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Chloride

By W. H. PEarLsON anD J. H. SiMONS

The discovery by Sprauer and Simons! of the
quantitative, homogeneous and measurable con-
densed phase alkylation reaction between toluene
and ¢-butyl chloride as catalyzed by hydrogen
fluoride provides a means for studying the mech-
anism of an alkylation reaction. Confirmation
and extension of the kinetic measurements of
Sprauer and Simons are, therefore, highly desir-
able; and herein such measurements are reported
in which an entirely new apparatus was used.
The question of the basicity of the promoter was
raised in the previous work and we have heen able
to make further nieasurements relative to this
question employing several different basic pro-
inoters. The measurements agree approximately
with the kinetic equations of Sprauer and Simous,
but the greater precision obtained indicates the
need of an additional term.

The difficulties and hazards of attempting to
postulate reaction mechanism on the basis of reac-
tion products alone, particularly for condensed
phase reactions, are well knowi. The complex
nature of the kinetic equations for this apparently
simple alkylation reaction gives emphasis to this.
All such postulated mechanisms have as their
foundation the assumption of one or more reaction
intermediates. These intermediates always take
the form of some peculiar and high energy comn-
taining molecular species, ions, or free radicals, or
for variety and complexity, solvated forms of one
of these. High energy containing molecular
species are seldom accepted as intermediates for
gas phase reactions. In the condensed phase,
where intermolecular collision is continuous, the
life period of the activated state would generally
be conceded to be too short to pernit of the species
servitg as an intermediate. The assumption of
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Fig. l.—Diagram of rale measuring apparatus.

(1) J. W. Sprauer and J. H. Simons, THIS JoumNaL, 64, 648
(1942),

ions and free radicals is, therefore, looked upon
with greater favor as postulated intermediates.
We have been able to calculate the rate of this re-
action on the basis of either of these assumptions
and show that the maximum rate so calculated is
slower than the experimental rate to such an enor-
mous extent that either of these assumptions is
untenable. We have, therefore, been able to
demonstrate that no mechanism can be satis-
factory which postulates one or more simple or
solvated interniediate molecular species in the
form of activated molecules, ions, or free radicals
in one or a set of stoichiometric reactions. The
theory of the reaction mechanism as presénted by
Sprauer and Sinions is confirmed within the pre-
cision and extent of the measurements.

Apparatus.—The method of quantitatively following the
rate of this reaction is to add a known amount of {-butyl
chloride to a mixture of toluene and basic promoter, which
is under a determined pressure of hydrogen fluoride in a
metallic reaction vessel in a thermostat, and to follow the
pressure rise with tinte, The previous experiments had
shown the promoting effect of water and alcohol and,
therefore, the necessity of rigid drying and care in han-
dling. Also, the possibility of promotion by metallic ions,
particularly silver ions, necessitated care in the design and
construction of the reaction vessel. Internally it was en-
tirely gold plated.

A diagram of the rate measuring apparatus is shown in
Fig. 1. It consists of the reaction vessel (A) held in a
strap-iron frame in a thermostat. The frame was given a
swirling motion by an eccentric (B) operated from above,
The support and center of the motion were a ball and
socket joint (C) above the center of the vessel. The reac-
tion vessel had two diapliragm valves and a third outlet
at its top. The third outlet connected through a flexible
coil of 1/4-inch copper tubing to a differential manometer,
one arm (D) of which was steel tubing. On the glass side
an electric rest point signalling device (E) was used. This
was a simple circuit of a dry battery, 3.6 volt flashlight
bulb, and tungsten contact. One of the diaphragm valves
counected through a !/s-inch copper flexible spiral to the
hydrogen fluoride reservoir (FF) and through a conumnercial
diaphragin valve to the glass manifold (G). The other
valves opened to the device for introducing the reactants.
The remainder of the apparatus contained a nancmeter
(H), buffer voluine (I), connection to vacuuin system and
nitrogen source, elc., to enable the pressure on the outside
of the ilifferential manoineter to be adjusted and read.

The reaction vessel was made of a 6.8-inch length of 3-
inch copper tubing closed at the cuds with 0.23-inch copper
plate. The ends of the tubing were machined and pro-
vided with an internal shoulder.  The end plates were also
machined with shoulders to match the tube but with the
ottside iliameter 0.003 of an inch larger than the inside
diameter of the tubing. The upper plate had three 0.25-
inch hnles drilled through it for thie outlet tubes. The
separate parts, including three short pieces of (0.25-inch
copper tubing, were repeatedly plated with gold with in-
tensive burmisliing between platiugs. To assemble the
chiamber, the lower plate was chilled in Dry Ic¢-acetone
while the tubing was warmel to 100° A shrink fit joint
was then made; but to cnsure freedom from leaks it was
silver soldered on the outside, while the inside was pro-
tected with hydrogen. Several additional platings with
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gold eusured 1he repair of auy injury to the surface that
the soldering may have caused. The upper plate was
fastened in the sanie inauner and the three gold-plated out-
let tubes attached with silver solder. When completed,
the vessel had a capacity of 565 cc. The diaphragm valves
were those used previously.! They were of Mouel metal
with copper diaphragms and a valve seat of 1/; of an inch
diameter.

The procaiure for introducing the reagents into the
vessel is a critical part of the technigque. The devices
shown in Fig. 2 were employed. They were connected by
means of S. A. E. flare fittings on copper tubing to the un-
encumbered diaphragin valve of the reaction vessel. The
sinaller diagram is for the ¢-butyl chloride introduction and
the larger for the toluene with or without the promoter in
solution. The devices consisted essentially of a brass disk
connected to a copper tube, to whicli was fastened a glass
flange (top of a round-bottom boiling flask) by means of
split rings and six bolts. The gasket material was sheet
Resistoflex. This substance, a polyvinyl alcshol elasto-
mer, is quite inert toward hydrocarbon liquids and suffi-
ciently elastic to seal the joint without undue pressure.
Preliminary tests showed no visible change in texture or
dimensions after six hours in refluxing toluene. Tubes
sealed to the glass flanges had side arms which were pro-
vided with glass-encased iron plungers to break off the
capillaries of the reagent vials, A concentric guard tube
was employed in the toluene device to eliminate any
tendency of the promoter to be selectively absorbed by
the gasket material.

Preparation of Materials.—Hydrogen fluoride was pre-
pared by heating potassium bifluoride purified by elec-
trolysis.? It was stored in a copper container fitted with a
special diaphragm valve. Since the pressure of the hy-
drogen fluoride was always above atmospheric pressure,
any leakage would have been outward. Qutgassing was,

therefore, unnecessary and the possibility of atmospheric

moisture entering was negligible.

The four promoters used were water, methanol, diethyl
ether and hexamethylacetone. The water was redistilled
in glass, methanol was distilled 7z vacuo from magnesium
methylate, ether was dried over sodium and distilled in
vacuo, and the ketone was a pure sample obtained by
the kindness of Dr. F, C. Whitmore. Samples of these
promoters were condensed in bulbs having capillary tips
several centimeters long.

t-Butyl chloride was prepared from #-butyl alcohol and
concentrated hydrochloric acid. It was dried over cal-
cium chloride and distilled through an efficient laboratory
fractionating column, A middle cut of constant index of
refraction was used in the experiments, It was stored in
the dark over anhydrous potassium carbonate until placed
in the sample vials. The sample vials were made of 7-mm,
glass tubing sealed to one-half a small ground joint and
containing a capillary restriction. They were weighed and
connected to a manifold by means of the other half of the
ground joints. A bulb connected to this manifold con-
tained dry potassium carbonate, and into it the freshly
distilled #-butyl chloride was placed without coming in
contact with moist laboratory air. Gases were removed by
alternate freezing, evacuation, and thawing. The ¢-butyl
chloride was then distilled into the vials, and they were
sealed at the constriction, leaving a length of capillary for
breaking in the device described above. A final weighing
gave the amount of the sample. From this time on the
t-butyl chloride was kept frozen in the dark in Dry Ice-
acetone until use,

The toluene was repeatedly extracted with concentrated
sulfuric acid until very little color developed in the acid.
After washing and drying over calcium chloride, the ma-
terial was distilled through an efficient fractionating
column and a middle cut of constant index of refraction
was used. The toluene was stored over sodiumn until the
final drying. Sufficient toluene was prepared at the start
for all of the experiments, so that variation in this sub-
stance would not have to be taken into consideration.

(2) J. H. Simons, THIS JoumNaAL, 48, 2179 (1924).
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Fig. 2.—Devices for introducing reactants.

The final drying of the toluene was accomplished with
sodium triphenylmethyl. Previous experience had dem-
onstrated that either metallic sodium or phosphorus pent-
oxide was an inadequate drying agent for the purpose.?

The toluene solution of sodium triphenylmethyl was
prepared using elementary sodium. Previous workers
have used a dilute sodium amalgam, and Schlenk and
Marcus* found that p-benzhydrylphenyltriphenylmethane
was formed in the presence of elementary sodium without
the formation of sodium triphenylmethane. In a two-liter
flask was placed one liter of purified and dried toluene and
65 g. of sodium. The mixture was heated until the sodium
melted. The flask was then tightly stoppered and heated
until the sodium melted. It was shaken violently until
the sodium had solidified into very small particles. A
mercury-sealed stirrer and reflux condenser were substi-
tuted for the stopper and a stream of carefully dried and
purified nitrogen replaced the air. The nitrogen was
freed of oxygen by passage through alkaline pyrogallol
and dried by passage through phosphorus pentoxide.
For all subsequent operations a slight positive pressure of
nitrogen was maintained. A solution of 90 g. of tri-
phenylmethyl chloride in 500 cc. of dry toluene was added.
The reaction was complete within twenty-four hours at
50-60° with vigorous stirring, To prepare more of the
solution, dry toluene containing the requisite amount of
triphenylmethyl chloride was added to the residue and
warmed with stirring until conversion was complete, as
evidenced by the failure of a red color to develop on the
surface of the sodium.

The preparation of a sample of rigorously dried toluene
of known volume and containing a known small concen-
tration of promoter, while avoiding the accidental ad-
mission of water such as from the atmosphere or from the
water film on glass equipment, involved .the employment
of a special apparatus and technique. A diagram of the
apparatus is shown in Fig. 3. The toluene container (1)
was a liter-flask provided with a 10-mm. sidearm and con.
nected through the tee (2) to the receiver (3). Stopcocks
protected from toluene vapor by a water condenser (4)
connected the flask and receiver with the vacuum and
nitrogen manifolds. The recelver (3) consisted of two
200-cc. bulbs. A capillary led from their connecting tube
through a stopcock (5) to the mixing chamber (6). A con-
nection also led from the bottom of the receiver through a
stopcock (9) to the sample container (10). Stopcocks (5)
and (9) were in contact with liquid toluene, and the usual
lubricants were unsuitable. A special glycol citrate ester

(3) J. H. Simons and E. M. Kipp, Ind. Eng. Chem., Anal. Ed., 18,
328 (1941).
(4) W. Schlenk and E. Marcus, Ber., 47, 1664 (1914).
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Fig. 3.—Apparatus for sample preparation.

lubricant elsewheré described® was employed. The mnix-
ing chamber (6) consisted of two bulbs of 200 and 100 cc.
volume connected with 10-mm. tubing. The capillary
from stopcock (5) extended throngh a ring seal to below
sidearm (11). Manifold connections were provided, and
marks on the glass tubing just above and below the 200-cc.
bulb established a known volume. Two connections were
made at the bottom of the smaller bulb. One connected
to the buret (8) and the other to the mercury reservoir (7)
through a stopcock and ring-sealed orifice (12) which en-
sured that grease or scum on the mercury would not be
carried into the toluene. The sidearm (11) served as the
receiver for the promoter vial. It was provided with a
right angle connection which contained a piece of iron
sealed in glass for the magnetic hammer to break the tip
of the promoter vial. The buret (8) was of 25-cc. capacity
graduated to 0.1 cc. It was connected through scum trap
(13) and a stopcock to the mercury reservoir and through
a capillary to the sampling device (10). The height be-
tween the solution inlet of (8) and the top of the capillary
bend above (10) was 80 ¢m., so that a vacuum could be
maintained in (10) at the same time as an atmosphere of
pressure in the mixing chamber. The sampling device (10)
consisted of a one-liter bulb provided with a ground joint.
To it were sealed five solution vials and a waste bulb, The
upper part of the ground joint was connected to the
vacuum and nitrogen manifolds. and the capillary tube
entered through a ring seal and extended to a tip to divert
the liquid stream into any of the vials or the waste bulb.
The solution vials were calibrated so that 25 cc. of solution
filled them to a mark on the neck. Their lower ends ter-
minated in capillaries.

Preparation of Toluene Samples,—The toluene samples
containing a known concentration of promoter were pre-
pared in an all-glass apparatus, a diagram of which is shown
in Fig. 3. Pure dry toluene was distilled from the solution
containing sodium triphenylmethyl. A known volume of
it was mixed with a weighed amount of the promoter and a
measured volume of the solution added to a sample vial.
The addition of pure toluene to fill the vial to a calibrated
volume completed the sample. The sample vial was then
sealed and removed from the apparatus.

Before use the entire apparatus shown in Fig. 3 was
evacuated to less than 0.00001 mm, for several days with
occasional sparking of the walls to aid in the removal of
water. Dry nitrogen was then admitted. About 750 cc.
of toluene containing sodium triphenylmethyl in solution
was introduced into container (1). To ensure no con-
tamination in transfer, .the introduction was made by
ineans of a tube on the original container which entered
the side tube of (1) against an opposing stream of nitrogen
from the apparatus. After sealing the sidearm, the
pressure in both container and receiver (3) was reduced to
about 200 mm. and the receiver filled with toluene by dis-
tillation. A vial of the promoter was sealed in (11) and
the mixing chamber (6) evacuated, With the lower bulb

(8) W. H. Pearlson, Ind. Eng. Chem., Anal. Ed., 16, 415 (1944).
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of (6) filled with mercury and at a pressure of nitrogen
equal to that in (3), toluene was slowly admitted to (61.
The promoter was added by breaking the vial tip with the
magnetic hammer. The addition of toluene was con-
tinued until the solution filled the calibrated volume of the
upper bulb of (6). Mixing was accomplished by alter-
nately raising and lowering the mercury. By means of
manipilation with pressure and vacuum on the inercury in
reservoir (7), the solution was introduced into buret (8).
In filling the sample vials connected to (10) from the buret,
a small amount of solution was first run into thie waste bulb
and then the desired volunie placed in the vials. The solu-
tion was withdrawn from the capillary which was washed
with pure toluenc and the washings run into the waste
bulb. The volume was then made up with pure toluene.
The sample vials, when filled, were immersed in a Dry
Ice—acetone bath. The pressure was reduced to remove
dissolved gases and bubbles. Nitrogen up to atmospheric
pressure was added to enable the necks of the vials to be
thickened and drawn to heavy-walled capillaries, The
pressure was again reduced and the vials disconnected by
sealing the capillaries.

Measurement Procedure.—~—In making the measure-
ments, the toluene sample was introduced into the reaction
vessel, hydrogen fluoride admitted, and pressure and tem-
perature equilibrium established. ¢-Butyl chloride was
then added and the reaction followed with time as in-
dicated by the increase of pressure.

With the entire system, as shown in Fig. 1, evacuated
and free from leaks, the mercury was allowed to rise in the
differential manometer until electrical contact was made.
Despite the fact that a simple electrical circuit of a dry
battery and a flashlight bulb with a mercury tungsten comn-
tact might be expected to give difficulties with fouling at
the contact, under the conditions here employed in which
the contact was always either in vacuo or dry nitrogen, no
such difficulty was encountered. All measurements were
subsequently made while making (not breaking) the con-
tact. The volume of the mercury was now fixed and all
valvesclosed. The device shown in Fig. 2 containing a vial
of the toluene solution was now attached and evacuated
through the sidearm to a pressure of 0.001 mm. with
sparking to remove water. The sidearm was then sealed,
and the vial capillary broken by the magnetic hammer.
The contents of the vial were admitted to the reaction
vessel by tipping it with the valve open and gently warm-
ing the assembly beyond the reaction vessel. The valve
was closed, shaker started, and the sample device removed.
It contained a residue of less than 0.2 cc. of toluene. The
reaction vessel was opened to the manometer and the
pressure read. Hydrogen fluoride was then admitted
slowly with agitation until it had increased the pressure
just 400 mm. The ¢-butyl chloride device containing a
vial of the reagent was now attached and evacuated. The
sidearm was sealed, vial capillary broken, and the device
immersed in a beaker of boiling water. The valve to the
reaction vessel was opened and the timer started. After
forty-five seconds the valve was closed and shaking begun.
The reaction was now under way.

At a convenient subsequent time the sample device was
removed and quickly sealed with a brass connection. It
was chilled in a Dry Ice-acetone bath, opened, and washed
with alcohol. Silver nitrate and nitric acid were added,
and after several days standing with occasional shaking, a
chloride analysis determined the amount of the total
weighed sample not transferred.

Pressure measurements were begun ninety seconds after
opening the valve for the admission of ¢-butyl chloride,
but pressure equilibrium was not sufficiently established
for consistent readings until the elapse of three minutes.
Measurement was made by increasing the pressure on the
glass side of the system two to three millimeters and re-
cording the pressure and the time at which the differential
mnanometer reached equilibrium. The time between read-
ings was less than a minute at the start, increasing as gas
evolution slowed to a half hour or more. The reaction
was followed closely for eight to ten hours, with a usual
pressure rise of about 200 mm. and approximately 90%,
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completion. The reaction was essentially complete in less
than thirty hours, at which time most experiinents were
terminated. In some cases observations were continued
for forty-eight or seventy-two hours to evaluate accurately
the total pressure rise,

Pressures on the outward side of the differential manom-
eter were read on an absolute mercury manometer with
an internal diameter of 15 mm., mounted against a mirror
containing a scale, which was calibrated against a precision
cathetometer. Corrected heights were used to calculate
the pressure. Room temperature was maintained between
25 and 28° during an experiment to obviate errors due to
temperature changes in the density of mercury. The
thermostat was maintained at 25.00 = 0.03°.

Results

The data obtained from each experiment con-
sisted of a series of pressure measurements at
determined elapsed times. These points were
plotted and a smooth curve drawn through them.
Normals to the primary rate curve were drawn
with a plane metallic mirror held in a small frame
at a right angle to the plane of the graph paper.
The normal was drawn when the curve itself and
its image appeared to give no perceptible break.
This was checked by rotating the mirror 180° at
the same point and by the appearance of the con-
structed normal and its image as a straight line,
when the mirror was placed to form the best ob-
servable tangent to the curve. The slope of the
tangent was obtained from the normal by graphi-
cally interchanging the physical lengths of the
intercepts of the normal and taking the negative
of the angle of a line drawn through them.

Space does not permit the reproduction of all
the data, but the points for four typical experi-
ments are shown in Figs. 4 and 5 which illustrate
the consistency of the readings for any one ex-
periment.

An analytical expression was found for the cor-
relation of the data of any one experiment.
Sprauer and Simons! give two equations for this

purpose.

QE_ g (P, ~ P) )
and
%=R(Pm ~P) +SPs ~ P2 (2

in which dP/dt is the tangent to the rate curve, P
is the instantaneous pressure, ¢ is the time, P«
is the final pressure, and @, b, R and S are con-
stants. In (1) (P~ — P)/dP/d¢ is linear with
(P> — P) and in (2) (dP/dt)/(P- — P) is linear
with (P — P). The data of the present work
fell on a straight line as well as could be expected,
when plotted according to either of these equa-
tions. The constants obtained from these straight
lines were used in the integrated forms of the two
equations, respectively
In (Py, — P) ~ (Ps — P)/b + at/b = constant (3)
and

1 Py ~ P

RURTsE.=p T
The constants of integration were determined by
fitting the experimental curve at a point near the

t = constailt )
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center. In both cases there was a significant but

small deviation of the integrated curve from the
experimental points. It was higher at both ends.

TasLE I
COMPARISON OF VARIOUS RATE Laws, EXPERIMENT 12
Time
observed,

Pressure, minutes Ar® A% Ad
mm. elapsed Eq. (6) Eq. (4) Eq. (8)
459 3 0 -3 - 3
469 10 +1 -2 -2
479 18 0 -2 -1
499 36 0 -1 +1
519 58 +2 0 + 2
539 87 +2 -1 0
549 106 +1 -2 -2
559 127 +1 -3 - 4
579 181 0 -5 -10
599 260 0 -6 -13
609 318 -1 -5 - 6
619 400 +1 -2 +43

s At is the time as calculated by the particular equation
minus the experimental time at the pressure indicated.
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The extent of this deviation is seen in colunn 4 of
Table I
To obtain a closer fit equation {2) was changed
to
daf

ol
L= RUP,
d¢

{(dP/dt)/(P- ~ P) plotted against (P. — P)*
gave straight lines as shown in Fig. 5, the points
being calculated from the data and the lines ob-
tained by the method of least squares. R’ and
S’ are evaluated fromn the lines. The integrated
form of the equation
1 (Pe — P2
gBr W p T e T

S Py S ()

= coustant {6)

was fitted to the experiniental curves at a central
point to evaluate the constant of integration.
The equation was found to correlate the experi-
mental points satisfactorily, as is seen in Fig. 4
where the full line is obtained from equation (6).
This is also shown in column 3 of Table I.

All experiments except 10 were correlated by
this equation. For this experiment, in which the
highest quantity of methyl alcohol was used, the
straight line equation employed by Sprauer and
Simons was used satisfactorily. It is

diidt = WP, — P +a i)

] T T
-
J’/ ]
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o
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Fig. 6.—Linear rate curves.
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or integrated

} I fa + 6P, — P)| + = constant &)

The smooth curve in Fig. 6 is obtained from equa-
tion (§) and Fig. 7 shows the derivative as a
linear function of (P» — P). Experiment 26
could be correlated by either equation (5) or (8).
Its correlation with equation (8) is shown in Figs.
6and7. Equations (7) and (8) are empirical equa-
tions found to correlate the experimental data for
exceptional experiments. From their form they
caunot hold to infinsite tinie, but, over the range
of the measureinents, they satisfactorily correlate
the data.

Table II gives a summary of the measurements.
Column 1 gives the number of the experiment.
Colmnn 2 gives the concentration of the promoter.
Column 3 gives the added amount of ¢-butyl
chloride as corrected for the amount retained in
the sampling device. In experiments 2, 3 and 4
the silver chloride method was not used; and in
experiment 9 the precipitate was lost by accident.
In these cases the initial amount of ¢-butyl chio-
ride was estimated from the total rise in pressure
per gram of t-butyl chloride as determined from
the rest of the experiments and the observed rise
in pressure in these experiments. In column 4
is recorded the initial pressure of hydrogen fluo-
ride. Where 1o promoter was in the solution,
this is the recorded increase in pressure on the
addition of hydrogen fluoride. Where a promoter
was used, a correction equal to the initial pressure
of the promoter in the vessel needed to be added
to the recorded increase in pressure, as the addi-
tion of the hydrogen fluoride would reduce the
pressure of the promoter from the solution to a
negligible amount. This was obtained by graphi-
cally obtaining the recorded pressure of the
promoter-containing (HF free) solution as a funec-
tion of promoter concentration, extrapolating to
zero promoter concentration and subtracting the
zero valie from the recorded value. The thus-
determined pressure without the promoter wus
about 33 mun. for all experiments, which is the
vapor pressure of toluene plus any constant
amount of nitrogen added i making up the
sawples. In columns 5 and 6 are found the cou-
statits of equation (5). In column 7 is the in-
tegration constant of equation (6). In colunn 8
is found the slope of the rate curves, dP/dt, as
calculated from equation (5) for a zero time as ob-
tained by analytical extrapolation of the curve.
The actual zero time is somewhat uncertain due
to the difficulty of obtaining an instantaneous
addition aud mixing of t-butyl chloride. This
zero time slope has the advantage for use in
evaluating the effects of the various promoters, i
that at this time the pressure of hvdrogen chloride
is zero and the slope is not complicated by the
apparent retardiug effect of the hydrogen chlo-
ride. Incolumn 9, Ko, the slope of the rate curve,
or the rate of the reaction, is corrected to the same
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TaBLg I1
SuMMARY OF RATE CONSTANTS IN THE REACTION OF TOLUENE AND {-BUTYL CHLORIDE AS CATALYZED RY HYDROGEN
FLUORIDE AND PROMOTED BY VARIOUS BASES
W refers to water; A, methanol; E, diethyl ether; and K, hexamethylacetone.

1 2 3 4 3
Promoter
concet, Initial HF

mole/235 ce. BuCl, pressure, R’
Expt. X 104+ 8. mm, X 102
2 Dry 0.831" 399.1 1.469
3 Dry . 8697 398.8 1.822
23 Dry 8753 398.9 2.754
24 Dry 8300 398.8 2.782
N W0 VA 399.6" 2.313
3 w 1.2 1. 0181 401.5 2. 442
4 W 2.9 0.969" 100.9 2.210
6 w 3.7 .9826 403.7 3.074
11 A 3.7 .8917 400.9 3.072
8 A 14.7 . 8427 409.2 5,904
12 A 147 .9080 412.0 1,888
13 A 147 .9101 510.2 26,929
9 A 25.7 .914° 417.1 9. 469
10 A 36.7 .8576 424.0 ~163°
18 E 3.3 .9028 399.4 2.960)
16 E 6.6 .9410 400.3 3.226
15 E 11.5 . 8852 400.8 3.980
14 E 23.0 . 8586 402.3 5.655
17 E 32.9 L9712 404.7 6. 198
22 K 1.3 .9180 399.3 2.761
21 K 2.5 .9325 399.6 2.943
20 K 5.1 . 8898 400.9 3.247
19 K 8.8 .8875 401.7 3.634
26 W+ Ag - .9 400 —248°

¢ Estimated. ° Straight line law constants,

concentration of #-butyl chloride for all experi-
meants, 4. €., 1 g. per 25 cc. Assuming the rate of
the reaction is proportional to the ¢-butyl chloride
concentration, as was found by Sprauer and Si-
mons, this is simply done by dividing column 8 by
column 3. In column 10, Ky’, this concentration-
normalized initial rate is standardized to the same
hydrogen fluoride concentration for all experi-
ments, ¢. €., 400 mm. The rate of the reaction is
extremely sensitive to the pressure of hydrogen
fluoride. Experiments 8, 12 and 13, in which the
only variation is the hydrogen fluoride pressure,
show this. From these it is found that the rate
is proportional to the 7.4 power of the hydrogen
fluoride pressure, K,' is then calculated from K,
by the equation

Ky’ 400
log E 7.4 lOg P-H;‘

It should be a function of only the promoter and
its concentration.

Discussion of Results

The results obtained confirm the less precise
measurements of Sprauer and Simons. The
greater precision has demonstrated that their
equations for the correlation of data need to be
slightly modified. The effect of the promoters,
while still quite significant, is much less than they
found. Their reaction vessel was made of copper

®

6 7 8 9 10
S’ Integration
X 108 constants (dP/di)o Ko Ko!
7.345 5428 0.710 0.854 0.867
5.032 4417 692 0.796 0.814
5.409 2874 .912 1.042 1.090
t.528 2828 .986" 1.120 1.145
5.473 3468 1.032 1.042 1.050
7.393 3268 1.352 1.327 1.288%
5.233 3632 0.949 0.979 0.965
5.321 2581 1.108 1.128 1.055
6.969 2552 1.139 1.277 1.259
20.23 1244 2.091 2.481 2.104
10.78 1556 1.801 1.983 1.595
83.19 249 10.824 11.893 -
11.02 782 2.778 3.039 2.230
22.4° 59"
7.452 2651 1.175 1.302 1.321
7.060 2434 1.270 1.350 1.340
10.33 1923 1.511 1.707 1.682
18.15 1314 2.220 2.586 2.473
16.10 1211 2.845 2.929 2.679
6.825 2858 1.132 1.233 1.252
5.905 2684 1.091 1.170 1.178
7.814 2400 1.201 1.350 1.330
9.292 2127 1.397 1.574 1.631
6.49° ~-11t

joined with silver solder, whereas ours was in-
ternally entirely gold plated. In order to confirm
the cause of the difference, two experiments were
performed. In one copper was placed in the re-
action vessel, and the reaction followed with water
as the promoter. No detectable effect of the cop-
per was found. In the other silver solder in the
form of wire was added, and the same experiment
repeated. The results are found in the table as
experiment 26. A pronounced increase in rate
was obtained. The results could be correlated by
either equation (5) or (7). A reasonable explana-
tion is that a hydrated silver ion is a strong base
and an exceedingly effective promoter.

The rate of the reaction as seen in column 9 in-
creases with the increasing concentration of the
promoter. It is also to be noted that the four
promoters used have approximately the same
effect at the same molar concentration. These
effects are shown in Fig. 8. The agreement is
very satisfactory in view of the difficulty of evalu-
ating the rate at zero time where the rate is chang-
ing rapidly.

A discrepancy was observed between experi-
ments 2 and 3 taken at the beginning of the series
and 23 and 24 taken at the end, under what were
hoped to be identical conditions. This can be
interpreted as a change in the reaction vessel
which could have oceurred abruptly or gradually



0o
PR

during the course of the iuvestigation, due to
either adsorption of the promnoter on the walls or
the gradnal diffusion of silver from the silver solder
through the gold plate. Since there is no evident
cirvature in Fig. 8, the first explanation seeins
more likely.

A0 T | T

d0 -

Ky
¢

0
1.5 — N -
%"
+
X
1.0 k=, -~
.5 L i 1

{1 10 20 30
Mole per 25 cc. X 10%
Fig. 8.---Effect of promoter on rate: water, X;
alcohol, O; ketone, +.

ether, ©;

Interpretation of Results

In the previous work the kinetic equations were
derived on the basis of either of two mechanisms.
In each of these the simultaneous action of acid
and base was required in what may be called the
"amphoteric medium effect.” As the mechanisms
required the combined actions of a number of
molecules, it would be possible only for condensed
phase reactions. In one of these an intermediate
ionic species is formed with the evolution of hy-
drogen chloride by a reversible reaction as cata-
lysed by acids and promoted by bases. This
intermediate reacts in a consecutive reaction with
the toluene. Equation (1) results from this
mechanism. In the other the simultaneous ac-
tion of the acid and base on f-butyl chloride in
contact with the toluene gives rise to the organic
product and hydrogen chloride. A simultaneous
reversible reaction of ¢-butyl chloride through the
action of the acid to produce hydrogen chloride
accounts for the retardation phenomenon. Equa-
tion (2) results from this mechanism. Both
equations (1) and (2) correlate the data equally
well so on this basis no distinction can be made.
There is one experimental method, however, for
distinguishing between these two mechanisms.
In the first mechanism, the retardation by hy-
drogen chloride comes from a reversal of the pre-
liminary reaction. Hence, as the pressure of hy-
drogen chloride is increased, the rate at unit butyl
chloride concentration decreases to zero. In the

W. H. Praresox aNp T, H. SiMoNs
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second, the retardation results from the reversal
of a side reaction, and as the pressure of hydrogen
chloride is increased, the rate at unit butyl! chlo-
ride concentration approaches a finite rate which
is the rate of the primary reaction. Present data
are insufficient to make this test, which could be
accomplished by a series of experiments in which
2 variable initial pressure of hydrogen chloride
was introduced.

Assumning a mechanism of the second type, the
principal reaction is

k
#HA + mBH 4+ TH 4 BuCl —>
#HA + mBH + BuT + HCl (10)

in which HA is any acidic species; BH, any basic
species; TH, toluene; BuCl, t-butyl chloride;
BuT, p-t-butyltoluene; #, a coefficient; and m,
likewise. A significant side reaction is
K,
BuCl + HA 2 BuA + HCI

K-,

Another side reaction is experimentally known.
In the previous work high molecular weight chlo-
rides were obtained in experiments in which low
concentrations of toluene were used. Similar
products have been found by the action of hydro-
gen fluoride on tertiary chlorides.® Polymers
have been shown to alkylate as the monomer.?
It is not unreasonable, therefore, to postulate a
second kind of side reaction of which the follow-
ing are examiples, where Bu = C/H, Bus, =
CsHyy, Bug = CypHas:

(11)

K
BuCl + BuA —> BuA + HCL and  (12)

K
BuA + HCl —> Bu,Cl + HA, and also (13)

K
Bu,Cl 4+ BuA —> BusA + HCL and  (14)

K
BusA + HCl —> BuCl + HA, etc.  (15)

to form for example the di-, tri-, efc., isobutylene
hydrochlorides, which it is known will alkylate to
form the ¢-butyl containing products. The alkyl-
ation of toluene with BusA, BugA, efc., will have
no effect on the pressure rise as hydrogen chloride
is not involved. Alkylation with Bu,Cl, BusCl,
etc., will have an effect, however, in reactions
similar to equation (10).

K
#HA + mBH + 2TH + Bu,Cl —>

nHA + mBH + 2BuT + HCl, and (16)
K
nHA + mBH + 3TH + BuyCl —>
nHA + mBH + 3BuT + HCl, etc. (17)

The total rate of the reaction becomes

dP/dt = K,;(BuCl) + K,(Bull) — K_(BuA)(HCl) +
Ki(BuCl)(BuA) — K(BusA)(HCl) + Ks(Bu:Cl)(BuA) -~
Ks(BusA)(HCI) + K7;(BusCl) 4+ Ks(BusCl), etc. (18)

(6) J. H. Simons, G. H. Fleming, F. C. Whitmore and W. E.

Bissinger, TRIS JoUrNAL, 60, 2267 (1938).
(7) J. H. Simons and S. Archer, ibid., 62, 451 (1940).
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In this equation the contributions of the acidic and
basic species and toluene have been omitted, as
these can be considered constant for any omne ex-
periment, There is some contribution to the
equation due to the increasing pressure of hy-
drogen chloride as it contributes to the acidic
species. Simons and Hart® have shown it to be
effective as an alkylating agent but only signifi-
cant at higher temperatures and pressures. This
effect will contribute other terms to the equation,
such as Ky’ (BuCl)(HCIl), eic.; but these have been
neglected for the present purpose, which is only to
show that the complete kinetic equation has
many terms, the summation of which can be ap-
proximated within the precision of the measure-
ments by equation (5).

Assuming, as has been previously domne, that
(BuA) is proportional to (BuCl) and in addition,
for the same reasons, that (BuzA) and (BusCl) are
proportional to (BuCl)?, and also that (Bu;A) and
(BusCl) are proportional to (BuCl)?, a rate equa-
tion can be written. (BuCl) is proportional to
(Po — P) and (HCI) to [(Pe — Py) — (Po —
Pyl.
dP/dt = Ki(Po — P) + Ky(Py — P) —~ K_o(Ps ~ P)
(Po — Po) + Ky(Po ~ P) + Ksi(Ps — P)? — K,
(Po =~ Po) (Po ~ P)? + Ki(Po — P)® + Ks(Pe —
P)t — Ke(Po — Po)(Po — P)' + Ko(Po — P)* 4+ ... +

Ki(Po — P)? + Ky(Pw — P)* 4+ ... elc. (19)
dP/dt = [Ki+ Ko+ K 3~ K 3 (Ps ~ Py)] (P — P) +
[Ks + K1 ~ KiPo — Po)] (Po ~ P)* + (Ki + K; +
Ky — Ke(Po — Pp)}(Pow — P)? + Ko(Ps — P)* etc., or
(20)
dP/dt = a(Pe ~ P) + 8(P> — P)? + v(Po — P)* +
3P — P), elc. (21)

With proper adjustment of coeflicients, it is seen
that this equation (21) can agree with equation
(5) within the precision of the measurements.
All that is required is that the third power term of
(5) approximate a summation of all terms of (21)
over the first power term,

It should be emiphasized that equation (10)
represents the main reaction, and that the other
effects as caused by these other known and pos-
sible reactions are of relatively small nagnitude,
and their contribution is required ouly because of
the small but real appareit retardation of the
hydrogen chloride. This effect becomes negli-
gible when the main reaction is greatly acceler-
ated, as, for example, in experiments 10 and 26
and terms in the variable of higher power than the
first are unnecessary. If equation (8), which
neglects powers of (Po — P) higher than the
first, is used for a typical experinient, small devia-
tions are found, as 1s seen in colummn 5 of Table I.

The mechanisin of the reaction as postulated in
equation (10) is a one-step process possible only
in a condensed phase where all the various con-
tributing molecular species are in essential cou-
tact. Such a mechanism is confirnied by the

(8) J. H. Simons and H. Hart, THis JOURNAL, 66, 1309 (19y44).
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similarity of the effects of the four promoters used.
These are basic substances in the presence of hy-
drogen fluoride in that they have a tendency to
accept a proton. They all have in common an
oxygen atom, and the hydrogen bonding tend-
ency of this oxygen atom is the basic property in
the sense here used. Gordy? has shown this to
be only slightly different for esters, aldehydes,
ketones, ethers, and similar substances by means
of the determination of the oxygen-deuterium
frequency for deutero-methyl alcohol in various
oxygen-containing organic solvents. On the basis
of a mechanism which requires two or more con-
secutive reactionus and active intermediates, it is
difficult to explain the similarity of the effects of
the promoters. Water, methanol, diethyl ether
and hexamethylacetone are so dissimilar that any
intermediates that they would form or cause would
be expected to react by quite different rates,

This kinetic technique may enable measure-
ments to be made of the relative base strength of
other, and presumably weaker, bases, as, for ex-
ample, organic sulfur compounds.

Experiment 10 could not be correlated on the
basis of equation (10) and its rate was much higher
than the concentration of alcohol would give when
compared to the other alcohol-promoted experi-
ments. An accidental inclusion of another sub-
stance may be the cause. However, as this is the
highest concentration of alcohol used, it is possible
that in the presence of hydrogen fluoride two lig-
uid phases were formed. A heterogeneous cata-
lyzed reaction on the interface of the two phases
would change conditions and result in entirely
different kinetic equations.

There are a number of investigations in the
literature of reactions which can be readily ex-
plained on the basis of the amphoteric medium
effect similat to its use in this study. The split-
ting of ethers by hydrogen bromide!® is promoted
by alcohol, acetic acid and water in non-polar
solvents,

The reactions of tertiary halides with water and
alcohols have been the subject of much con-
troversy. Despite the nunierous experiments, a
definite decision between a one-step process and a
mechanism involving an ionic intermediate has
not been achieved. It is difficult to explain on
the basis of an ionic mechanism the low energies
of activation required and the retention of stereo-
chemical configurations. On the other hand, the
chemical data have been interpreted very satis-
factorily. Experimeuts in which the simulta-
neous action of water and alcohol on ¢-butyl chlo-
ride to form the alcohol aud ether were inter-
preted as the result of a one-step process.!! While
the kinetic results were successfully correlated, it
was showir that the ratio of ether to alcohol was
higher than the relative rate constants would pre-

() W. Gordy, J. Chem. Phys., T, 03 (1031).

(1) F.R. Mave, W. B, Harlly and C, G, Selutliz, ‘Thins Jrrnat,
63, 426 (114 1),

(11} A. R. Olson and R. S. Hulford, ib1d., §9, 3644 (1D37).
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dict, aud an alternative ionic 1echanisin was put
forth.* The hypothesis of basic promotion niikes
the results entirely compatible with the one-
step process.  If the rate of alcoholvsis 1s increased
by the presence of water to a greater extent
thau the hydrolysis is promoted by alcohol, the re-
sult will be a production of cther i excess of that
expected from the rate constants determimed in
the pure solvents. In the case of benzhvdry!
chilortde!’® this water promotion ol the alcohnlysis
is confinned; even in the presence of gnite large
amounts of water no benzhydrol was found, while
the rate of formation of the ether wus greatly
accelerated.

Theoretical Considerations

It 1s well known that the ussumption of ionic
intermediates in nou-polar media encouters
difficultics from energy cousideration; that is,
there 1s not sufficient energy avuilable to create
enongh ious to enable the reaction to go as rap-
idlv as it does.  Alkylation and similar condensed
phase reactions proceed very rapidly at relatively
low temperatures. A free radical niternmediate
eticounters the saie objections 11 1most cases.
[n the mechanism (anmiphoteric medium effect)?
liere proposed the energy difficulties are avoided
for twe reasons. Due to the large ummber of
milecules associated in the act of reaction, a large
nuntber of degrees of freedom and cnergy states
are available for contribution to the reaction.
Also, since no high energy-containing interniediate
s required, the contribution of the energy of
formation of the product leads to a reduction of
what otherwise would be the energy of activation,
as has been described in the transition statc
theory of reactions.!4

Recently published data have enabled us to
calenlate the rates to be expected on the basis of
either an ionic or free radical intermediate for
this reaction and to commpare them with those ex-
perimentally  determined.  The rates so caleu-
lated are so many fold slower than those actually
observed as to leave no doubt that any mecha-
nism for this reaction involving such intermediates
15 utireasonable.

The calenlation of the rate of this reaction on
thie assumption of the ¢-butyl carbonium ion as the
active intermediate is accomplished by calculat-
ing the energy of formation of the ¢-butyl and chlo-
ritde 1tons from ¢-butyl chiloride and from this the
ritte of formation of the ion intermediate. Lo
give the maximum possible rate, it is assuined
that this ion reacts instantaneously with the toln-
ene with 10 energy of activation.

‘The energy of formation of the gaseous ions
frinn the gas molecule is obtained fromn the ioniza-
tion potential of the molecule and the electron
affinity of the chloride ion. This energy can be

fav o Botenao, 10 1 Mudles sud U0 K Dovald, Ty
bt AL, 680, S0 ik,
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arbitrarily divided into two parts: that necessary
to electricallv deform the molecule into two ad-
jacent ions, and that necessary to separate the
tous against the calculable coulombic energy. If
the deformmation energy is independent of the
medim, the cnergy of formation of the ions in
toluene 15 found by adding to the deformation
energy the energy of separation of the ious at the
dielectric coustant of toluene. This energy of
[briation of the ious is assumed to be the energy of
activation, and the rate of the reaction calculated.
‘The ionization potential of the reaction
#-13uClig) ~— -Bu~(g) + Cl(gt + ¢
is 248 keal per mole.!®  The electron athnity of
chlarine atoms is 93 keal.'  Therefore
t-BuClgr —» £Bu1g; + Cl (g) — 145 keal.

(421

(23
For the calculation of the energy of separation,
the 1on radil are necessary.  That of the chloride
ion can be taken as thut of the ion in the crystal-
line atkali halides, 1.8 A.* The radius of the
t-butyl ion las uot been cxperimentally deter-
mined, but it should be approximately that of the
carbon -carbon bond, 1.8 A., plus the van der
Waals radius of the methyl group, 2.0 A.,'7 or
A8 A, The theory of Bjerrum as developed by
Fuoss and Krans!® is used to calculate the energy
of separation in a vacuwn of dielectrie constant 1.
It is 56 keal. per mole. By difference from 143,
this gives 89 kcal. us the deformation energy. Iu
toluene with a dielectric constant of 2.4, a similar
calculation gives 22 keal. per mole as the energy of
separation.  As the effect of toluene on either the
solvation of the ions or on the electrical deforma-
tion of the molecule must be small, the energy for
iouization of &-butyl chloride in toluenc will be the
suni of 89 and 22 or abont 110 keal. per mole.

This cuergy can be supplied only from the
thernal motion of the molecules of the solution.
I order that the rate to be calculated be the fast-
est possible, 1t is assuimed that every collision in-
volving energies greater than 110 kcal. produces
ious aud that every ¢-butyl ion formed reacts in-
stuntancously to give t-butyltoluene. The rate
coustant under these conditions can be calculated
by the nsual kinetic theory equation for a first
order reaction®

- -37"77(7[}

IN - B wr (240

L
where 5, the viscosity, 15 5.5 X 107%; ¢, the dianie-
ter of the £-butyl chloride molecule, is taken as
7.6 X 107%; and m, the mass of the {-butyl chlo-
ride molecule, is 15 X 1023

A= 1ol X Mg i = 13 5 10 78 miole per mole
per second (25}

(15) Tr 1n Stevenson and J. 11 Hipple, TRis JourxaL, 64, 17
T2y,
(1 T Mitehellaml J. 10 Mayer. J. Cheni. IMrys., 8, 182 {1040},
{170 L Tanling, “ Navure of 1he Cliemical Bond,” Cornell Univer-
sty Press, ithecie, NV Tast a0 30l
o ROAL Faossand O, AL Krans, Tis Jatiryat, 88, Tnla (1assg
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The coefficient of e, the collision factor, in the
above equation is usually approximately 1 X 102
for reactions of this type.

For comparison with the above value, the rate
of the unpromoted reaction in experiments 23
and 24 is about 1 X 10~* mole per mole per sec-
ond. It is evident that a simple ionization of
even so reactive a molecule as a tertiary chloride
cannot be a necessary step in the mechanism of
its reaction in a non-polar solvent.

The above calculation does not take into con-
sideration the fact that substances such as hy-
drogen fluoride, water, alcohols and so forth, act
as catalysts. It might be argued that the role of
such polar molecules is to facilitate the reaction
by solvating the ions, hence lowering the energy
requirements to a point where a reasonable rate
is possible. The experimental determination of
energies of solution is extremely difficult and has
been carried out in a few cases only, for inorganic
salts in polar solvents. The theoretical calcula-
tion of solvation energies is as yet undeveloped.
Nevertheless, it is possible to arrive at a fairly
reliable estimate of the effect of solvation in a
rather indirect manner.

Anhydrous formic acid is a medium of high di-
electric constant, 57. In such a solvent ionic
mechanisms are favored. The rate of hydrolysis
of ¢-butyl chloride in moist formic acid has been
determined to be 3.7 X 10~* mole per mole per
second.?’ By the use of radioactive chloride the
rate of exchange of ¢-butyl chloride with chloride
ions has been found to be 3 X 10-* in anhydrous
formic acid.?’ The substantial identity of these
two rates for reactions rather different in appear-
ance is most readily explained by a common rate-
determining step. The ionization of {-butyl chlo-
ride, followed by very rapid combination with, in
the one case, water, and in the other, chloride ions,
seems a reasonable assumption.

Three factors favor ionization in a polar me-
dium. First, solvation of the ions contributes
energy toward the breaking of the bond; second,
solvation increases the size of the ions; and third,
the high dielectric constant decreases the cou-
lombic forces opposing separation of the ions.
Calculating the separation energy by the equa-
tions of Fuoss and Kraus for {-butyl chloride with
a radius sum of 5.7 X 10-"% em. in a medium of di-
electric constant 57, it is found that at 25° the
available thermal energy is more than sufficient
to canse ion separation. The energy of ionization
will consist, therefore, of that required to produce
solvated ions from the nou-polar molecule.  From
the observed rate inn the reactions in formic acid,
10—4, and tlie usual collision factor of 10'® which
is but slightly affected by changes in medium and
ion size, the energy of activation can be calculated
from the kinetic equation (24), and it is 24 kcal.
per mole.

r21) 1.. C. Bateman aud 15, 1), Hughes, J. Chemn. Soc., 1187 (1937,
121) W, Koskoski, H. Thomax aml R. D, Fuwler, THIS Tnurnat,
68, U441 (1041),
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A difference between 89 and 24 leaves 65 kcal.
as the apparent solvation energy. This can be
compared with the energy of hydration of lithium
chloride (152 kcal) and cesium chloride (103
kcal).2? Considering the increase in ionic radius
from 0.6 A. for lithium, 1.7 for cesium?? to 3.8 for
t-butyl and also the probably slightly lower solvat-
ing power of formic acid than water, the value of
65 kcal. is reasonable.

The solvation energies of small polar molecules
presumably vary but slightly, as is illustrated by
the similarities of the rates of ionization in an-
hydrous and moist formic acid. It seems, there-
fore, justifiable to consider the solvation of the
t-butyl chloride by hydrogen fluoride in toluene
solution to contribute about 65 kcal. to the solva-
tion energy. This gives an energy to form a
solvated and unseparated ion pair from the non-
polar molecule of 24 kcal. The energy of separa-
tion is reduced by the increase in size of the ions
due to the layer of solvate molecules. In the
metal halide salts, regardless of ion size, an in-
crease in radius of 0.85 A. for the cation and 0.1 A.
for the anion has been found to correlate the hy-
dration data?* so that an increase in radius sum
from 5.7 to 6.7 A. for the t-butyl chloride ion pair
due to solvation is reasonable. Calculating the
energy of the separation as before, it is found to be
17 kcal., and the total energy necessary to form
the pair of ions is about 40 kcal. From equation
(24) the rate is calculated to be K = 1 X 1016
moles per mole per second.

Thus, even assuming a large solvation energy
the maximum rate for the ionic mechanism 1is
slower by a factor of 10! than that found experi-
mentally.

Free radicals are frequently postulated as inter-
niediates in chemical reactions, and we can cal-
culate the rate of this reaction assuming a free
radical as the necessary intermediate. To make
the rate as rapid as possible we will assume that
the subsequent reaction of the free radical is in-
stantaneous and without energy of activation.

The energy necessary to form free radicals from
t-butyl chloride is approximately the energy re-
quired to break the carbon-chlorine bond. This
can be estimated as follows. Electron diffraction
experinients show the carbon-chlorine distanee
to be about the same in the tertiary chloride as
in the primnary chloride, about 1.8 A.*® The force
constant from Raman spectral measuremnents®® is
759, of the primary chloride. For a given bond
distance it is reasonable to consider the boud
strength as proportional to the force coustant,
that is, that the form of the force law is about the
same for the two halides. Since the bond strength

(22) J. E. Mayer and 1.. Helmholz, Z. Physik, T8, 19 (13332).

(43) O. K. Rice, ""Electronic Structure am! Chemical Binding,**
McGraw-Hill Book Co., Inc., New York, N. Y., 1840, 1n. 220,

(24) W, M. Latimer, K. S. I'itzer and C. M. Slanzky, J. Chem.
Phys., T, 109 (103D).

125) J. Y. Beach awl 1) 11 Stevenson, Tis JournaL, 60, 475
(1938},

(26 W 1 Harkivs and R, R, Hann, (hiv | 64, 30211 (1942).
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in methy! chloride is 66 kcal.,?” about 50 keal. will
be requred to form the two free radicals from ¢
butyl chloride. There can be very little reduc-
tion of this value by effects such as solvation.
Assuming as before that every sufficiently ener-
getic collision results in the formation of a free
radical (no steric factor in the kinetic equation) and
that the radical so formed instantaneously reacts
with toluene to form the product without energy
requirements, using a collision factor of 1 X 1013,
and equation (24), the rate is calculated to be
K =1 X 1072 mole per mole per second. Com-
pared to the determined rate of 1 X 10~% mole per
mole per second, this rate is prohibitively slow.

It might be assumed that the reaction proceeds
through a chain mechanism. Chain lengths in
solution are usually less than 1000. One case of
50,000 is reported.?® Assuming then even a chain
length of 100,000, the rate of our reaction on a free
radical mechanism is 1 X 107'* niole per mole
per second, a factor of 10!2 slower than the experi-
mental.

In reactions in a medium such as toluene it is
generally recognized that the maximum possible
concentration of a reaction intermediate, such as
a carbonium ion or a simple alkyl free radical,
must necessarily be very small. In many hypo-
thetical mechanisms employing these intermedi-
ates the attempt is made to overcome this diffi-
culty by assuming that they have only transitory
existence. The above calculations show that
this assumption cannot overconie the difficulty,

(27) 1,. Pauling, *‘Nature of the Chemical Bond,"” Cornelt 1ini-
versity Press, lthaca, N. Y. 1939, p. 49,

(28) K. A. Moelwyn-Hughes, **Kinetics of Reactions in Solution,”
Oxfard University Press, London, 1934, p. 262.
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as they give the maximum possible rate at which
the intermediates can be formed and assume that
this rate is the rate of the total reaction, that is,
that the intermediate reacts instantaneously and
completely as soon as formed to produce the final
products.

Summary

A more refined apparatus has been made for
and more precise measurements have been made
of the reaction of {-butyl chloride and toluene as
catalyzed by hydrogen fluoride.

The effect of four promoters, water, methanol,
diethyl ether and hexamethylacetone, has been
studied. It was found that the rate of the reac-
tion increased with the increasing concentration
of the promoter, but that all promoters gave
essentially the sanie effect at the same molar con-
centration.

It was found necessary to modify the equations
used by Sprauer and Simons to correlate the rate
measurements in any one experiment, but their
equations and theory are essentially confirmed.

The amphoteric medium effect as it contributes
to the mechanism of the reaction is substantiated
by these measurements and by the effects of the
promoters. It is also shown to be reasonable on
the basis of other investigations.

A one-step, condensed phase, catalyzed, and
promoted reaction as the essential factor in the
mechanism is shown to be satisfactory from ki-
netic considerations and reasonable from energy
considerations. Mechanisms utilizing ions or free
radicals as intermediates are shown to be unten-
able from energy considerations.

STATE COLLEGE, Pa. RECEIVED OCTOBER 30, 1944

[CONTRIBUTION FROM THE GATES AND CRELLIN LABORATORIES OF CHEMISTRY, CALIFORNIA INSTITUTE OF TECHNOLOGY,
No. 986]

The X-Ray Investigation of Copper 4/-c-Aminobutyrate
By A. J. Srosick

As part of the program of investigation of
amino acids and proteins undertaken in these
Laboratories, it has been of interest to find an
improved method of determining the detailed
atomic configurations of amino acids by X-rays.
At the suggestion of Professor Pauling, crystalline
nickel and copper salts of several of the amino
acids were prepared, with the hope that the heavy
metal atoms in the crystals would in most cases
determine the phases of the structure factors.
This would enable the investigation to reach the
stage of Fourier projections more quickly than for
crystals of the amino acids themselves, since the
coordinates of the heavy metal atoms very likely
would be determined easily. In two cases, those
of copper dl-a-aminobutyrate, to be reported in
this paper, and of nickel glycine dihydrate, to be

reported in a subsequent paper, these expecta-
tions were realized. The proposed method of
attack however has its own inherent disadvantage.
Final adjustment of parameters utilizing a com-
parison between calculated and estimated values
for the F's is necessarily more difficult because of
the preponderant contribution of the heavy atoms
to the F’s of all but special classes of reflections.

Since the work on copper di-a-aminobutyrate,
begun in 1939, cannot be continued at present, the
results which have been obtained are presented
here. The x and z parameters of all atoms have
been determined, and little doubt remains as to
the nature of the bonds in the molecules or the
packing of the molecules in the crystal.

Crystals of copper di-a-aminobutyrate wer:
prepared by placing an excess of cupric axide »r



