3082

G. KisseL AND S, W. FELDBERG

Disproportionation of the Technetate Ion in Aqueous

Alkaline Media.

An Electrochemical Study!

by George Kissel and Stephen W. Feldberg
Brookhaven National Laboratory, Upton, New York 11973 (Recetved January 2, 1969)

The objective of this paper is to elucidate the primary reduction process when pertechnetate ion is electro-
chemically reduced in alkaline media. Using the techniques of coulometry (at controlled potential), chronoam-
perometry, and double potential step chronoamperometry we have demonstrated that technetate ion is pro-
duced at the electrode surface when gelatin is present in solution and then undergoes rapid disproportionation

TeOy~ == TeO42—

2T'cOy2— —> TeOy~ 4+ TeOy—

where £ = 1.5 X 105 1. mol~ sec ™ (when ionic strength is 1).

If this mechanism obtains, then the following

thermodynamically favored reaction must be kinetically blocked

o
TeO42— 2 TeOs~

In the technetium system gelatin seems to be the blocking agent; in the absence of gelatin, production of the

technetate ion is bypassed and we observe

Te0;— —> TeO~

The dependence of the disproportionation rate constant on ionic strength confirms that the reacting species is

doubly charged.

The small dependence on temperature and pH (in the alkaline region) suggests that the ki-
netics are proceeding near the diffusion-controlled limit.

The rate constant & (1.5 X 105 1. mol~* sec™?),

though considerably lower than the commonly accepted limiting value of 109 1. mol =t sec™?, is not unreasonable
when the charges of the reacting ions are considered.

A large body of literature has evolved describing the
investigations of the chemistry of technetium and has
been reviewed in several fairly recent publications.2—®
Several workers have studied the electrochemical be-
havior of TcO4~ in aqueous alkaline media and have
presented various data®®—'! (predominantly polaro-
graphic and coulometric). Two marked polarographic
waves are observed. The first one corresponds to a
two-8—11 or three-clectron®’ change. Coulometry at
potentials at the ‘“knee” of the first wave or just barely
on the plateau unambiguously indicates a three-electron
change?® in aqueous alkaline media. There is some
evidence that the second wave represents an additional
one-electron change.t:7,10:11

The objective of this paper is to elucidate the primary
reduction process (i.e., details of the first wave) when
pertechnetate ion is electrochemically reduced in alka-
line media. No previous studies have produced real
kinetic information. The search for the technetate
ion (TeO,~) as the first reactive intermediate in the
reduction sequence was prompted by two facts: the
existence of several Te¢ (VI) compounds!? and the well-
characterized and stable (in strongly alkaline media)
manganate ion.
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Using the techniques of coulometry (at controlled
potential), chronoamperometry,*® and double potential
step chronoamperometry,! we have demonstrated that
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Atomic Energy Commission.

(2) R. D. Peacock, “The Chemistry of Technetium and Rhenium,"
Elsevier Publishing Co., Amsterdam, 1966.

(3) R. A. Pacer, “Investigation of the Analytical Chemistry of Tech-
netium,” University Microfilms, Inc., Ann Arbor, Mich., 1966.

(4) R.F. Hirsch, ‘‘Some Analytical Aspects of the Chemistry of Tech~
netium,” University Microfilms, Inc., Ann Arbor, Mich., 1966.

(5) R. Colton, “The Chemistry of Rhenium and Technetium,” Inter-
science Publishers, New York, N. Y., 1965.

(6) G.B.S. Salaria, C. L. Rulfs, and P. J. Elving, J. Chem. Soc., 2479
(1963).

(7) G. B. 8. Salaria, C. L. Rulfs, and P. J. Elving, 4nal. Chem., 35,
979 (1963).

(8) R. Colton, J. Dalziel, W. P. Griffith, and G. Wilkinson, J. Chem.
Soc., 71 (1960).

(9) L. Astheimer, K. Schwochau, and W. Herr, J. Electroanal. Chem.,
14, 161 (1967).

(10) L. Astheimer, and K. Schwochau, tbid., 8, 382 (1964).
(11) R. Munze, Z. Phys. Chem. (Leipzig), 238, 364 (1968).

(12) See review by R. Colton and R. D. Peacock, Quart. Rev. (Lon-
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technetate ion is produced at the electrode surface when
gelatin is present in solution and then undergoes rapid
disproportionation

e

= TeO2~ (1)

2TcQ2— > TeOy~ + TeOs~ )]

where £ ~ 1.5 X 10° 1. mol~! sec—!. It has been
pointed out elsewhere!®*® that if this mechanism ob-
tains, then the following thermodynamically favored
reaction must be kinetically blocked

TeOy~

TeO2~ == TeO, @)

In the technetium system gelatin seems to be the block-
ing agent; in the absence of gelatin, production of the
technetate ion is bypassed and we observe

TeOs~ —> TeO i~ )

The dependence of the disproportionation rate constant
on ionic strength confirms that the reacting species is
doubly charged. The small temperature pH depen-
dence (in the alkaline region studies) suggests that the
kinetics are proceeding near the diffusion-controlled
limit. The rate constant k (1.5 X 10° L. mol—! sec—),
though considerably lower than the commonly accepted
limiting value of 10® 1. mol—! sec—!, is not unreasonable
when the charges of the reacting ions are considered.

Theory

The calculations establishing the chronoampero-
metric current-kinetic~time relationship for the dis-
proportionation mechanism have been presented pre-
viously.:17 We present here the additional theoretical
relationship for double potential step chronoamperom-
etry'* as calculated by digital simulation.’® The
basic assumptions for these calculations are that the
diffusion coefficients of all species are the same and that
the rate of disappearance of species B (reaction 2) is
expressed

d(®B)
dt

The “2” in the second term of this expression appears
because 2 molecules of species B are removed per re-

= —2k(B)* (5)

action. This has been a point of general inconsistency
in discussions of disproportionation reactions. The
working curves (Figure 1) are plots of

* ps. log (k4:C) (6)

Vi jsts

for

t 113

o424 @

where ¢ is the time measured from initiation of the first
potential step, and ¢, is the duration of the second poten-
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Figure 1. Working curves for double potential step
chronoamperometry of a disproportionation mechanism. The
four curves (from top to bottom) are for

tfty = Y4 Y2 ¥4, and 1.

tial step (& = 0 when ¢ = {;). The forward current is
recorded at 7/gf because of the nature of the digital
data acquisition system. Each of the four working
curves is at a set ratio #,/t;. The dimensionless param-
eter kt;C is the product of the second-order rate constant,
i, and the bulk concentration of the initial species.

Experimental Section

Reagents and Apparatus. The technetium (Te%)
used in these experiments was obtained as the ammo-
nium pertechnetate solution from Oak Ridge National
Laboratory. The concentration of the stock solution
was determined using the spectrophotometric method of
Wolkowitz.?* The NaOH was reagent grade, and the
water was doubly distilled.

The electrochemical cell was water-jacketed and
maintained at 7' = 0.1°, (where T' = 20, 25, 30, or 35°).
The test electrode was a specially constructed dme
adjusted to yield a mercury-flow rate of ~0.18 mg/sec
(this m value was periodically checked) and a drop
time of about 1 min. The capillary was 36 in. of
marine barometer tubing® bent into a figure 4. To
avoid the large 2R drop of such a long column, a 10-mil

(15) M. Mastragostino, L. Nadjo, and J. M. Saveant, Electrochim.
Acta, 13,721 (1968).

(16) 8. W.Feldberg, J. Phys. Chem., 73, 1238 (1969).

(17) G. L. Booman and D. T. Pence, Anal. Chem., 37, 1366 (1965).
(18) 8., W. Feldberg in “‘Electroanalytical Chemistry,”’ Vol. 3, A. J.
Bard, Ed., Marcel Dekker, Inc.,, New York, N, Y., 1969.

(12) W. J. Wolkowitz, Unclassified Document ORNL 1880, 1955,
p 4.

(20) Corning Glags Works, Corning, N. Y.
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platinum wire was sealed into the capillary about 1 em
from the lower end. This was accomplished by
applying 25-30 1b of air pressure at the far end of the
capillary and heating the desired spot on the capillary
wall until it blew out. By placing a small bead of soft
glass about /s in. from the end of the Pt wire, the wire
was easily sealed into the capillary. When filling the
capillary with mercury, care was taken to fill the cavity
completely at the seal point. When the capillary was
operating properly, the mercury column did not pull
back after the drop fell off. The platinum lead was
shielded from the solution by covering the seal and the
lower part of the capillary with a shrinkable polyolefin
tubing.?! The polyolefin tended to react slowly with
alkali and was in turn covered with shrink Teflon
tubing.?? The Teflon did not form as tight a seal as
the polyolefin tubing and was not used alone.

The calomel reference electrode was separated from
the test solution by a salt bridge containing only sup-
porting electrolyte (of the same concentration as in the
test solution). No Luggin capillary was used. The
auxiliary electrode was a platinum wire ring ~1 in. in
diameter located with the dme centered as well as pos-
sible. Prepurified argon, passed over hot copper, was
used for degassing solutions. The potentiostat (with
current amplifier and positive feedback for ‘R com-
pensation) was constructed according to the general
design of Lauer and Osteryoung.2* The response time
of this cell-potentiostat combination was such that
reliable data were obtained only after approximately
500 usec.

The data acquisition system is fundamentally the
same as that deseribed by Booman.?* Sampling
times are selected according to a binary sequence
rather than the logarithmic sequence of Booman. An
RC clock puts out a pulse train of adjustable frequency;
a given pulse initiates both the sampling sequence and
the potential step. If At is the time between pulses,
then the sampling occurs at the time intervals cited in
Chart I. The numbers with asterisks represent those
times at which a second potential step can be initiated.

Chart I: Data Acquisition Sampling Times, A¢
Al(1, 2, 3, 4,
5, 6, 7, 8,*
10, 12, 14, 16, *
20, 24, 28, 32, %
40, 48, 56, 64,*
80, 96, 112, 128, *
160, 192, 204, 256, *
320, 384, 448, 512, *
640, 768, 896, 1,024, *
1,280, 1,536, 1,792, 2,048, *
2,560, 3,072, 3,584, 4,006, *
5,120, 6,144, 7,168, 8,192, *
10,240, 12,288, 14,336, 16,384,
20,480, 24,576, 28,672, 32,768,
40,960, 49,152, 57,344, 63,536,
81,920, 98,304, 114,688)
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The current reading at that particular time is always
extremely high, because of the high charging current
induced by the potential step. Thus when using the
double potential step technique the last meaningful
current reading during the first potential step will be
at a time /gy, In all the work presented here the
RC clock frequency was adjusted so that At = 100 usec,
giving a dynamic time range from 10—¢ to 11.5 sec.
The actual acquisition time aperture is less than 1 usee.
The analog to digital conversion, however, requires
about 70 usec.

The readouts are stored in a buffer, and after the
experiment is completed they are printed out on a
teletype printer and/or punch tape. Appropriate
coded instructions can be typed in. After the punch
tape has been converted to magnetic tape (CDC 924)
the desired operations can be carried out by the CDC
6600: e.g., calculation of apparent n after spherical
and drop growth corrections® and data plotting.

Procedure. Three types of experiments were carried
out: coulometry at controlled potential, chronoamper-
ometry, and double potential step chronoamperometry.
The results of the coulometry at a mercury pool and in
1 M NaOH indicate that as long as the electrolysis
potential is not more negative than about —1.0 V vs.
sce the reduction process requires three electrons per
molecule of TeO,~ (3.1 electrons at —1.00 V). Thisis
in accord with observations of other workers who noted
a three-electron process throughout the alkaline region?®

(21) Alpha Wire Division, Loral Corp., New York, N. Y.

(22) Pennsylvania Fluorocarbon Co., Ine., Clifton Heights, Pa.
(23) G. Lauer and R. Osteryoung, Anal. Chem., 38, 1106 (1966).
(24) G.L.Booman, ibid., 38, 1141 (1966).

(25) The correction for spherical diffusion was made using the modi-
fied Cottrell equation presented by Delahay (P. Delahay, “New In-
strumental Methods of Analysis,” Interscience Publishers, New York,
N. Y, 1954)

it 1
apparent n = Frm ‘[1 + .n.l/le/itl/ﬂ] (F1)
To

where rq is the radius of the electrode and all other terms have their

usual significance.
The correction for drop growth was calculated using digital simula-

tion
T /2t 1
4

Lstar

where t is the duration of the chronoamperometric experiment, fstart
is the time in drop life at which the potential step was initiated, and
Asgtart is the electrode areas at #start.  This equation is valid within 2%
if

<02 (F3)

tstart

We simultaneously correct for the two effects (growth and spherical)
by eombining eq F1 ad F2 to give

. w/ ot/ 1 1
”an"=mew[l+ww?mw][l+ﬁL] (F4)
0

tatart

A similar linear combination was first suggested by J. R. Delmastro
and D. E. Smith, Anal. Chem., 38, 169 (1966).
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Figure 3. Dependence of apparent n on the step potential
for 1.068 M TcO,~ in 1 M NaOH and 0.005% gelatin.
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Figure 4. Dependence of apparent n on the step potential of
1.068 M TeO,~ in 1 M NaOH and 0.029 gelatin,

and a four-electron process at slightly more negative
potentials (£~ —1.1V);® at —1.27 V the number of
electrons becomes large (e.g., ~30) and the process
appears to be catalytic. It is clear that several compli-
cating phenomena are introduced at the more negative
potentials; we confine ourselves to a study of the pri-
mary reduction process occurring in the vicinity of
—10V.
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Figure 6. Apparent n dependence on gelatin for step
potential of —1.00 V vs. sce.

Chronoamperograms were run on a variety of solu-
tions: the variable quantities were the magnitude of
the potential step; the concentrations of the NaOH,
NaClO,;, NH,*, TcO,, and gelatin; the ionic strength
(usually maintained at 1.0, except where noted); and
the temperature.

The data are presented in several forms. Figures
2-5 are plots of apparent n as a function of the electrode
potential. (The calculation of apparent n?* requires
that one know the diffusion coefficient of TcO,~ in
these media.) We used Astheimer’s® value of 1.27 X
10— em?/sec. The time at which the current was
measured is the same for all points on a given curve.
For obvious reasons we shall refer to this as a polaro-
gram. The most striking fact in these polarograms
is that, at short times in the absence of gelatin, ap-
parent n = 2 and shifts to a value of about 1.0 when
the gelatin concentration is >0.005%. By selecting
an electrode potential (for the potential step) which
corresponds to a plateau value with or without gelatin
(e.g., —1.0 V seems the best compromise—see Figures 2—
5), we measured apparent » at a particular time (1.6
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Table I: Summary of Kinetic Data

Concentration, M*

Run no. Figure NH:*TeOs~ NaOH
1 9 1.068 X 10-3 0.10
2 1.068 X 103 0.001
3 3.204 X 108 0.01
4 1.608 % 10-8 0.01
5 8 1.068 X 10— 0.01
6 1.068 X 10-3 0.01
7 1.068 X 108 0.01
8 1.068 X 102 0.01

¢ Analytical concentrations:

assume NH,+ 4+ OH~— H,O + NH;, and NH; is completely removed from the solution.

k, mol -1,
NaClOs T, C° sec ™
0.90 25.0 1.2 X 108
1.0 25.0 1.9 X 108
0.99 25.0 1.2 X 108
0.99 20.0 1.5 X 108
0.99 25.0 1.5 X 108
0.99 30.0 1.6 X 105
0.99 35.0 1.7 X 108
0.09 25.0 3.6 X 10¢

® Because

of instrumental limitations at short times and chemical complications at longer times there is good experimental-theoretical correlation

only within a limited time range (see Figures 8 and 9).
criteria would not be particularly meaningful.
stant within 4=109.

Thus we feel that an error analysis of the curve fitting based on some arbitrary
Repetition of an entire experiment, however, gives a reproducible value of the rate con-

msec) as a function of gelatin concentration (Figure 6).
The shift of apparent » from 2 to 1 is clear. Similar re-
sults were obtained with two concentrations of pertech-
netate (3.204 and 1.068 m). The similarity of the two
curves for the two concentrations indicates that the
gelatin effect is a surface phenomenon and not the result
of a gelatin—pertechnetate complex. Reducing the
concentration of NaOH did not produce any marked
change; it did, however, appear to require slightly more
gelatin to bring apparent n down to a value of 1. Later
work indicated that it was advisable to use the mini-
mum quantity of gelatin (about 0.005%) which would
give the desired effect. Too much gelatin made it
impossible to obtain the reverse chronoamperogram
(corresponding to the reversal of reaction 1) prior to
mercury dissolution.

Chronoamperograms obtained at the plateau poten-
tials for a variety of solutions are shown in Figure 7.
Only qualitative comments are justified. In the pres-
ence of gelatin and at lower NaOH concentrations (Fig-
ure 7, curves 4-6) there is clear indication of a possible
disproportionation reaction as the value of apparent n
shifts from 1 to 2. At higher NaOH concentrations
the disproportionation reaction appears to be slower.
At higher NaOH concentrations (all curves but 4 and
5) the apparent 7 for the second reaction seems to limit
close to three (curves 1, 3, 7). This coincides with
coulometric data. The decrease in apparent n at
longer times is probably due to electrode filming. We
will concentrate, however, on the elucidation of the
disproportionation reaction.

Quantitative kinetic data were obtained using the
double potential step technique and are shown in Fig-
ures 8 and 9; the results are tabulated in TableI. Tven
with a low gelatin concentration (0.005%,) it was im-
possible to obtain data for 1 M NaOH solutions.

Discussion
As the various data plots indicate, the chemistry of

The Journal of Physical Chemastry

APPARENT-n

-3 -2 =1 (o] +H
1og t
Figure 7. Chronoamperograms of 1.068 X 1072 Jf TcO,~:
Step NaClOy,
Curve potential, V. NaOH, M M % gelatin

1 -0.92 0.01 0.99 0
2 —0.96 0.10 0.90 0
3 —0.96 1.00 0.0 0
4 -1.08 0.0020 1.0 0.02
5 —1.08 0.01 0.99 0.02
6 ~1.04 0.10 0.90 0.005
7 —1.08 1.0 0 0.005

technetium is extremely complex. The poor correla-
tion of theoretical and experimental data at longer
times (Figures 8 and 9) is probably indicative of the
formation of additional redox products. A quasi-re-
versible disproportionation would give similar behavior
(i.e., increasing values of <;/?i) but would not
exhibit the large variation with potential that we ob-
serve. Thus we feel that we have isolated the primary
reduction process: without gelatin

2e~ + TcOy— —> TeO,3~ 8)
or with gelatin

e~ + TeO,~ === TcO2~ (quasi-reversible) (9)
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9TcO2~ —> ToOs~ 4+ TeO*~ (10)

There appear to be subsequent electron transfers un-
doubtedly following some chemical transformation of
TeO2~ (see ref 11 for some possible reaction se-
quences).

T T

T =25°C
1,068x10"% M Tco3
0.0 M NaOH
099 M NoClOs
0.005 %  GELATIN
VOLTAGE

o0-0.60 70 -1.02 TO0 ~0.35
©-0.60 70 ~1.02 70 -0.30

|
|
T
i

U HE S B

02—

.

}loq(okt' 4 ]
-3 -2 -1

'091011

oL

Figure 8. Double-step chronoamperograms of pertechnetate
jon under varying conditions. Gelatin concentration is 0.0059%,
in 0,01 M NaOH and 0.99 }f NaClO,.

The data for two runs at different ionic strengths
(Table I, runs 5 and 8) show an increase in rate with
higher ionic strengths. In the absence of specific ion
effects this may be assumed to indicate that the charge
on each of the reacting species is of the same sign.?®
The high ionic strengths (beyond the range of the
Debye-Hiickel theory) required by this type of electro-
chemical experiment precludes using a plot of log k vs.
v/u ® (u is ionic strength) to determine the magnitude of
the charge on the species. However, the charge can be
estimated. The activity coefficient of an ionic species,
i, in the presence of excess supporting electrolyte may
be expressed by an equation of the form

—_ ].Og Yy = zizgu (11)

The constant g, depends on ionic strength and can be
estimated from tables of mean activity coefficients?
where

gu = —log v, = (12)

for a univalent—univalent
From the equation

supporting electrolyte.

=)2
b= hyrmeod)’ (13)

Y (TeOs)2%™
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1.0 T T
T=25°C

1.,068x 1073 M TcOgF
0.1 M NaOH
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0.005 %

NOLTAGE

0-0,60 TO «1.02 TO -0.35
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NaCl04
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Figure 9. Double-step chronoamperograms of pertechnetate
ion under varying conditions. Gelatin concentration is
0.005% in 0.1 M NaOH and 0.9 M NaClO,.

where kp is the rate at infinite dilution, and yr.02~
and ¥ reon2*~ are the activity coefficients of the tech-
netate ion and of the activated complex, one can derive

k
log k— = 204210, (14)
0

Given two rate constants k,, and k,, measured at two
ionic strengths u; and u», we can write

#rooe~ = [(log (k*=4,/k:)) (g, — g1 (15)

Using the kinetic data from runs 5 and 8 (Table I) and
the values of g, calculated for 1.0 and 0.1 M NaClO,
(0.202 and 0.111, respectively), we obtain

2Te02™ = 1.85 (16)

The expected value, of course, is 2, and the value of k,
(from eq 14) is about 4 X 10%.

The small temperature and pH dependence of the
disproportionation rate constant suggests diffusion
control. The low value of k, (relative to the commonly
accepted diffusion-controlled frequency factor k; = 1010
L mol—* sec~!) may indicate that some activation con-
trol exists, obscured by experimental uncertainties and
compensating physical phenomena. However, fre-
quency factors considerably smaller than kg can be
qualitatively explained by the increase in free energy

(26) K. J. Laidler, “Chemical Kinetics,”” McGraw-Hill Book Co.,
Inc., New York, N. Y., 1965, p 210 ff.

(27) R. A. Robinson and R. H. Stokes, “Electrolyte Solutions,”” 2nd
ed, Academic Press, New York, N. Y., 1959,
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when two infinitely separated like-charged species are
brought together to reaction distance.2

Although we feel confident that our proposed mech-
anism for the disproportionation of the technetate.ion
is basically correct, the nature of the subsequent re-
actions remains ambiguous. Gelatin, which plays an
important role in the primary reduction process, no
doubt effects other changes in the redox behavior of
technetium. The formation of the TeO, precipitate

L. Parts anp J. T. MILLER, JR.

also complicates interpretation of the electrochemical
data.
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The Reaction of Nitrosonium Nitrate with Isobutylene at 77-195°K!

by L. Parts and J. T. Miller, Jr.

Monsanto Research Corporation, Dayton Laboratory, Dayton, Ohto 46407

(Received January 15, 1969)

The reactivity of nitrosonium nitrate toward some unsaturated compounds was investigated in the 77-195°K
temperature range. Ethylene, propene, and propyne did not undergo addition reactions, whereas the products
obtained from 1,3-butadiene and isoprene were very unstable upon warm-up. The experimentally most amen-
able system, consisting of isobutylene and nitrosonium nitrate in ethane-propane solution, was studied most ex-
tensively. The reactions were conducted at temperatures at which the symmetrical form of N2Oy is unreactive
toward isobutylene. An unstable solid, believed to be the cis dimeric form of isobutylene nitrosonitrate, was
isolated. This solid was converted into a thermally unstable liquid product at temperatures above 0°. The
chemical and physical characteristics of the latter are consistent with 2-nitratoisobutyraldoxime structure. The

role of nitrosonium nitrate in the reactions of N;Q, with olefins is discussed.

It has been generally presumed,? on the basis of
studies conducted in ether solution,? that the reactions
of dinitrogen tetroxide with olefins occur by free-radical
mechanism. :

>C=C< + ‘NO; — OzN_C'—'C'\ (1)

N
0,N—C—C—NO; (2)
/
0;N—C—C- + *NO,
7
0,N—C—C—ONO (3)
/

Schoenbrunn and Gardner? studied the oxidation of
isobutylene with dinitrogen tetroxide. They isolated
some intermediate products (2-nitratoisobutyraldehyde,
2-nitratoisobutyric anhydride, and 2-nitratoisobutyric
acid) and obtained good yields of the desired 2-hydroxy-
isobutyric acid. Significantly, these compounds dif-
fered from the products obtained in the analogous reac-
tion in ether solution (1,2-dinitro-2-methylpropane,

The Journal of Physical Chemistry

nitro-t-butyl nitrite, and nitro-f-butyl nitrate).
Schoenbrunn and Gardner concluded®® that in the reac-
tions of olefins with dinitrogen tetroxide the weakly
basic solvents not only moderate the oxidizing action of
N,0; by complexing, as it had appeared earlier,® but
they alter the reaction mechanism. These authors
suggested that in the absence of weakly basic solvents
the reactions proceed by an ionic mechanism via the

(1) L. Parts and J. T. Miller, Jr., presented in part at the 150th
National Meeting of the American Chemical Society, Atlantic City,
N.J,, Sept 1965, paper S11.

) (a) F.W. Stacey and J. F. Harris, Jr., *Organic Reactions,” Vol.
13, A. C. Cope, Ed., John Wiley & Sons, Inc., New York, N. Y., 1963,
p 224; (b) A. L. Titov, Tetrahedron, 19, 657 (1963).

(3) (a) H. Shechter and F. Conrad, J. Amer, Chem. Soc., 75, 5610
(1953); (b) T. E. Stevens and W. D. Emmons, ¢bid., 80, 338 (1938).

(4) (a) E.F. Schoenbrunn and J. H. Gardner, ibid., 82, 4905 (1960);
(b) The results of Schoenbrunn and Gardner’s study have been con-
firmed by B. F. Ustavschikov, M. I. Farberov, and V. A, Podgornova,
Neftekhimiya, 2, 592 (1962); B. F, Ustavshchikov, V. A. Podgornova,
N. V. Dormidontova, and M. I. Farberov, Proc. Akad. Sci, USSR,
Chem. Sect. (English Transl.), 157, 685 (1964); B. F, Ustavshchikov,
V. A. Podgornova, N. V. Dormidontova, and M. I. Farberov, Nef-
tekhimiya, 5, 873 (1965).

(6) N. Levy, C. W, Scaife, and A, E. Wilder-8mith, J. Chem. Soc.,
52 (1948).

(6) N.Levy and C. W, Scaife, tbid., 1093 (1946), and subsequent pub-
lications.



