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Abstract

 The interaction of deuterium and a variety of alkanes

and cycloalkaunes on evaporated nickel films and on a reduced nickel
oxide catalyst leads to very similsr results. Isotopic exchange
.occurs eonveniently at 18b-200° to produce species with from one to
all hydrogen atoms exchanged. With hexane and 3-methylhexane, the
most abundant species are those of axtensivse dbut not total exchange.
With cyclopentanes cyclohexanes and 2,3-dimethylbutane, the uost
avundant is the fully exchanged one. Ir cycloalkanes no anomaly
appears in the concentration of the species in which one-half of the
hydrogen atoms are exchanged. Under the experimental conditions
hydrogenolysis of carbon-carbon bonds occurs only with sthyleyclobutane,
in vhich case its rate is comparable to that of excharge.

The data seems to require initial adsorption of the hydrocarbon
molecule with cleavage of a ¢arbon-hydrogen bond. The point of attach-
ment then shifts in an d.~B process with isotopic exchange accompanying

each shift. &-x and «.-¥ shifts are roelatively uncommon. A single branch

in the carbon skeleton does not impede migraticn of the point of attach-
ment but a gem-dimethyl group block. it. 8incs racemization of (+)3-
rethylhexane is closely correlated with the total number of molecules
exchanged, a symmetric intermediate is required during the exchange

process.
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A recent paper from this laboratory® presented a study

(2) R, L.3urwell, Jr., and W. S. Briggs, Jelm.Chem. Soc.,
74, 5096 (1952).,

of the interaction of hydrogen and deuterium with heptane, (+)3-methyl~
hexane, 3,3~dimethylhexane and 2,2,3-trimethylbutane on a nickel-
kieselguhr catalyst. Of those molecules which exchanged, most suffered
exchange of many hydrogen atoms. Most of the molecules of (+)3-
methylhexane which were exchanged were also racemized, It appeared that
initial adsorption of alkane involves dissociative adsorption with
rupture of a carbon-hydrogen bond followed by migration of the point

of attachment of the alkyl fragment with consequent isotopic exchange.
With (+)3-methylhexane, at some stage a symmetric intermediate is formed.
It seemed wise to see in how far these initially rather surprising re-
sults are characteristic of nickel catalysts in general. This paper
reports a study of eleven alksnes and cycloalkanes on evaporated nickel
films, on reduced nickel oxide and on another type of nickei-kiesel-
guhr catalyste.

Experimenteal
W VAP Gt

gﬁ&f{iﬁ%ﬁéi The following Phillirps Petroleum Company Research
Grade hydrocarbons were used without treatment: cyclopentane,
methylcyclopentane and methylcyclohexane. Heptane was percolated
through silica gel and fractionateé in a 50-plate Podbielniak Heli-Grid
column, n3%D 1.3853., Phillips Pure Grade 2,3-dimethylbutane was
similarly tresated, 38°D 1.3724, as was Eastman Kodek Company cyclo-
hexane, n“%p 1,4234. Neopentane was kindly furnished by Professsr H.Pines
and 1,l1-dimethylcyclohexane, 99.9 mole % pure; by

Dr. XKenneth Greenliee of the American Petroleum Institute Project 45,
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Dr. Cecil Boord, director, at the Ohio State University.
3,3=Dimethylpentsne was prepared by interaction of t-amyl
chioride and ethylene in the presence of aluminum chloride at ~40° , 8

(3) L. Schmerling, ibid., 67, 1152 (1945).

The resulting l-chloro-3,3-dimethylpentane was converted to 3,3-
dimethylpentane by preparing and hydrolyzing the Grignard reagent.
After preliminary distillatibn, the materlal was percolated through
silica gel and distilled in the 50-plate column, n2?°D 1.3886.
Ethylecyclobutane was prepared by R. G. Armstrong following
Pines, Huntsman and Ipatieff,® n4°D 1.4018. It was percolated and

(4) H. Pines, W, D, Huntsman and V. N. Ipatieff, ibid., 75,2315 (1953).

distilled as above,

(+)3=-Methylhexane was prepared from active amyl bromide® by

reaction of the Grignard reagent of this compound with acetic anhydride
at -78°,8 Ihe resulting 4-methyl-2-hexanone was reduced to the hydro-=

percolated through silica gel and distilled on the S50-plate corlumn,
Ihe infra-red spectra of several batches were shown ideptical with
those of the Bureau of Standards Standard Sample of this hydr -~arbon
by a substitution method. Ihis method cf preparation is super or to

wodibivea. adpekbhat Sl
.

B




e

the one formerly described.2

Tank deuterium gas was secured from the Stewart Oxygen Company
under allocation from the Atomic Energy Commission. Before use it was
passed ovar copper at 450° and then through a Dry Ice trapo

The nickel catalyst was prepared by Mr. W. S. Briggs from nickel
carbonate which was precipitated from a solution of nickel nitrate by
the rapid addition of sodium carbonate. The precipitate was thoroughly
washed by decantation, filtered, dried at 110° and treated wiv~h cxygen
at 300° for four hours. 20-40C mesh material was selected and reduced
at 300¢ in hydrogen before placing in the catalyst chamber where 1i*
was rereduced. Harshaw Chemical Ceompany's nickel=kieselguhr «catalys=®
was crushed and 20-40 mesh material was selected.

Aggizfzzim Products were examined on the Baird recording infrared
spectrograph.s The C=D band at 4.6 microns was used to get an immediate
estimate of the degree of exchange and to select suitable samples for
mass spectrographic analysis.

Mass spectrographic analyses of hydrocarbons of molecular weight

of 98 and higher were performed on a Consolidated mass~5pectrometerumé?*ﬁm

direction of D. V. gniebes at the Institute of Gas Technology, Chicagog

i
Illinois. those of lower molecuiar weight were examined on a manual

Westinghcuse mass—spectrometer in the Department of Chemical Enginecering

at Northwestern Univarsity under the supervision cof D. M. Mason., Re=
latively high pressures of hydrocarbon were used t-5 get as much sensi-
tivity in the determination of the isotoplically exchanged species as
possible. The % of each exchanged species was computed from the parent
peaks save for neopentane in which case mass &7 was employed and 3,3~
dimethylpentaney; mass 85. ‘he treatment of the mass spectroscopic data

2
was =8 hefore,

2t -M,“‘mwn“&w
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Precision in the % of the varicus exchanged species is about
0.03 percentage units or about 5% of the listed figure for the more
heavily exchanged samples. The % of D1 1s less accurate since the
unexchanged species containing one atom of C1® has the same massz and
correction must be made for this. The probable error in the fraction
of molecules exchanged is about 10%.2

Exggszgted nickel gl;gg.- Evaporated nickel films were prepared
by customary procedures including careful degassing at elevated tempe-
ratures. Owing to tne necessity cf collecting enough 3=-methylhexanre
for polarimetry,; the scale of operation was much larger than that
generally used by previous workers.

The catalyst chamber was a section of glass tubing 45 mm. in
inside diameter and between 50 and 75 mg. of nickel was evaporated ontc
the inner surface of this tube while the tube was cooled in ice-water,
Gaseous mixtures of deuterium and hydrocarbon were prepared by bubbling
deuterium gas through a sample of previously degassed hydrocarbon held
at a suitable temperature. The mole ra2tio of deuterium to hydrocarbon
was about 3 save with (+)3-methylhexane in which it was about 2. The
reactant stream entered at the bottom of this tube via 8 mm. tubing
cciled helically around the large tube so that the reactant stream would
be at reaction temperatures before entering the catalyst chamber, A
furnace surrounded the catalyst tube. A hemispherical shell of glass
about 40 mm. in diameter was placed open end up immediately above the
joint of the entrance tube to the catalyst tube., This served to start
the gas stream up the inner face of the catalyst tube.

The effluent stream was passed into a trap cooled with l1iquid
nitrogen and containing a calibrated section of small bore tubing ar

the bottom. Flow rates lay between 0.3 and 0.7 cce. of liquid nydre-

s o il mantas 44
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carbon per hour,

Nlckel catalysts.- Experiments on reduced nickel oxide and on

R e P
nickel-kieselguhr were run in an apparatus which will be described
elsewhere. It is generally similar to that formerly used® but con-
tains a positive action pump delivering degassed hydrocarbon into an
evaporator provided with deuterium flow. 2 cc., of catalyst was em-

ployed. Flow rates were about 34 cc. of liquid hydrocarbon per hr,

and of deuterium, 0.0265 moles per hour. The catalysts were reduced

initially at 325°. The catalyst from nickel oxide declined in activity

with use. Activity could be restored by repeating the treatment with
hydrogen at 325°,

Experimental Results

AN S NN N

Results of experiments on evaporated nickel films are shown in
Table I. Exchange occurred at convenient rates between 130 and 2(C®,

From the data of Beeck, Smith and Wheeler® one expects evaporated

nickel films to have surface areas of 10 sq. meters per gram at 0°,

About 0.22 cc. of vapor (STP) would, then, completely cover the sur-

faces of our films in adsorption with two point attachment. This would

apply to fiims at 0°, sintering would redace this figure., It 1is not
surprising that we had some trouiles with pouisoning. After a run,
the hydrocarbon in the evaporator was often replaced by aunother,
Attempt was made to avoid the introduction of oxygen during this pro-
cesS. It was commonly possible to get two runs on the same film and
occasionally three before serious loss of activity occurred. Parti-

cularly in early runs, there seemed to be some variation in imitial

|
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Notea for TABLE I

aThose runs with the same number were run on the same film
in the order indicated by the letter. °S is heptanes Z3MP, 3,2.-
dimethylpentaney 23MB, 2,3-dimethylbutane§ neoP, neopentaneg <P,
cyclopentaneg cH, cyclohexanesy 3MH, 3-methylhexaneg 11McH,
1,1-dimethlcyclohexaney and EcB, ethylcyclobutane. c% of total
hydrocarbon molecul=s which have suffered exchange, dDeuterium was
bubbled through a mixture of heptane and 3,3=-dimethylpentane.
The exchange of the two hydrocarbons could be separately analysed.
©32.0 % loss in optical rotation. f3.4 % loss in rotation, gHydr0w
genolysis accompanied this run. The sum of the peaks at masses
84-100 was set at 100% and the height of each mass peak above 84
entered as %. hRuns 22a, 22b and 22¢ were on an oriented fiim
prepared by evaporating nickel in 1 mm. of nitrogen. The weigh*
of the film was but 12.4 mg. 147.4% loss in rotation. “9.58 ioss
in rotation. kThese values can be substantially accounted for by

a second adsorption of a molecule already once exchanged.
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Notes for TABLE II

a3MH is 3-methylhexanes: 8, heptanes 33MP,; 3,3=dimethylpentansgy
cH, cyclohexaneg McP, methylcyclopentane. bFrom Table IV, ref. 2.
On UOP nickel-kieselguhr. “On Harshaw nickel-kieselguhr. SLoss ix
optical rotation, 2. 1 %. ®Loss in rotation, 6.1 %. L10ss 1n rotation,
7.7 4. Bloss in rotation, 2.9 %. hLoss in rotation, 4.9 %. flees
in rotation, 13.0 %.
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activity of the different films.

Methylcyclopentane (run 13c¢) and methylcyclohexane (run 20a)
gave exchange patterns on evaporated nickel films which resembled
cyclopentane (run 16b) and cyclohexane (run 18a) closely save that
two more exchangeable hydrogen atoms appeared in each case,

Runs of heptane and (+)3=-methylhexane on nickel-kieselguhr
catalysts and of these hydrocarbons and 3y,3=-dimethyipentane, cywlc-
hexane and methylcyclopentane on recduced nickel oxide are pressntad
in Table 2.

The relative rates of exchange of these five hydrocarhons were

determined on the reduced nickel catalyst in order to compare them

with the relative rates of exchange of several hydrocarbcns published

previously.® Runs on the other hydrocarbons were sandwiched between

two runs on heptane. The catalyst was assumed to be in the same stals
throughout if the depth of the C=D absorption band in the heptanez was
nearly the same, One of the heptanes was examined mass spectroscopicallys.
The percentage of heptane molecules exchanged thus found was correced

to the average value for the two reference runs on the basig of tne
absorption at the C=D band (4.6 microns). In one case, runs 35 and 37,
the heptane runs differed by 10%, in the other cases bty ro more than

3%. Duplicate agreeing se s of runs are available for 3.3-dimsthylpsartane

L

and methylcyclopentane,

Where the mass spectroscopic patterns permit unequivecal sorting
of the exchange patterns of two different hydrocarbonsgy a mixturs of
hydrocarhons may be passed over a catalyst and the relative rates thus
determined., An example of this is shown for run 13a, Table I for
heptare and 3,3=dimethylpentane. Since the latter compound haz a

negligible parent peak, there 1s no interference with the neptans

e
'
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analysis. 3,3=Dimethylpentane has a large peak at masz &85 and

heptane Las a small peak the effect of which can be subtracted out,

Data on relative rates of exchange are presented in Table IIX

in terms of the number of molecules of hydrocarbon exchanged referred

to heptane as 1.0. It was assumed that the rate of appearance of

exchanged molecules was first order in unexchanged molecules., Tuus

the relative rate is

o
melecules which has not exchanged and

5
N
N
5
N

where Z 1is the fraction ©
&, that fraction for heptane under the same conditions. Since
cyclohexane and methylcyclopentaney, were fed at the same iiquld
volume rate as heptane, correction was made for contac® tims,

On nickel catalysts, the rate of exchange of 3=methyihexans
is about the same as heptane, that of molecules containing gswe
dimethyl groups and short side chains is smallers 3.3=dimetnyl-
rentane; 3,3-dimethlhexane, 2,2,3=trimethylbutane. Neopentansz,
(Table I, run 15) exchanges very slowly. Cyclohexane exchanges
more slowly than heptane but its isomer, methylcyclopentane.
exchanges much more rapidly.

The nickel films were derived from 0.020 in. nickel wire

manufactured by the Drive-Harris Company. Emission spectroscopy

indicated the presence of copper, 0.02%§ iron, 0.03%§ magnesium, 0,3%s

manganese ;0,3% and silicon, 0.02%. Since but 15-20% of tne wire

was evaporated, one cannot say Jjust what the analysls of the film

&

My 4
s Ry %

by

[RR—

would have been. Presumably, particularly volatile impuritvie:s would
concentrate in the first part of the film. In one experiment. abouil
40 mg. of nickel was evaporated. This film was removei and a filw

made from the remaining wire. This film corresponded in aztivity ts

5¢
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TABLE III
Rates of Exchange Relative to Heptanea

Evaporated UOP nickel- Redﬁced

nickel films kieselguhrb nickel oxide
Heptane 1.0 1.0 1.0
3-Me thylhexane 0.75 (120°) 1.1€ (176°)
3,3~Dimethylpentane 0.27 (200°) 0.48 (210°)
S,S-ﬁimethylhexane 0.36 (86°)
Cyclohexane 0.52 (176°)
Methylcyclopentane 8,5 (160°)
2,2,3-trimethylbutane .13 (120°)

aThe relative rates are followed by the temperature at which the

comparison with heptane was made. bFrom ref. 2.

g )
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runs 10, 15 and 19, Ihe exchange patterns of 3-methylhexane and
cyclohexane were indistinguishable from those obtained in the uszuaal
manner.

Discussion
AAAANNNN

In géneral, hydrocarbons undergo extensive exchange with
deuterium in the presence of evaporated nickel filmsy reduced nicksi
oxide and Harshaw nickel-kieselguhr. The exchange patterns resemtis
those previously found on another nickel--kieselguhr2 but there was
relatively less of the more <xi*tensively exchanged species with that
catalyst.

As previously proposed,2 the exchange reaction seems to require
initial adsorption of the alkane with cleavage of a carbon-=hydrogen
bord followed by migration of the position of attachment with cone
sequent exchange of cne deuterium atom for each such migratior.

The propagation reaction (that is, the migration of the position
of attachment) is not significantly affected by the presence of a
single branch in the alkane. This is most clearly shown by comparison
of heptane with 3-methylhe:iane, for exampley; Table II, runs 22 and 24,
Nor do two branches on different carbon atoms interfere as is shown
by the exchange pattern of 2,3-dimethylbutane; Table I; run 13b,

However, as previously found for 3,3=-dimethylhexane,;? a doubtlse
branch on the same carbon atom blocks the propagatioxn reaction., This
is further shown by 3,3-dimethylpentane in which only one of the ethyl
groups exchanges (Table I, run 12ag Table II; run 141). The zlign*®

concentration of species containing more than five deutsrons results

from double adsorption of the same molecule, the probability of which

1 1 " I3
is 1/2)_(_2 where % is the fraction of molecules which have exchaage onoso

]
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Similar limitation of the exchange of l,l-dimethylcyclohexane to ten
deuterium atoms (tne rnumber of hydrcgen atoms attached to the ring)
illustrates the sume point (Table I, run 2la). These rums show however,
that the double branch does not seriously interferewith exchange of

the hydrogen atoms attached to the carbon atom adjacent to the branch,

Neopentane (Table I, run 15a) exchanges very slowly., The principle
species which appears is CgHy3P, GConcentrations of doubly and {rebly
exchanged species are small, Therefore9 -% migration of the position
of attachment is not very frequent. ..

0~% migration is 2lso infrequent. It hardly occurs at all pas™
a double branch as shown by 3;3=dimethylpentane and l;l-dimetrylcyclio=
hexane. Were it to occur with cyclohexane exclusively, then only the
six hydrogen atoms attached to carbon atoms 1 (the atom at which
adsorption first occurs) 3 and 5 would exchange. The complete absence
of any anomaly in the concentration of CgHgDg proves that this reaction
is not the major one, (Table I, run 18a, Table II, run 144},

On the other hand, as shown by multiple exchange in 3,3-dimethyl-
pentane, %8 migration occurs. It seems likely, then, that %-/3 mi-
gration is the reaction which 1s principly responsible for muitipie
exchange.

If cycloalkanes were adsorked flat, one would expect an anomaly
to appear at the concentration of the species in which haif of tn=
hydrogen atoms in the ring were exchanged. No such anomaly appears
in cyclopentane, methylcyclopentane, cyclohexane, methylcyclohexans or
dimethylcyclohexane. Furthermore, one might expect hindrance v the
flat adsorption of the last hydrocarbong but its exchags pattern
closely resembles tha't of cyclohexane,

The migration of the position of attachment in c¢yclic systems
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is relatively stereo-insensitive. Thus, if migration were to occur
exclusively to an adjacent cis-position, cyclopentane and cyclohexane
would exchange but half of their hydrogen atoms. If migration wsre

to occur exclusively to the trans-position, cyclohexane would exchange

but six hydrogen atoms.

Furthermore, migration of the point of attachment does not requirte
that the hydrogen atom adjacent to the point of attachment to be in a
gauche-or a trans-position since the rigid molecule, cycinpentane,
exchanges without difficultye.

The exact shape of the exchange distribution pattern varles among
the four types cf nickel catalysts which we have studied. With heptane
and 3-methylhexane, evaporated nickel and reduced nickei oxide give
pronounced maxima in the concentration of the multiply exchanged species.
A minimin occurs amongst those species with triple to szextuple exchange
(Table Iy runs 5, 10, 13a; 193 Table II, runs 122, 136, 137, 130.153%,
The nickel kieselguhr previously studied® gave 2 3lighl maximum with
3-methylihexane but in heptane, the maximum becames a long tlat portio:
(Table II, runs B23 and BllS5), ‘he Harshaw nickel-kieselguhry exninits
maxima with both hydrocarbons (Table II, runs 105 and 107; but the
maxima are less pronounced than with evaporated nickei or reduced nickel

oxidee.

As deuterium accumulates in the gaseous hydrogen; one wouid expect

the position of the maximum in the exchange patterns ot J-methylnexans

and heptane to shift to species of lower exchange. On reduved nickel
oxide this trend is seen in comparing the sequence of runs 12%, 13¢€
and 153 (Table II)» In run 122 at 1609 in the alkane produc®s

2,5¢ of the hydrogen was substituted by deuterium,; oTg 18% of tne

hydrogen gas had become deuterium. In run 1563 at 210°, the corree

i Lid 5
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sponding figures are 7.1% and 50%. The position of the maximum is
moved back in run 153 but the mcst extensively exchanged species
(Dy¢y Dy59 and Dya) are even less exchanged than the build-up of
hydrogen deuteride alone would warrant. The concentrations of the
last three species should be little lower in run 153 than in run 122
since subsequent exchange following the attalnment of as much exchange
as iIn run 122 was relatively uncommon. Thus, apparently, the most
extensive exchange 1is less likely at higher temperatures., Whether
this 1s true for evapcrated nickel films is open to some doubt since
partial poisoning may also affqpt the exchange pattern,

On the wholie, evaporated nickel films and reduced nickel oxide
behave very similarly. This may be seen in comparing heptane on the
two catalysts (Table I, run 1lOaj Table II, run 124), cyclohexane (
Table I, run 18aj Table I1I, run 144) and 3,3-dimethylpentans (Table 1,
run 12ag Table II, run 141) in which case the minimum at CgzH,;,Dz occurs
in both runs. There 1s no sign of anything unusual about evaporated nickel

films. Once this mat._>ial has been exposed to reactant 1t behaves 1in

a standard fashion.

Oriented nickel films prepared by evaporation in 1 mm. of ritrogen
rather than in vacuo gave exchange patterns with 3-methylhexane and
with cyclopentane which were of the same general type as those of
unoriented films. Uomparison of runs 22a and 22b with 192 and i¢b
and of 22c with 16b demonstrate this point. The oriented film was,
however, much more active than any other films both absolutely and
relatively since 1ts welght was bu’ about a fifth that of the un-
oriented films. As will apprear; the ratio of exchange to racesmization
with (+)3-methylhexane was also the same as with unoriented films,
Oriented films are more active in ethyliene hydrogenation *than arc

unoriented ones.®
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The difference between these two catalysts and the nickel-kiesel-
guhr ones seems to be that the relative probabllity of the propagation
reaction versus the evaporation reaction 1s greater for the first twe
catalysts. We suggest tentatively that this is correlated with particle
size, being greater on the material of larger crystallite size. The
former nickel-kieselguhr catalyst shows a variation of magretizaticr
with temperature® indicative of small particle size.®
(9) P. W. Selwood, T. R, Phillips and S.Adler, J.Am.Chem.So:.,
76, 228 (1954).

The plot of magnetization against temperature for the reduced

nickel oxide is very similar to that of bulk nickel.!® This is

indicative of relatively large particle size. A sample of nickel-
kieselguhr which had been reduced at 250° gave an exchange pattern
with 3-methylhexane corresponding to nearly exponential decline
(Table II, run B1l7) with increasing deuteration. Such a catalyst
would be expected to have a smaller particle size than a catalyst
reduced at 300°.°

Leaving out of consideration the blocking of the propagation

reaction, the exchange patterns fall into two groups as shown in -
Fig, 1. 3-Methylhexane resembles heptane (curve A) while all the
cycloalkanes resemble Z2,3-dimethylbutane (curve B)., The difference
must lie in variation in the ratio of the probability of the pro-
pagation reaction to that of desorption. This ratio may also depend
upon whether the position of adsorption is in the center or at the end
of the acylic alkanes. However, it is the more compact molecules which

give the curve with the maximum at the most exchanged species. This

s, vy Pl 45
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would seem to result from surface steric requirements for completion
of the propagation reaction.(Compare, for example, 3-methylhexane and
methyleyclohexane), |

One might suggest that multiple exchange results from diffusion
'of an alkane molecule into a pore in which it has many chances of
adsorption with single exchange before it diffuses out of the pore,
The possibility of this kind of a diffusion mechanism is often very
difficult to eliminate., It can be eliminated unequivocally in the
present case. If such a mechanism were to obtain, at low total cou-
versions at least ten hydrogen atoms of 3,3-dimethylpentane wouid be
subject to exchange instead of but five.

One expects hydrogenolysis of carbon-carbon bonds at temperatures

somewhat above those at which exchange starts.®!’® We pasced heptane

58, 1445 (1936); 58, 1795 (1936). K. Morikawa, N. R. Trenner and
. S, Taylor, ibid., 59, 1103 (1937).

and light hydrogen over two d4ifferent freshly evaporated nickel films
at 200°. The infrared adsorption spectra of the products were in-
distinguishable from those of the reactant. As tested mass spoctro-
scopically no significant amount of methane appeared in the off gas,
With cyclohexanes and cyclopentanes, hydrogenolysis would lead to
species of mass numbers greater than those of the fully exchanged
alkanes, None was observede.

With ethylcyclobutane, however, species heavier than CgD;, were
observed (Table I, run 23b). Djygy Digy D1s and Dy;g must correspond

to exchanged hexanes. Thus, exchange of the cyclobutane ring is

e
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accompanied by extensive ring opening tc produce mainly 3=methy1pentane012

D B e - O o o0 0w oo e

(12) V. Haensel and VY, N. Ipatieff, ibid., €8, 345 (1946),

On the other hand, the peak corresponding to D; must be =ingly
exchanged ethylcyclobutane, If one allows that hydrogenolvsis c¥

the ring would necessarily introduce at least two deuterium atoms,

then D; and Dg are doubly and trebly exchanged ethylsyclobutane, Whether
these one, two and three deuterium atoms are in the ring or in the ethyi
side chain could not be ascertained.

By the use of optically active 3-methylhexane, one may determins
the stersochemistry of the.exchange reaction. If both tha production
of exchanged species and the loss of rotation proceed as {irst order
reactionsy, the ratio of the rate of exchange to that of racemization
is

In Z / 1n (X/®X,)
where Z is the fraction of molecules which have suffered nc exchangs.®
Table IV nresents the results obtained in the present work. The proe
bable error when small is determined by the % exchange, when largey,
by the accuracy of polarimetry.

On tinc Universal 0il Products Company nickei-kieselgun» used
pefore® the ratio was about 1.6y in agreement with that on tha
Harshaw catalyst. The reduced nickel oxide and particularly ths
evaporated films give lower values, closer to 1.2. With ail cataiysts
there are some species with but a few deuterium atoms introduced in
which exchange has probably not propagated to the optical center and,
therefore, has not resulted in loss of rotation. The fraction of
molecules having 3 deuterium atoms or less is listed in Table IV,

The choice of 3 deuterium atoms is; of coursey rather arbitrarye.
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TABLE IV

g

Ration of Rate of Exchange to that of Racemization foz

(+)3=Methylhexane
Catalyst Run no, Ratioa
Harshaw nickel-kieselguhr 107 1.7%0.1
Reduced nickel oxide 122 1l.4%p,3
136 1.6%0.2
153 1.2%0.1
Evaporated nickel film 19a 1.1%0.1
19b 1.5%0,.3
22a 1.1%0.1
22b 1l.2%0.1

F

ot

ion Di+Dp+Dg

a
The ratio of the rate of formation of exchange species to ths of

loss of rotation.

bFraction of total molecules exchanged which had 142 or 3 D-atoms,
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The assumption that such moclecules are responsible for the ratio
éxceeding 1.0 is consistent with the exchange patterns. There
are relatively more slightly exchanged molecules with nickel-
kieselguhr than with the other catalystﬁ. Run Bl7, Table IT, is
from ref, 2 and is on a nickel-kiecelguhr which had been reduced
at 250° rather than at 300°, Here &K/X, was C.979, whence tne
ratio is 3.2%C.€. On this run, there 1is nearly an exponentlali
decline in concentration with increasing degree of exchange and a
much larger proportion of siightly exchanged species.

Our previous conclusiop that racemization accompanied sub-
stantially all of the exchange at the tertiary carbon atom applies
also to the catalysts sfudied in this paper,

A study of isotopic interthsnge between deuterium and ethane®®

1D =0 op D oo on ow WD G D

(13) J. R. Anderson and C. Kemball, Prgo¢. Roy. Soc, (London) 2234,
361, (1954).

and between deuterium and propane and isobutane'? on a serie:z of

D eac an nan en o e
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evaporated metal films including nickel has been reported, Multipisz
exchange was observed but, with nickel at 0° and long contact times,

considerably less multiple exchange was observed than witn thes hydro-

carbons we have studied at higher temperatures., Whether this ditfsrernc

results from the differences in the hydrocarbons or in the differences
in temperature and pressure (Anderson and Kemball worked at mush lowsr
total pressures) is not clear. In contrast to our results, criented
and unoriented nickel films give rather different typez of excliauge

patterns with ethane; the oriented fiim giving less multipie exchangs,

W@
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These workers observed the degree of multiple exchange to
vary considerably from metal to metal, In view of the systematic
variation which we have observed among nickel catalysts and which
may be correlated with crystallite size, the variations observed
from metal to metal may not depend solely on the identity of the
metal,
Kemball and Anderson interpreted multiple exchange by the
same general type of process which had been suggested for rickel-
kieselguhro2 However, thelr suggestion that tne propagation of the

exchange reaction proceeds throughb

HE  pH
ooy
A
S 5

suffers from the difficulty that it cannot explain the racemization

. 2
of (+)3-methyihexane. Further; it i1s equivalent to adsorbed ethylene,
which; in the presence of deuteriumy, returns considerable deutero-

ethylene to the gas phase as is also true of adsorbed butylenesol*

s e o e oD 00 oo on as oo e

(14) T. I. Taylor and V. H. Dibeler, J. Phys. Colloid Chem., 55,
1036, (1951). This paper is a leading reference to previous work
in the field of olefin hydrogenation and exchange.

- e e e 0w oo E € om e D D

One would have to assume that no such return would occur in exchange
between alkanes and deuterium since, at the temperatures under con-
siderationy the equilibrium concentration of olefin would be infinitesi-
mal., Similar objection can be raised to two of the symmetric inter-
mediates suggested to allow for racemization.® This argument alone

is not necessarily fatalfsince the rate of olefin desorption could

vary with surface conditions as influenced by the partial prescure

PR IS
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of olefin in the vapor phase,
One symmetric intermediate previously suggested.2 could account
for the results and would confine the propagation reaction to an [A-/B
shift. As applied to (+)3-methylhexane it takes the form

Cn the other hand, an adsorbed alkyl group might have a less
classical structure. Our knowledge of surface orbitals does not seem
adequate to specify exactly the nature of an adsorbed radical. If

the adsorbed alkyl group was planar and if the plane of the radical

R R R

} L
VRN or L
Rz Rg 3

S5SSS588SSSSS S558558SSSS

was perpendicular to the surface, adsorbed (+)3-methylhexane would
pass through a symmetric form. The details of the exchange of
cycloalkanes would also be intelligible. This proposed intermediate
is equivalent to a free radical in which the p-orbital interacts

with surface orbitals. Addition of a hydrogen atom to the central
carbon atom would resuit in desorption while simultanecus removal

of o« hydrogen atom from one of the adjacent carbon atoms would result
in propagation of exchange. However, the stereochemistry would be
satisfied if the adsorbed alkyl group merely passed through the
proposed structure. The adsorbed alkyl group would not necessarily

exist mainly in such a form.
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We have derived an expression for the exchange pattern of
cyclopentzae on a model involving initial adsorption at a single
point coupled with random migration oi this point of atvachment
with exchange of a deuterium atom at each shift. This model does
nct confine the propagation reaction to a\oﬂ shifts but mathematically

it 1s less refraccory.*® W%hen probability of migration of the point

0 O a6 o G e o COCD

(15) We are indebted to Mrs. H. C. Rowlinson for the mathematical

solution of this combinatorial problem.

0 a0 @ oo wo oo on oP OO &)

of attachment at any stage is about 0.91 (or the probability of
desorption is 0.09), the exchange pattern is one in which all
exchanged species have about the same concentration. When the
migration probability exceeds 0,91, the concentracion steadily
increases with increasing exchangey, and when it is less than 0.91 it
declines with increasing exchanges The exchange péttern of
cyclopentane cannot result from such a model. However, if i(he
migration probability was below 0.9 on one crystal face ano above
0.93 on another facey; then a curve of the observed form (Table I,
run 16b) would result., Anderson and Kemballlz treatéd ethane from
a rather similar model with similar conclusions. In any case,
considering that many of the exchanges accompanying the propagation
reaction would merely replace a deuterium atom by another deuterium
atom, the net probability of desorption at any stage must bs smail
in order that exchange of all hydrogen atoms in a substantial fraction
of cyclopentane would result.

§2529!l$9523331f This research was supported by the Office
of Naval Research., One of us, Richard H. Tuxworth, was the holder

of a Visking Corporation Fellowship.
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Fig. 1 Relative abundances of exchanged species with heptane,
run 10a, ¢ @ ¢ , and 2,3-dimethylbutane; run 13b,
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