concentration occurring for almost complete removal
of the DMF. If kppye™ is not in error then the value of
kpumr/krae > 10 may be the result of the adduct from
TME and Oy('4,) transferring oxygen to DMF, to give
the ozonide, 4, and regenerating TME. If this is the
case, it will greatly complicate the determination of
competitive rate constants in the gas phase. Such a
study is now underway.

In conclusion we should note that the determination
of the absolute rate constant for the reaction between
TME and O4'A,) is particularly relevant to processes
dealing with air pollution. TME is widely employed as
a “typical” highly reactive internally double bonded
olefin in smog chamber studies. For example, it was
employed recently by Bufalini and Altshuller in their
studies of the photooxidation of nitric oxide-olefin
mixtures.® Our value of the rate constant for the
reaction of Oy('A,) with TME to form the allylic hydro-
peroxide can be compared to the rate of the reaction
between ozone and TME, determined by Vrbaski and
Cvetanovic,®! 1.0 X 10% 1. mole~! sec~! vs. 1.8 X 10¢
1. mole~!sec!.32

(30) J. J. Bufalini and A. P. Altshuller, Environ. Sci. Technol., 3, 469
(1969).
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(31) T. Vrbaski and R. J. Cvetanovic, Can. J. Chem., 38, 1053, 1063
(1960). Their relative values were referenced against 1-hexene and
converted to absolute values by P. A. Leighton, ‘‘Photochemistry of Air
Pollution,” Academic Press, New York, N. Y., 1961, p 160.

(32) After the submission of this paper, an article appeared by Herron
and Huie [J. Chem. Phys., 51, 4164 (1969)] in which they quoted a value
for ktug of 1.0 X 1081, mole~!sec~l. Their value was calculated using
a singlet oxygen concentration which had been determined by assuming
that in the reaction of singlet oxygen with DMF, the singlet oxygen was
primarily removed by chemical reaction with DMF. If, however, a
correction is made for the disappearance of 50% of the singlet oxygen
by collisional deactivation with DMF, as we have found, then their value
of ktuE is decreased by a factor of 10, bringing it into good agreement
with our value of krye = 1.0 X 1051, mole~1sec™l.
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Tonization and Dissociation of Trityl Chloride and Hydrogen
Chloride in Lithium Perchlorate—Diethyl Ether Solutions'

Y. Pocker? and R. F. Buchholz?
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Seattle, Washington 98105. Received May 7, 1969

Abstract: Lithium perchlorate is shown to form with diethyl ether two crystalline etherates, a monoetherate,
LiClO;-Et;0, and a dietherate, LiClO,.2Et;0. The nmr spectra of LiClO4-Et;0 solutions show a rapidly ex-
changing ether solvation sphere around the lithium ion down to —100°. The shift downfield of the methylene
and methyl protons of diethyl ether in lithium perchlorate~diethy!l ether mixtures (hereafter LPDE) relative to
pure ether can be accounted for by an average ether to lithium perchlorate ratio of 2:1 below 4.25 M and both
2:1 and 1:1 ratio above 4.25 M LiClO,. The molar dielectric increment, AD/AC, as determined in dilute LPDE
solutions is 1.2, The ionization of triphenylmethyl chloride (hereafter TCl) was used as a sensitive probe in the
study of LPDE solutions with respect to their capacity to assist ionization and sustain dissociation. Rates of ex-
change were monitored between TCl and 3Cl - under a variety of conditions and a complete kinetic analysis was
carried out in terms of triphenylmethyl chloride ionization and ion recombination. The dissociation constant

of TCl increases 7 X 10%-fold on going from pure ether to a 5.05 M LiClO, solution.

The tremendous catalytic

effect of LPDE solutions was also documented with respect to HCl solutions in ether.

Increased interest in reactions carried out in fused
salts*~¢ and the general lack of data on concentrated
salt solutions in media of low dielectric prompted us to

(1) This work was supported in part by the National Science Founda-
tion (GP-5103) and in part by the donors of the Petroleum Research
Fund (PRF 2043-A4), administered by the American Chemical Society.

(2) To whom inquiries should be directed.

(3) Taken in part from the Ph.D. Thesis of Richard F. Buchholz,
University of Washington, 1969.

(4) B. R. Sundheim, “Fused Salts,” McGraw-Hill Book Co., Inc.,
New York, N. Y., 1964,

(5) M., Blander, ‘“Molten Salt Chemistry,” Interscience Publishers,
New York, N. Y., 1964,

(6) C. G. Swain, A, Ohno, D. K. Roe, R, Brown, and T. Maugh III,
J. Am, Chem. Soc., 89, 2648 (1967).

study the behavior of lithium perchlorate in diethyl
ether. Lithium perchlorate is very soluble in ether and
at 30° solutions containing up to 6 M salt can be ob-
tained.”® In the latter concentration region there are,
on the average, 1.2 ether molecules available to solvate
each lithium perchlorate. Such highly concentrated
salt solutions in solvents of low dielectric have been con-
sidered by Kraus® to be like fused salts with small
amounts of solvent added. Our studies start with dilute

(7) H. H. Willard and G. F. Smith, ibid., 45, 286 (1923).
(8) L. G. Sillén and K. Ekelin, Acta Chem. Scand., 7, 987 (1953).
(9) C. A. Kraus and L, E. Strong, J. 4m. Chem. Soc., 72, 166 (1950),
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solutions and end with those approaching a fused mono-
etherate salt. Lithium perchlorate-diethyl ether solu-
tions, hereafter LPDE, have been shown to promote the
ionization reaction of p-methoxyneophyl p-toluenesul-
fonate. Winstein and coworkers!® found that the rate
of ionization is increased by a factor of 10° on going
from pure ether to a 0.1 M lithium perchlorate solution
in ether. Earlier, Sillén and coworkers!'~12 had em-
ployed LPDE to keep the ionic strength constant in
electrochemical studies of silver halide complexes.

The present investigation was initiated to get a better
understanding of the factors which promote ionization
and sustain dissociation. Trityl chloride was selected
as a sensitive probe of the ionic environment in studying
these lithium perchlorate-diethyl ether mixtures.!4-16
When facing the problem of interpreting the ionization
of trityl chloride and of hydrogen chloride in LPDE, it
was important to determine first the nature of the cat-
ionic and anionic species present. Earlier investiga-
tions of the conductivity® 1718 of LPDE showed that the
molar conductivity increased by a factor of several
hundred with increasing salt concentration, in spite of
the fact that the viscosity also increased by several
powers of ten. The suggestion was made® 1718 that the
main mechanism of conductance must be the transport
of single ions within these complex aggregates rather
than the movement of the whole complexes. Certain
similarities were noted between the above suggestion
and the theory of proton conductance in water as pro-
posed by Bernal and Fowler.!®* Ekelin and Sillén have
additionally noted that the vapor pressure data could
not be explained in terms of lithium perchlorate aggre-
gates and that these solutions must consist of clusters
of LiClO+~Et,O complexes. In our investigations of
LPDE solutions we have determined, inter alia, solu-
bility—temperature curves, heats of solution, nuclear
magnetic resonance spectra, and the molar dielectric
increment.

Experimental Section

Lithium Perchlorate. Reagent grade anhydrous LiClO4 (G.
Frederick Smith Chemical Co.) was found unsuitable for our use.
Consequently it was recrystallized twice from distilled water in the
form LiClO,-3H,0O and finally dried at 160° (0.5 mm) for at least
8 hr. LiClO, was also prepared from LiOH and HCIO,, purified,
and dried as above. Care was taken to obtain completely anhy-
drous LiClO, since the hydrate is not appreciable soluble in ether
(0.139 g/100 cc of solution at 25°).7

Diethyl Ether. Reagent grade anhydrous diethyl ether (Baker
and Adamson) was distilled over LiAlH; (Metal Hydrides Inc.)
just prior to use.

Solubility. Copper constantan thermocouples were used with
one end in ice water and the other end in the LiClO «~Et,0 solution.
The millivolts were recorded on a Honeywell Electronic 19 re-
corder and were converted to temperature with the use of standard
tables.? The sample cell was made of two concentric tubes with

(10) S. Winstein, S. Smith, and D. Darwish, J. Am. Chem. Soc., 81,
5511 (1959).

(11) U. Berglund and L. G. Sillén, 4Acta Chem. Scand., 2, 116 (1948).

(12) B. Althin, E. Wahlin, and L. G. Sillén, ibid., 3, 321 (1949).

(13) B, Alin, L, Evers, and L. G. Sillén, ibid., 6, 759 (1952).

(14) Y. Pocker, Proc. Chem. Soc., 240 (1958).

(15) Y. Pocker, J. Chem. Soc., 386 (1959).

(16) E. D. Hughes, C. K. Ingold, S. F. Mok, S. Patai, and Y. Pocker,
ibid., 1265 (1957), and accompanying papers.

(17) J. C. H. Chu, Ph.D. Thesis, University of Michigan, 1949;
Chem. Abstr., 43, 8790 (1949).

(18) O. Johnson, Ph.D. Thesis, University of Michigan, 1948; Chem.
Abstr., 43, 4543 (1949).

(19) J. D. Bernal and C. A. Fowler, J. Chem. Phys., 1, 542 (1933).
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the sample in the inner tube and an outer tube which was placed
in the cooling solution. The inner tube was sealed with a rubber
stopper through which were placed the thermocouple and the stirrer.
Ice water, Dry Ice-acetone, and liquid nitrogen were used as cool-
ants. All the solutions were cooled slowly and stirred vigorously
to prevent supersaturation. The temperature was taken from the
graph at the point where there was a break in the cooling curve, a
leveling out, showing that crystallization was taking place.

Etherate Composition. LiClO, solutions in ether were cooled
slowly with vigorous stirring until no more crystals appeared. The
solution was filtered through a cooled funnel, and the total weight
of the LiClOs-ethereate was determined. The ratio of Et,O-
LiClO4 was determined after driving off the ether at 80°. In some
cases the ratios were up to 5% too high since ether is easily occluded
during crystallization from these viscous media. One sample kept
at 40° for 2 days with a trap, allowing only the exit of ether, ana-
lyzed as anhydrous LiClO,.

Nmr Study. LiClO; solutions in ether were run on a Varian
Associates A-60 at the temperature of the instrument (~37°).
The methylene and methyl peaks of LPDE solutions were shifted
downfield from those of pure ether. Each peak of the methyl
triplet and the methylene quadruplet showed the same shift even
in the most concentrated solution. The temperature study was
run on an HR-60.

Heat of Solutlon. The calorimeter has a dewar equipped with a
Beckman thermometer and a magnetic stirrer. The heat capacity
was found to be 43.4 cal/deg using the standard heats of solution
of NHCl and KI in water. The heat capacity of calorimeter with
400 ml of ether was 197 cal/deg. Samples of 2.051 and 0.992 g of
LiClO; were dissolved in 400 m] of ether and changes in tempera-
ture of 0.487 and 0.235°, respectively, were recorded.

Dielectric Constant. A WTW dipolemeter, using a fixed fre-
quency of 2 MHz, was equipped with a DFL-2 cell and maintained
at 25.0 = 0.1°. A standard linear relationship was obtained by
plotting meter readings against the dielectric constants of known
solvents. All solvents, except ether, were dried (MgClO,) and
fractionally distilled for the best results. The dielectric constant
was measured in solutions containing up to 0.5 M LiClO,. These
measurements were limited by the range of the instrument and by
the increasing conductivity of the above solutions.

Lithlum Chloride. Reagent grade LiCl (Baker and Adamson)
was purified by the same method as LiClO4. To enhance the rate
of solution of LiCl in LPDE, anhydrous LiCl was dissolved in dried
purified acetone, precipitated with dry ether as a voluminous fluffy
precipitate, filtered, and dried as above.

Triphenylmethyl Chloride. Reagent grade triphenylmethyl-
carbinol (Eastman Organic Chemicals) was recrystallized from
Baker and Adamson reagent grade CCl, (4 cc/g) until the recrystal-
lizing solution was colorless and the crystals were white. The
carbinol was then converted to the chloride and purified by the
standard method.?! The melting point2? and ir?® were in close
agreement with those reported.

Equilibrium Constant for Trityl Chloride. All spectral measure-
ments were made on a Beckman DU-2 equipped with a constant-
temperature bath set at 25.0 4 0.05° controlled with a Sargent
Thermonitor. In some cases where the rate of hydride abstraction
was appreciable, a Honeywell Electronic 19 recorder was used to
monitor the transmittance.

Stock solutions of TCl and LiClO4 in ether, with and without
LiCl or HCI, were mixed at 25.0° and the absorbance of the trityl
ion was monitored at 406 or 430 mu. Solution aliquots, 5 ml, were
put into 20 ml of cold neutral, dry acetone (—80°) and titrated
with Et;N in dry toluene to a Lacmoid end point. Under these
conditions TCl is inert and one titrates only free HCl. The TCl
was in turn determined by converting it into HCI with warm ethanol
and titrating. Absorbance divided by 3.6 X 10+ gave the concen-
tration of trityl ions.?* Keq.., was obtained from the ratio [T+] X
[CI-J/ITCI] for several LiClO4 concentrations at 10, 15, 20, and 25°.
Plots of log Keq,, against 1/T were used in the determination of the

corresponding thermodynamic parameters.

(20) Handbook of Chemistry and Physics, 43rd ed, Chemical Rubber
Publishing Co., Cleveland, Ohio, 1962-1963.

(21) W. E. Bachmann, Org. Syn., 23, 100 (1943)

(22) W. E. Bachmann, ibid., 23, 101 (1943).

(23) R. E. Weston, Jr., A, Tsukamoto, and N. N, Lichtin, Spectro-
chim. Acta, 22, 433 (1966).

(24) A. Bently, A, G. Evans, and J. Halpern, Trans. Faraday Soc.,
47, 711 (1951).
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Figure 1. Solubility-temperature curves of lithium perchlorate in
diethyl ether presented as a phase diagram showing the regions of
lithium perchlorate dietherate and monoetherate stability.

Lithium Radiochloride. Reagent grade LiOH (Fisher Scientific
Co.) was titrated to slight excess with [%Cllhydrochloric acid
obtained from Oak Ridge National Laboratories as a 4.0 M solution
and diluted with hydrochloric acid of normal isotopic abundance.
The solution was evaporated to dryness and purified by the method
described above for LiCl.

Radiochloride Exchange. Stock solutions of TCl in ether and
H36Cl or Li®*Cl in LPDE solution were stored at 25°, Aliquots
of each were quickly mixed and then quenched in cold dry pentane
(—80°) containing Et;N to precipitate the saline material (Et;-
NHCI + LiCl). The coagulated precipitate was filtered off using
no. 4 porosity sintered glass filter and the pentane solution contain-
ing TCl was counted in a Geiger-Miiller liquid sample tube of
about 12-ml capacity, an Ekco Electronics Ltd. N529 scaler being
used. All counts were corrected for background and specific
activity of TCl.

The values of log {1 — (x/c)l(a + b)/a]}~! were plotted against
time where x is the counts at time ¢, ¢ is the total counts, a is [TCl],
and b is total [Cl-]. The slope of the line is then multiplied by
—2.3b/(a + b) to give the exchange rate constant, kex. The various
values of k., for any particular [LiClO,] were plotted against total
[Cl-]. The intercept was then taken as ki, the forward ionization
rate constant.

The Equllibrium Constant for Hydrogen Chloride. The equi-
librium constant, Keq,,, was determined as described above using

excess LiCl to ensure that the contribution of HCl to the total
[C1-] was negligible. We were able to do this for solutions where
[LiCIOg] > 0.4 M. Values of [T+]/[TCl] were experimentally deter-
mined for a series of HCI concentrations. These values were then
used to obtain the concentration of chloride ions [CI7] = Keq, a X
[TCIJ/ITH. [HY was derived from the relationship [T*] + [H*]
= [Cl-] and was used to evaluate the concentration of undissocia-
ted HCI from the total concentration of acid present. K.q, o Was
then calculated from the expression, Keq,, = [H*][CI-]/[HCI].

Anhydrous HCIO, In Ether. AgClO; which had been dried for
24 hr at 160° (0.05 mm) was titrated using a slight excess of HCl
in ether, The AgCl precipitate was filtered, the total amount of
acid in solution was determined by titration, and the trace amounts
of HCI present in solution were independently analyzed by a
potentiometric titration with silver nitrate.

Dependence of [T*][HC1]/[TCl] on [HCIO.]. Stock solutions of
TCl and HCIO4-HCI in ether were mixed at 25.0°. Absorbance
measurements were carried out at 406 or 430 mu to determine
[T*]. Aliquots were titrated for total acid in cold acetone (—80°)
to a Lacmoid end point with Et;N in toluene, while the amount of
TCl was determined by converting it to HCl with warm methanol.
A similar procedure was used for determining the dependence of
[THHCIJ/[TCI[HCIOJ] on [LiCIO].

Results

Solubility of Lithium Perchlorate in Diethyl Ether.
The only previous solubility data reported were those of
Willard and Smith,” who showed that at 25° ether dis-
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Figure 2. (A) Chemical shift, 8, for the methylene (®) and methyl
(A) protons of diethyl ether vs. the molar concentration of lithium
perchlorate. The dotted lines represent calculated chemical shifts
for the pure dietherate and monoetherate-dietherate mixture cal-
culated by eq 2. (B) Plot of the log (8cg, — &cms) vs. the log
[LiClO4] (M) showing first-order dependence for concentrations up
to [LiClO4] = 4.25 M.

solves a maximum of 53.29 by weight of lithium per-
chlorate, an amount corresponding to a mole fraction
of 0.44 or a concentration of 6.06 M. In the present
work, the solubility of lithium perchlorate in ether was
determined as a function of temperature and the results
are given in the form of a phase diagram in Figure 1.
On cooling LPDE solutions containing up to 42 M
salt, the crystals obtained analyzed as LiClO,-2Et,O
and were stable below —20° in a dry atmosphere. On
cooling more concentrated LPDE solutions, the crystals
obtained analyzed as LiClO,-Et,O, and were stable at
room temperature in a dry atmosphere. We found
no evidence for either higher or lower etherates.

Heat of Solution. Dissolving lithium perchlorate in
ether liberates heat. Our measurements show that the
integral heat of solution, AH,, is —4.98 kcal/mole for
1/200 (0.046 M) and a 1/400 (0.023 M) mole ratio at
25°  An enthalpy of etheration, AH, = — 167.2 kcal/
mole, was calculated from the lattice energy,?® U =
—162.2 kcal/mole, and the heat of solution, AH,,
AHy, = AH, + U.

It is interesting to compare our values for the heats of
solution and etheration in ether with those in water
where AH, is —6.24 kcal/mole and AHg,o is —168.5
kcal/mole. 2¢

The van’t Hoff equation (1) was applied to the solu-

So ""AH 1 1
log 5 = 73R (T1 - T2> M

bility data given in Figure 1. For the region below
—20°, the heat of solution of the dietherate was calcu-
lated to be —2.5 kcal/mole, whereas above —20°, in the

(25) The lattice energy, U, was calculated from the heats of formation
U = AHftion + AHpion — AHig. The data were obtained from
(a) A. F. Kapustinskii and K. B. Yatsimirskii, Z». Obshch. Khim., 19,
2191 (1949); (b) Selected Values of Chemical Thermodynamic Proper-
ties, National Bureau of Standards Circular 500, U. S. Government
Printing Office, Washington, D. C,, 1950; (c¢) JANAF Thermodynamic
Data.

(26) C. Smeets, Natuur. Tijdschr., 15 (1933).
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Figure 3. Plot of the dielectric constant of LPDE solutions vs. the
molar concentration of lithium perchlorate at 25°,

region of the monoetherate, the heat of solution was cal-
culated to be —1.2 kcal/mole. This 1:2 ratio is consis-
tent with the formation of the mono- and dietherate.

Nuclear Magnetic Resonance Study. Preliminary
nmr studies have shown that on adding lithium per-
chlorate to ether both the methylene and the methyl
proton peaks are shifted downfield. This deshielding
of the proton environment is due to the association of
the lithium ion with the oxygen of the ether.?” All solu-
tions studied show a time-averaged set of peaks. In
Figure 2A, the observed proton shifts, 6 (cycles per sec-
ond), relative to pure ether are plotted against the lith-
ium perchlorate concentration. The methylene peaks
are shifted more than the methyl due to their closer
proximity to the oxygen. The plot of log (bcm, —
dcm.) against the log of lithium perchlorate concentra-
tion in Figure 2B shows the first-order dependence on
lithium perchlorate up to 4.25 M. The dependence on
lithium perchlorate concentration above 4.25 M is close
to zero and indicates that the maximum effect of the
lithium ion on the ether solvent has occurred at 4.25 M.
At this concentration only two ethers are available to
solvate each lithium perchlorate.

Assuming all the lithium perchlorate below 4.25 M
is present as the dietherate (solubility study), the chem-
ical shift for the methylene protons, dcm,, is the sum of
the weighted shifts of the dietherate, §-dietherate, and
pure ether, §-ether, as expressed by dcm, = Pi(Sdietnerate)
+ Py(8ctner). The mole fraction of the dietherate is
P, and the mole fraction of ether is P,. Since 8,54 Was
measured from pure ether, then §-ether can be set equal
to zero. The observed chemical shift is then Sopq =
P10 gietnerates Where the mole fraction, Py, of the dietherate
is 2[LiCl0,]/[Et:O].

From Figure 2A, d4ictnerate Was determined to be 27.6
cps. The mole fraction, Py, calculated from these nmr
data, 8,psd/Odetnerates 1S approximately equal to the mole
fraction, x;, calculated from the mole fraction data of
Sillén® and Chu.'” The values are given in Table 1.

The slight decrease in 8,54 from the straight line rela-
tionship above 3.5 M lithium perchlorate is apparently
due to the breakdown of the dietherate and the forma-
tion of some monoetherate complexes and perhaps some
lithium perchlorate complexes. For solutions above
4.25 M lithium perchlorate, the amount of monoetherate

(27) J. F. Hinton and E. S. Amis, Chem. Rev., 4, 367 (1967).
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Table I. Comparison of the Mole Fraction Calculated and the
Mole Fraction Data of Sillén® and Chu®
[LiClOy], M Py x1 Sobsay? CPS
0.5 0.11 0.10 3.0
1.0 0.23 0.22 6.3
1.5 0.34 0.33 9.4
2.0 0.46 0.44 12.7
2.5 0.57 0.56 15.7
3.0 0.69 0.68 18.9
3.5 0.80 0.80 22.1
4.0 0.89 0.93 24.6
aSee ref 8. ?See ref 17. ¢ Calculated from cbsa/ddictherate =

Sopsd/27.6. 4 Values taken from Figure 2a.

starts to become predominant. The maximum shift
for the monoetherate, 8monoetherate, 18 found to be about
30.4 cps. The data extrapolated to 7.15 M lithium per-
chlorate at which concentration the ratio of ether to
lithium perchlorate is one to one. For solutions above
4.25 M, 8oneq is governed by eq 2, and the relative con-

J[LiCIO,] — [Et,0],
= [Et0] (30.49) +

aobsd

2([Et;0] — [LiClO])
[Et.0]

(21.6) (2)

tributions of the mono- and dietherates to the total
shift are listed in Table II.

Table II. The Relative Contributions to the Total Chemical

Shift by the Mono- and Dietherates®

[LICIOA], M 5mono 5di 5&oml 5&otal obsd
4.5 2.5 25.3 27.8 26.4
5.0 6.8 21.4 28.2 27.8
5.5 12.7 16.0 28.7 28.8
6.0 17.4 11.8 29.2 29.3

e Calculated values using eq 2.

Cooling a 0.135 M lithium perchlorate solution
down to —100° showed no separation of peaks nor
appearance of any peaks except those of the methyl and
methylene protons. The one-half peak heights became
broadened by only 1 cps compared to the room-temper-
ature peaks, a phenomenon generally ascribed to the in-
creased viscosity of the medium. The exchange rate
of the ether in the solvation shell must be greater than
10¢ sec~! even at the low temperature. Meiboom and
coworkers?® have found that lithium perchlorate in
absolute methanol showed no separation of peaks even
down to —110°, an observation which they similarly
attributed to a very fast exchange.

Dielectric Constant of LPDE. The dielectric con-
stants of LPDE solutions containing up to 0.5 M lith-
ium perchlorate are plotted in Figure 3. Using the ob-
served linear relationship given in eq 3, the dielectric
constant of the substance D,mp was calculated as 16.

Dopsa = Dether + X2(Dcomp - Dether) (3)

Domp can be attributed either to lithium perchlorate or
to a lithium perchlorate-ether complex, both of which
should cause an increase in the dielectric constant,

(28) S. Nakamura and S. Meiboom, J. 4m. Chem. Soc., 89, 1765
(1967).
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Table III. The Equilibrium Constant for Trityl Chloride in LPDE at 25°

[LiCIOy], M [TH/TCI] [T, M [HCI], M* [LiCl], M? [Cl], M Kearep M
0.0116 1.3 X 107 5.5 X 1078 4.22 X 102 1.8 X 10~¢ 2.3 X 10711
0.0232 3.69 X 1077 1.30 X 1077 2.90 X 10-2 2.0 X 104 7.4 X 10711
0.0580 1.31 X 10°¢ 3.75 X 1077 2.00 X 10~? 3.3 X 10°¢ 3.5 X 10"
0.116 4.64 X 10°¢ 7.78 X 1077 1.54 X 1072 3.7 X 10°¢ 1.5 X 10°°
0.166 9.14 X 10—* 1.29 X 107 1.35 X 1072 2.7 X 1073 3.4 X107
0.205 1.80 X 1073 5.55 X 107 7.33 X 10~ 4.0 X 10~¢ 5.6 X 10~°
0.266 3.17 X 1078 1.37 X 10°¢ 9.14 X 10°3 3.1 X 10~ 1.3 X 1078
0.336 8.94 X 1075 2.00 X 107 4.95 X 104 1.80 X 10~¢ 1.61 X 1078
0.438 1.53 X 10758 6.67 X 1077 3.86 X 107¢ 2.00 X 10-3 2.30 X 1073 3.58 X 10
0.476 2.52 X 10~¢ 2.33 X 10-¢ 4.29 X 10~¢ 1.33 X 10~¢ 3.36 X 1078
0.478 1.22 X 1075 7.22 X 1077 8.25 X 10~¢ 3.06 X 10-3 3.30 X 10— 4.03 X 10°8
0.478 1.19 X 1073 1.69 X 10-8 1.19 X 103 3.06 X 10-3 3.34 X 103 3.97 X 1078
0.625 5.20 X 10~¢ 4.81 X 10~¢ 4.29 X 107+ 1.48 X 104 7.70 X 1078
0.828 1.48 X 107¢ 1.37 X 1075 4.29 X 10~ 2.00 X 10~¢ 2.96 X 1077
0.872 7.59 X 1078 3.03 X 10°¢ 4.44 X 104 3.92 X 10-3 4.12 X 10~3 3.13 X 1077
0.872 1.23 X 10+ 4.92 X 10-¢ 4.92 X 104 2.35 X 103 2.57 X 10~3 3.06 X 1077
0.872 3.02 X 104 1.22 X 1078 5.56 X 104 7.83 X 10—¢ 1.02 X 10~ 3.08 X 1077
1.08 3.79 X 1073 1.44 X 108 4.92 X 10~ 1.89 x 10~ 1.91 X 102 7.24 X 1077
1.33 5.25 X 10°® 1.48 X 105 4.29 X 10~ 2.69 X 10~¢ 1.42 X 1976
1.35 1.09 X 102 2.76 X 1075 2.69 X 10~¢ 1.88 X 10~ 1.98 X 1078
1.35 1.00 X 102 2.72 X 1078 2.69 X 10~¢ 1.88 X 10~¢ 1.89 X 10-¢
1.54 1.51 X 10~¢ 5.86 X 107 4.71 X 10~ 2.27 X 102 2.30 X 102 3.47 X 1078
1.54 1.95 X 10~ 2.33 X 10°® 4.45 X 10~ 1.98 X 102 2.02 X 102 3.94 X 10-¢
1.54 6.93 X 104 8.28 X 107 4.29 X 104 4.95 X 10-3 5.38 X 10— 3.73 X 1078
1.54 3.20 X 10+ 3.83 x 10— 4.29 X 10— 1.19 X 102 1.23 X 102 3.94 x 108
1.80 2.61 X 104 1.04 X 1075 5.82 X 10~¢ 2.72 X 10°2 2.75 X 102 7.22 X 1078
1.80 2.60 X 102 6.81 X 105 3.36 X 10~¢ 2.74 X 10~ 7.12 X 10-¢
1.83 3.12 X 10~¢ 7.12 X 107 1.21 X 10°3 2.41 X 102 2.53 X 102 7.90 X 10—
1.83 1.43 X 108 3.37 X 1073 6.76 X 10~* 4,82 X 10-3 5.50 X 10~¢ 7.86 X 10~
1.83 7.91 X 104 1.85 X 1075 8.42 X 10™* 9.65 X 10-3 1.05 X 102 8.30 X 10°¢
1.83 2.54 X 10-3 5.97 X 1075 7.25 X 1073 2.41 X 10-3 3.14 X 1078 7.97 X 1078
2.40 3.08 X 107! 1.51 X 1078 8.64 X 1075 8.64 X 1075 2.66 X 1075
2.41 7.51 X 10~¢ 1.72 X 1075 3.67 X 10—+ 4.12 X 102 4.15 X 102 3.12 X 1073
2.94 3.13 X 1073 1.15 X 1078 4.83 X 10~ 3.13 X 1072 3.36 X 1072 1.05 X 10~
2.94 1.87 2.28 X 1078 5.78 X 1078 5.78 X 1078 1.07 X 10~¢
3.56 8.85 X 10-3 2.55 X 1073 d 3.40 X 102 3.40 X 1072 3.02 X 10~
3.58 1.08 X 102 2.00 X 1073 4.43 X 10~¢ 3.27 X 102 3.31 X 102 3.58 X 10~
3.72 1.32 X 105 1.20 X 10~8 1.12 X 10~* 2.98 X 102 2.99 X 10°2 3.95 X 10~¢
3.72 1.31 X 10°% 1.82 X 105 1.35 X 10~ 2.98 X 102 2,99 X 102 3.92 X 10~
3.96 1.72 X 102 1.81 X 1078 4.50 X 1078 4.15 X 10~2 4.15 X 102 7.14 X 10~4
3.96 1.71 X 1072 2.20 X 105 8.79 X 1073 4.15 X 102 4,15 X 102 7.10 X 10—+
3.96 1.68 X 102 9.35 X 10°¢ 6.54 X 104 4.15 X 102 4.22 X 1072 7.10 X 104
4.48 1.52 X 107! 1.75 X 1078 6.00 X 10~® 1.98 X 102 1.98 X 10-2 3.01 X 1073
4.48 1.52 X 107! 2.56 X 1073 3.21 X 1078 1.98 X 102 1.98 X 1012 3.01 X 103
4.96 9.71 X 102 7.14 X 10°¢ 9.55 X 10~* 9.00 X 102 8.75 X 1073
5.05 2.44 X 1071 9.44 X 10°¢ d 4.36 X 10~ 4.36 X 1072 1.07 X 10~
5.05 7.28 X 107! 4.73 X 1078 2.09 X 10¢ 2.35 X 1073 2.37 X 1072 1.73 X 102

« Total titrated hydrogen chloride in equilibrium mixture.
(M) plus [CI-] from ionization of HCI.

Dgyea, With increasing the mole fraction, X; of the
lithium perchlorate.

The Equilibrium Constant for Trityl Chloride. When
TCl is dissolved in dry ether, no T+ can be detected.
When lithium perchlorate is added, the characteristic
yellow color of T+ is observed as a pair of equal inten-
sity peaks at 406 and 430 mu. As more lithium per-
chlorate is added, the color becomes progressively more
intense. When the concentrations of lithium per-
chlorate and total TCl are kept constant, the ratio of the
amount of color formed to the amount of colorless
material is inversely proportional to added lithium
chloride (eq 4). This dependence is exemplified in

[color]  [T¥] K .
[colorless] ~ [TCl] ~ [CI-] (4)

Figure 4. The addition of chloride ions in sufficient
amount suppresses entirely the color associated with
these solutions, indicating that in the presence of lith-
ium perchlorate, ionized TCl behaves like free T+ but is

b Blank spaces indicate that no LiCl was added.
4 No detectable concentration of HCI.

¢[ClI7] is the sum of [LiCl]

actually present as T+ClO,~(LitClO;~),. Our ob-
servations appear to rule out the existence of detectable
concentrations of T+Cl~ ion pairs as found in other
solvents.!® At any lithium perchlorate concentration
and with the chloride ion concentration held constant,
the amount of trityl ion is directly proportional to the
trityl chloride concentration. These and related ex-
amples can be found in Table III.

At any lithium perchlorate concentration then, an
apparent equilibrium constant, K4, can be deduced for
the dissociation of trityl chloride (eq 5), and the values

k1
TCl =T+ + CI-

—1

ki _ [THICI]
Kea = 4, = O ®

obtained with [LiClO,] = 0.01 — 5.0 M are listed in
Table III. Experimentally it was hard to determine
the values of the equilibrium constant below 0.01 M

Pocker, Buchholz | Electrostatic Catalysis by Ionic Aggregates
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Figure 4. Plot of thelog [T+ J/[TCI]) vs. the log of the molar chlo-
ride ion concentrations at 25° showing inverse first-order dependence
of [T*/ITCl] on [Cl~].

lithium perchlorate since the amount of trityl ion present
was too small to be accurately determined spectro-
photometrically. Also, when lithium chloride was
used, the equilibrium constant could not be obtained
below 0.4 M lithium perchlorate since lithium chloride
is not very soluble in dilute LPDE solutions. At high
salt concentration above 5 M, the equilibrium constant
could not be accurately determined due to the high
viscosity of these solutions coupled with the fast rate
of hydride abstraction from ether by trityl ion. Once
the equilibrium constant for the ionization of HCI in
LPDE was determined, K., , (eq 5) could be inde-

pendently determined using HCl instead of LiCl.
Tonization Rate Constant, k,. In order to determine
the ability of LPDE to promote ionization, the radio-
chloride exchange rates between TCl and Li%*Cl or
H?3¢Cl were studied in detail. The exchange rate was
found to be the sum of a first-order component, k;(TCl),
and a small second-order component, kJ[TCI)[Cl7],
eq 6. As the concentration of lithium perchlorate in-

(rate)ey = kex[TCl] = k[TCI] + AJ[TCI[CI] (6)

creases the former component became dominant and
the latter negligibly small. The values of the ionization
rate constant, k;, were determined in the lithium per-
chlorate range 0-1.08 M (see Experimental Section)
and are given in Table IV. Exchange rates in solutions
containing [LiClO,] > 1.08 M are too fast to be studied

Table IV. The Ionization Rate Constant, k), and Ion
Recombination Rate Constant, k—, for Various Lithium
Perchlorate Concentrations at 25°

[LiClOy], 1078k,

M k1, sec™! M-1sec™! Kearep M®
0.000 2.5 X 10-¢ 1.2% 2.1 X 10712¢
0.076 7.0 X 10~¢ 1.1 6.3 X 10~
0.237 6.0 X 103 0.8 6.9 X 10°°
0.438 1.9 X 102 0.6 3.1 X 1078
0.445 1.9 X 10~ 0.6 3.2 X 1078
0.636 5.6 X 1072 0.51 1.1 X 1077
0.793 7.2 X 102 0.33 2.1 X 1077
1.08 1.1 X 10! 0.15 7.2 X 1077

@ All values taken from smooth curve of Keq, (Figure 5) unless

otherwise noted. ? Extrapolated value. ¢ Calculated from k; and
k1.
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Figure 5. Plot of the rate constant for ion recombination, k-1, vs.
the molar lithium perchlorate concentration: calculated by dividing
k1 by Keoq for TCI (W), using the dotted portion of the K,q curve (Q).
Plot of the ionization rate constant, ki, vs. the molar lithium per-
chlorate concentration (a). Plot of experimentally determined
values of K., vs. the molar lithium perchlorate concentration (®).
The dotted portion of the curve is a smooth curve drawn from the
data used to obtain K., for TCl in Figure 6.

by the above method and require special instrumenta-
tion.

The Ionization of HCl. While studying the ioniza-
tion and dissociation of trityl chloride, we also found it
necessary to delineate the behavior of hydrogen chlo-
ride both in pure ether and in LPDE. A small amount
of hydrogen chloride, generally around 10—+ M, is
present in ether solutions containing trityl chloride.
When lithium perchlorate is added, color is produced;
however hydrogen chloride alone does not produce any
color. Actually, when hydrogen chloride is dissolved
in LPDE, small amounts of perchloric acid and lithium
chloride are produced. Since we had previously deter-
mined the dependence of [T+]/[TCl] on lithium chloride,

Table V. The Second-Order Dependence of [T*][HCI]/[TCI] on
Perchloric Acid®

104T4
[TCI]

107HCIO], loyHCy, _HCA]

M [TH/TCH M [HCIO *

0.855 5.5 X 10-¢ 3.6 2.7
0.855 6.3 X 10°¢ 4.0 3.4
2.02 2.1 X 108 5.1 2.6
2.02 2.5 X 10°¢ 5.1 3.1
2.48 6.9 X 1076 28 3.1
2.51 2.2 X 108 28 2.9
2.51 6.4 X 1078 10 3.5
4.25 1.3 X 10-¢ 6.5 4.6
4.68 3.0 X 10~ 2.3 3.2
6.15 3.5 X 10-8 29 2.7
6.28 2.7 X 1078 5.9 4.0
6.28 1.5 X 10-¢ 10 3.8
6.28 4.6 X 10~ 2.7 3.2
Av 3.3

@ In ether at 25°, [LiClO,] = 0.0 M.



Table VI. The Increase in [T+]/[TCl] at Constant
[HCL)/[HCIO,4] with Increase in LiClO, Concentration at 25°

10%R — Ro)/

[LiClOJ, M 10Re > [LiClOg, M~1

0.0000 2.2

0.0080 3.6 1.8
0.0124 4.5 1.8
0.0125 4.5 1.8
0.0245 6.8 1.9
0.0350 8.1 1.7
0.0503 11 1.8
0.0624 13 1.9
0.0820 17 1.8

e« R represents the ratio [TH[HCI/[TCIHCIO.). *[HCIl)/
[HCIO] = 0.46. © R, represents the value of R at [LiClO4] = 0.
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The above observations allowed us to evaluate the
equilibrium constant for the dissociation of hydrogen
chloride, Keqy,p at lithium perchlorate concentrations

higher than 0.4 M, by the method described in the
Experimental Section. The values so obtained are
listed in Table VII.

Discussion

We have shown that lithium perchlorate forms two
types of crystalline etherates, a monoetherate, LiClO,-
Et,0, and a dietherate, LiClO,-(Et;0),.2° Recently
lithium perchlorate was shown to form a 1:2 complex
with DMSO.%® Other lithium salts such as LiAIH,3!
and LiBH,3? are known to form crystalline mono- and

Table VII. The Equilibrium Constant for Hydrogen Chloride in LPDE at 25°
[LiCIOg, M [TH/TCY [HCI], M= [H*], M> [CI], Me Keagepy M
0.478 2.54 X 104 4.43 X 10~¢ 1.51 X 10~¢ 1.57 X 10~¢ 5.35 X 1078
0.478 2.01 X 10~ 5.65 X 104 1.92 X 104 1.99 X 104 6.76 X 1078
0.478 1.48 X 10~¢ 11.2 X 104 2.65 X 10~ 2.70 X 10~¢ 6.38 X 1078
0.478 1.03 X 10+ 25.0 X 10~¢ 3.85 X 10~¢ 3.88 X 10~ 5.98 X 1075
0.478 0.803 X 10—¢. 43.9 X 10+ 4.96 X 10~¢ 4.98 X 104 5.63 X 1078
0.872 1.66 X 10-3 1.74 X 10—+ 1.63 X 10~¢ 1.89 X 104 1.77 X 10~
0.872 1.50 X 1073 2.08 X 10—¢ 1.88 X 10~¢ 2.07 X 10~¢ 1.89 X 10~¢
0.872 1.37 X 1073 2.72 X 10~¢ 2.10 X 10—+ 2.29 X 10~¢ 1.77 X 10~¢
0.872 1.14 X 1073 3.70 X 10~¢ 2.56 X 10—¢ 2.75 X 10~¢ 1.90 X 10~
0.872 1.03 X 10-3 5.27 X 104 2.91 X 10~¢ 3.05 X 10~ 1.68 X 10~¢
0.872 0.769 X 10-3 9.54 X 10~¢ 3.96 X 1074 4.08 X 10~ 1.69 X 10~¢
0.872 0.632 X 10~3 14.6 X 10~* 4.88 X 10 4.97 X 10—¢ 1.66 X 10~¢
0.872 0.628 X 10— 15.3 X 10 4.90 x 10—¢ 5.00 X 1074 1.60 X 10~¢
0.872 0.331 X 103 55.8 X 10~¢ 9.43 X 10¢ 9.49 X 10+ 1.60 X 1074
1.08 2.64 X 10-® 2.50 X 10—¢ 2.26 X 10~¢ 2.74 X 10~¢ 2.48 X 104
1.08 0.952 X 10~3 22.6 X 104 7.43 X 10~¢ 7.61 X 10~¢ 2.50 X 10—+
1.54 2.61 X 103 3.03 X 10~3 1.33 X 103 1.34 X 103 5.89 X 104
1.54 5.49 X 103 6.50 X 103 6.13 X 10—¢ 6.34 X 103 5.98 X 1074
1.80 6.19 X 108 1.12 X 10°3 1.14 X 10~3 1.16 X 1078 1.18 X 103
1.80 3.00 X 10~3 5.15 X 1073 2.40 X 10-® 2.41 X 10-3 1.12 X 10-3
2.41 2.19 X 102 5.80 X 107+ 1.43 X 10-3 1.43 X 1073 3.53 X 108
2.41 0.74 X 10-2 50.1 X 10~ 4.16 X 1073 4.19 X 102 3.48 X 10-¢
2.94 4,75 X 1072 3.7 X 104 2.20 X 10~ 2.21 X 1073 1.3 X 1072
2.94 1.54 X 10~ 33.0 X 10+ 6.79 X 10~ 6.82 X 1073 1.4 X 10°2
2.94 1.04 X 10—* 77.0 X 10—¢ 10.4 X 103 10.4 X 10-3 1.4 X 1072
3.58 2.25 X 1072 6.80 X 10-% 1.59 X 102 1.59 X 103 3.72 X 102
3.58 1.00 X 10~ 35.1 X 1073 3.58 X 102 3.58 x 103 3.65 X 1072
3.58 1.14 X 1072 27.6 X 103 3.14 X 1072 3.14 X 10°3 3.57 X 102
5.05 1.22 X 107! 3.40 X 103 9.06 X 102 9.06 X 102 2.41
@ Total titrated hydrogen chloride concentration minus hydrogen ion concentration. ? Calculated by use of the equation: [T*] -+
[H*] = [CI7]. < Calculated from K.q_, (Figure 6) and ratios of [TH/ATCI].
we found it necessary to determine also the dependence  dietherates with diethyl ether and other ethers. It is

of this ratio on perchloric acid and on hydrogen chlo-
ride. In the absence of lithium perchlorate, perchloric
acid added to trityl chloride in ether produces the col-
ored trityl ion and hydrogen chloride. With a con-
stant concentration of perchloric acid, the ratio [T+])/
[TCl] was shown to be inversely proportional to the
hydrogen chloride concentration. OQur study shows
that over a perchloric acid concentration range of 8.55
X 1073 to 6.28 X 10-% M, the ratio [TH[HCI}/[TCI]-
[HCIO,]? has a constant value of 3.3 = 0.4 X 10—¢ M—!
as exemplified in Table V. When lithium perchlorate
is added to trityl chloride in ether containing a constant
concentration of perchloric acid and hydrogen chloride,
the amount of color produced increased linearly with
the lithium perchlorate concentration. In fact, a con-
stant value of 1.8 X 10—% M—! was found for the ratio
[TFIHCI)/[TCI[HCIOLLiClO,], as shown in Table VI.

generally considered that solid lithium salt etherates
consist of an ionic lattice in which the ether molecules
are coordinated to the lithium ions. The very high
solubility of lithium perchlorate in ether was also
ascribed to the strong affinity of the solvent mol-
ecules to the lithium ion.?? OQOur nmr and heat of
solution data, taken in conjunction with the solubility
study presented in Figure 1, tend to favor the hypothesis
that the less concentrated solutions of lithium per-

(29) No higher etherates of LiC10s could be isolated in crystalline
form.

(30) B. W. Maxey and A, I. Popov, J. 4m. Chem. Soc., 90, 4470
(1968).

(31) E. Wiberg and W. Gosele, Z. Naturforsch., 11B, 487 (1956).

(32) E. Wiberg, H. Noth, and R, U. Lacal, 1bid,, 11B, 490 (1956).

(33) S. Searles, Jr., and M. Tamres, ‘‘The Chemistry of the Ether
Linkage,” S. Patai, Ed., Interscience Publishers, New York, N. Y.,
1967, Chapter 6.
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Figure 6. Plot of log (Keq — Keo®) for HCl vs. the log of the molar
concentration of lithium perchlorate: from direct measurement
(&), calculated from Table VII and values of Ke, for TCl (A). Plot
of the log (Keq — K.q) for TCl vs. the log of the molar lithium per-
chlorate: from direct measurement (®), using the calculated portion
of the K4 curve of HCI (O).

chlorate (<4.25 M) contain primarily dietherate ions,
Li*(OEty),, while the more concentrated solutions,
[LiClO,] > 4.25, contain both dietherate, Li*(OEty).,
and monoetherate, Lit(OEt.), ions. A 4.25 M solution
of lithium perchlorate appears to be identical in every
respect with fused Lit(OEt:).ClO,~. Furthermore, as
the concentration of lithium perchlorate increases up
to its solubility limit, the solution may be considered as
changing gradually from fused Lit(OEt,),ClO; to
fused Lit(OEt)C10,~.

According to the Bjerrum model®* the minimum
radius for ion pair formation, eq 7, in diethyl ether, a

’ — ZAZ;562
=2 = O DKT

medium of dielectric constant 4.2 at 25°, is 67 A.
Assuming all ions to be randomly distributed in ethers
then the average distance between a pair of oppositely
charged ions is 67 A at a lithium perchlorate concentra-
tion of 2.8 X 10-®* M. The theory would further pre-
dict that for all concentrations above 2.8 X 10-3 M
lithium perchlorate, most ions would exist as ion pairs
or higher aggregates. Actually, at 0.05 and 0.1 M the
calculated average distance between ions is 12 and 9.4

, Tespectively. When trityl chloride is dissolved in
LPDE solutions it is under the influence of the coulom-
bic fields surrounding the lithium ions and the per-
chlorate ions. The transition state for ionization in
ether must resemble the fully formed T+CIl- ion pair
much more closely than it resembles the initial molecule.
Therefore the lithium and perchlorate ions must strongly
catalyze the ionization by virtue of the much stronger
interaction of their coulombic fields with the highly
polar transition state than with the weakly polar initial

(34) N, Bjerrum, Kgl. Danske Videnskab. Selskab., Mat. Fys, Medd.,
7, No. 9 (1926).

Q)
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Figure 7. Plot of the log (k&1 — k1% vs. log [LiClO4]. Second-order
dependence for the increase in ionization rate constant, k, on
lithium perchlorate concentration is shown for the range [LiClO] =
0.01-1.08 M.

state. Consequently such fields could be regarded as
pulling apart the trityl chloride molecule. Interestingly
Pickert and associates?® have proposed that cations in
low coordination with structural oxygen ions present
in AlO, and SiO, tetrahedra are the catalytically active
sites in zeolites. They, like us, also note that electro-
static fields larger than 1 V/A could cause substantial
electronic shifts of the bonding electrons in the reactant
molecules. Likewise, it has not escaped our notice that
recently Koshland and Neet?® have reviewed the hy-
pothesis that the electrostatic stabilization of a develop-
ing carbonium ion in the hydrophobic cleft may be
important in understanding the catalytic efficiency of
the enzymes $-amylase?®” and lysozyme.

The tremendous catalytic effect of lithium perchlorate
on the ionization of trityl chloride can be seen from the
fact that the apparent equilibrium constant increases
from Ky ° = 2.1 X 1072 M in pure ether to Keare,

= 1.4 X 10-2 M at 5.05 M lithium perchlorate, which is
a 7 billion fold increase. The effect of lithium per-
chlorate is best indicated by plotting log (Keq,, —

Keq,,") against log [LiClO] as shown in Figure 6.

The curve as drawn shows every slope from 2 to 12
and it would appear that lithium perchlorate ion pairs
and higher aggregates participate in the ionization
process as electrostatic catalysts. Theyact in various
numbers, from various positions in a manner that can-
not be accurately described, otherwise than statistically.
However, at the lowest lithium perchlorate concentra-
tions studied the slope appears to reach a limiting gra-
dient of 2. Our data on the dependence of the ioniza-
tion constant k; on lithium perchlorate concentration
in the region 0.01-1.08 M also show a limiting gradient
of 2, as can be seen from plot of log (ki — ki°) against
log [LiClO,] given in Figure 7. In the concentration
region up to 0.1 M lithium perchlorate, the increase in
Keqr, parallels that of k;; we conclude therefore that

the ion recombination constant k, decreases little on

(35) P. E. Pickert, J. A. Rabo, E. Dempsey, and V. Schomaker,
“Third Congress on Catalysis,” Vol, 1, W, M, H. Sachtler, G. C. A.
Schuit, and P. Zwietering, Ed., North-Holland Publishing Co., Amster-
dam, 1965, p 114,

(36) D. E. Koshland, Jr., and K. E. Neet, “Annual Review of Bio-
chemistry,” Vol, 37, P. D. Boyer, Ed., Annual Reviews, Inc., Palo Alto,
Calif., 1968, p 672.

(37) D. E. Koshland, Jr., Advan. Enzymol., 22, 45 (1960).

(38) C. C. F. Blake, L. N. Johnson, G. A, Mair, A. C. T. North,
D. C. Phillips, and V. R, Sarma, Proc. Roy. Soc. (London), B167, 348
(1967).



Table VIII. Thermodynamic Parameters for the Ionization
of TCle

[LiClO4], AF°, AH®, AS°,
M pKi® kcal/mole kcal/mole cal/deg
0.707 —6.82 9.37 10.2 2.8
0.823 —6.65 9.06 10.3 4,2
1.14 —6.06 8.25 10.7 8.2
1.46 —5.65 7.65 11.5 12.9

@ All data for 25.0°. *pK: = —log Keqr,

going from pure ether to 0.1 M lithium perchlorate
(Figure 5). However, the higher than second-order
dependence of K.y, of [LiClO4] in the region 0.1-1.08
M appears to be accounted for by a significant decrease
in k_; in this region. As the concentration of lithium
perchlorate increases, the dielectric constant, the ionic
environment, and the viscosity all increase. We note
from our own measurements that the dielectric con-
stant increases linearly with [LiClO,] and, furthermore,
that a plot of log (k_i/k_,°) has a straight line dependence
on 1/D (Figure 8). While no adequate theory exists
for treating ion recombinations in solvents of low di-
electric, the trend is in accord with the theory that the
larger the concentration of electrolyte the slower is the
rate of recombination of two oppositely charged ions. *°

The energy requirements of K.,  in the concentra-
tion region, [LiClO,] = 0.7-1.5 M, are presented in
Table VIII. The decrease in the free energy of ioniza-
tion of TCl with increasing concentration of LiClO,
appears to be mainly dictated by an increase in the
entropy of ionization.

The picture we shall build of the SN1 type ionization
in LPDE solutions, from the above observations, is
inevitably more involved than the conventional picture
applying to SNI reactions in ionophilic solvents. At
the lower concentrations used we have apparently a
real reaction order of two in [LiClO,] and can formulate
a catalytic path consistent with this limiting second-
order dependence, as shown in eq 8.4 Likewise the

TCl + 2LitClO4 === T*+ClO4Li*ClO4~ + Li*Cl-

LIC104 __
Kechl -

[T+ClO4~Li+ClO4J[Li*Cl]
[TCI[LitClO,]?
catalysis by perchloric acid the region [HCIO,] can be
formulated as in eq 9.4! Furthermore, we find that

TCl + 2H*ClO,~ —= T*+ClO,~H*ClO,~ + HCl

HC104 _
ed ey

[T+ClO,~H+CIO[HC]
[TCI[H+CIO ]

=125 X 100" M~ (8)

= 3.3 X 10-*M-! (9)

(39) E.S. Amis, “‘Solvent Effects on Reaticon Rates and Mechanisms,’
Academic Press, New York, N, Y., 1966,

(40) Because of the complex nature of LiClO, in ether, the equilib-
ria will be discussed, mainly for simplicity, in terms of the stoichio-
metric concentration of ion pairs. It should be noted, however, that
data from vapor pressure measurements (ref 8) indicate increasing
amounts of dimeric ion pairs in solutions above 0.1 M lithium per-
chlorate. Furthermore, it has been shown in our laboratories that
T+ClO,4™ is insoluble in pure ether but that its solubility increases with
[LiClO4), which leads us to infer the presence of T+ClO4Li*ClO4
aggregates,

(41) The degree of aggregation of HCIO4 in ether is not known, In
our discussion, we have assumed that in the very dilute region it is
largely present as H(Et0),*ClOs~ ion pairs which for simplicity
we have written as H*ClO4~. There are no vapor pressure data on the
HCIO4-Et:0 system for obvious reasons.
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Figure 8. Plot of the linear relationship between log (k-1/k—°) and
1/D.

in the concentration range [LiClO,] = 0.01-1.08 M,
the enhanced ionization of hydrogen chloride shows a
first-order dependence on [LiClO,], which we formulate
asineq 10.

HCl + Li+ClOy~ ——= H*ClO,~ + Li*Cl-

LICIO. _.
€dycl

[H*CIO,JLi*ClO4T]
[HCILi*ClO]

= 7.0 X 1075 (10)
Consequently, in LPDE solutions containing both TCl
and HCI the ionization constant, Ko, at low lithium
perchlorate concentrations, is the sum of three terms as
expressed in eq 11. The ratio of colored to colorless

KEQTm = KEchlo + KequLlC]OA[LiCIO4]2 +
Keq o "COHCIO ) (11)

material under these conditions can be expressed as the
sum of three terms as in eq 12, The first term in eq

[color] _ Keqrmo +
[colorless] ~ [CI-]

Keq,, HO% [LiCI0,[HCLO;]
K LIC104 [HCI]

edycy

[HCIO,]?
[HCI]

HCI104
edrey

(12)
12 corresponds to the color produced in pure ether and
a negligible contributor to the total amount of color.
The second term pertains to the data given in Table VI

where the ratio Keq M%K% has a value of

1.8 X 10—¢ M—!, while the last term pertains to data
presented in Table V.

The equilibrium constant for the ionization of HCI
in pure ether, K., 0, was calculated from the ratio
Kea NIATHITCIY([HCI[HCIO D], as 9.0 X 1075 M.
The tremendous catalytic efficiency of LPDE solutions
can be seen from the fact that at 5.05 M lithium perchlo-
rate, Keq = 2.4 M, an increase of 2.5 X 10¢-fold. The de-
pendence of Keq , on [LiClO,] is best indicated by a
log-log plot as shown in Figure 6. The curve as drawn
shows every slope from 1 to 12. Thus ion pairs and
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higher aggregates apparently dispose themselves about
the HCI molecule in such a way as to reduce its free
energy of ionization. The group of observations as a
whole presents many features which have little prec-

edent in hydroxylic media, and it is our hope that they
may provide an understanding of the great penetration
of electrostatic forces in hydrophobic media as well as
in fused salts.
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Abstract:

The solvolytic behavior of N-chloroaziridine and five methyl-substituted N-chloroaziridines has been

investigated. The fate of the N-chloroaziridines under solvolytic conditions was found to be very similar to that
observed for the acetolysis of cyclopropyl tosylates. For all of the N-chloroaziridines investigated the ionization of
the N-Cl bond was accompanied by cleavage of the aziridine ring. The relative rates of solvolysis correlated quite
well with the anticipated results based on the theory that N-chloroaziridines would solvolyze with an electrocyclic
disrotatory ring opening as predicted by the Woodward~-Hoffmann molecular orbital symmetry considerations.
Rate accelerations as large as 1.5 X 10° resulted from the substitution of two methyl groups on the aziridine ring.
A detailed comparison of the solvolysis of N-chloroaziridines with the solvolysis of cyclopropyl tosylates has been

made.
methyl substitution in the cyclopropyl system.

Ithough the ring opening of cyclopropyl derivatives

to give allylic cations has been known for some
time,? it was only with the advent of the Woodward-
Hoffman molecular orbital symmetry considerations?
that a theoretical basis was provided for the apparent
anomalous behavior of the incipient cyclopropyl
cation.’~” As shown by a variety of labeling experi-
ments, including isotopic studies,® the bond of the
three-membered ring which is cleaved in the formation
of the allylic cation is not attached directly to the
carbon bearing the leaving group. In accord with
molecular orbital symmetry considerations for the
electrocyclic opening of cyclopropanes it should be
the Co—C; bond of 1 which is broken as the X group
leaves with its pair of bonding electrons. The elegant
studies of DePuy, Schleyer,®” and Schoéllkopf®? have
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In general, methy! substitution in the aziridine system results in a larger rate acceleration than analogous

established that, as the X group of 1 starts to leave as
shown in 2, concerted cleavage of the C.~C; bond
occurs with a disrotatory motion about the C,~C, and
C,-C; bonds. As indicated in structure 2 this rotation
is stereospecific with the groups cis to the leaving
group both rotating inward and the groups trans to
the leaving group rotating outward to eventually
produce the allyl cation 3.

Our recent studies of the nitrogen analog of the
carbonium ion!® suggested to us that the nitrenium
analog of the cyclopropyl cation should show the same
properties of ring cleavage and stereospecific dis-
rotatory movement of substituents. For an aziridine
such as 4 the concerted cleavage would be expected to
proceed as shown in 5 with the group cis to the leaving
group (R; and Ry) rotating inward and the groups
trans to X rotating outward. If the aziridine system
behaved exactly like the cyclopropyl system the cleavage
of 4 should lead initially to 6 either as a discrete inter-
mediate or as a point along the reaction pathway.
As shown, 6 would be a planar molecule. However, a
90° rotation of either the C,-N bond or the C;-N
bond of 6 would give 7, the isoelectronic nitrogen
analog of an allene. Both 6 and 7 might be expected
to be short-lived under the reaction conditions and
both would be expected to yield the product mixture
8. The direct conversion of 5 into 7 also requires

(9) P. G. Gassman and B. L. Fox, J. Amer. Chem. Soc., 89, 338
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P. G. Gassman, G. Campbell, and R, Frederick, ibid., 90, 7377 (1968);
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