244

g. of cycloheximide acetate, m.p. 145~146.3°. One re-
crystallization from isopropyl alcohol raised the melting
point to 147-148°, undepressed on admixture with authentic
cycloheximide acetate, m.p. 147-148°.2¢ Identity was
further shown by comparison of infrared spectra. The 0.65
g. of acetate corresponded to a 359, recovery of cyclo-
heximide.

When the pyrolysis, on 2.0 g. of cycloheximide, was carried
out at 177-178° (bath temperature) for 75 min. there was
obtained a small amount of volatile ketone from which
was obtained (+ )-2,4-dimethylcyclohexanone semicarbazone
(10 mg.), identified by melting point, mixture melting point
and infrared spectrum.

Epimerization of (4 )-2,4-Dimethylcyclohexanone.—A
solution of 2.10 g. of (+)-2,4-dimethylcyclohexanone
([a]**p +64.8°, ¢ 8, EtOH) in 30 ml. of 0.09 N potassium
hydroxide in absolute methanol was maintained at 26°
for 20 min., and then at —10° for 90 min. The solution
was dissolved in 50 ml. of cold 109 brine, and the resulting
solution was extracted twice with 25 ml. of chilled petroleum
ether (b.p. 35-40°), and the combined extracts were washed
twice with 25 ml. of cold 109, brine, six times with cold
water, and finally with brine again. The extracts were
then dried over magnesium sulfate, and removal of the
solvent, followed by distillation afforded 1.65 g. (79%) of
( —)-2,4-dimethylcyclohexanone, b.p. 67° (17 mm.), 176.3°
(766 mm.),? n¥p 1.4437, [a|?D +4.6° (¢ 6.6, EtOH),
infrared spectrum identical with that obtained from authen-
tic (—)-2,4-dimethylcyclohexanone by the alkaline degra-
dation of cycloheximide. In addition, both the semi-
carbazone and thiosemicarbazone (crude) of the epimerized
ketone proved to be identical with the same derivatives
(purified) of authentic (—)-2,4-dimethylcyclohexanone,
by comparison of melting points, mixture melting points,
infrared spectra and optical rotations.
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Vapor Phase Chromatography.#—Chromatography was
carried out using a Perkin-Elmer column R (Ucon poly-
glycol LB-550-X), 6 ft. X 4 mm. column, 120°, helium inlet
pressure 20 p.s.d. The ketone from alkaline degradation
([«]?*p +4.3°, EtOH) exhibited two typical peaks cor-
responding to 89.5% of pure ( — )-2,4-dimethylcyclohexanone,
and to 10.5% pure (+)-2,4-dimethylcyclohexanone. Ke-
tone from thermal degradation ([«]2!p +64.8°) was shown
to consist of 7.2%, of pure ( —)-2,4-dimethylcyclohexanone,
and 92.8%, of pure (+)-2,4-dimethylcyclohexanone. Mix-
tures of the foregoing ketones having rotations of +43.6°
and +24.0° were shown to consist of 35.29% and 63.4%,
respectively, of pure (—)-2,4-dimethylcyclohexanone. A
plot of the preceding optical rotations as a function of com-
position of the epimers, as determined by vapor phase chro-
matography, afforded a straight line having intercepts at
—3.2 and at +70.0 (optical rotations in ethanol). Typical
retention times for pure (—)-2,4-dimethylcyclohexanone
and for pure (+)-2,4-dimethylcyclohexanone were 25.0
and 27.9 minutes, respectively. The following experiment
ruled out epimerization on the column. A sample of
( —)-2,4-dimethylcyclohexanone ([«]?'p +4.3°, EtOH) was
injected and allowed to stand on the column at 120° for
1 hour with no helium flow. When the gas flow was re-
sumed the results obtained were identical (within 19%)
wti)th those obtained using the standard conditions described
above.
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Acidity of Hydrocarbons.

I. Kinetics of Exchange of Toluene-o~-d with Lithium

Cyclohexylamide!

By A. STREITWIESER, Jr.,2 D. E. VAN SickLE®* AND W. C. LANGWORTHY®®
RECEIVED JUNE 21, 1961

The kinetics of the proton exchange reaction between toluene-o-d and lithium cyclohexylamide in cyclohexylamine have

been studied at 50°.

The reaction is first order each in toluene-a-d and in monomeric lithium cyclohexylamide.

Free

ions are apparently not involved to a significant extent in the concentration range studied. Lithium cyclohexylamide
appears to be in equilibrium with relatively inert dimers, trimers, etc.

Introduction

This paper introduces an extensive investigation
of the relative acidities of hydrocarbon derivatives
through the study of the rates and equilibria of
proton exchange reactions. Compared to the
numerous and detailed studies of carbonium ion
stabilities, surprisingly little has been done with
hydrocarbon anions. However, many hydro-
carbons are so weakly acidic that the meaning
of the term, acidity, must be questioned. Ideally,
for use in the theory of organic chemistry, we
would like to know the relative energetics of the
gas phase reaction

RH —> R~ 4+ H*
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Such values are derivable from the bond dissocia-
tion energies, the ionization potential of hydrogen
atom and the electron affinity of the alkyl radical.
The first two are known or accessible numbers;
the last is exceedingly difficult to measure.

We are forced to rely instead on quantities
that may be expected to parallel variations in the
gas phase energetics, such as the relative equilibrium
constants for the metal exchange reaction

RH + R'M > RM + R'H

in which the metal is chosen to be such that the
R-M bond has substantial ionic character.

This approach was developed by Conant and
Wheland* and culminated in the work of McEwen?
who proposed a rough set of pK values for a
number of hydrocarbons. These values, important
as they are in the theory of organic chemistry, are
now a quarter of a century old, and have come
down to us without significant further study or
elaboration.

(4) J. B. Conant and G. W, Wheland, J. Am. Chem. Soc., b4, 1212

(1932).
(3) W. K. McEwen, ¢bid., 58, 1124 (1936).
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More recent metalation studies have been still
more qualitative in nature and have not always
distinguished between rate- and equilibrium-
controlled metalations. Such studies have yielded
tables of relative orders of ‘‘acidity” for additional
hydrocarbons.

A further approach is through the relative rates
of proton exchange reactions, the underlying
assumption being that the rate of exchange will
parallel the equilibrium acidity. This approach
is not without its dangers (for example, the rates
of formation of anions from various nitroalkanes
do not parallel the equilibrium acidities®) but
could be of value if used with circumspection (for
example, rates of exchange parallel equilibrium
acidities for carbonyl compounds over a wide
range).® This general approach has been studied
extensively by Shatenshtein, et al.,” who used
primarily a potassium amide-liquid ammonia
system. Their important results have led to
relative measures of acidity for a variety of com-
pounds and will be discussed in reference to our
work throughout this series of papers. However,
much of their work relates to the ntroduction
of deuterium into hydrocarbons from deuterated
solvent; many of the derived rate constants show
poor reproducibility.

Our initial study has concerned the removal of
deuterium from specifically labeled hydrocarbons
using lithium cyclohexylamide in cyclohexylamine.
We wished to use an organic amine as the solvent
rather than liquid ammonia because of its more
convenient properties; cyclohexylamine was chosen

(6) R. G. Pearson and R. L. Dillon, J. Am, Chem. Soc., 75, 2439
(1953).

(7) (a) A. 1. Shatenshtein, Doklady Aked. Nauk. S.S.S.R., 70,
1029 (1950); (h) A. 1. Shatenshtein, N. M, Dykhno, E. A, Izraelevich,
L. N. Vasil’eva and M. Faivash, ibid., 79, 479 (1951); (c) A. I. Sha-
tenshtein, Zhur. Fiz. Khim., 25, 1206 (1951); (d) A, 1. Shatenshtein,
L. N. Vasil’eva, N. M. Dykhno and E. A. Izraelevich, Doklady Akad.
Nauk S5.S.S5.R., 85, 381 (1952); (e} A. I. Shatenshtein and E. A,
Izraelevich, ¢bid., 94, 923 (1954); (f) A. 1. Shatenshtein and E. A,
Izraelevich, Zhur. Fiz. Khim., 28, 3 (1954); (g) N. M. Dykhno and
A. 1. Shatenslitein, ¢bid,, 28, 11 (1954); (h) 28, 14 (1954); (i) A. 1.
Shatenshtein, L. N. Vasil’eva and N. M, Dykhno, ¢bid., 28, 193 (1954);
(i) A. 1. Shatenshtein, Uspekhi Khim., 24, 377 (1953); (k) A, 1
Shatenshtein and L, N. Vasil’eva, Doklady Akad. Nauk S.5.S5.R., 95,
115 (1955); (1) A. I. Shatenshtein and E. A, Izraelevich, tbid., 108,
294 (1956); (m) E. A. Izraelevich, D. N. Shigorin, 1. V. Astaf’ev and
A. 1. Shatenshtein, ibid., 111, 617 (1956); (n) A. 1. Shatenshtein,
Ukrain. Khim. Zhur., 22, 3 (1956); (o) A. I. Shatenshtein, E. N.
Zvyagintseva, E. A. Yakovleva, E. A, Izraelevich, Y. M. Varshavskili,
M. G. Lozhkina and A. V. Vedeneev, Problemy Kinetika i Kataliza,
Akad. Nauk S.S.S.R., Inst. Fiz. Khim, Soveshchanie, Moscow, 1956,
9, 218 (1957); (p) A. 1. Shatenshtein and E. N. Zvyagintseva, Dok-
lady Akad. Nauk S.S.S.R., 117, 852 (1957); (q) A. I. Shatenshtein,
Problemy Fiz. Khim., 1, 202 (1958); (r) A. I, Shatenshtein and E. A,
Izraelevich, Zhur. Fiz. Khim., 82, 2711 (1958); (s) A. I. Shatenshtein
and F. A, Yakovleva, Zhur. Obsch. Khim., 28, 1713 (1958); (t) A. I,
Shatenshtein and A, V. Vedeneev, ibid., 28, 2644 (1958); (u) A, I,
Shatenshtein, E. A. lzraelevich, ibid., 28, 2939 (1958); (v) I. V.
Astaf’ev and A. 1. Shatenshtein, Optics and Spectroscopy (English
Transl), 6, 410 (1959); (w) A. I. Shatenshtein, Uspekhi Khim., 28,
3 (1959); (x) A. 1. Shatenshtein, U. P. Virski and E. A. Rahinovitch,
Doklady Akad. Nauk S.S5.S.R., 124, 146 (1959); (¥) A. 1. Shatenshtein,
E. A, Yakovleva, M. I. Rikhter, M. Y. Lukina and B. A. Kazanskii,
Buil. Acad. Sci. U.S.S.R. (Engl, Trans.), 1727 (1959); (z) F. S. YVaku-
shin, Y. G. Duhinskii, E. A. Yakovleva and A. 1. Shatenshtein, Russ.
J. Phys, Chem., 83, 647 (1959); (aa) A. 1. Shatenshtein, A, N. Talanov
and U. I. Raneva, Zhur. Obsch. Khim., 80, 583 (1960); (hh) E. N.
Vurygina, P. P. Alikhanov, E. A, Izraelevich, P. N, Manochkina and
A. 1. Shatenshtein, Russ. J. Phys, Chem., 34, 277 (1960); (cc) A. L
Shatenshtein, ibid., 34, 281 (1960); (dd) A. I, Shatenshtein and U. I.
Raneva, Zhur. Obsch. Khim., 31, 1423 (1961),
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because of the several readily available amines
studied it alone would dissolve the corresponding
lithium amide.

Preliminary studies showed that reproducible
kinetics could be obtained only by using rigorously
purified and dried compounds and vacuum line
techniques. Lithium cyclohexylamide was pre-
pared on a vacuum line from the reaction of ethyl-
lithium or butyllithium with cyclohexylamine, and
toluene-a-d was distilled into the resulting solu-
tion. In the original procedure (A) the mixture
was transferred on the vacuum line to tubes which
were sealed and thermostated; at intervals, a
tube was removed for the recovery of toluene.
In the modified procedure (B) the mixture was
contained in a flask under nitrogen pressure. At
intervals, aliquots of the solution were removed by
a capillary sidearm.

The aliquots were treated with dilute hydrochlo-
ric acid and extracted with carbon tetrachloride.
The amount of deuterium lost from the toluene-
a—d was determined by the infrared spectrum.
The base present was determined by one of several
titration methods. These procedures gave re-
producible results and were applied to a number of
hydrocarbons. The details of the method, ap-
plied to toluene-a—d, are reported in the Experi-
mental section.

Experimental

Toluene-a-d was prepared by the reaction of benzyl-
magnesium chloride with deuterium oxide.! The product
had typically #2.8p 1.4939 and C-D stretching band at 4.59
u in the infrared (carbon tetrachloride solution). The prod-
uct contained no detectable amount of toluene in the in-
frared; the spectrum was identical with that of a sample
prepared by reaction of benzy! chloride with lithium alu-
minum deuteride and showed the complete absence of bands
at 9.6, 11.2 and 12.7 u present in toluene.

Ethyllithium.—The procedure of Talalaeva and Kochesh-
kave? was used with slight modifications.

Ethyllithium was kept as a clear benzene solution, 1.2=
1.4 M, free of other salts.

Exchange Procedure (A).—A known amount of a ben-
zene solution of ethyllithium was syringed into a calibrated
mixing flask while the flask was flushed with purified nitro-
gen. The flask was attached to the vacuum line and the
benzene was removed 4z wacwo. On another part of the
vacuum line, previously fractionated cyclohexylamine (East-
man Kodak Co.) was distilled ¢n zacuo onto previously de-
gassed Linde 4A molecular sieves. After drying, a small
amount of cyclohexylamine was distilled into the mixing
flask and frozen above the ethyllithium. After the amine
had melted and reacted with the ethyllithium, the system
was re-evacuated, and the remainder of the cyclohexylamine
was distilled to known volume into the mixing flask. The
resulting solution of lithium cyclohexylamide was clear and
of a pale pink color. Any air leaks resulted in a yellow solu-
tion; when this occurred, the run was discarded. The mix-
ture was frozen and a known weight of toluene-a-d was dis-
tilled from molecular sieves into the mixing flask in vacuo.
After melting and thorough magnetic stirring, 5-ml. aliquots
of the solution were pumped with purified nitrogen into six
previously degassed tubes which were sealed and placed in a
thermostat.

(8) A. R. Choppin and C. H. Smith, J. Am. Chem. Soc., 70, 577
(1948); C. H, Smith, A. R. Choppin, A. R. Choppin and O. A. Nance,
ibid., T2, 3260 (1950); A. I. Brodskii, L. L. Chervyatsora and G. P.
Miklukhin, Dokledy Akad. Nauk S.5.5.R., 76, 843 (1951); C. A., 48,
1951 (1951); K. B. Wiherg and L. H. Slaugh, J. Am. Chem. Soc., 80,
3033 (1958).

(9) T. V. Tulalaeva and K. A. Kocheskave, J, Gen, Chem. U.S.S.R.
(Engl. trans.), 28, 399 (1953).

(10) Further details of the apparatus and technique may he found
in the Ph.D. Dissertation of Dale E. Van Sickle, University of Cali-
fornia, 1959.
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Fig. 1.—A typical kinetic run (run 11 in Table I); for
exchange of toluene-«-d with lithium cyclohexylamide.
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The solution remaining in the mixing flask was titrated
for base content: A 5-cc. aliquot mixed with 1 cc. of water
was titrated potentiometrically with constant boiling hydro-
chloric acid using a Gilmont microburet. A Beckman model
G pH meter was used with a Beckman ‘‘blue glass’’ high
alkaline-sensitive glass electrode and a platinum thimble
electrode. Purified nitrogen was allowed to bubble through
the titration mixture during titration. At least two titra-
tions were normally carried out for each run. The volume of
titrant was typically about 0.060 ml. with an estimated pre-
cision of about 29;. The base concentration determined
by this procedure generally agreed well with the amount of
ethyllithium used. In an alternative procedure, which was
used generally with later runs, an aliquot of the mixture was
added to water and the solution was evaporated to dryness
in the absence of air. Titration of the residual lithium hy-
droxide gave results which agreed within 5% with the re-
sults of the potentiometric method.

After the tubes in the thermostat had been allowed to
come to thermal equilibrium, one was removed to provide
the initial point. The contents were diluted with ice and
hydrochloric acid and the mixture was extracted with car-
bon tetrachloride to give a 10 mole per cent. solution of the
hvdrocarbon. Other tubes were removed from the thermo-
stat at intervals and handled in the same way.

Exchange Procedure (B).—The reaction mixture was
prepared as in (A) except that commercially available butyl-
lithium in heptane was frequently used in place of ethyl-
lithium in benzene. The mixture was prepared in a cylindri-
cal flask attached to the vacuum line by stopcock and stand-
ard taper joint. A capillary sidearm, attached at the bottom
of the vessel, ran up the outside and was closed by a stop-
cock. After the mixture was prepared, pre-purified nitrogen
was admitted at —80°, the stopcock was closed and the
entire flask was removed and thermostated. At 50° the
nitrogen pressure in the flask was about 2 atmospheres.
Aliquots of the solution were ejected at intervals by opening
the stopcock on the capillary sidearm.

Kinetic Behavior.—The infrared spectra of the dried car-
bon tetrachloride solutions were taken as l-mm. films on a
Baird model AB2 infrared spectrometer at ‘‘slow’ speed
with the ¢“2X’’ slit program. Intensities with this proce-
dure were reproducible to a fraction of a per cent. The in-
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Fig. 2.—Effect of formal concentration of lithium cyclo-
hexylamide, ¢, on pseudo-first-order rate constants, k.
Curve is the theoretical curve from eq. 16 with k2 = 6.70 X
10— 1./m.-sec. and K; = 35.

tensity of the C-D band was compared to a calibration
curve (Beer’s law is obeyed). Since the actual concentra-
tions in the carbon tetrachloride varied somewhat, the in-
tensities were normalized by using a band at 5.1 x which is
identical in toluene and in toluene-a-d. All samples in a
given run were analyzed at the same time.

A semi-log plot against time of the deuterium content
minus the infinity value gave, generally, an excellent
straight line indicating pseudo-first-order behavior. An ex-
ample for a typical run is given in Fig. 1. Similar plots were
constructed for each run. The best straight line was fitted
visually to the points with due note taken that a constant
error in the extent of reaction, x, becomes an increasing
error in log (x — xe). This effect for an assumed error of 0.01
in x is shown in Fig. 1. A careful analysis shows that this
procedure is clearly stiperior to the usual least squares treat-
ment. The resulting pseudo-first-order rate constants,
koxp, are summarized in Table I. The results in this table
show that reproducibility is generally no worse than about
5%%; the results of four different workers are included.

Rate Expression.—The reaction studied may be
given aseq. 1. Experimentally, because the catalyst

k
CsHscHgD + CsHuNHZ < CsHsCHs + CsHuNHD
E’

(1
remains unchanged, the kinetics is pseudo-first
order within a given run to at least 909, reaction.
The experimental first order constants, Eexp,
so obtained must be corrected for the back reaction.
Furthermore, even the forward rate must be cor-
rected, since, as the deuterium content of the solvent
builds up, there is an increasing probability that
the deuterium removed will be replaced by another
deuterium. Although the proton pool of solvent
is in large excess over the deuterium, the relative
amount of the deuterium used is by no means
negligible. Hence, for the general case in eq. 2,
the “first order” rate system must be expressed

as eq. 3. This expression assumes that the single
k
RH,_,D + R'NH: . RH. + R'NHD (2)
k/
d[RH.] _ 2[R’'NH.] + [R'NHD]
B TR k[RH,-1D] S[R/NTL)o
, [R'NHD]
— nk’ [RHa] S[R'NHalo (3)

hydrogen in monodeuterated amine is as avail-
able as the two hydrogens in undeuterated amine.
With the further assumption that dideuterated
species may be neglected, stoichiometry gives
eq. 4. At equilibrium, the derivative equals zero
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TABLE I
KINETICS OF EXCHANGE OF TOLUENE-«-d WITH LiTHIoM CYCLOHEXYLAMIDE AT 50 == 0.1°

a = [tolu- & = [cyclo-
ene-a-d], hexylaminel], Q
Run Method® mole/1. mole/1. (eq. 7)
1 B 0.46 8.05 18.3
2 B .49 8.02 18.3
3 B .48 8.03 18.3
4 B .48 8.03 18.3
54 B .45 8.06 18.3
6 A .49 8.02 18.3
7 B .48 8.03 18.3
8 B .25 8.24 17.7
9 A .25 8.24 17.7
10 B .49 8.02 18.3
11 A .49 8.02 18.3
12 A .49 8.02 18.3
13 A .56 7.96 18.5
14 A .49 8.02 18.3
15¢ B .49 8.02 18.3
16 A 1.04 7.52 19.6
17 A 1.04 7.52 19.6
18 A 1.04 7.52 19.6
197 A 0.49 8.02 18.3

@ See Experimental.
time. ¢ Experiment by R. G. Lawler.
7 Average does not include values in parentheses.

a = [RHn—lD]O

b = [R'NHslo

K = kb

x = [RHn_1D]/a = fraction of deuterium in hydrocarbon

[RH,] = [R'NHD] = (1 — %)

[R'NHs] = b — a(1 — #)

dx k
Ta 28 26 = )
and we solve for K in terms of the equilibrium
value of x, x.. Since the rate constants were
defined per hydrogen, K is a distribution constant
and should equal unity if there is no isotope effect
for tl}? net reaction. In this way, K is given by

eq. 5.

a(l = x)]x — ?2?(1 — x)t

na(l — xe)?
P ety (8)

The values of K for several hydrocarbons with
n ranging from 2 to 6 are summarized in Table
II. Since the error in x. is about 0.01, the K-
values are indistinguishable from unity; there is
no important isotope effect in this equilibrium.
Several runs at lower hydrocarbon concentrations
have much larger relative errors but still give K-
values of 0.7-1.4. Further evidence for the
absence of an isotope effect in the equilibrium
appears in runs in which deuterated and tritiated
toluenes were exchanged together. In these cases,
the percentage of original tritium remaining in the
hydrocarbon at equilibrium was equal within
experimental error to the corresponding figure for

(11) In a system of this complexity, alternative distrihution con-
stants may he defined. The definition in eq. 5 precludes dideuteration
of the hydrocarhon. Considerction of all replaceahle hydrogens on

the hydrocarhon as well as solvent as potential sites for deuterium
leads to the alternative expression for the distrihution constant,

a(n = xe)(1 = xe)
xe[20 — a1l — )l
This derivation, suggested to us hy W. M. Padgett, gives distrihution

constants which are higher hy a few per cent. than those defined hy
eq. 5 in the concentration region used by us.

K =

® Formal concentration of lithium cyclohexylamide,
¢ Experiment by W. M. Padgett.

c,b 10% kexp, 105 &, sec. 1 108 &g, 1./m. sec.
mole/1. sec, ~l¢ (eq. 8) (eq. 16)
0.0038 1.72 1.52 (5.00)
.0049 2.68 2.35 6.09
.012 5.45 4.78 6.92
.014 6.15 5.39 7.10
.029 7.83 6.92 6.17
.031 8.00 7.01 6.05
.049 10.4 9.13 6.60
.052 10.5 9.75 7.00
055 10.1 9.40 6.62
.062 11.1 9.75 6.63
.066 11.6 10.2 6.79
.074 12.1 10.6 6.84
.090 14.1 12,1 7.39
.20 15.5 13.5 6.89
.50 17.0 14.9 6.64
.060 10.8 8.3 (5.8)
.060 10.8 8.3 (5.8)
.060 10.5 8.0 (5.5)
.059 8.4 7.3 (5.0)
6.70 £0.297

¢ Caled. from the slope of log (¥ — x.) vs.
/ This run included 0.048 M lithium perchlorate,

deuterium (paper III). For related equilibria
in deuterated ammonia, Shatenshtein, et al.,™™f
found distribution constants a few per cent.
lower than unity.

TaBLE II
Di1STRIBUTION CONSTANTS
Hydrocarhon " a b Xe K (eq. 5)
Toluene-a-d 3 0.49 824 0.08 0.97
m-Xylene-o-d* 6 .48 8.18 .14 .96
Ethylbenzene-a-d* 2 .70 7.94 .08 .97

8 Runs with these compounds are described in the follow-
ing paper.

Equation 4 may be solved as a second-order
equation, but the solution reduces to that of a
first-order equation with a modified rate constant.

2= O ©)
in which
Q = [(2b — a)* + 8abn/K]'/® (7N
The left expression in eq. 6 defines kexp; hence,
B = (2b/0) kexp (8)

The true pseudo-first-order rate constant, £,
for the forward reaction must be corrected as in
eq. 8 and is somewhat smaller than the experi-
mental constant. Values for these constants are
summarized in Table 1.

Kinetic Order and Mechanism,—Within a given
run, the reaction is first order in deuterated hydro-
carbon. That this is the true kinetic order is
shown by runs in which the hydrocarbon concentra-
tion has been changed. Inruns 7, 8,9, 10, 16, 17
and 18, the catalyst concentration is about the
same but the toluene-«-d concentration varies over
a fourfold range; k varies by only =10%.

The kinetic order with respect to the catalyst
concentration is particularly germane to a con-
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sideration of reaction mechanism. If the actual
catalyst is the amide ion, the equilibrium
K/
R’NHLi > R'NH- + Li+ 9)

will lead to half-order kinetics in the lithium cyclo-
hexylamide concentration if X’ is small, first-order
kinetics if KX’ is large and intermediate and variable
order if K’ has an intermediate value. The ex-
change of hydrocarbons with potassium amide
in liquid ammonia is of about 0.8th order in potas-
sium amide™; amide ion appears to be the active
reagent in equilibrium with the weakly dissociating
potassium salt. Metal amides are known to be
weak electrolytes in liquid ammonia solution from
conductivity studies.!?

From a log-log plot of k vs. ¢ (the formal lithium
cyclohexylamide concentration), Fig. 2, we find
a totally different behavior. The kinetic order
in catalyst varies from close to first at low con-
centrations to close to zeroth at high concentra-
tions. No mechanism based on eq. 9 can account
for such behavior. Of the several further pos-
sibilities examined, one only accounts for such
kinetic behavior. In this hypothesis, we assume
that undissociated monomeric lithium cyclohexyl-
amide is in equilibrium with dimers, trimers,
tetramers, etc., but that only the monomer is an
active catalyst. A kinetic expression may be de-
rived that embodies this hypothesis.

Ky
LiNHR’ + LiNHR’ > (LiNHR'),
Ko
LiNHR’ + (LINHR’), T (LiNHR')s
1K
LINHR' + (LINHR'), T (LiNHR)u

(10)

Tt is readily shown that
[(LiNHR’).] = [LINHR’]* » KiKy-Kn_1 (11)

The system is mathematically tractable if we
assume that all of the equilibrium constants are
equal. The formal concentration of lithium cyclo-
hexylamide, ¢, is then given as

¢ = [LINHR'] 4 2Ki[LiNHR']? + ... +

anK»~1[LINHR']" + ... (12)
This infinite series has the solution?!?
¢ = [LINHR']/(1 — K;[LiNHR’])? (13)
whence
[LINHR'] = (2¢K1 + 1 — V4K, + 1)/2cK: (14)

It may be shown, as required by the experiments,
that the derivative of this expression with respect to
¢ approaches unity for small ¢ and zero for large c.
A second-order reaction in toluene-o-d and mono-
meric lithium cyclohexylamide implies

rate = ky[LiINHCsHu) [CeHscHzD] =

kican,cHD] (2Kt 1 P D) as)
1

(12) W. W. Hawes, J. Am. Chem. Soc., 55, 4422 (1933).

{13) This type of treatment has heen applied independently to
other systems of sets of infinite equilihria. = For examples, see M.
Saunders and J. B. Hyne, J. Chem, Phys,, 29, 1319 (1958), and A. V.
Toholsky and A. Eisenberg, J. Am. Chem. Soc,, 82, 288 (1960).
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or
By = 2RK2) (2K + 1 — V4K + 1) (16)

The best fit is obtained for values of K, close to 35
l./mole. A variation of #35 in K; gives perceptible
deviations from best behavior. Values of %, de-
rived with this value of K, are recorded in Table I
and are found to be relatively constant over the
entire range of ¢.

The lowest practical concentration with the
present techniques is about 0.004 A/; at this con-
centration minute traces of water will destroy the
catalyst. The runs with [toluene-a-d] = 1 M
were also not included in calculating the average ks
for these were the earliest and least accurate values,
and the concentration of hydrocarbon is now suf-
ficiently high to alter seriously the solvent. Us-
ing Ky = 351./mole and k» = 6.70 X 10— 1./mole
sec., the dependence of % on ¢ was calculated; the
resulting function is shown in Fig. 2 and clearly
represents the experimental points to close pre-
cision. !

Further evidence that amide ions are not impor-
tant in this reaction was obtained by a run with
added lithium perchlorate (Table I, run 19). This
salt should be at least as dissociated as lithium
cyclohexylamide,!® hence should suppress ionization
of the latter. Accordingly, we would expect a large
rate decrease in the presence of lithium perchlorate
if the amide ion were an important catalyst. The
rate is diminished by only 209, much smaller than
would be expected for a mechanism involving eq. 9.

Hence, at present, it appears that the active ex-
change catalvst is monomeric lithium cyclohexyl-
amide. Whether this compound has a covalent
N-Li bond or whether the compound is an ion-
pair presents a question which is currently under
investigation. The hypothesized equilibria have
further corollaries which are subject to test; the
mean molecular weight is directly predictable from
the foregoing treatment and is also being investi-
gated currently.

Apparently, the higher aggregates are formed by
opposing N-Li dipoles such that the basic character
of a given dipole is diluted. This theme is not
without precedent. In the anionic polymerization
of styrene by butyllithium it has also appeared that
monomeric molecular butyllithium is the active
catalyst in equilibrium with relatively inert aggre-
gates.1®

Finally, we may inquire as to the subsequent
stages of the reaction. Is the free benzyl anion or
benzyllithium an intermediate in the exchange?
Information about such possible reactive inter-
mediates does not emerge from the present kinetic
study, but the question is discussed further in sub-
sequent papers of this series.

(14) In the ahove model, all equilihrium constants for dissociation
of polymer into monomeric lithium cyclohexylamide and the next
lower aggregate are taken to he equal. An alternative model in which
the equilihrium constant for dissociation is taken to he proportional
to the numher of monomer units in the aggregate leads to a transcen-
dental solution, ¢ = [LiNHR’] exp K’ [LiNHR’]. Reasonahle agree-
ment is ohtained with the experimental results for X/ = 180, hut the
agreement is not so good as the foregoing model.

(15) This assumption is confirmed in conductance measurements
hy W. M. Padgett to be puhlished shortly.

(16) F. J. Welch, J. Am. Chem. Soc., 81, 1345 (1959).
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