on the aromatic ring. Some compounds included in this

work were benzene, toluene, ethylbenzene, cumene, tert-butylbenzene,



n-butylbenzene, n—propylbenzené, 3~phenylpentane, diphenylmethane,
triphenylmethane, naphthalene and fluorene. It was found in the case
of the alkylbenzenes that all ring- and alpha~hydrogens were exchanged
for deuterium, although hydrogens further removed from the aromatic
ring were not.

Recently, Rapoport and Smolinsky (16) reported the synthesis of

fluoradene

which contains an unusually acidic hydrogen. This compound could bhe
removed from benzene by washing with dilute aqueous alkali and exchanged
hydrogen for deuterium in boiling deuterium ethoxide. It has a pKg
value of 11 + 0.5,

Another example of the acidic properties of alpha=hydrogens in
alkylaromatic compounds is the work of de Postis (41) who reported that
cesium metal liberates hydrogen from toluene.

It is apparent from the foregoing discussion that, although the
relative acidity of a wide variety of hydrocarbons has been determined,
the bulk of the work is qualitative. Also, previous investigators have
limited themselves mainly to compounds with relatively large differences
in acidity, d,uej in part, to the lack of a sensitive method for determin-
ing small variations.

‘The present study was prompted by the discovery that alpha-hydrogens
of alkylaromatics exchange at measurable rates in the presence of

reactive alkali metals, metal hydrides and other bases /17).



For example, ethylbenzene-dg, when refluxed over potassium metal, dis-

proportionated to'ethylbenzene—da,a and ordinary ethylbenzene.

2 CHDCH, —i> CD,CH, + CH.CH,  (2)
s T

Presunably an organometallic compound is produced in small quantity

?He ]@ s, the anionic portion of which abstracts a proton
CH, :
(or deuteron) from the alpha carbon atom of another hydrocarbon molecule.
In this way exchange occurs.

If the anionic species could select between two sources of alpha
protons, presumably it would obtain the proton from the more acidic
source. The relative rates of deuterium exchange of two hydrocarbons
might furnish, then, a method for measuring their acidities.

The purpose of this investigation was to determine by this method
the effect of structural changes on the acidity of the alpha-hydrogen
of certain alkylaromatics. Briefly, this involved the syntheses of
various alkylaromatics, allowing two non-deuterated hydrocarbons to
compete for the deuterium of a deuterated species in the presence of an
appropriate cétalyst,"separation of the components and analyses for
deuterinum content from which exchange rates were calculated. The
experimental section which follows contains details of the syntheses
and exchange procedure, including the analytical and separation tech-
niques. Examples of the rates cbtained and a discussion concerned with
an interpretation of these.data are given in the section on results and
discussion. TIn the appendix calibration curves and exchange results

and rates are given.



EXPERIMENTAL



EXPERTMENTAL
A. Syntheses

‘The deuterated hydrocarbons were synthesized by three general
methods: (A) reduction of suitable compounds with lithium aluminum
deuteride and lithium deuteride, (B) reaction of the appropriate
Grignard reagent with déuterium oxide and (C) cleavage of a-phenylalkyl
methyl ethers with metallic potassium followed by hydrolysis with
deuterium oxide.

In instances where the non-deuterated hydrocarbons were not avail=-
able commercially, they were synthesized, usually by methods different
from those required to make the corresponding e-deuterated compound.
The preparation of each ordinary hydrocarbon is immediately followed

by the synthesis of its deuterated counterpart.

Ethylbenzene~dg (Procedure A)

e 2=}

Ethylbenzene-d  was prepared according to the method of Eliel (18).
A ?250-ml. round-bottomed flask was equipped with a reflux condenser
protected with a drying tube, a 125-ml. addition furmel, a dry argon
inlet and a Tru~bore stirrer with a Teflon blade. Into this vessel was

pipetted 75 ml. of tetrahydrofuran (distilled from potassium hydroxide



and then freshly distilled from lithium aluminum hydride) followed by
1.1 g. {0.026 mole) of lithium aluminum deuteride (Metal Hydrides Inc.,
98+% purity) and 3.2 g. (0.38 mole) of lithium deuteride (Metal Hydrides
Inc., 98% purity). Then, without waiting for the slurry to dissolve,
34.5 g. (0.245 mole) of alpha-phenethyl chloride {19) was added with
stirring. No marked exothermic reaction was noted. The reactants were
stirred at gentle reflux for twenty-four hours, after which the reaction
mixture was allowed to cool to room temperature. The excess hydrides
were reﬁoved by the dropwise addition of a solution of 20 ml. of water
in 30 ml, of ﬁetrahydrofuran. The mixture was poured onto 100 g. of

ice and 20 mi. of sulfuric acid. The bottom aqueous layer was separated
and extracted with 100 ml. of pentane which was combined with the
original organic layer. These were washed successively twice with 100
ml. of water, four times with 100 ml. of 85% ortho phosphoric acid,
twice with 100 ml. of water, once each with 100 ml. of 10% potassium
carbonate solution and 100 ml. of water. The organic layer was dried
overnight over 10 g. of anhydrous calcium chloride, then fractionally
distilled through a small glass helices-packed columm. There was
obtained 21.4 g. (82%) of ethylbenzene-dg, b.p. 132.5° 7 /31 mm.),

nzo = 1.1950. Mass spectrometric analyeis indicated d, = 98.5 *+ 0.1%,

dy = 1.5 1 0.1% and no deuterium atoms in the beta positions.

Etkylbenzene~d, ., (Procedure A)

(a) Preparatioh of a~phenethyl chloride-d,

D
¢ - CH,

ClL



The reaction vessel described in the preparation of ethylbenzene-d,
was used. To an ice-cooled mixture of 0.8 g. (0.02 mole) of lithium
aluminum deuteride in 25 ml; of dry tetrahydrofuran was added dropwise
with stirring 8.0 g. (0.067 mole) of acetophenone. The mixture was
then heated at reflux for twenty minutes, after which the mixture was
cooled and 20 ml. of water clowly added dropwise. Layers were separated,
the agqueous layer extracted twice with 50 ml. of ether and the combined
organic layers washed successively with 30 ml. each of water, 10%
sodium carbonate sclution and water. After drying overnight over 6 g.
of anhydrous ﬁagnesium sulfate, the ether was removed by distillation
and the a~phenethyl alcohol-dg which remsined, without further purifi-
cation, was added dropwise to 16 g. (0.1l mole) of thionyl chloride.

The mixture was allowed to Stand'for four hours, then fractionally
distilled using a sﬁall glass helices—packed column. The a-phenethyl
chloride~d, thus obtained weighed 6.9 g. (73%), b.p. 93-6°/l0 mm.,

nB5'3 = 1,5212,

{b) Reduction of a~phenetnhyl chloride=dg

The procedure described in the preparation of ethylbenzene-dg
was followed. From 6.9 g. (0.0479 mcle) of a-phenethyl chloride-dg,
0.8 g. (0.09 mole) of lithium deuteride and 0.2 g. 0.005 mcle) of
lithium aluminum deuteride; there was obtained 3.1 g, {59%) of ethyl-
benzene, b.p. 133=L°(7 L6 mm. ), nﬁs = 1.1j95,. Mass spectromstric
analysis showed d, = 96.6 * 0.1%; d, = 3.4 £ 0.1%; d, < 0.1%; no beta~

deuterium atoms.
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Diphenylmethanz~-dg (Prccedure A)

T Y=

Using the procedure described in the preparation of ethylbenzene~dg,
20.3 g+ (0.10 mole) of benzhydryl chloride (prepared in 86% yield from
benzhydrol and thionyl chlofide), 1.3 g. {(0.16 mole) of lithium deuteride
aad 0.4 g. {0.01 mcle) of lithium aluminum deuteride after reaction
yielded L.0 g. (2L%) of symtetraphenylethane, m.p. 208° (rscrystallized
from chloroform), and 8.3 g. (50%) of diphenylmethane, b.p. 100°/3 mm.,
nﬁo = 1.5767. The infrared spectrum of the sym-tetraphenylethane
indicated the absence of any deuterium atoms. Mass spectrometric

analysis showed the diphenylmethane-dg *o contain d; = 95.8%, d, = L.2%.

Diphenylmethane~dg q {Procedure A)

O=Qetj

The first attempt to prepare diphenylmethane—da,a was by the
reduction of benzophenone dichloride with lithium aluminum deuteride
and lithium deuteride. Benzophenone dichloride was obtained in 80%
yield from the reaction of benzophenone and phosphorous pentachloride
(20). The general procedure cited in the pfeparation of ethylbenzene-dg
was followed. A small amount cf iiquid boiling from 95-1250/3 mn. was

collected which was not further identified although the infrared spzctrum



was recorded. Considerable solid material remained which, upon several
recrystallizations from benzene, produced a 20% yield of white solid,
m.p. 219-20° and believed: to be tetraphenylethylene (1it. m.p. 220-1°
(21)). '
Diphenylmethane~da,a was successfully prepared using a procedure

similar to that of ethylbenzene—da’g by reduction of benzophenone with
lithium aluminum deuteride to form benzhydrol-dg followed by conversion
with thionyl chloride to benzhydryl chloride in 81% yield from benzo-
phenoné. The benzhydryl chloride-dg was reduced with lithium deuteride
and lithium aluminum deuteride to diphenylmethane b.p. 124°/10 mm.,

nﬁg = 1.57/1, in 59% yield, mass spectrometric analysis: d, = 91.7%,
dy = 6.7%, dg = 1.6%. Also, after recrystallization from chlcroform,

a 9% yield of sym~tetraphenylethane, m.p. 206.5%-207.0°, was obtained

whose infrared spectrum indicated the presence of a (=D absorption peak.

Cumene=dg {Procedure A)

Gt
C~-D
L

CHy

(a) Preparation of dimethylpvhenylcarbinol

G
q - OH
CH,

To the Grignard reagent prepared from 9.0 g. (0.37 mole) of

‘magnesium turnings and L6.2 g. (0.325 mole) of mebhyl iodide in anhydrous
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ether was added dropwise 42.0 g. {0.350 mole) of acetophenone in JO ml.
of absolute ether. After decomposition with a solution of 70 g. cf
amnonium chloride in 200 ml. of water and work-up with L% sodium
bisulfite solution, there was obtained 35.3 g. (80%) of the white, low=

melting solid carbinol, b.p. 53750/1.5 mm,

{b) Preparation of dimethylphenylcarbinyl chloride

cis
¢ - 01
i
CH,
Dimethylphenylcarbinyl chloride (22) was prepared by the adiitien
of hydrogen chloride at 0° to dimethylphenylcarbinol in 6/% yield and
also to alpha<methylstyrene (23) in 63% yield, b.p. 53-6°/1..2 mm.,

nﬁo = 1,5212.

(c) Attempted reduction of dimethylphenylcarbinyl chloride

Several routes for preparing cumene-dg were investigated. In model
experiménfs ordinary cumene was prepared in 10% yield from the reaction
of phenyllithium with isopropyl bromide, 61% yield from benzene, iso-
propyl bromide and alﬁminum chloride (24) and li3% yield from the
reduction of dimethylphenylcarbinyl chloride with lithium hydride and
lithium aluminum hydride.

Cumene~dg was prepared by two methods, the first being the re-
duction of dimethylphenylcarbinyl chloride with lithium deuteride and
1lithium aluminum deuteride following the procedure outlined in the

preparation of ethylbenzene-dq. This resulted in a mixture of
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cumenz-d, and a-methylstyrene, which; after investigating separation
methods including chromatography with silica gel and oxidation by cold
potassium permanganate, was separated by bromination of the a-methyl-
styrene in the dark using carbon tetrachloride as solvent. Since only
a 12% yield of cumene-dg, b.p. 58°/27 mm., nEO = 1.4918, was realized

after this purification procédure, the following, more general method

was employed which is similar to that of Brownis (25).

Cumzne~dg (Procedure C)

{a) Preparation of 2=-methoxy-2~phenylpropane

CHy

)

C ~ OCH,
]

CH,

The general procedure of Ziegler (26) was followed wherein a-methyl-
styrene and‘methyl alcohol in a 1:2 molar ratio were allowed to stand
with several drops of (0% perchloric acid at 50° for 48 hours. A dilute
solution of sodium hydroxide was then added and the organic layer
separated, washed with water, dried over anhydrous sodium sulfate and
distilled. A 62% yield of 2-methoxy~2-phenylpropane, b.p. 78°/13 mm.,

was obtained.
{b) Preparation of a-phenylisopropyl potassium
CH,

' 10

CH,
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The method of Ziegler (25) was followed. A 500-ml. three-necked
round=bottomed flask equipped with a reflux condenser protected with a
drying tube, a thermometer, addition fummel, dry argon inlet and a
high—-speed stirrer was swept overnight with dry argon and also heated
with a free flame to assure riddance of water. Using a pipette, 200 ml.
of heptane (freed from olefins and water by treatment with potassium
permanganate, concentrated sulfuric acid, drying, distillation and
storage over sodium metal) and 14.8 g. (0.38 mole) of potassium metal
(freshly cut under‘heﬁtane) were added to the reactién flask. The mi%-
ture was heated with an electric mantle to 650. When most of the
potassium metal had melted, the stirrer was turned on and 30.0 g. (0.20
mole)} of 2=methoxy=2-phenylpropane was added dropwise over a ninety-
minute period. The coior of the mixture changed from the initial grey-
metallic through cinnamon to a deep maroon. The temperature of the
reaction mixture was maintained between 6h—720 throughout this period.
The mixture was stirred at 70° for six hours, then allowed to cool to
room tempsrature. When the stirring was stopped, the finely=-divided
wine=colored organometallic began to settle out. The a-phenylisopropyl
potassium was not further isolated but used in situ for the preparation

of cumene-dg .

(¢} Hydrolysis of a-phenylisopropyl potassium
To the flask containing a-phenylisopropyl potassium was added drop-
wise over thirty minutes a solution of 8.2 g. (0.45 mcle) of deuterium

oxide (> 99.5% D50, obtained from the Stuart Oxygen Co., San Frarcisco)

<
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in 75 ml. of tetrahydrofuran (freshly distilled from lithium aluminum
hydride) with stirring. The white mixture was allowed tc stand over-
night under a blanket of dry argon. The following morning the mixture
was heated at gentle reflux and stirred for thirty minutes. Then 20

ml. cf water was added and the white, solid potassium deuteroxide
dissolved. The bcttom aqueous layer was extracted with 50 mli. of
pentane and the combined organic layers dried overnight over 15 g. of
anhydrous calcium chloride. The colorless solution was then distilled,
the fraction boiling at 150.5° (738 mm.) being collezted. A yield of
13.1 g. (57%) of cumene, nﬁo = 1.&903, was obtained. Mass spectrometric

analysis showsd it to contain d, = 82.6%, ¢, = 17.L%, no beta-deuterium.

Cumene—%E { Procedure B)

(a) Preparation of p-bromocumene

CH,
/
B CH

N
CH,

The procedare of Bruce and Todd (2/) was followed. To an ice-~
cooled mixture of 5.0 g. (0.337 mole) of bromobenzene and 2.2 g.
(0.016 mole) of powdered anhydrous aluminum chloride was slowly (thirty
minutes) added with stirring 15 g. (0.19 mole) of isopropyl chloride.

The orange reaction mixture was heated on a steam bath for twenty
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minutes, The deep~red mixture was pdured onto 10 g. of ice and the
lower milky 1ayér separated and washed with copcentrated sulfuric acid
eight times (until the acid layer became only slightly colored). Ths
organic layer was then washed successively with water, dilute sodium
bicarbonate solution aﬁd water., After drying overnight over 5 g. of
anhydrous calciun chloridé, fhe mixture was distilled and 29.7 g. (79%)
of p-bromocumene was collected, bpiling at 95—80/9 mm. , nﬁc = 1.5l/0
(literature values: b.p. 89°/10 mn. , nﬁo = 1.5362 (28); b.p. 97-8°/5 mm.,
n2° = 1.5569 (56)).
(b) Preparation and hydrolysis of the Grignard reagent from p-bromo-

cumene.

This procedure was patterned after the method described by Hart (17).
In a dry 250-ml. three-necked flask equipped with a dry nitrogen inlet,
addition funnel, stirrer and reflux ccndenser fitted with a drying tube
was placed 2.4 g. (0.10 mole) of mégnesium turnings and 20 ml. of dry
ether, Then a solution of 30 ml. of ether and 20 g. (0.10 mcle) of
p~bromocumene was added dropwise so as to keep the reaction mixture at
gentle reflux. After this addition the mixture was refluxed for onz
hour and then cooled with an ice bath. A solution of 6.0 g. (0.33 mole)
of deuterium oxide (984% D 0, Stuart Oxygen Co., San Francisco) in 50
ml. of tetrahydrofuran (freshly distilled from lithium aluminum hydride)
was added dropwise over a thirty-minute period. The reaction mixture
was refluxed two hours, allowed to stand overnight and refluxed again
one hour. After cooling, the bottom aqueous layer was separated and

extracted with two 50-ml. portions of ether. The combined organic



layers.were dried overnight (anhydrous calcium chloride) and distilled
through a short Vigreaux columm. The fraction which boiled from 1,0~

1550 was redistilled through a small glass helices-packed column; the

]

fraction boiling at 148-151° weighed 11.7 g. (97%), n2° = 1.4892, and

l? -_3%, no

the mass spsctrometric analysis showed: d; = 82.7%, dg

beta=deuterium.

Oxidation of p- and a-~deuterccumenes

In order to establish-unequivocally the side chain and ring
deuteration of these cumenes, they were oxidized to benzoic acid. The
procedure given in‘Organic Syntheses (29) was followed using 10 ml. of
concentrated nitric acid, 30 ml. of ﬁater and 2.0 g. 70.016 mole) of
cumene (p- dr,a—deutero). The benzoic acid was produced in approxi-
mately 50% yield, white needles recrystallized from water, m.p. 122°.
Oxidations of cumene using alkaline potassium permanganate or sulfuric
acid=sodium dichromate resulted in very low yields of benzoic acid;
the latter method was believed particﬁlarly poor due to the known ability

of sulfuric acid to cause denterium exchange (9).

sec~Butylbenzene=dq (Procedure C)

g=n=Q

(a) Preparation of 2-phenyl-2-bwtanol
i
C = CHCH,
OH



This was prepared using a procedure similar to that described in
the preparation of 2-phenyl-2-pentanol. To the Grignard reagent pre-
pared from 25.0 g. (1.03 moles) of magnesium turnings and 150 g. (0.96
mole) of ethyl iodide was added 60 g. (0.50 mole) of acetophenonsa.

The 2-phenyl-?-butanol thus produced was fractionally distilled and
56.0 g. (75%) collacted, b,p. 65-6°/2.0 mm. , nﬁo = 1,518/ (literature

value nﬁz = 1,5158) (22).

(b) Preparation of 2-methoxy=-2-phenylbutane

'ne procedure used was similar to that employed by Wallis (30)
and Conant <31). In a 500-ml. round=-bottomed flask was placed 60.0 g.
(0.40 mole) of 2-phenyl-2-butanol, 100 ml. (2.5 moles) of methanol and
3.6 ml. of concentrated sulfuric acid. The mixtﬁre was allowed to
stand overnight at room temperature. Ether {100 ml.) was added to the
mixture, followed by 100 ml. of saturated sodium carbonate sclution.
The liquid was decanted from the sodium carbonate which precipitated,
and the ether and somz methanol removed on a steam bath. The bottom
aqueous layer thus formed was separated and extracted using two 100-ml.

portions of ether. The combined organic layers were filtered through

anhydrouvs magnesivm sulfate and dried overnight over 20 g. =f anhydrous

magnesium sulfate. The mixture was distilled in vacuo, LL.L g. (68%)
of 2=methcxy=-2-phenylbutane being obtained, b.p. 66=1°/5.9 mm. . =

I ' .. {

18
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ng® = 1.4968 (literature values: b.p. 63-5°/2-3 mm. (30), n2s = 1.1981,
1.4991 (32)).

(c) Cleavage and hydrolysis of 2=methoxy-2=-phenylbutane.

Following the procedure outlined in the preparation of cumene=-dq,
14.8 g. (0.38 mole).of potassium metal and 32.9 g. (0.20 mole) of
2=methoxy-2~phenylbutane wers allowed to react for seven hours at 68°
followed-by the addition of 8.2 g. of deuterium oxide. The sec~butyl=-
benzene thus produced was diétilled, fractions being collected boiling
at YhO/ZY m. , n§°'= 1.489L. The yield was 16.5 g. (6L%); mass spectro-
metric analysis showed: d, = 46.6%, dy = 52.L%, no beta- or gamrma-

deuterium atoms.

2=Phenylpentane

CH,,
[ ]
CH=CH,CH.CH,

(a) Preparation of 2-phenyl-2-pentanol

c
b
NH

The procedure was similar to that described for dimsthylphenyl-
carbinol. The Grignard reagent prepared from 75.0 g. (0.96 mcle) of
n-propyl chloride and 25.0 g. (1.03 mole) of magnesium turnings in

ether was treated at 0° with 60.0 g. (0.50 mole) of acetophenone in



dry ethér. After stirring at gentle reflux for four hours and work-up

with water (not acid), there was obtained 66;6 g. (81%) of 2-phenyl-

2~pentanol, b.p. 7L=6°/2.1 mm., n%o = 1.5133 (literature valve:

112-3°%/2) mm.) (22).

(b} Dehydration of 2-phenyl-2=-pentanol and hydrogenation of resulting
olefins.,

A modification of the method of Huston and Kaye (33) was used.
2=Phenyl-2-pentanol was dehydrated by heating at reflux and collecting
the water formed in a distilling receiver. After removal of the water
layer and drying over anhydrous calcium chloride overnight, the
reaction mixture was distilled. 2=-Phenyl=~-2=-pentene (and isomers),

h.p: 106-110°/40 mm., was obtained in L% yield (based on acetophenone;
the 2-phenyl-2-pentancol was not purified in this preparation).

This olefin was then partially reduced by adding LD g. (1.7 mole)
of sodium metal to a solution of 37 g. (0.25 mole) of olefin in 3/5 ml.
of absolute ethanol. After the sodium had reacled, 300 ml. o>f water
was added, the resulting layers separated, the bottom agueous layer
: extracted with three 100-ml, portions of ether and the combined organic
layers washed with 100 ml. of saturated sodium chloride solution. The
resulting light yellow sclution was shaken with 200 ml. of cold.saturated
potassium permanganate for thirty seconds, 20 g. of sodium bisulfite
added and the layers separated. The wafer layer was extracted twice
with ether and the combined organic layers dried over 15 g. of anhydrous
sodium sulfate. The dried mixture was fractionally distilled through

a monel helices-packed column, 31 g. (8L%) being collected at
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67.5-68.0°/9 mm., ngo = 1,4927. However, when a sample of this product
was put through gas chromatography apparatus, the presence of a small
amount of élightly higher boiling impurity was apparent. This was
probably 2-phenyl-2-pentene, an authentic sample of which, when put
through the gas chromatography apparatus unjer the same conditions,
caused a peak to be recorded at the same times interval as the impurity.
To remove this olefin, the mixture was placed in a 500~ml. hydrogenation
bottle and 12) ml. of absolute ethanol with 0.118 g. of platinum dioxide
was added. After three and one~half hours of hydrogenation, the
pressure had droppsd from 51.0 to 45.0 p.s.i. and ceased to decrease.
Work-up gave 2.2g., b.p. 187-8°(7Ll mm.), nBO = 1.1879 (literature

value: nﬁo = 1.L876)(28), of chromatcgraphically-pure 2-phenylpentane.

2-Phenylpentane~dg (Procedure C)

CH,

1]

C - CH,CH,CH,
]

D

(a) Preparation of 2~methoxy-2-phenylpentane

CH,
J

|

OCH,

This was prepared in 56% yield from 50.0 g. (2.30 mcle) of
?-phenyl=-2~pentanol, 129 ml. (3.0 moles) of methanol and 2.6 ml. of

sulfuric acid as described in the prewaration of 2-methoxy-2-phenylbutane.
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Product boiling from 66~9O/2.h mm. , ngo = 1.4959-1.1,982, was collected.

(b) Cleavage and hydrolysis of 2-methoxy-2=vhenylpentane.

The same procedure as that used for preparing cumene~dg was
employed. After 8.2 é. (0.21 mole) of potassium metal and 19.6 g.
(0.11 mole) of 2~-methoxy-2-phenylpentane had been permitted to react at
68° for twelve hours, 5.0 g. (0.25 mole) of devterium oxide was added.
The 2-phenylpentane thus produced was distilled, the fraction collected
boiling at 73°/12 mm., n? = 1.4880, n2% = 1.4857, weighed 10.0 g. (6L%).
Mass spectrometric analysis showed: d, = 64.1%, d; = 35.9%, no beta-,

gamma~ or delta~deuterium atoms.

3=Phanylpentane
fH2CH3
CH
\
CH,CH,

A procedure similar to that of Pines, Vesely and Ipatieff (3L) was
foilowed. [n a typical run, a 200-ml. stainless~steel Magne-Dash
autoclave was charged with L6 g. (0.50 mole) of foluene, 0.89 g. (0.923
mole) of potassium metal and L.l g. (0.18 mole) of sodium hydride.

The autoclave was flushed several times with dry nitrogen. Ethylene
was then added to a pressuré of 810 p.s.i. (by the loss in weight of
the ethylene tank, it was determined that 31 g. (1.1 moles) of ethylene
was added),.the magnstic stirrer adjusted to opsrate at moderate speed

and the autoclave heated electrically to 190°. After eight hours, the
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pressure héd droppsd to 6L0 p.s.i. The autoclave was vented and a
stream of nitrogen passed through for several hours. After the mixture
in the bomb was filtered through glass wool and 100 ml. of benzene
used to rinse the autoclave and glass wool, the filtrate and benzene
washings were washed with 100 ml. of water, dried overnight cver 10 g.
of anhydrous calcium chloride and distilled at reduced pressure through
a glass helices—packed column. Fractions were collected which corres-
ponded to toluene, n-propylbenzene, 3-phenylpentane and 3-ethyl-3-
phenylpentane. A fraction boiling at 53-8°/6 mm., weighing 9.1 g. (12%),
nﬁo = 1.488l (literature value: nﬁo = 1,4877) (28), was collected as
3-phenylpentane and a fraction boiling at 78-81°/6 mm. weighing 13.0 g.

(15%) was collected as 3-ethyl-3-phenylpentane.

3-Phenylpentane~dy (Procedure C)

CHoCH
/ 2v1i3
cD
\
CH,CH,

(a) Preparation of 3-phenyl-3-pentanol

CHoCH,
C-0H
\
CH.CH,

Following the procedure described in the preparation of 2-phenyl-
2~psntancl, ethyl magnesium bromide (prepared from 25 g. (1.0L moles)

of magnesium turnings and 175 g. (0.96 mole) of ethyl bromide) was
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treated with 67 g. (0.50 mole) of propiophenone. The 3-phenyl-3-
pentanol produced was collected at 74°/2.L mm., nﬁo = 1.5152, n§5 =
1.5126 (literature value: b.p. 85-8°/1 mm., n%s = 1.5128) (35) and

waighed 56.8 g. (70%).
(b) Preparation of 3-methoxy-3-phenylpentane.

CHCH,

C-0CH

\ 3
CH.CH

In a manmner similar to that described in the preparation of 2-methoxy-
2-phenylbutane, 57.0 g. (2.31 mole) of 3~phenyl-3-pentanol, 120 ml.
3.0 moles) of methanol and 2.6 ml. of sulfuric acid were allowed to
stand for three days. Upon distillation, 22.0 g. (L1%) of 3-methoxy-3-

henylpentane, b.p. 7L-5°/3.5 rm., n20 = 1.5030 was collected.

(c) Cleavage and hydrolysis of 3-methoxy-3=-phenylpentane.

Using the procedure described under the preparation of cumene-dq.
18.4 g. (0.103 mole) of 3-methoxy=-3-vhenylpentane and (.7 g. (0.20 mole)
of potassium metal were permitted to react at 68° for eleven hours,
after which 6.2 g. (0.31 mole) of deuterium oxide was added and the
resulting 3=phenylpentane distilled. The fractions boiling at
67;5-68.50/10 mn., nﬁo = 1.4876, weighed 8.3 g. (56%). Mass spectro-
metric analysis indicated: d,; = 53.3%, do = L6.7%, no beta~ or gamma-

deuterium atoms.
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2-Methyl=-3-pthenylbutane

Attempts to prepare this compound by reduction of 2-methyl-3-
phenyl=2-butene resulted in mixtures of the olefin and saturated hydro-
carbon. The hydrocarbon was prepared using Procedure C, ordinary

water being used instead of deuterium oxide in ths hydrolysis step.
(a) Preparation of 3-methyl-2-phenyl-2-~butanol.

CH
;3

C‘-CH(CHB)2
OH

This alcohol was prepared in a similar manner to that described
for 2-phenyl=2-pentancl. To isopropyl magnesium chloride ,formed from
75.0 g. {0.96 mole) of isopropyl chloride and 25.0 g. (1.03 moles) of
magnesium turnings) was added 60 g. (0.50 molé) of acetophenone. The
alcohol was obtained in 5L% yield (LL.3 g.), b.p. 76-7°/2.5 mm.,
n20 = 1.5189 (literature values: 1.0=17.5%/2.6-2.9 mm., n2s = 1.5137)
(36).

(b) Preparation of 2-methoxy-3-methyl-2-phenylbutane.

CH,

]
C~CH(CHs) »
0OCH,

Following the procedure outlined in the preparation of 2-methoxy-
2-phenylbutane, 39.6 g. (0.24 mole) of 3=methyl-2-phenylbutan-2-ol,

100 ml. (2.5 moles) of methancl and 2.5 ml. of sulfuric acid after



standing three days yielded 22.3 g. (52%) of 2-methoxy=3-methyl~2-

thenyltutane, b.p. 72=5°/L4.0 mm., nﬁo = 1.1992.

{¢) Cleavage and hydrolysis of 2=methcxy=3-methyl=2-phenylbutane.

To 11.8 g. (0.30 mele) of potassium metal and 2/.0 g. (0.15 mole)
of 2-methoxy-3-methyl-2-phenylbutane in dry heptane (which had been
allowed to react at 68° for six hours) was added 10 ml. of water in
75 ml. of tetrahydrofuren. Work-up gave 15.6 g. /(1%) of 2-methyl=3-
thenylbutane, b.p. 63°/8.8 mm., n2° = 1.4,912 {literature values: b.p.

D
66,2°/10 mm., n20 = 1.486) (28).

3=Methyl=2=phenylbutane-~dq {Procedure C)

CH,
)
C~CH{CHy) ¢
D

Using the procedure described in the preparation of cumene~dq,
20.8 g. (0.12 mole) of 2-methoxy=-3=-methyl-2~phenylbutane and 8.3 g.
{0.21 mole) of potassium metal were allowed to react for eight hours
at 68°. Then 5.3 g. {0.26 mole) of deuterium oxide was added and the
resulting 3-me£hy1—2~phenylbutane collected as those fractions boiling
from 69.5=70.0°/12 mm., n2% = 1.4903. The yield was 12.1 g. (83%).

Mass spectrometric analysis showed: di = 70.1%, dg = 29.1%, no beta-

or gamma~deuterium atoms.

26
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2,2=Dimethyl~-3-phenylbutane

CHa
C=C(CHs)
H

This procedure is similar to that employed by Schmerling and West
(37). A one-liter round-bottomed three-necked flask equipped with a
stirrer, condenser, addition funnel and a dry argon inlet was thoroughl
dried using a free flame. 7o the Grignard reagent from the iodine-
initiated reaction of 20 g. (0.82 mole) of olean magnesium turnings
with 92 g. (1.0 mole) of tert-butyl chloride in anhydrous ether was

added dropwise at 0° a solution of 90 g. (0.50 mcle) of a-phenethyl
| bhromide (prepared in 81% yield from e~methylbenzyl alcohol and phosphor-—
ous tribromide) in 50 ml. of dry ether. Work=-up as usual, using dilute
hydrochlbric acid for hydrolysis, gave 20 g. of product, b.p. 76—80/9 mm. ,
n#0 = 1.4973. A higher boiling fraction (b.p. 130~160°/5 mm.) was also
collected which crystallized upon cooling. Recrystallization from
methanol gave white needles, m.p. 123-L°. This solid was believed to
be 2,3-diphenylbutane (literature valus: m.p. 1267) (38). The liquid
fraction was refluxed over sodium metal for one hour, then fractionally
distilled. Product boiling from'63-ho/5 mm., d3° = 0.892, DBD = 1.5951
/literature values: 50-10/1 mm., n2C = 1.),950) (3/), weighing 10.5 g.

D
{13%) was collected as 2,2-dimethyl-3-phenylbutane.
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2 ,2-Dimethyl~3=-phenylbutane~d, (Procedure C)

o
C-CiCHy) 5
1
D

(a) Preparation of 3,3~dimsthyl-2-phenylbutan-2-al

CH,

\
C=-C(CH3 ),
1

OH

The general method outlined for the preparation of 2-phenyl-2-
pentanol was followed. 7o tert-butyl magnesium chloride {prepared from
180 g. (1.95 moles) of tert~butyl chloride and 50 g. (2.06 mole) of
magaesium turnings) was added 125 g. {1.0L mole) of acetophenone.
Distillation through a Vigreaux cclumn gave 97.L g. of product boiling
‘at 53-90°/1.2 mm. Redistillation through a packed column gave L1.2 g.

(23%) of a product, b.p. 71°/1.2 mm., nZ° = 1.516k.
(b) Preparation of 2-msthoxy-3,3-dimsthyl=2-phenylbutane.

o
C-C(CHs) 5
]

OCH,

An attempt to prepare this compound from 3,3-dimzthyl-2-phenyl~
butan-2-0l énd methanol resulted only in recovery of starting material.
The ether was prepared, however, employing a method similar to that of

Z7eiss (32). In a dry one-liter three-nscked round-bottcmed flask
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equipped with an addition funnel, condenser, dry argon inlet and high-
speed stirrer was placed LOO ml. of anhydrous benzene and 36.L g.
'0.204 mole) of 3,3-dimethyl-2-phenylbutan-2-0l. Freshly-cut potassium
m2tal (8.1 g.3 0.21 mole) was then added to the water-white solution.
Reflux for three days was necessary for the red potassium salt to be
produced. After this period 85.0 g. (0.60 mole) of methyl icdide was
added and the mixture refluxed with stirring for twenty hours. After
the sodium iodide was allowed to settle, the soiution appeared almost
colorless. Water (120 ml.) was added to the stirred mixture, the
bottom aqueous layer separated and extracted with 200 ml. of ether,

and the combined organic iayefs dried over 20 g. of anhydrous magnesium
sulfate. Solvent was removed using a steam bath and the yellow residue
fractionated, yielding 25.5 g. (/8%) of 2-methoxy-3,3-dimethyl-2-phenyl-

butane, b.p. (9-84°/3.3 mm., nﬁo = 1.Sou1~1.5065;

&L

.¢) Cleavage and hydrolysis of 2-methoxy=3,3-dimethyl~2~phenylbutane.
Following the procedure describecd in the preparation of cumene-dg,
25.5 g. (0.133 mole) of ?-methoxy-3,3-dimethyl-2-phenylbutane and 10.3
gs (0.26 mole) of potassium metal were allowed to react for thirteen
hours at 68°. Then 7.5 g. (0.38 mole) of deuterium oxide was added
and the resulting 3,3~dimethyl~2-phenylbutane distilled. The fractions
boiling from 64-6>/.6 mm., n2° = 1.4952, and weighing 11.8 g. (55%)
were combined. Mass spectrometric analysis gave d, = 51.L%, d, = L8.63,

n> beta~ or gamma-deuvterium atoms.
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High Surface Sodium (HSS)

Following the general procedure described in the buvlletin "High
Surface Sodium on Inert Solids" (32), 25 g. of dry Norite and 2.5 g.
of freshly-cut sodium metal were stirred together at 160° for forty
minutes and then allowed to cool to room temperature. The HSS was
remo&ed through a "gonse-neck” with a 2li/0 standard tapered joint at
one end and a 1L/35 joint at the other. The smaller joint was taped to
small, previously weighed, sample vials and the larger joint was fitted
to the reaction flask. By tilting the complete apparatus, the HSS
could be made to enter the vials, appraxiﬁately one gram being placed
in each vial. |

High Surface Potassium (HSP) was similarly prepared.

B. Exchange Studies

In principle; the procedure consisted in heating a mixture of an
a~deuterated alkylaromatic and two non-deuterated alkylaromatics in
the presence of an appropriate catalyst, withdrawing samples periodic-
ally, separating the structurally pure components and analyzing each
for its deuterium content. A variety of conditions was studied kefore
a suitable procedire was developed which gave satisfactory kinetic

results.

Analytical Procedure

Because a mass spectrometer was not available for routine analyses,

the deuterium content of the various hydrocarbons, after being subjected
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to exchange conditions, was determined using the C~D stretching ffequency
in the infrared. Samples of all deuterated hydrocarbens were analyzed
mass spectrometrically by Mr. S. MeyefSOn, Standard 0il Company {Indiana),
Whiting, Lndiana. The infrared spectra of solutions of these deuterated
hydrocarbons jn.carbbn tetrachloride were recorded using a Perkin-Elmer
Model 21 double~beam infrared spectrophotometer with sodium chloride
cells of 0,515 mm. width.

[t Was'originally'intended to use ethylbenzene~dg as the deuterium
source and to compare the rate of self-exchange of ethylbenzene with
the rate of exchange with another hydrocarbon. Although there are
appreciable differences in the infrared spectra of the pure ordinary.
mono=c:, and di-a,a deuterated ethylbenzenes (see Figures 15 and 16), a
suitable analytical method could not be worked out for mixtures of these
tnree due to the overlapping of their C-D absorption peaks. A similar
situation was encountered in the case of ordinary, mone-a and di-a,a
diphenylmethane. Hence, it was decided to use ethylbenzene-dg merely
as a source of deuterium and to allow two different hydrocarbons to
compete for the deuterium in the ethylbenzene-dg.

Calibration curves were prepared éorrelating the deuterium content
of the various hydrocarbons with the intensity of the C-D stretching
frequency in the infrared region near L./ microns. Samples of known
deuterium content were prepared by diluting the mass spectranalized
deuterated éamples with ordinary hydrocarbon. The solvent was carbon
tetrachloride (Mallinckrodt "Analytical Reagent") purified (LO) by

refluxing over mercury metal for three hours and under a solution of
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100 g. of sodium hydroxide in 350 ml. of water and 100 ml. of 95%
ethanol for two hours, washing three times with water, once with dilute
sulfuric acid and three times with water, drying over anhydrous calcium
chloride and carefully distilling from phosphorus pentoxide through a
twenty-four inch glass helices~packed column (the first 15% being dis-
carded). Usually the volume ratio of hydrocarbon to carbon tetra-
chloride was 1:1.l, Under the exchange conditions employed, seldom did
a hydrocarbon gain more than 15% deuterium. Thus, most calibration
curves were prepared using samples containing from 0-15% déuterium.

The gears of the infrared instrument were set to spread the region
of interest (3.0-6.0 microns) over a 30 cm. range. At 3.000 microns,
with both cells filled with solvent and in place, the instrument was
adjusted to the following specifications:

Slit width 990
Response 1

Per cent Transmission 95

Gain 5
Suppression 2
Filter Auto

Speed L
S1it controls Auto
Scanning control For

The spectrum of solvent versus solvent was recorded. The 0%
transmission line was obbtained by closing the sample beam window and

recording the spectrum of solvent in only the reference beam (this also
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coincided with the maximum absorption of the C=H peak at 3.2-3.5 ).
Th= spectra of solutions containing known and varying amounts of
deuterated hydrocarbon were recorded and the ratio of the percent
transmittance of the solvent to the percent transmittance of the

sample (Io/I) was determined. The légarithm of this ratio (optical
density) was plottéd against percent deuterium content to obtain a
linear relatiénship from which the percent deuterium in unknown samples
was determined. Table [T gives a typical example showing quantities

of hydrocarbons used in the preparation of a calibration curve.

The volume ratio of hydrocarben/carben tetrachloride of 1:1.l was
used for the calibration curves of all deuterated hydrocarbons except
2,2-dimethyl-3~phenylbutane, for which a ratio of 1.80:0.06 was used.
Several factors entered into this choice of 1:1.L. Foremcst, when a
mixture was separated using the Vapor Fractometer, volumes of only
slightly over 0.)1 ml. were collected (especially when only a small
center "cut" was made to insure ultra=clean separation). Since a volume
of 0.20 ml. was required to fill the infrared cells, a volume of 0.100
ml. of hydrocarbon and 0.140 ml. of carbon tetrachloride {total volume
0.2L0 ml.) resulted in sufficient quantity to fill the cells and also
produced intense spectra capable of discerning small percentages of
deuterium. Table [II gives the analytical data used in the preparation
of the calibration curve (Figure 1) for sec-butylbenzene-dy;. Other
calibration Qﬁrves werevsimilarly prepared and are recorded in the

appendix of the thesis (Figures 10-1L).



3L

082°0 , 0020 0ZT"0 | 080° G 0°82 9
092° 0 002°0 - 080" 0 0710 99T g
095°0 001*0 0g0* 0 02€*0 €6 U
02T T 00g*0 0800 | 0zL°0 LN ¢
02T T . 00g*0 oo 0 09L°0 €z 2
095°0 : 007*0 000° 0 ~ ooto 0'0 T
(") 1A (PT0D) (") sumTch (") oA (ag9-on) (*TH). “ToA a sTdueg
quaogad

PUDATCGS UOGIBIOIPAH TBIC] Dp=sUs zUsq T ng~g oUSZUSYTAING=g

—— e

—

HAMND NOTLWHAITYD dHI A0 NOILOMILSNOJS EHIL ¥Od

LNEINOS WATYAINAT ONIXYVA “NMONY I0 SAIIWYS MNAZNALTIALNG~09S 40 NOLLVYVdEdd

IT 3T9V0




TABLE TIT

CALCULATION OF OPTICAL DENSITY FROM C-D BAND AT ),.68 MICRONS FOR
sec-BUTYLBENZENE (?2.65 M) IN CARBON TETRACHLORIDE

e e e

Sample -  Percent D I/ Dllog (I,/1)]
1 0.0 1.105 0.0L3L
2 2.3 1.180 0.0/19
3 L.t 1.267 0.1028
L 9.3 1.0h2 0.1590
5 18.6 1.885 0.2753
6 28.0 2.440 0.387L
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Figure 1. Percent deuterium content of mixtures of sec~butyl-
benzene and sec-butylbenzene-d, in carbon tetrachloride vs.
optical density at L.68 microns. (Concentration of hydrocarbon =

2,65 M)
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Separation Procedure

Because of the expense of the deuterated compounds and unavail~
ability of some of the ordinary hydrocarbons, only small quantities
wererused in the exchange reaction. Thus, it became necessary to
develop a procedure for separating a three-component hydrocarbon mix-
ture whose total volume was about one milliliter.

The first hydrocarbon chosen for exchange with ethylbenzene was
diphenylmethane. It was felt that these might be separated using a
chrométographic column. Although activated alumina proved unsuccessful,
80 mesh silica gel readily separated the two using carbon tetrachloride
as the eluent. The progress of the hydrocarbons through the column
was followed by taking the infrared spectrum of tach 2-3 milliliter
fracticn as it was collected. However, this technique did not easily
lend itself to the separation of hydrocarbons more closely related in
structuré, éspecially a three-component hydrocarbon mixture, so another
method was sought for accomplishing this.

[t appeared that gas chromatography was particularly attractive
for separating such mixtures and, accordingly, a Perkin-Elmer Model 15
Vapor Fractometer was remodeled and adapted for this purpose. After
considerable experimentation, best results were obtained using an

- asbestos-wrapped electrically-heated section of one=-eighth inch copper
tubing which extended six inches from the exit side of the instrument
and to whichiwas sealed a 10/36 standard tapered male joint. Only
several seconds elapsed between the time a signal was recorded and the

time the sample giving rise to that signal appeared at the exit.
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The sampleé were collected in.spiral traps whose dimensions are shown
in Figure 2, The exit end of the spiral trap was protected with a
drying tube containing Drierite. Thzse traps, which were cooled in
liquid air during the collection, proved quite efficient for gathering
near-quantitative yields of the samples. Also, this method afforded a
clean separation for the hydrocarbons used. The mcst difficult com=
pounds to separate from each other were ethylbenzene and cumene,
although even this was done with 1little difficulty as shown in Figure 3.

Originally, a two-meter one-~fourth inch analytical column was used
containing Perkin-Elmer packing typs “A"‘(didecyl phthalate on firebrick).
However, since this column was restricted to samples of about 0.05 mi.,
often five to six runs were necessary in order to collect a sufficient
volume for quantitative infrared, This situation was remedied with the
acquisition of a three~meter one-inch preparative column with packing
of typs "A" and a similar column of type "O" (silicone packing). These
preparative columns permitted the clean separation of several milli-
liters of hydrocarbon mixture in from two to three hours. The carrier
gas used with these larger columms was oil-pumped nitrogen and was
usually regulated frqm‘S—lb p.s.i. through the column.

The column temperature was operated near 100° until the ethylbenzene
was collected, then often raised to 110-130° to hasten the passage of
the remaining components. To insure a clean separation, from two to
six ﬁinutes were allowed to elapse from the time a psak began to appear
on the recorder until a trap was put in place to start the collection

of that component. Likewise, the trap was removed several minutes
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10/30 Standard Tapered joints

\

N

.
'
2~

13 cm.

< 8 mm. Pyrex tubing

—

%———— 1l mm. Pyrex tubing

Figure 2. Spiral trap used with Vapor Fractometer for
sample collection,



Lo

A.wﬂwmogsnoscmmgnM@mmmopmUﬂd@mpnmpm
sem STSATEu® pageijur Jcjy SurTdures usym 91®BOTpuT sSxead UC SSUTT TEOTIISA

£+sqT QT ‘eqnssoud usdoartu { 6 ‘eamjersdudy wwinyc)’ ¢ SUSZUSGTAING=00S
puB SUSUND ‘SUSZUSQTAUIS JO ﬁOﬁpc

Bredss Zurmoys ydesdcqewoayo sen -+ oandTo

eV

(rau) eurrl
1 |

9U8ZUsqQTAINg=-S

QUOZURYTAYSE
QuUAWNO ariuse




L1

before the last of that hydrocarbon had passed through the detector.
Further, the exit tube was rinsed with acetone and wiped clean before
each trap was secured in place. As a trap was remcved, a 10/30 male
standard tapered plug was quickly inserted in the entrance end of the
trap and, with the drying tube still on the exit end, the trap was
alloﬁed to reach room temperature (hastened by warming in a stream of
water). Then fhe drying tube was removed and another plug inserted in
its place.

After the liquid had drained to the bottom of the trap, the desired
volume (usﬁally 0.100 ml.) of compound was withdrawn using a 0.2 ml.
pipette graduated to 0.005 mi., the appropriate amount {usually 0.140
mi.) of purified carbon tetrachloride added, the infrared spectrum of
the mixture recorded and the percent deuterium determined using the

calibration curve prepared for that hydrocarbon.

Exchange Experiments

(a) Apparatus

An autoclave of the type used in previous exchange reactions (17)
did not readily 1end itself to the sampling necessary for kinetic
measurenents nor did the temperature control seem adequate. Accordingly,
several catalysts, temperatures and apparatus designs were studied with
the hope of finding not only a more suitable reaction vessel, but
optimum reaction conditions.

The vessel first used consisted of a 50-ml. Erylenmeyer flask with
a 20-cm. West condenser sealed to the top of the flask. The catalyst

and hydrocarbon components were added through the top of the condenser



which was fitted with a 19/38 female standard tapered joint. After the
addition of the reactants, a male 19/38 standard tapered joint to which
a stopcock was attached was placed in the top of the condenser.
Periodically, samples were removed from the flask through a heavy
walled capillary tubing which entered the side of the Erylenmeyer
through a ring seal, One end of the tubing extended to within an
eighth inch of the bottom of the flask, while the other end 1led to a
three-way stopcock. By the proper manipulation of this stopcock, the
vessel could Ee flushed with a stream of dry argon before or during a
run, the flask could be evacuated, or a saﬁple coculd be withdrawn.
Temperature was regulated by placing the flask in a constant temperature
bath three inches deep, underneath which was a Mag-Mix magnétic stirrer
for agitation. |

In the course of this work, one hundred and nine exchange reactions
were attempted, the first thirty being dene in the apparatus described
above, Appropriate catalysts, temperature ranges and hydrocarbons
suitable for kinetic experiments were determined in this appsretus.
Unfortunately, this reaction vessel suffered from several disadvantages
for accurate kinetic measurements. These included frequent plugging
of the capillary tubing with catalyst and the limitation that tempera-
tures above the boiling point of any of the components often resulted
in the condensation cf that compound in the condenser thus reducing
the possibility of exchange with that hydrocarbon.

Because of these difficulties, it was necessary to resort to sealed

tubes for the kinetic experiments. Accordingly, segments of 15 mm.
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Pyrex tubing eight inches long sealed at one end and with a neck approxi-
mately 8 mm. 0.D. five inches from the sealed end were vrepared. The
tubes were dried at 110° for several hours before use. They were then
attached to the end of a train which could supply dry argon (concen-
trated sulfuric acid, potassium hydroxide pellets) or a vacuum, with
suitable stopcocks and mercury safety valve. The tube was successively
evacuated and filled with argon approximately twenty times to insure
removal of water vapor and oxygen. After a final filling with dry
argon, the tube was removed and temporarily stoppered. The appropriate
amount of hydrocarbon mixture was pipetted into the tube followed by

the addition of a previously'weighed quantity of catalyst. Usually

it was necessary to cut the catalyst into several pieces sc that it
could easily pass through the constriction in the tube. For the
occasional piece that did get stuck in the neck, a brass rod was used

to push the catalyst into the main body of the tube. The tube was
returned to the argon train, a slight vacuum applied and the tube sealed
off at the constriction.

Temperature was controlled within * 0.5° using an insulated mineral
0il bath one foot in diameter and one foot deev equipped with two 250=
watt knife heaters and a bimetallic spiral regulator. Thorough, continu-
ous mixing was accomplished by mounting the tubes on extension clamps
which were attached to one arm of a Model BB, Burrell “Wrisf-Action“
Shaker (Burrell Corpovation, Pittsburgh, Peansylvania). Ths tubes were
fixed at fight angles to the arms of the éhaker and the center of each

tube moved in an arc approximately three inches long and alternated
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direction over one hundred times every twenty seconds. The use of these
sealed tubes proved very successful and all quantitative results were

obtained using thes= as reaction vessels.

(b) Reactich Conditions

Several catalysts were investigated. A very reactive catalyst was
desirable for allowing kinetics to be measured at low temperatures.
High surface sodium (HSS) on charcoal and high surface potassium (H3P)
on the same support were tried. It was found that exchange occurred
with HSP as low as 650, but unfortunately neither of these catalysts
was very discriminating, appreciable deuterium occurring on the aromatic
ring as well as the side chain as shown by the appearance of infrared
bands abt }.4O microns (the a2liphatic C~D band appears near l;.68 microns)
(See Figure L}). The catalyst which was best suited for side-chain
exchange proved to be potassium metal which, aside from being more
easily handled than HSS or HSP, is a liquid above 630, allowing a fresh
surface of catalyst to be continually exposed to hydrocarbon during
exchange. So that reproducible resulte could be obtained, samples of
potassium had to be used which did not differ from one another in weight.
It was found convenient to weigh the samples on a‘magnetica11y~damped
chainomaticianalytiﬁal balance. A weighing bottle two-thirds full of
potéssium metal-dried mineral oil was weighed to the nearest milligram.
Then a piece of potassium foughly the weight desired was freshly cut
under dry heptane, picked up with forceps, dried with absorbant paper,

placed in the mineral oil in the weighing bottle and the bottle reweighed.
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Figure lj. Ring exchange over high surface sodium (HSS) on

charcoal.

A = Ethylbenzene-dg

B = Ethylbenzene-dg after exchange with cumene at 100°
‘ for 6 hours over HSS.

C = Cumene after exchange with ethylbenzene=dg at 100°

for 6 hours over HSS.

Note the appearance of two C=D bonds: aromatic C=D at
L.4Oo u and aliphatic C-D at L.68 u.
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This process of cutting and reweighing was repsated until the desired
weight of catalyst was obtained. When it became necessary to cut the
potassium into severél.pieces to make addition to the reaction tube'
easier, this cutting was likewise done under dry heptane, the metal
being touched dry ﬁith absorbant paper before being placed in the tube.
" Another factor which was studied was the effect of temperature.
Experiments were run using the various catalysts from 65-175°. In all
cases higher temperatures résulted in an increased rate of deuterium
exchange, but, unfortunately, the rate of aromatic ring exchange
increased more rapidly than the rate of side chain exchange. The
temperature of 150o was finally selected as a suitable temperature for
conducting the kinetics using potassium metal as a catalyst because
the side chain exchange ocgurred ab a desirable rate while the aromatic

ring exchange was small.

(c) Kinetic Procedure

For eacﬂ kinetic run a stock solution containing the proper ratio
of hydrocarbon components was prepared. With the aid of a 1 ml. pipette
graduated to 0.01 mi., identical volumes were placed in each tube from
this stock solution. Most of fhe kinetics were done by preparing ten
tubes and allowing two tubes each to react at 150° for two, four, six,
eight and ten hours. At the designated time, each tube was quickly
‘removed from the bath, cooled for a minute in a beaker of mineral oil
at room temperature, then cooled in an ice bath. After several minutes
the tube, Which was usuvally covered inside with the deep-réed color

characteristic of the organometallic formed, was opened and the deep-red
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liquid removed using a medicine dropper pulled to a capillary and added
to 1 ml. of distilled water in a 30-ml. separatory funnel. There was
some reaction'when this was done, although usually no more than a
gentle evolution of hydrogen. When this evolution had subsided {hastened
by swirling the fﬁnnel), the bottom yellow, aqueous layer was withdrawn
and the white hydrocarbon layér washed with another ml. of water.

After removal of this aqueous phase, the remaining clear, colcrless
organic layer was withdrawn through the top of the funnel with a capil-
lary medicine dropper and placed, together with several pieces of
Drierite, in a test-~tube three inches long constructed from 8 mm. Pyrex
tubing. The tube was stoppered with a rubber serum bottle cap and
labelled., The purpose of the serum bottle cap was the ease with which
one could withdraw the sample into a hypodermic syringe and inject it

into the Vapor Fractometer for separation.
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RESULTS AND DISCUSSION

Synthetic Methods

Ordinary hydrocarbons which were needed for the exchange experi-
ments were either obtained commercially or synthesized by methods

reported in the literature. Samples of alpha-devterated hydrocarbons

L8

of known deuterium contentv were also necessary for preparing calibraticn

curves (correlating percent deuterium with the intensity of the C-D peak

in the infrared) so that the amount of deuterium exchanged could be

determined.

When it became apparent that synthesis by redvction of the appro-

priate tertiary chloride with lithium aluminmum deuteride and lithium

R, ‘ Ry

! TS 1 ‘ ,
C~-C1l 1 LiD _._.[.'.3;.‘}.].-.@.&.._.9 C;*'D 3
]

Ry Rz

resulted in poor yields of the desired compound, another route was

deuteride

P

g

sought. A method which appeared to be suited for this purpose was
cleavage of the corresponding a~methyl ethers with an alkali metal

(to form the organometallic compound) followed by hydrolysis with

R]@ © Ry
Oy ® D0y ¢-D L)
R, R,

deuterium oxide.
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This procédure proved to be applicable for all the required compounds
(see Table IV).

During'the pfeparation of cumene~dg by this procedure, a paper
appeared by Russell (2) Who.claimed that cumene prepared in a similar
manner (major differences were sodium~potassium alloy instead of
potassium only, ether solvent rather than heptane and deuterium chloride
instead of deuterium oxide to introduce the deuterium) contained 0.24
aromatic deuterium atoms per molecule. He analyzed the cumene by high
resoluticn nuclear magnetic resonance, infrared and mass spectroscopy.
It therefore became necessary to establish the position of the deuterium
in the deuterated cumene prepared by the method descrikted in this
thesis {(Mass spectrometric analysis of fragmentation peaks unfortunately

does not allow one to distinguish ring~ from alpha-deuterium {L3)).

Proof of Structure of Cumene=dg

The infrared spectrum of our product showed essentially no aromatic
C~D band (hL.L microns); but, the spectrum of Russell?s product also
showed only slight aromatic C=D absorption. In order toc examine this

band more carefully, cumene—dp was prepared by the following scheme:

. Br Bf D

i-propyl bromide, 1. M ,
¥101, > 3. D0 > \5)

CH(CHy) 2 CH(CH,) 2

This product showed a strong aromatic C-D band at L.LO microns (see

Figure 20). The percentage of deuterium in the cumene-dg and cumene—dp
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TABLE IV

YTELDS AND DEUTERIUM ANALYSES OF HYDROCARBCNS PREPARED BY ETHER
CLEAVAGF'WITH POTASSTUM FOLLOWED BY HYDROLYSTS
WITH DEUTERTUM OXIDE

)

Hydrocarbon Frggééiher Mass Spsctrometric Analysis
(Percent) Percent d, Percent deg
Cumene 57 82.6 17.4
sec—Butleenzene 6l L6.6 53.4
2=Phenylpentane ' 6l 6.1 35.9
3=Phenylpentane 56 53.3 L6.7
2=Methyl-3~phenylbutane 83 70.1 29.9

2,2~dimethyl=3~phenylbutane 55 51.L 48.6

Note: Mass~spectrometric‘anélyses are within 1€ of absolute value and

show no beta, gamma or delta deuterium atoms.
were essentlally identical (82.6% and 82.7% respectively). Aromatic
deuterium was easily discernable in mixtures containing a 1:9 and 1:)
ratio of cumene-d to cumene~d,, - (see Figure 5). It is safe to conclude,
therefore, that according to infrared analysis, cumene~d, prepared by ether
cleavage as described in this thesis contained < 5% arcmatic deuterium.

Furthermore, a sample of cumene-dg prepared by the following scheme

0 D D
i - i |
CH,=C-CH, il CH3~C~CHy LBra, CH=0=CHg | (6)
' OH Br
D CH,
! BF / ,
CHa=C~CHj + —p G-D (7)

CHa,
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Figure 5. Infrared spectra showing relative absorption due to a
1:9 and 1:}4 ratio of cumene=dy in cumene-~dg. The aromatic C-D
band (L.LO microns) rcughly -doubles in intensity, indicating the
absence of ring-deuterated material in the cumene-d, prepared by
ether cleavage.
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(and kindly supplied by A. Streitwieser, Jr.) had an infrared spectrum
essentially identical with that of the cumene~dq prepared in this
laboratory.

The nuclear magnetic resonance spectra (see Figure 6) are also
consistent with the structural assignments based on infrared. The C
band (due to methyl protons on the side chain) is split in ordinary,
ring-deuter#ted and p-bromocumene, but not in the product from ether
bleavage. This splitting is due to the a~proton in the first three
compounds and, therefore, only a low>(< 20%) percentage of the a-hydrogens
in the product from ether cleavage can be protons; the rest must be
denterons. Furthermore, a B band, due to the tertiary proton of the
side chain, is totally absent from this material, whereas it appears in
the other three spectra.

Finally, cumene-dg (from ether cleavage) and cumene--dp were oxidized
to benzoic acid. Unfortunately, the region in the benzoic acid spectrum
from L.i=l.8 microns is not free from interferences. A strong band at
L .40 microns attributable to aromatic C~D was observed, however, in the
benzoic acid obtained from cumene~dp. From the spectra of mixtures,
one can conclude that there is less than eight percent ring deuteration
in the cumene-dg.

A sample of cumene~dg (prepared by ether cleavage and addition of
deuterium oxide) was sent to Russell who agreed that it contained little
or no aromatic deuterium. (For an explanation of the difference in

behavior of deuterium chloride in ether vs. deuterium oxide, see

reference 57.)
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w =)
cumesne p~bromocumene

_

cumene~Cp v cumene=~dg

Figure 6. Nuclear magnetic resonance spectra of various cumenes.

The lack of splitting of the C band and the total absence of a B

tand in the spectrum of cumene-dg are results entirely consistent

with the structural assignment. The A band is due to protons on
the aromatic ring.
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Preliminary Exchange Experiments

Jnitial experiments were with ethylbenzene~dg and diphenylmethane,
it being thought best to lock for large differences in acidity first.
No exchange occurred under the conditions employed, which included
temperatures from 80—1?50, reaction times from 2-67 hours and the use
of potassium metal, high surface potassium (HSP) and high surface
sodium (HSS) as catalysts. This unanticipated result was apparently
caused by too great a difference in acidity. The diphenylmethyl anion,
resonance stabilized by two aromatic rings, presumably was not suf=-

ficiently basic to remove a deuteron from ethylbenzene.

() =
CH~ <> =CH~- , ete.

The next exchange attempts were between ethylbenzene~dyg and cumene
whose acidities were expected to be more comparable. Here also,
potassium metal, HSP and HSS were used as catalysts. Appreciable
exchange occurred in each case, bcth in the stirred reactor and in
sealed tubes. Unfortunately, the self exchange of ethylbenzene-dg is
difficult to analyze quantitatively with infrared. It was decided
therefore to restrict the study to hydrocarbons containing only one
benzylic (alpha) hydrogen and to allow two non-deuterated hydrocarbons
to'compete for the deuterium in a third. Because of the extensive
deuterium exchange with the aromatic ring when HSS and HSP were used
(see Figure L), potassium metal was used as the exchange catalyst in

 all additional experiments. Further, because of the reasons listed in
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the Experimental section, use of fhe reaction flask was discontinued
and sealed tubes used in all subsequent reactions.

The competition between cumene and sec~butylbenzene for the
deuterium in ethylbenzene-dg, using potassinm metal as catalyst, was
extensively studied. It was found that while ring exchange at 130-140°
was only slight, the rate of side chain deuteration was also retarded
compared to higher temperatures. Most kinetics were therefore carried
out at 1500, a temperature which gave measurable exchange rates in
reasonable times (ten hours) but still was sufficiently low to make
ring deuteration a minor side reaction.

The effect of using ethylbenzene~d, compared with cumene-dg as a
source of deuterium was studied. Reactions in which sec-butylbenzene
competed with 2~methyl-3-phenylbutane using ethylbenzene-d; in one case
and cumene=d, in the other were run using identical temperatures and
amounts of catalyst. It was found that more ring deuteration occurred
with cumene~d, than with ethylbenzene-dy. Also, side~chain deuteration
procesded 30-50% farther with ethylbenzene-d; than with cumene-dg (see
Figure 7). These results might have beer anticipated because the
inductive effect of the additional methyl group in cumene would make
its alpha hydrogen less acidic than those in ethylbenzene. This means
that an alpha=deuterium atom in ethylbenzene, being more labile, would
be more readily'exchanged than one in cumene. The fact that exchanges
using cumene=dy result in more ring deuteration in the competing
hydrocarbons is probably likewise related to the decreased acidity.

Bryce~Smith (5), who studied the metallation reaction between cumene
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Figure 7. Infrared spectra illustrating the dependence of
exchange on the deuterium source. sec~Butylbenzene and
2-methyl-3~phenylbutane were allowed to compete for the
deuterium in ethylbenzene=dg (solid line) and cumene-dg
(dotted line). Exchanges with cumene-dg resulted in more
deuterium in the ring (L.LO microns) and less in the side
.chain (};.68 microns).
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and ethylpotaésium, found the para and meta hydrogens in cumene tc be
more easily removed than the alpha. He interpreted this as meaning
that these ring'positions were more acidic. Correspondingly, the
dimethylvhenyl carbanion fofmed from cumene, being more basic than the
corresponding ion from ethylbenzene, might easily extract an aromatic
hydrogen from sec-butylbenzene or 2=methyl-3-phenylbutane. The result-
ing carbanion could attack another molecule of cumene-dg; to form the

product with ring deuterium. This sequence of reactions is shown below.

CH,

/
CD + 2 K —> c@ kO + KD (8)
Y
CH, CH3 |
c®K® CH — (9)
CHgCH3 C‘H3 (‘HECHa
CH CH D CH CH
©a CHy SHs SHs £
CH . ~CD —= C\H + -(fta (10)
\ \ »
CH,CH, CH, CH,CH; CH,

For the kinetic experiments, then, ethylbenzene-dy was used as the

source of exchangeable deuterium.

Kinetic Experiments

Kinetics were followed by allowing exchange reactions to run in
sealed tubes for various periods of time, then analyzing for the per-
cent deuterium in the originally non-deuterated components using

quantitative infrared.
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The hydrocarbons studied corresponded to

R

/

CH

\

Rt
where the alkyl groups were:

R R
CH, CH,
CH, CoHg
CHs, n-C3H,;
CHy : i-C5Hy,
CH, _ t-CaHs
CoHs CoHs

In one experiment,‘phenylcyclopropane was examined in competition
with cumene for the deuterium in ethylbenzene-dg. After 8-10 hours
over potassium at 1500, the cumene had exchanged as expected (12.9%-d,
after 10 hours); but the phenylcyclopropane could not be reccvered; it
apparently polymerized as evidenced by a loss in liquid volume and the
preduction of considerable black, tarry_residue. Although phenylcyclo=
propang aoes not appear amenable to study by this method, it is possible
that phenylcycloalkanes with larger rings could be so studied.

It was desirable to demonstrate that no rearrangements or other
side reactions occurred during an exchange run. After the quantitative
infrared spectra of the reactants from the sample of maximum reaction
time were recorded, these solutions were diluted from the 1:1.L volume

ratio to a 1:20 ratio of hydrocarbon to carbon tetrachloride and the

infrared spectra examined from 2.0-14.5 microns. These were compared
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with the spectra of the ordinary hydrocarbons. In no case was any
change noted other than those caused by the substitution of deuterium
in the molecule. Also, a "blank" run was carried out between sec—
butylbenzene and 2,2-dimethyl-3-phenylbutane using potassium metal and
ordinary'ethylbenzenef The infrared spectra of both the sec-butylbenzene
and the 2,2-dimethyl-3-phenylbutane after exchange were identical with
those befeore exchange. |
| The amount of catalyst and the concentration of Epe reactants

affected the absolute rates of exchange. The usual quantities used in
each sealed tube were: 0.0051 mcle (0.20 g.) of potassium metal,
OfOO285 rnole of each ordinary hydrocarbon and from 0.350 ml. (0.00285
mole) to 0.600 ml. (0.00L93 mole) of ethylbenzene-dy. As might be
anticipated, the rate of exchange was not as great when a smaller molar
ratio of catalyst was used, although the relative rates were still
similar (see Table V). Further, it was discovered that altering the
molar ratio of the two competing hydrocarbons resulted in a decrease
in the percent deuterium exchanged, although the total number of moles
of ‘deuterium exchanged remained approximately constant (see Table VI).

Within a given exchange run, the weight of potassium metal in each
sample varied nc more than 2-3% and the volumes of hydrocarbon were
within 1-2% of each other. The precision to which the quantitative
infrared could be interpreted was * 0.2% deuterium.

Tabie VII lists the results of a kinetic run involving competition
between cumene and sec=butylbenzene. The remaining kinetic runs are
given in the Appendix. Figure 8 shows the progressive appearance cf

the C~D peak during this exchange.
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Figure 8. Aliphatic C-D stretching region sh?w%ng progr§ssive
increase of deuterium content during a-competltlon reaction
between cumene and sec-butylbenzene using ethylbenzene~dg as
deuterium source, potassium metal as catalyst and 150~ as

reaction temperature.

(These data are tabulated in Table VII.)
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Calculation of Rate Constants

The rate constants were calculated using the values for deuterium
exchange found in Tables VII and XI-XV. The over—all equation for
initial exchange of equimolar quantities of two hydrocarbons (RH ard

R'H) with a third containing deuterium (R"D) may be written:

RD
(100 = x) x
+ R'D  — + R'H
R'D
(100 v
where
x = percent of RD at time t
y = percent of R!D at time t
100 = x = percent of RH at time t
100 - y'= percent of R'H at time t

The first order kinetic equation (L),

_ 2:303 100
a t

k log 756 - %p

where 4D is either x or y was used for the calculation of the reaction
rate constant, k, fbr each exchange.

Tables VIIT and IX list the values obtained from this equation,
together with the value of each run as determined by the least squares
slope (L5) of log (100/100-%D) versus time for cumene and sec-butyl-

benzene, Corresponding tables for the other exchanges may be found
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in the Appencdix. Figure 9 shows a typical least squares plot.

In most cases,; samples for duplicate points were run at the same
time to be assured of equal exchange conditions. In one instance,
however, two separate runs were made several weeks apart, each consist-
ing of five samples {2, L, 6, 8 and 10 hours). These data are in
Tables VII, VITI and IX. The average rate constants for cumene were
5.27 x 10-.6 and 5.39 x 10-6 and for sec~butylbenzene, 2.L9 x 10—6 and
2.39 x 10-6. It is apparent that the rate constants were fairly
reproducible,

Table X lists the relative rates of exchange for all hydrocarbons
studied, a value of 1.00 being assigned to the hydrocarbon with the

slowest exchange rate (2,2-dimethyl-3-phenylbutane).

Mechanism

Any adequate interpretation of the data assembled in the present
investigation would be supplemented by a knowledge of the reaction
mechanism (L6). Several different mechanisms of metalation have been
advanced in recent years, the main difference being the relative
importance of the role pléyed by the alkali metal. Frcm their physical
properties it appears that alkyl- and aryl-potassium compounds are
polar and behave as undissociated ion-pairs (1). Morton 47-51) has
visualiéed side~chain metalation of alkylaromatics as an electrophilic
process where the leading role was that of the alkali-metal cation,
the anion aiding but relegated to a minor part. In this interpretation
the residual polarity of the metal cation attracts the electrons of

the carbon=hydrogen covalent bond in the side chain, thus loosening the



TABLE VIII

FIRST ORDER RATE CONSTANTS FOR DEUTERIUM TRANSFER T0O CUMENE
IN COMPETITION WITH sec~BUTYLBENZENE

(Deuterium source: ethylbenzene-dg; catalyst: potassium

metal; temperature: 15005- reaction vessel: sealed tubes.
Data calculated from Table VII.)

Time’ Percent Log k .

Sample (sec.) D (100/100~4D) (x108) (lsec D

1 0 0 - -

2 7200 2.5 0.01098 3.51
3* 7200 3.0 0.01322 L.23
N 14400 8.2 0.03715 5.94
5" 11100 .0 0.03153 5.0l
6 21600 11.2 0.05158 5.50
7 21600 12.2 | 0.05652 6.10
8§ 28800 16.5 0.07831 6.26
9" 28800 15.4 0.07262 5.81
19 36000 16.8 0.07986 5.11

11" 36000 18.7 0.08991 5.75

Average 5.33 % 0.68

Least Squares Slope 5.64

-;C'I.'hese were run two weeks after the even-numbered samples.
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TABLE IX

FIRST ORDER RATE CONSTANTS FOR DEUTERJUM TRANSFER 10 sec~BUTYLBENZENE
IN COMPETITION WITH CUMENE
(Deuterium source: ethylbenzene=dg; catalyst: potassium metal;
temperature: 15003 reaction vessel: sealed tubes. Data calculated
from Table VII.)

el
———

e—
—

Time Percent . Lecz

Sample {sec.) D (100/105—%D) (xlOs)k \}sec . l)
1 0 0 - -
2 7200 1.9 0.0083L 2,67
3% 7200 1.6 0.00702 2.25
L 14400 3.9 0.01728 2.(6
5 1Lboo 2.6  0.011LY 1.83
6 21600 L.3 0.01907 2.03
o 21600 5.8 0.02556 2.1¢
8 28800 7.2 0.032L6 .
9% 28800 /.5 0.03387 2.1
10 36000 8.2 0.03715 2.38
1 36000 8.3 0.03763 2.1
Average 2.4+ 0.26
Least -Squares Slopz 2.4

*These were run two weeks after the even—-numbered samples,
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exchange competition between cumene and sec~butylbenzene
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TABLE X

RELATIVE DEUTERIUM EXCHANGE RATES CALCULATED FROM
: LEAST SQUARES SLOPES
. (2,2~dimethyl-3-phenylbutane = 1.00)

iy s
—

Number Hydrocarbon Relative Exchange Rate

1 2,2=dimethyl-3-phenylbutane 1.00
2 2-methyl=3~phenylbutane 1.90
3 3~phenylpentane 1.96
L 2-phenylpentane 6.91
5 sec~butylbenzene 8.13
6 cumene ‘ 18.9

proton which is then received by the anion in a "push-pull"™ type of
reaction. This is illustrated below using Mortonts notaticn of a heavy

arrow indicating a major force (R, R; and R, are alkyl groups):

%f*)@ —_— @ + RH (11)

Electrophilic attack by organoalkall reagents was explained by Morton

with this mechanism.
Bryce~Smith (5), on the other hand, has suggested that the anion
is the more important species and visualizes a tetrapolar transition

state where the function of the metal cation is purely electrostatic,
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the driving force for the reaction being the energy difference between

carbanions., This coneepf is illustrated below:

R, ™ 1'22 B I‘Zz
Rl\ éi. H Rl\ 067--}1' 8+ Rl\ @1@
’ § 12

Bryce=Smith has tevmed this type of substitution "protophilic," involv-
ing the removal of a ?rotqnvin ﬁhe rate-determining step. This is to
be distinguished from a nucleophilic substitution invelving RK wnich
would involve attack on carbon by R with subsequent removal of a
hydride ion. As a test of this mechanism, Bryce-Smith (52) studied
the metalation of deuterobenzene and toluene-d, by ethylpotassium.
He found that protium was replaced by potassium more rapidly than
deuterium, indicating that, indeed, the breaking of the carbon-hydrogen
bond is important in the rate~determining step. He further points out
that the rate of meﬁalation at a given position is related to the
acidity of the hydrogen which is replaced. Objections raised by Bryce-
Smith to Morton's proposed scheme include the fact that the metal
cation retains the same electronic configuration after reaction as
before and that an electrephilic attack by the metal cation is not in
agreement with the extensive meta-substitution obtained in the metal-
ation of cumene by ethylpotassium nor with the fact that alkyl groups
appear to deactivate the ring to substitution.

In an attempt to do away with the objections of Bryce~Smith,
Morton (L7,53) supplemented his previous mechanism with an alternative

route, the reaction conditions determining which process would
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precominate. This additional path involves the concept of a radical-
pair as opposed to an ion-pair. Here, the first step is assumed to be
the dissociation of the organoalkali salt (with the hydrocarbon
coordinated on the cati§n) into two radicals, followed by the removal
of the most acidic hydrogen in the hydrocarbon by atomic alkali metal.
The process is terminated by acceptance of this hydrogen atom by the
alkyl fadical: This sequence is shown in the following ecuations:

R, R,

Rl_ !/ Ry I
; i C: H 13)
§ ©@r© —> K : R-
Ry Re
Fi<c: g Ri~O xO -~
K- + H
H- + R —> RH (15)

Morton pointed out that this altermative process is in agreement with
the removal of a proton in the rate-determining step. This mechanism

is regarded by Bryce-Smith (5L) as untenable since Morton did not supply
direct experimental evidence for free radicals and because of other
conflicting evidence.

Regardless of which mechanism is correct, both investigators agree
that the relative ease of metalation at any given position is a func-
tion of the acidity of the hydrogen being displaced, or, stated another
way, the salt of the strongesf acid should ke formed. Witn this fact

in mind, the present investigation was undertaken in an attempt to
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correlate the relative aéidity of certain hydrocarbo acids with their
structure.

Soveral processes are evident in thg exchange reactions studied
(17)5 (1) the initial attack of the catalyst on an alpha hydrogen to
form the organcalkali compound, (2) the exchange reaction between a
hydrocarbon and a carbanion and/or (3) exchange betwéen inorganic
hydride and an alkylaromatic. Only by these paths can the observed
products be rationalized.

The first step, attack by catalyst, may be visualized as follows:

R, - Ry

{

CH + K ——> @E:GK@ + H- (16)
R2 RE!

The hydrogen (or deuterium) atom formed can either unite with a second
hydrogen (or deuterium) atom to form hydrogen gas, or with'an atom of
potassium to form potassium hydride (or deuteride). As has been
previously mentioned, attack occurs on the alpha carbon due to
resonance stabilization of the resulting benzyl carbanion.

The next likely process is the transfer of an alpha proton (or
deuteron) from a hydrocarbon tc a carbanion resulting in a new, less

basic carbanion and less acidic hydrocarbon. This is illustrated below:

] i 1 [

cl:@-rD-c — (‘J-D+G(|1 (17)
)

R, R R, R,
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A consequence of path (17) is that if equal concentrations of carbanions
of different basicities (i.e. a,a~dimethylbenzyl and a-ethyl-a-msthyl-
benzyl) were to compete for a source of deuterium (i.e. ethylbenzene=dq),
the less acidic hydrocarbon formed (presumably, sec-butylbenzene) shovld
acquire deuterium more rapidly, other factors being equal.

Another possible path for exchange is the direct attack of a

deuteride ion on the alpha hydrogen of a hydrocarbon, as indicated:

131
— @%‘D + H6 (18)
Ry

Unfortunately at the present time, reaction (18) cannot be definitely

-

De +

o & )

V)

ruled out as a possible process (although there is little precedence
for this type of reacticn). It seems probable that this path would
likewise be a measure of the hydrocarbon acidity, leading to the same
results as step (17) (the less acidic hydrocarbon exchanging with
deuterium at a faster rate). Tt will be assumed in further discussion
that exchange occurs predominantly according to (17). All three paths
are consistent with first-order kinetics.

From a consideration of the electrical effects of the various
a,a~dialkyl groups on the hydrocarbons studied, qualitative predictions
as to the order of relative acidity can be made. The order of decreas-
ing electron repulsion {inductive effect) is =C(CH,); > -CH(CHai), =
~CH,CH; > ~CH; (55). This leads to an order of decreasing relative
acidity as follows: cumene > sec-butylbenzene Z 2-phenylpentane >

3~phenylpentane and 2-methyl-3~phenylbutane > 2,2-dimethyl-3-phenylbutans.
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If step (17) is the rate-determining one, the deuterium exchange rates
should increase in the order of decreasing acidity. The results obtained
are completely reversed from this observation, the order of decreasing
rates paralleling that of predicted decreasing acidity. |

The observed results can, however, be rationalized by assuming
that step (16), initiation of the exchange by catalyst, is rate-
determining.. This seems entirely reasonable from the fact decreasing
the amount of catalyst decreased the rate of exchange. Turther, it is
felt that this step is directly related to the acidity of the hydrogen
displaced, the more acidic hydrogen being more easily removed | resulting
in a higher concentration of the less basic carbanion). This belief
is similar to Robert’s (8) assumption that the rate constants for
removal .of particular hydrogens in acids of similar structure are
related to their equilibrium ionization éonstants, Ka.

It will be noted that the steric requirements of the hydrocarbons
studied increase with decreasing acidity. Because of this, it might
be argued that the decrease in rate of deuterium exchange is due solely
to a steric factor. If step (16) (attack by a potassium atom) is the
rate~determining step as postulated, steric considerations would be
expected to play a less dominant role than if path (17) (attack by a
carbanion) were the controlling step. It is, however, difficult to
divorce the steric factors from any of the processes which may be taking
place. Bryce=Smith (5) studied the comipstitive metalaticn reaction of
cumene and ethylpotassium and assigned the order of decreasing relative

acidity to the hydrogens on cumene para > meta > alpha > ortho > > beta.
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These results are not compatible with those obtained by deuterium
exchange where substitution occurred almost exclusively in the alpha
position. Bryce-Smith?s results may be due to several factors, some
of which are not directly related fo the acidity. One is that the
eth;;‘rl carbanion, being very basic, is not as discriminating as a
potassium atom when displac;’ng a hydrogen. Therefore, the likelihood
of proton remov&l from the ring is greater. Secondly, the steric
requirement of the e'bhyl»carbanion (probably functioning as an ion-
pair with the potassium caﬁion) is considerably greater than a
potassium atom. This would tend to reduce the probability of attack
in the alpha position and yet have little effect on the meta and para
positions.

The initial attack, equation (16), ﬁeed not involve free radicals,
the process very likely being concerted where the hydrogen atom being

expelled is aided by a second potassium atom. This may be pictured as

shoun: - -
R, R, R,
/ ' 1
Rl"C + H . Rl‘C gOH‘. Rl‘CG')KCB
+ 2K ~—> Keeok — v XY

The reaction most probably occurs on the surface of the liquid potassium
metal.

Further study on this problem might help to elucidate the mechanism.
A more extensive investigation into the effect varying amounts of

catalyst produce on the rate of exchange would be of value in the

(19)
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establishment of step (16) as rate-determining. The question of
whether the hydrogen atom displaced in the initial attack forms hydrogen
gas or potassium hydride could be resolved by analysis for hydrogen gas.
Another fest. for the postulated mechanism would be the addition of
deuteride ion to the reaction mixture. The rate should not change
(provided the total source of deuterium was constant) if path (16) is
rate-determining, whereas if (18) were involved, a rate increase would
be observed.

In conciusion, it is felt that the relative rates tabulated in
Table X represent the relative acidities of these hydrocarbons as
measured by deuterium exchange over potassiﬁm metal.

Deuterium exchange as a method for measuring acidity can be
extended to include a wide variety of compounds. Those particularly
saited are hydrocarbons containing benzylic hydrogens. An interesting
series of compounds to study might be alkylaromatics, such as cumene,
mono= or di-substituted in the various ring positions by groups which
would not react with potassium, but would be expected to influence the
acidity. The tert-butyl and phenyl groups are two such substituents.
The special advantage such a system offers, at least when the ortho
positions are unsubstituted, is that the steric requirements of all
compounds in this series (i.e, ring substituted cumenes) would be the
same. |

Another interesting competitive exchange reaction would be that
of toluene and cumene using ethylbenzene-d, as the deuterium source.

Toluene is the most acidic and cumene the least acidic of the three
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hydrocarbons. Because of this, the concentration of benzyl carbanions
present in,thé reaction mixture should exceed those of a-vhenylisopropyl
carbanions, implying that toluene would exchange faster. The deuterium
exchange between ethylbenzene-d; and the anion from cumene would be
expected to proceed normally, the driving force being the formation

of the less basic carbanion (a-phenylethyl) and the less acidic hydro—
carbon (cumene). Equilibrium should be on the right side of the

equation below:

CH D CH

[ 1 12 @H

cO + CHCHy =i~ CD + CHy
CH, ‘ CHy

However, in order for exchange to occur between ethylbenzene~dg and the
anion from toluene the exchange invelves the production of the more
basic anion (&-phenylethyl) and the more acidic hydrocarbon (toluene).

BEquilibrium here should lie on the left of the following equations

i S
© :
N N (21)

A study of these rates might show that in this reaction, path (17)
(deuterium exchange) becomes rate-determining for toluene while cumene
is still dependent upon step (16) (attack by potassium). The net
result may be that cumene would have the éreater over—-all exchange rate
in spite of the fact that it is less acidic. This would provide an

interesting test of the proposed mechanism.
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SUMMARY

1. A general synthetic route to alpha~deuterated alkylaromatic
hydrocarbons was developed. This inveolved cleavage of the appropriate
arylalkyl methyl ether with potassium metal and hydrelysis of the
resulting organometallic with deuterium oxide. Compounds prepared by
this method contained little or no deuterium on the aromatic ring. The
following hydrocarbons ﬁere synthesized using this procedure: cumene=dq,
sec~butylbenzene-dg, 2-phenylpentane-d,, 3-phenylpentane~dg, 2-methyl-
3=phenylbutane-dg and 2,2-dimethyl=-3-phenylbutane~dg. These standards
were analyzed mass spectrometrically and then used for preparing
calibration curves from which unknown amounts of deuterium could be
determined.

2. A gas chromatography avparatus was adapted so that small volumes
of hydrocarbon mixtures could be separated with near-quantitative
recovery of the individual components.

3. Alkylaromatics, when heated in the presence of a suitable
catalyst such as potassium metal, may exchange hydrogens on the carbon
alpha to the aroﬁatic ring. This reaction was investigated as a
possible method for determining the relative acidity of hydrocarbons.
The technique involved measuring the relative rates at which two hydro-
carbons compete for the deuterium in a third.

Ji. In preliminary experiments, the effects of several catalysts,
temperature ranges, reaction vessels and compound types were studied.

The exchange rates varied directly with the amount of catalyst and also
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depended upon the molar ratio of the hydrocarbon reactants. Conditions
 most suitable for kinetic experiments involved heating two hydrocarbons
with ethylbenzene~d, for varying times at 150° in sealed tubes using
potassium metal as the catalyst.

5. First order rate constants were obtained from plots of log (100/
100-2D) vs. t, when %D was the mole percent of deuterium in the hydro-
carbon at time t. The order of decreasing relative exchange rates was
‘fou.nd to be: cumene, 18.9; sec~butylbenzene, 8.13; 2—pheny1pen£ane,
6.91; 3-phenylpentane, 1.96; 2—methy1-3-i:>henylbutane, 1.90;5 2,2-dimethyl~
3=phenylbutane, 1.00. This order parallels that of predicted acidity
of these compounds.

6. A mechanism is proposed which accommodates the results obtained.
This involves a rate-~determining attack by potassium on the most acidic
hydrogen of each compound to form the organopotassium salt followed by
deuterium transfer between the carbanion of an organcmetallic and a
deuterated hydrocarbon molecule. Both steps are believed to depend on
the acidity of the hydrocarbons.

7. In miscellaneous experiments, diphenylmethane did not exchange
protium for deuterium with ethylbenzene~d, under a variety of conditions.
An explanation for this is offered. An attempted competition reaction
between cumene and phenylcyclopropane under the exchange conditions

resulted in deuterium transfer to cumene but polymerization of phenyl-

cyclopropane.
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Optical Density

Figure 10. Percent deuterium content of mixtures of
cumene and cumene~dg in carbon tetrachloride vs.
optical density at L.65 microns. (Concentration of
hydrocarben = 2.97 M.)
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Figure 11. Percent deuterium content of mixture of
3=phenylpentane, and 3~phenylpentane~dy in carbon tetra-
chloride vs. optical density at 4.68 microns.
(Concentration of hydrocarbon = 2.L0 M.)
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Optical Density

Figurs 12, Percent deuterium content of mixtures of
2=-phenylpentane and 2-phenylpentane-dg in carbon tetra-
chloride vs. optical density at L.67 microns. 85
(Concentration of hydrocarbon = 2.39 M.)
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Figure 13. Percent deuterium content of mixtures of
2=methyl-3~-phenylbutane and 2-methyl-3~phenylbutane~dg
in carbon tetrachloride vs. optical density at L.70
microns, . (Concentration of hydrocarbon = 2.L2 M.)
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Figure 1l. Percent deuterium content of mixtures of
2,2~dimethyl-3~phenylbutane and 2,2-dimethyl-3-phenyl-
butane~dg in carbon tetrachloride vs. optical density

at L.69 microns. (Concentration of hydrocarbon = .16 M.)
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TABLE XI

COMPETTTTON BETWEEN CUMENE AND sec-BUTYLBENZENE,
(0.10 g. potassium metal, 150, 1.200 ml. stock solution” per ampoule)

Time Potassium . Percent Deuterium Exchanged
Sample (hrs.) Weight (g.) Cumene sec=Butylbenzene
1 2 0.104L 0.7 1.1
2 N 0.103 5.3 . 2.2
3 6 0.096  10.1 4.9
L 8 0.102 11.0 L.6
5

10 - 0.10L .2 6.3

®Stock solutiont 1.8L0 ml. ethylbenzene-d,, 2.100 ml. cumene
'2.340 ml. sec~butylbenzene.



TABLE XII

COMPET TTTON BETWEEN sec~BUTYLBENZENE AND 3-PHENYLPENTANE
(0.20 g. potassium metal, 150, 1.400 ml. stock solution per ampoule)

Time Potassium Percent Deuterium Exchanged
Sample (hrs.) Weight '(g.) sec~Butylbenzene 3-Phenylpentane

1 2 0.209 2.1 0.7
2 i 0.199 3.7 0.9
3 L 0.205 L. 0.9
I 6 0.20k 6.0 1.5
5 6 0.204 5.6 1.)
6 8 0.205 ’ 6.6 1.7
7 8 0.207 - 6.7 1.7
8 10 0.199 8.6 2.0
9 10 0.207 8.2 . 2.1

*Stock solution: 5.00 ml. ethylbenzene=d,, L.L70 ml. sec-butyl-
‘benzene, 11.950 ml. 3-phenylpentane.



TABLE XTIT

COMPETITION BETWEEN Seg-BU'IYLBENZEN’E AND 2-PHENYLPENTANE
(0.20 g. potassium metal, 150 , 1.L00 ml. stock solution” per ampoule)

=== —

Time Potassium Percent Deuterium Exchanged

Sample (hrs.) Weight (g.) $=Butylbenzene 2-Phenylpertane
1 2 0.206 | 3.0 2.6
2 2 0.208 1.9 1.8
3 L 0.203 1.0 3.4
N L 0.201 L.3 3.7
5 6 0.201 6.5 6.1
6 6 0.200 6.2 5.6
1 8 0.206 8.0 6.8
8 8 0.202 8.3 7-0
9 10 0.203 8.7 7.1
10 10 0.206 7.8 6.7

*3tock solution: S.OOOI ml. ethylbenzene-dg, L.L70 ml. sec-butyl-
benzene, l.960 ml. 2-phenylpentane.

90



COMPETTITION BETWEEN sec-BUTXLBENZENE AND 2-METHYL-3- PHENYLBUTANE
(0.720 g potassium metal, 150 s 1.L40 ml. stock solution” per ampoule)

o i

TABLE XTV

——

91

Time

g

. Potassium ~Percent Deuterium Exchanged

Sample (hrs.) Weight (g.) sec-Bitylbenzene 2-Methyl-~3~phenylbutane
1 2 0.20L 2.2 0.8
2 3 0.203 3.5 0.6
3 L 0.203 3.9 0.9
kL 6 © 0,201 6.2 1.5
5 6 0.20%> 6.0 1.7
6 8 0.20L 7.2 1.9
7 10 0.205 9.7 2.4
8 10 0.207 8.5 1.9
9 15 0.200 12.1 3.0
10 20 - 15.2 3.7

0.205

*Stock solutions

5.500 ml. ethylbenzene=dg; L4.917 ml. sec-
butylbenzene; 5.390 ml. 2-methyl-3-phenylbutane.



TABLE XV

COMPETITICN BETWEEN Sec-BUTYLBENZENF AND 2, 2—DIMFTHYL—3 - PHENYLBUTANE
(0.20 g. potassium metal, 150°, 1.500 ml. stook solution” per ampoule)

e g
—— ———

Time Potassium Percent Deuterium Exchanged

Sample (hrs.) Weight (g.) sec—Butylbenzene 2,2=Dimethyl~3~-phenyl-

butane

1 2 0.299 ' 3.0 0.4
2 2 0.300 2.6 ~ 0.3
3 L 0.298 L7 0.6
I L 0.302 4.8 0.7
5 6 0.303 6.6 0.8
6 6 0.301 6.6 0.8
T 8 0.306 7.8 0.9
8 8 0.301 7.8 0.9
9 10 0.303 9.1, | 1.0
10 1C 0.302 7.8 . 1.3

%Stock solution: 6.000 ml. ethylbenzene=d,; )i.i70 ml. sec-
butylbenzene; 5.180 ml. 2,2=-dimethyl-3-phenylbutane.
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TABLE XVI

FIRST ORDER. RATE CONSTANTS FOR DEUTERIUM TRANSFER TO CUMENE

IN COMPETITION WITH sec~-BUTYLBENZENE
(Data calculated from Table XI.)

Time | Percent Log _s kg -1

Sample (sec.) D (100/1.00~%D) (x10 ) (sec. )
1 0 0 - -
2 7200 0.7 0.00303 0.97
3 14Loo 5.3 0.02366 3.78
n 21600 10.1 0.04622 4.93
5 28800 11.0 0.05061 }.05
6 36000 1.2 0.06651. }y.26

Average 3.60 + 1.05

Least Squares Slope L X3
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TABLE XVII

FIRST ORDER RATE CONSTANTS FOR DEUTERIUM TRANSFER TO
sec~BUTYLBENZENE IN COMPETITION WITH CUMENE
{Data calculated from Table XI)

Time Percent Log ky 1

Sample (sec.) D (100/1.00~%D) (x108) (sec. )

1 0 0 —— m——

2 7200 1.1 0.00kL79 1.53

3 114100 2.2 0.00966 1.55

I 21600 .9 0.02181 2.33

5 28800 L.6 0.020LkL 1.63

6

36000 6.3 - 0.02825 1.81

Average 1.77 % 0.2L

Least Sguares Slope 1.82




TABLE XVTIT

FIRST ORDER RATE CONSTANTS FOR DEUTERIUM TRANSFER TO
sec~BUTYLBENZENE IN COMPETITION WITH 3-PHENYL PENTANE
(Data calculated from Table XIT)

Time Percent Log kq _1
Sample (sec.) D (100/1.00~%D) (x10€) (sec. )
1 0 0 —— —
2 7200 2.1 0.0092) 2.96
3 14,00 3.7 0.01636 2.62
N 11,00 Il 0.01820 2.91
5 21600 6.0 0.0268% 2.86
6 21600 5.6 0.02502 2.67
7 128800 6.6 - 0.02967 2.37
8 28800 6.7 0.03011 2.1
9 36000 8.6 0.03906 2.50

10 36000 8.3 0.03763 2.1

Average 2.54 £ 0.20

Least Squares Slope 2.51




TABLE XIX

FIRST ORDER RATE CONSTANTS FOR DEUTERIUM TRANSFER TO
3~PHENYL.LPENTANE IN COMPETTTION WITH sec~-BUTYLBENZENE
(Data caleulated from TABLE XTI)

. co—pe

Time Percent Log _s X1 1

Sample {sec.) D (100/100~%D) (x10 ) (sec. )
1 0 0 - —
2 7200 0.7 0.00303 0.969
3 1hkoo 0.9 0.00393 0.629
I 1100 0.9 0.00393 0.629
5 21600 1.5 0.00655 0.698
6 21600 1.h 0.00612 0.653
7 28800 1.7 0.00745 0.596
8 28800 1.7 0.0071i5 0.596
9 36000 2.0 0.00877 0.561
10 36000 2.1 0.0092L 0.591

Average 0.658 * 0078

Least Squares Slope 0.667




TABLE XX

FIRST ORDER RATE CONSTANTS FOR DEUTERIUM TRANSFER TO
Sec-BUTXLBENYENE IN COMPETITION WITH 2-PHENYLPENTANE
(Data calculated from Table XITI)

Time Percent Log k4 1

Sample (sec.) D (100/100~%D) (x108) (seec. )
1 0 0 - —~——
2 7200 3.0 . 0.01322 .23
3 ‘1200 1.9 - 0.00877 2.81
L 1hhoo L.0 0.0177L 2.8l
5 14400 L.3 0.01907 3.05
6 21600 6.5 0.02818 3.01
T 21600 6.2 0.02780 2.96
8 28800 8.0 0.03623 2.90
9 28800 8.3 0.03763 3.01
10 36000 8.7 0.03953 2.53
11 36000 7.8 0.03527 2.26

Average 2.96 * 0.29

i.east Squares Slope

2

97



TABLE XXT

FIRST ORDER RATE CONSTANTS FOR DEUTERIUM TRANSFER TO
2=-PHENYL.PENTANE IN COMPETITION WITH sec-BUTYLBENZENE
(Data calculated from Table XITI)

Time Percent Log k4

Sample  (sec.) D (100/100=%D) (x10%) (sec )
1 0 0 — -—
2 7200 2.6 0.,011hL 3.66
3 7200 1.8 0.00788 2.52
L 14400 3.4 0.01502 2.00
5 14400 3.7 0.01636 2.61
6 21600 5.6 0.02502 2.67
7 21600 6.1 0.02735 2.92
8 28800 6.8 0.03060 2.5
9 28800 7.0 0.03153 2.52

10 36000 . 6.7 0.02911 1.86
11 36000 7.1 0.03197 2.05

Average 2.57 = 0.32

Least Squares Slope 2.8§




TABLE XXIT

FIRST ORDER RATE CONSTANTS FOR DEUTERIUM TRANSFER TO
sec~BITYLBENZENE TN COMPETITION WITH 2~METHYI.-3~PHENYLBUTANE
(Data calculated from Table XIV)

Time Percent Lcg k 1

Sample {sec.) D (100/100~%D) (x108) (1sec.- )
1 0 0 - -—
2 7200 2.2 0.00966 3.09
3 10800 3.5 0.01549 3 .30
l 14400 3.9 0.01728 - 2.76
5 21600 6’2, 0.02780 2.96
6 21600 » 6.0 0.02686 2.86
7 28800 | 7.2 0.032L6 2.60
8 36000 | 9.7 0.0L}30 2.83
9 36000 8.5 0.03858 2.7
10 514000 12.1 0.05603 2.39
11 72000 15.2 0.07159 2.29

Average 2.76 + 0.25

Least Squares Slope Z.W




100

TABLE XXTIT

FIRST ORDER RATE CONSTANTS FOR DEUTERIUM TRANSFER TO
2~METHYL~3-PHENYLBUTANE IN COMPETTTION WITH sec~BUTYLBENZENE
(Data Calculated from Table XIV)

Time Percent Log | ST
Sample (sec.) D (100/100-%D) (x108) (sec. )
1 0 0 ~— -

2 7200 0.8 0.00350 1.120
3 10800 0.6 0.00260 0.554
n 14L00 0.9 0.00393 0.629
5 21600 1.5 0.00655 0.698
6 21600 1.7 0.00745 0.79kL
7 28800 1.9 0.0083L 0.667
8 36000 | 2. 0.01055 0.675
9 36000 1.9 0.0083L 0.53L
10 5L000 3.0 0.01322 0.564
11 72000 3.7 0.01636 0.523

Average 0.676 * 0,118

Least Squares Slope 0.57¢
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TABLE XXIV

FIRST ORDER RATE CONSTANTS FOR DEUTERIUM TRANSFER TO
sec~BUTYLBENZENE IN COMPETITION WITH 2 s 2=DIMETHYL~-3~PHENYL.BUTANE
(Data calculated from Table XV)

Time Percent Log k, -1
Sample  (sec.) D (100/100-%D) (x108) (sec. )
1 0 0 ——— ——

2 7200 2.6 0.011LL 3.66
3 7200 3.0 0.01322 .23
L 11100 © bt 0.02090 3.3L
5 141,00 L8 0.02135 3.h2
6 21600 6.6 0.02967 3.16
7 21600 6.6 0.02967 3.16
8 28800 7.8 ‘0.03527 2.82
9 28800 7.8 0.03527 2.82
10 36000 9.1 0.0L1l3 2.65

11 36000 7.8 0.03527 2.26

Average 3.15 £ 0.3

Least Squares Slope 274
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TABLE XXV

FIRST ORDER RATE CONSTANTS FOR DEUTERIUM TRANSFER TO
2,2=~DIMETHYL~3~PHENYLBUTANE IN COMPETITION WITH sec~BUTYLBENZENE
(Data calculated from Table XV)

Time Percent Log kq _1

Sample  (sec.) D (100/100-%D) (x108) (sec.” )
1 0 0 -—— -—
2 7200 0.4 0.0017L 0.557
3 7200 0.3 0.00131 0.417
ly 14400 0.6 0.00262 0.418
5 14400 0.7 0.00305 0.,88
6 21600 | 0.8 0.003L9 0.372
7 21600 0.8 0.003L9 0.372
8 28800 0.9 0.00393 - 0.3l
9 28800 0.9 0.00393 0.31L
10 36000 1.0 0.00436 0.279

11 36000 1.3 0.00568 0.36L

Average 0.390 £ (065

Least Squares Slope O.3€D
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