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Hydrogen isotope exchange between deuterium gas and protium in hexane, pentane, a-methyl- 
butane, 2-methylpentane, 3methylpentane, 2,3-dimethylbutane, and 2,Pdimethylpentane has 
been catalyzed by clean plat,inum fdrns (70-100°C). A selection of these reactions has been cata- 
lyzed by films of rhodium and iridium (typically -13 to -35°C). In all cases, multiple exchange 
occurred. Product analysis by mass and proton NMR spectroscopy showed that exchange in 
methylene and methine groups was more rapid than that in methyl groups. A similar orientation 
effect was observed in reactions over platinum powder but not over platinum-alumina. For ex- 
change between deuterium oxide and hexane catalyzed by platinum films at 2OO”C, t,he rate of 
exchange in methyl groups exceeded that in methylene groups. It is proposed that preferential 
exchange in methylene and methine groups is normal behavior during alkane exchange with 
molecular deuterium over these platinum metals when their surfaces (i) are initially clean or (ii) 
contain several adjacent sites which are unperturbed by the presence of any electronegative ad- 
sorbed species. In these cases, multiple exchange may occur via the interconversion of C,,Hzn+% (ads) 
and C,LH2n++--l(ads), where z is probably 1, but may be zero or negative. Preferential exchange 
in the methyl groups of hexane results from contamination of the surface by adsorbed DZO, OD, 
or 0; this may be a geometric effect or an electronic effect, depending on the magnitude of the 
surface coverage of water, which is unknown. It is proposed that, under these circumstances, 
alkane is adsorbed as a charge-transfer state, and multiple exchange occurs via the interconversion 
of &Hz, t,(ads) and C,H~,+l(ads) in a manlier analogous to that proposed earlier for catalysis 
by chloroplatinate ion in deuterated solvent. Orientation in the exchange between deuterium gas 
and naphthalene or biphenyl catalyzed by films of platinum and iridium does not differ from 
that observed in exchanges where the isotope source is deuterium oxide or deuterated solvent, but 
the hl value calculated for exchange in naphthalene is higher than that previously reported. 

INTRO1 )UCTION 

Certain classes of hydrocarbon reactions, 
including hydrogen isotope exchange, hy- 
drogenation, and double-bond migration, 
can bc catalyzed both hetcrogencously by 
Group VIII metal surfaces and homogc- 
neously by complexes of these metals in 
solution. In such cases, it is important to 

1 On leave from the University of New South 
Wales. 

establish whcthcr common mechanisms 
operate in the heterogeneous and homoge- 
neous systems, and hence the extent to 
which a common chemistry prevails. From 
such comparisons it may also be possible to 
assess whcthcr or not an adsorption site in 
a metal surface has the properties exhibited 
by a single metal atom in the environment 
of a defined complex. 

Reactions involving hydrogen isotope 
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exchange are valuable for such comparisons, 
particularly when the exchange is faster 
than any other competing process such as 
hydrogenation. Exchange of protium for 
deuterium in aromatic hydrocarbons has 
been much studied from this point of view 
and similarities between the mechanisms of 
these reactions, as performed with hetero- 
geneous and with homogeneous catalysts, 
have been emphasized (1,2). 

Exchange of protium for dcuterium in 
alkanes is another reaction Jvhich offers the 
opportunity for such a comparison. -4 large 
number of transition metals are active for 
t#he heterogeneous catalysis of hydrogen 
isotope exchange in alkalies (3); in these 
studies it has been customary to USC 
molecular deuterium as the isotope source. 
Howzogeneous catalysts for this reaction arc 
presently restricted to complex ions of 
platinum (4-Y), iridium (8), and rhodium 
(9), and since these ions arc susceptible to 
reduction by deuterium gas the source of 
the isot,opc in these reactions has usually 
been the solvent In both the heterogeneous 
and the horno~~~~l(~ous syst’ems all protium 
atoms in simple alkanes undergo exchange 
for dcuterium. Analysis of the products of 
homogeneous reactions by’ mass and proton 
NRIR spectrometry has shown that prO- 

Gum atoms in n methyl group exchange 
more rapidly than those in a methylenc 
group, and that, the exchange rate is slowest 
in a methine group (2, 6). A mechanism 
which interprets this pattern of behavior 
has been proposed (2, 6, 7’). 

Most investigations with 1ic~tcrogc~Iic~ous 
catalysts were carried out before XAIR 
spectroscopy was xvidcly available, and 
hence a systematic study as to whether such 
preferential exchange occurs in these sys- 
tems has not been reported. Two isolated 
reports of preferential exchange in alkancs 
have been made. First,, Kauder and Taylor 
concluded, from an examination of the 
fragment ions in the mass spectra, that 
preferential exchange of protium atoms of 

the mcthylcnc group occurred during ex- 
change in propane over platinum gauze 

(10); S~OIK~, Iicn~ball presented kinetic 
cvidencc for the preferential exchange of 
the secondary hydrogen atoms in propane 
and of the tertiary hydrogen atom in iso- 
butanc in cxchangc rcaetions over nickel 
fihn (11). Howver, the first of these 
methods is not reliable and the second is 
not sensitive as a general method for the 
detection of preferential exchange in al- 
ksncs. Conscqueiitly, in the present’ work, 
VY have used a combination of mass and 
NAIR spcctroscopics, \vhich provides the 
necessary sensitivity to investigative prefrr- 
cntial exchange in nll~ancs catalyzed by 
cvaporatcd metal films. Orientation effects 
arc reported, and specific conditions for 
the reversal of the direction of the oricnta- 
t’ion when the isotope source is changed 
from 11, t’o I)& arc described. The metals 
used are l’t, Ir, and Rh (those employed in 
t’hc homogeneous rcact,ions), with the 
emphasis OIKX again on I)lntillum-catalyzed 
reactions. 

Exc21a1rgc of lnotiuni in alkanc for 
deutcrium from I&O has hccrl little studied. 
Reaction of propane with I),0 over nickel 
film at’ 300°C has been observed to give 
carbon dioxide and methane as products, 
but no isotopic exchange in the nlkane 
occurred (12). 

In vir\v of (i) the comparisons already 
made in the literature of homogeneous and 
lwterogtwcous c~xchangc in aromatic hydro- 
wrbons \vherc the solvent or I1& is the 
isotope source (1, 2) and (ii) the unexpected 
orientation in cxcha,ngc between alkancs 
and gaseous dcutcrium over clean films 
(this work), it! was felt necessary to deter- 
mine Avhethcr or not cxchangc between two 
typical aromatics (napht’halene and bi- 
phenyl) and gaseous dcutcrium over clean 
platinum and iridium films conformed to 
that previously reported. Confirmation of 
most of the previously reported charactcr- 
istics for these reactions (IS) was obtained. 
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1Ilalwiwls. l’latiiiutii, iritliuiii, and rlro- 
dium wires (Johnson 1Iat they) were 
Specpure grade. Dcuterium gas was purific>d 
by passage through a heated palladium- 
silver alloy thimble. Deuterium oxide, 997, 
(Norsk Hydro), hexachloroplatinic acid, 
and the various hydrocarbons (Koch- 
Light) were used as received. The only 
impurities detected in the hydrocarbons 
were isomers; no impurity concentration 
exceeded 17& 

Apparatus. Two ultrahigh vacuum sys- 
tems were used, one fitted with an ion pump 
and the other with a polyphenyl ether oil 
diffusion pump. In each, the Pyrex reaction 
vessel (485 ml) was attached to a stainless 
steel flange which, in turn, was scaled to 
the stainless steel vacuum system by a gold 
ring. In one system, products from the 
vessel were leaked to a Vacuum Gcnerat’ors 
Mnl6 magnetic deflection mass spectromc- 
ter; in the other system the vessel was con- 

nected to a Vacuum Generators &7 quad- 
rupole mass spectrometer. Proton magnetic 
resonance analysis of products was achicvcd 
using a JEOL lOO-MHz spectrometer. 

Catalyst preparatioll. Evaporated metal 
films were prepared by a standard method 
(14), all metal and glass surfaces having 
previously been outgasscd carefully at 
1OV Torr. Pressures during film deposition 
did not rise above lo-’ Torr. Typical film 
weights were Rh, 35 mg ; Ir, 35 mg ; and 
Pt, 15 mg. 

A platinum powder was prepared by the 
reduction of an aqueous solution of HzPtCls 
with NaBH*; the powder was thoroughly 
washed and dried in vacua at 150°C. 

Platinum supported on sulfate-free a- 
alumina (10% w/w) was prepared by 
impregnation of the support with hexa- 
chloroplatinic acid and subsequent rcduc- 
t’ion in hydrogen at 600°C for 15 hr. 

Reaction proceclure. In a typical procc- 
dure, carefully degassed hydrocarbon vapor 
(2.64 X lop4 mole) was distilled into the 

w:rction VIYW~, ant1 clt~llti~riut~i \V:IS ntl- 
illit tc~l to :t prcssuw or 30 'l'~llT, I IN% &MS 

section of the vessel being maintj:tined at 
77 I<. This provided a dcutcrium : hydro- 
carbon ratio of ca. 9.4: 1. The vessel was 
then warmed rapidly to the reaction 
temperature. 

When the isotope source was deuterium 
oxide, the desired quantity was measured 
volumetrically, degassed, and distilled into 
the vessel after the hydrocarbon. 

The progress of exchange was followed 
by mass spectrometry until the extent of 
deuterium incorporation n-as sufficient for 
orientation effects to be discernible in the 
proton NRIR spectrum; the hydrocarbon 
vapor was then condensed into a suitable 
sample tube containing the solvent (Ccl,). 
Proton resonance intensities were deter- 
mined by repeated instrumental integration 
following careful tuning of the spcctrome- 
ter, and t.he ratio (methyl: methylene : 
methine) was compared to that obtained 
for hydrocarbon having only the natural 
abundance of deuterium. Analyses with the 
natural materials were performed regularly 
to standardize the integration method, and 
so to maximize the accuracy of the 
determination. 

The drutcrium contents of methyl, 
mcthylenc, and methinc groups recorded 
in the tables were calculat’ed by combining 
a knowledge of the total dcuterium content 
per molecule for a sample, 1O-24 [see 
Eq. WI, as calculated from the mass 
spectrum, with a knowledge of the inte- 
grated proton resonances (methyl :methyl- 
ene : methine) determined from the proton 
KMR spectrum. 

In a limited numb(~r of cases, values of 
the multiple exchange parameter, M, were 
determined graphically by the method of 
Kernball (15). The relevant plots were 
linear. In all other cases, ICI values were 
calculated by use of Eq. (1) : 

no _ 4% loI% h.3 - lw (QL - 41) 
100’ log (100) - log (d,)l ’ 

(1) 
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where 
i=n 

4 = c i(A). 
i=O 

Quantities $J~ and & are the values of 4 at 
time t and at equilibrium, respectively, and 
(&) is the percentage in the sample of the 
isotopic species containing i deutcrium 
atoms. 

RESULTS 

Exchange between Hexan,e and Deuterium 

Results for exchange between hexane 
and deuterium gas catalyzed by films of 
rhodium, iridium, and platinum, powdered 
platinum, and platinum-alumina are shown 
in Table 1. Exchange was permitted to 
proceed to a substantial extent, so that’ the 
most favorable conditions for detecting 
intensity changes in the iS\‘;\IR spectrum 
might pertain. All possible deuterium- 
labeled hexanes were formed. Figures la 
and b show in histographic form typical 

distributions of products from rhodium- 
and platinum-catalyzed reactions. 

The activities of the metals, as reflected 
by the temperature required to effect a 
given rate of exchange, diminished in the 
order Rh > Ir > Pt. Exchange in each 
case ~vas highly multiple in character, 
initially yielding a high proport’ion of fully 
dcutcratcd spccics, and a further process 
yielding hcxane of low dcutcrium number 
also occurred (see Fig. 1). Rhodium and, 
to a lesser extent, iridium exhibited a 
tendency for the preferential formation of 
hexane-dn (see Fig. la). The three metals 
gave M values which diminished in the 
sequence I’t > Ir > Rh; 31 values for 
reactions catalyzed by platinum increased 
with increasing temperature from 8.3 at 
50°C to 12.3 at 200°C. These results and 
trends follow those previously reported for 
alkane exchange over these metals (16, 17). 

Values of the ratio of the integrated 
proton resonances, mcthylcnc :methyl, for 
each reaction of hexane are given in Table 1, 

TABLE 1 

Exchange between Hexane and Gaseous Deuterium 

Catalyst Temperature Reaction %D in hexane M Ratio of in- YOU in %D in 

(“C) time tegrated pro- methylene methyl 

(hr) Obs. Equil. ton resonance groups groups 
(methylene: 

methyl) 

Pt film 
Rh film 
Ir film 
Pt powders 
Pt-A1zOzb 
Pt filmc 
Pt film” 

Run 1 
Run 2# 
Run 3, 

70 
- 3.5 
-25 

30 
180 

80 

200 
200 
150 

1.2 
0.G 
5.-j 
0.8 

15 
1.7 

0.33 
0.22 
1.7 

44 GO X.6 1.04 
23 58 4.3 1 .O.? 
24 GO 3.2 1.11 
41 GO P.3 I.06 
31 58 *I. -0 1.31 
37 58 8.7 1.18 

53 .iS 12.3 1.26 
47 GS 10.1 I .2ti 
42 58 9.4 1.10 

50 
31 
30 
47 
:3L2 
41 

64 
49 
47 

36 
12 
IG 
34 
31 
33 

51 
4s 
3.5 

a Thirty milligrams of powder, pumped at 13O’C for 9.5 hr before use. 
b Activated at 200°C in 1 atm of Hz for 1 hr before use. 
c Film heated at 200°C for 1 hr before standard reaction at SO’C. 
cl Film used for three successive experiments; film pun~petl at 2OO’C for 2 hr bot.ween runs. 
c Prcmixetl react :mt,s :~dmil I ed at 2OOY 1. 
f Reactant addition by atund:trtl proccdurc. 
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together with the calculated percentage 
deuteration in each type of group. Random 
exchange would result in the ratio having 
the value 1.33. The substantially lower 
values observed indicate that t’hcre was 
preferential exchange of hydrogen atoms in 
the mcthylene groups for reactions over 
platinum, rhodium, and iridium films and 
over platinum powder, i.e., there was an 
orientation effect. However, exchange over 
platimm-alumina was random within cx- 
pcrimental error (ho.03 in the ratio). 

The exknt of prcfrrent ial met hylene ex- 
change was similar over each of the three 
metals st’udied. Howcvcr, the degree of 
multiple cxchangc over plutinum film was 
higher than tha.t over the other met’als and 
this, together with the high conversions 
employed, somewhat reduced the magni- 
tude of the measured orientation effect. 
Over platinum at’ 2OO”C, where the multi- 
plicit)y of the exchange is particularly high, 
thrre was a significantly knvcr specificity 
in the exchange, whereas, at lolvcr tempera- 
tures, where M values mcrc lower, the 
orientation effect was more marked. 

Exchange at 150°C on a platinum fihn 
previously used at 200°C gave results 
similar to those obtained using a clean film 
at 70°C. The results show that tempcraturc 
changes within t’his range and prctreatmcnt 
of films at 200°C serve only to modify the 
degree of preferential exchange at the 
methylene groups; such changes in experi- 
mental variables do not provide conditions 
for preferential cxcliarlgc at, the ?Jzeth$ 
groups. 

In view of the highly multiple nature of 
t’he exchange, it is important to assess the 
significance of the ratios of intcgratrd 
proton resonances (see Table 1) in terms 
of the degree of orient,ation, rcmembcring 
t,hat there can be no orirntat,ion in C6H14 
and C6D14. A calculation was performed, 
using the mass spectrum of a typical hcxanc 
sample, in which it \vas assumed that 
exchange occurred in mcthylcne groups 

LOL 

20. 

IO- 

bl Hexane/D2 /Rh 

Percentage 
of sample 
contolnlng 

lb) Hexane/DZ ,‘Pt 

i deuterium 
atoms 

0 I I111 

35 

(cl Hexane/DZO/Pt 

n 
I 

0 1 I 1 I I 1 
1 

“rrl:;‘T;i, j 
0123L5678910ll12'L31L 

i 1” C6H,h.i Di or C,0H8-i Di 

FIG. 1. Distributions of deuterium in hexane and 
in naphthalene (a) from reaction of hexane with D, 
over rhodium film at -35”C, 24% D in hexane; 
(b) from reaction of hexane with D2 over platinum 
film at 7O”C, 18% D in hexane; (c) from reaction of 
hexane with DSO over platinum film at 200°C, 
42% D in hexane; (d) from reaction of naphthalene 
with Dz over iridium film at 80°C, 34’$$ D in 
naphthalene. 

wherever possible, e.g., CeH6D9 was as- 
sumed to be CH3(CD2)&H2D. On this 
basis, the distribution shown in Fig. la for 
the rhodium-catalyzed reaction at -35°C 
gave a calculated value for the ratio 
(protium in methylene groups) : (protium 
in methyl groups) of 1.01, compared to the 
experimentally observed rat,io of integrated 
proton resonances of 1.05. A further 
calculation, based on an assumption that 
a protium atom in a methylene group is 
twice as likely to undergo exchange as a 
protium atom in a methyl group, gave a 
value for the ratio of about 1.23. Clearly, 
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therefore, the orientation of the exchange 
in hexane molecules which have not under- 
gone a high degree of multiple exchange 
is heavily in favor of the methylene groups, 
much more so than the ratio of integrated 
proton resonances might suggest at first 
sight. 

Despite the preferential exchange in 
methylene groups, the usual function plots 
(15) for uniform exchange, the slopes of 
which represent the initial rate of ent’ry of 
deuterium into hexane, and the initial rate 
of disappearance of C&HI4 were linear (Pt 
film, 70°C ; Rh film, -35°C ; conversion 
= 20 to 30y0). However, this is not un- 
expected in view of the latest assessment of 
the sensitivity of this kinetic method for 
detecting differential rates of exchange in 
molecules having nonequivalent hydrogen 
atoms (18). 

Finally, it should bc noted that (a) a 
number of blank runs in which protium gas 
was substituted for deutcrium and (b) runs 
in which exchange was allowed to proceed 
to equilibrium each gave ratios of integrated 
proton resonances, methylene : methyl, of 
1.33 (&0.02) : 1. Gas-liquid chromato- 
graphic analysis confirmed that hexane 
was not converted to other hydrocarbons 
during exchange. 

Exchange betwee? Other Alkanes ad 
Deuterium 

Results for the exchange of other alkanes 
with gaseous deuterium catalyzed by films 

of rhodium, iridium, and platinum are 
shown in Table 2. Exchange in pentane 
resembled that in hrxane, protium in 
methylene groups exchanging more rapidly 
than that in methyl groups. For exchange 
in branched-chain alkanes, exchange of 
protium in methyl groups was again slower 
than that in methylene or methine groups. 
Attempts to det’ermine the relative rates 
of exchange at methylene and methine 
positions by proton ?u’RIR were hindered 
because of the inaccuracy in the measure- 
ment of the methine prot’on resonance, 
However, t)he difference in the rate of ex- 
change at these two positions was not 
substantial. 

Exchange between ,4romatic Hydrocarbons 
an rl Deuterium 

Exchange of pIYJi?iUnl for deuterium in 
naphthalene and in biphenyl was catalyzed 
by iridium and platinum films (Table 3). 
The temperatures used were those required 
to provide an adequate vapor pressure of 
the aromatic hydrocarbon. The KMR 
spectra revealed that napht’halcne under- 
went preferential exchange at the p posi- 
tions, and this was supported by a marked 
cutoff in the mass spectra after CIOH4DQ 
(Fig. Id). A trace of tetralin was formed. 

Table 3 sho\vs that exchange between 
biphenyl and deutcrium was most rapid at 
the meta and para positions taken tog&her, 
and a cutoff in the distribution at CIIH,D6 

TABLK 3 

Exchange between Typical Aromatic Hydrocarbons and Gaseous Deuterium 

Aromatic Catalyst Temper- Reaction %D in 

hydrocarbon (film) ature time aromatic 

PC) (hr) 
Obu. Equil. 

M Ratio of integrated 
proton resonances 

Nsphthalene Pt 190 2.0 20 70 

Ir x0 0.0 34 70 

Hiphenyl Pt 100 0.3 40 (Xi 

11 80 0.1 47 Ix 

2.1 I.17 
2.2 1 .:lO 

3.0 I .40 

2.0 1.30 

%D in various 
positions 

- B 1nfho (mela 
+ PaTa) 

14 20 
21 1-I 

21 ,i!! 
23 cia 
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TABLE 4 

Exchange between Hexane and Gaseous DSO or I), + Water Mixtures over Platinum Film 

Film pretreat- Deute- Temper- Reaction 
ment rium at,ure time 

source (“C) (hr) 

‘%D in hexane 

Ohs. I<:quil. 

M Ratio of iu- %D in %D in 
tegrated pro- me th- methyl 

ton resoo- ylene groups 
antes gl’OUpS 

(methylene: 
methyl) 

- J&O 200 120 48 90 7.7 1 .*i7 45 53 
- DzO 200 160 42 94 7.6 1.45 40 4.5 

0.1 Torr of HzO* DP 65 65 40 60 9.4 1.08 46 33 
1.0 Torr of HzOn D2 8.5 83 40 58 8.9 1.19 43 36 
15 Torr of DiOR D, 170 170 30 3 6.9 1.29 31 29 

a Platinum film exposed to water vapor at stated pressure for 10 set before admission of hezane and deute- 
rium. 

indicated that the reactivities at the meta 
and para positions were comparable. 

Exchange between Hexan? and Dcutcrium 
Oxide 

Results for the platinum-catalyzed ex- 
change between hrxane and deutcrium 
oxide and between hexane and watcr/Dp 
mixtures are shown in Table 4. Exchange 
with deuterium oxide required a tempera- 
ture of 200’33, and processes yielding 
C6H13D and C&D14 were evident (Fig. lc). 
The amounts of the other dcuteratcd 
species were considerably lower than those 
observed in exchange with druterium gas 
(compare Figs. lb and c), a property not 
reflected in the S! values. The proton NMR 
spectra showed clearly that the rate of 
exchange of protium atoms in the methyl 
groups was faster than that of protium in 
t,hc methylcne groups, i.e., the reverse of 
the situation observed using gaseous dcu- 
tcrium as the isotope source. Platinum 
films exposed to 0.1 or 1.0 Torr of \vater 
vapor before admission of hexane and 
deutcrium catalyzed prefcwnt’ial exchange 
of protium in methylenc groups, but t.hc 
tlcgree of prcfcrent’ial exchange diminished 
as the partial pressure of water \$‘:is ill- 
creased (Table 4). When 15 Torr of \v:ltcbr 

vapor was admitted, a temperature of 
170°C was required for t’he achievement of 
a comparable rat’e of exchange, and the 
extent of prrxfcrcntial exchange of the 
methylcnc> groups was marginal. The mass 
spectrum of hexant from this rea.ction was 
intwmediate betwwn that’ t.ypical of cx- 
change lvith gaseous dwttrium and that 
typical of exchange wit,h pure dcutcrium 
oxide. 

DISCUSSION 

Getteral Mechanisms of Exchange in Allzanes 

Results of recent studies of metal- 
catalyzed exchange of hydrogen in alkanes 
reveal that such exchange is seldom a 
random process. In some homogeneously 
catalyzed reactions, protium in methyl 
groups exchanges more rapidly than that 
in methylene groups (2, 6, 8), lvhereas in 
this work, under appropriate conditions, 
t’he reverse is observed. In this discussion 
we at’tempt to rationalize these observa- 
tions. 

Tables 1 and 2 show that exchange of H 
for D in methylenc and in methine groups 
of alkanrs is more rapid than that in 
met,hyl groups when t,he cat$alyst is an 
evaporated film of Rh, Ir, or I%, and the 
isotope source is molecular dwtcrium. 
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These catalyst surfaces, having been pre- 
pared in ultrahigh vacuum, are considered 
to have been clean except for carbonaceous 
residues formed by dissociative chemi- 
sorption of the alkane. Hence preferential 
exchange of methylene and of methine 
groups appears to be the normal behavior 
at these clean surfaces. Furthermore, the 
typical adsorption site is one in which a 
metal atom has other surface metal atoms 
as neighbors, these neighbors also being 
available to play a role in the process by 
functioning as additional adsorption sites. 
Stepwise exchange in an alkane via Eqs. 
(l), (a), and (3) requires the participation 
of a group of at. least three neighboring 
sites, and multiple exchange [the first step 
of which is shown in Eq. (4)] might require 
mow. 

(An alternative mechanism of the Rideal- 
Eley type would likewise require a number 
of adjacent sites to effect multiple ex- 
change.) It seems reasonable to suppose 
that, where (as on the surface of the clean 
film) the number of available adsorption 
sites is not artificially limited, the unit of 
surface responsible for the complete process 
of stepwise or multiple exchange is a group 
of several metal atoms, and each asterisk 
in Eqs. (l)-(4) may represent an individual 
surface metal atom. Under such conditions, 

where alkane chemisorption requires 
carbon-hydrogen bond rupture, the rela- 
tive concentrations of primary, secondary, 
and tertiary alkyl intermediates initially 
formed will depend on the strengths of the 
carbon-hydrogen bonds to be broken. Since 
the strengths of these carbon-hydrogen 
bonds vary in the sequence 

the formation of primary alkyl groups will 
be disfavored, and thus the rate of exchange 
of protium for deuterium in methyl groups 
will be slower than t’hat in methylene and 
methine groups. Such a situation interprets 
the results presented in Table 1. On this 
model, it is cxpectcd also that protium in 
methinc groups should undergo exchange 
more rapidly than that in methylene 
groups, but the uncertainties in the ratios 
reported in Table 2 prevent a firm conclu- 
sion. However, such an expectation ignores 
steric effects; the situation of methine 
groups in branched alkanes is such that 
the approach of these groups to the catalyst 
surface may be particularly hindered. 

The opposite orientation, in which the 
exchange of protium for deuterium was 
fastest in met’hyl groups and slowest in 
methine groups was first reported for reac- 
Cons of alkanes catalyzed by tetrachloro- 
platinatc ion in homogeneous aqueous 
solution (9, 6). Here, t’he situation is very 
diffcrcnt from that prevailing at a clean 
metal surface in that the whole reaction is 
achieved at a single metal atom. The initial 
association of alkane with platinum was 
the rate-dctcrmining step and it was pro- 
posed that this occurred by electron 
donation from a filled molecular orbital of 
the alkane to the metal. Furthermore, the 
relative rates of exchange at methyl, 
mcthylene, and mcthine groups were related 
to the extent to which the relevant molec- 
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ular orbital was associated with t#he various conversion of the initial charge-transfer 
C-H bonds in the alkane. Thus, multiple complex with an alkyl intjermediatcl [Eq. 
exchange could be achieved by intcr- (,3)] and it, was 

\ JC*H2”+2 

/pt\s + 

\ ,Cn”2n+l 

,pt\H + s 
(5) 

(S = solvent) 

not necessary to propose the participation 
of coordinated alkenc. The mechanism is, 
in most respects, analogous t’o that pro- 
posed earlier by Garnett and Hodges 
(19,ZO) for the exchange of protium for 
deuterium in benzrnc catalyzed by tct’ra- 
chloroplatinate ion. 

The present work shoal-s (Table 4) t,hat 
the exchange of hexane over platinum film 
using deuterium oxide as the isotope source 
provides the same preferent,ial exchange of 
protium in the methyl groups as t,hc 
reaction catalyzed by tt+rachloroplatinat(> 
ion. Moreover, this behavior is quite 
general; Table 5 shows results sclrctcd 
from a current study by Garnett et al. (21) 
of reactions catalyzed by c:brbon-supported 

rhodium, iridium, and platinum. Reactions 
catalyzed by ruthenium and palladium 
bcbhave similarly. Thus t,he srquencc of 
drcreasing exchange rntc, methyl 
> methylene > methine, appears t,o bc 
gwcral for alkane exchange catalyzed by 
polycrystalline metal when dcuterium oxide 
is the isotope source. This may be inter- 
prcted either as a geometric effect or as 
an electronic effccL 

Alternatk ,4 (geometric c,fect). If the 
fraction of the surface covcrcd by DzO and 
the products of its dissociat’ivc adsorption 
is high, then metal atom sites may exist 
singly, or in groups insufficient in size to 
catalyze reactSion typical of the clean metal 
surface. In this case, single m&l at’om 

TBBLE 3 

Exchange between Alkanes and Deuterium Oxide at 150°0 

Alkane Catalyst” Reaction %I) in %IIl in yor) in %I) in 
time samplec methine methylene methyl 

(hr) groups groups groups 

Hexane Pt-carbon 26 37 32 43 
Pt powder 144 28” - 22 3; 
llh-carbon 48 2W 27 30 

Heptane L-carbon 216 6.6 Ii.0 74 

2,4-Dimethylpentane Pt-carbon 12 21 11 18 24 
Rh-carbon 4S 20 12 19 22 

a Conditions : alkane and deuterium oxide degassed and sealed in glass vials. 
b Carbon-supported catalysts contained 10% by weight of metal and were activated with NaBH, imme- 

diately before use; platinum-carbon supplied by Matthey Garrett; others prepared from chloride salts ad- 
sorbed on carbon; platinum powder prepared by reduction of Pt02.2H20 with NaBHb. 

c Percentage at equilibrium = 5O’j’&. 
d M = 6.9. 
c M = 4.7. 
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sites may exhibit a behavior similar to 
that of the single metal at’om in tetrachloro- 
platinate ion, the mechanism of exchange 
being similar. 

Alternative B (electronic e.fect). A given 
exposed platinum site might be polarized 
positively by the chemisorption of DzO, 
OD, or 0 at a neighboring site, and this 
positive polarization would then facilitate 
the stabilization of the charge-transfer 
intermediate shown in Eq. (5). [Such a 
charge-transfer species is assumed to have 
no more than a transient existence when 
adsorption occurs at a clean metal surface 
to give the dissociated species shown in 
Eq. (l).] The surface coverage of platinum 
by water and the products of its dissociation 
under our experimental conditions is un- 
known. Studies of water adsorption on Fe 
(22), Co (2S), and Xi (24) show that the 
extent of adsorption is small at low pres- 
sures (10e5 Torr). WC must therefore 
consider the possibility that the coverage 
on the more noble metal platinum is small, 
even at the much higher pressures used in 
this u-ork. If indeed the coverage is suffi- 
ciently small to permit numerous groupings 
of four, five, or six adjacent platinum atoms 
to exist., then behavior different from that 
observed over clean platinum must be 
attributed to a fairly long-range electronic 
effect of oxygen adsorption on the behavior 
of unoccupied sites. A somewhat com- 

parable long-range effect has been observed 
for nickel and cobalt surfaces, the selec- 
tivity of which has been modified by the 
action of chemisorbed H2S (25). 

The electronic effect of chemisorbed 
oxygen may indeed be of critical importance 
even when platinum sites occur singly. If 
this were so, there would be formal simi- 
larities between (I) and (II), and we note 

HO OH Cl\ 
I I 

-pt- Pt--Pt- 
I I I 

[ I 
P/l 

s 

Cl' 'Cl 

(1) (11) 

that platinum complex ions having some 
of the chlorine ligands in (II) replaced by 
OH are even more active than (II) for 
exchange of protium for deuterium in 
alkancs, the orientation effect in the ex- 
change being retained (‘7). 

Formation of Alk:an,e-dz 

Exchange in hexane catalyzed by films 
of iridium and rhodium (see Fig. la) gave 
considerable yields of CeHlzDz (Fig. 1). 
This, coupled with the observation that 
exchange occurs preferentially in methylene 
groups, supports the suggestion (17, 26) 
that aa-diadsorbcd species wcrc formed and 
that exchange occurred by processes typi- 
fied by Eq. (6). Whether the 

C6H14 k) -H_ CH3CHC4H9 -H --% CH3CD2C4H9(g) 

CH3T4Hv 
(6) 

* 

site for adsorption of the CX(Y species is a 
single metal atom or a pair of adjacent 
metal atoms is unknown. 

Exchange in Saphthalene and Biphenyl 

Exchange in naphthalene and in biphenyl 
(Table 3) closely resembles exchange of 
t)hcse compounds in aqueous solution with 
homogenc~ous and heterogeneous metal 
catalysts (1S,27). Preferential exchange at 
the p positions of naphthalene, observed 

over platinum and iridium films with 
molecular deuterium as the isotope source, 
is the same as that recorded for exchange 
catalyzed by tetrachloroplatinate ion (28, 
29), various forms of bulk platinum (IS), 
and other metals (21, SO), in which the 
isotope source was deuterium oxide. Like- 
wise, deactivation at the ortho positions in 
biphenyl observed in the present work 
concurs with that report’ed for platinum- 
catalyzed reactions in aqueous media (IS, 



2%). The 111 value of 3.2 observed fog 
nnphthalene is significantly highrr than 
the value of unity previously reported (13) 
and may result from the higher trmpcrnturc 
used in the present’ study. 

Thus, the similarit& discussrd in d&ail 
previously (1, 2, 31) for c>xchangc of 
aromatics in various catalyst, systems is 
now extended t,o include exchnngc with 
gaseous deutcrium over clean platinum 
and iridium films. For exchange in aro- 
matics (unlike that in alkanes) the mecha- 
nism is the same whether the isotope source 
is deuterium gas or deutcrium oxide, and 
hence the presence of water at the surface 
is not a determining factor. The mechanism 
proposed for this exchange reaction involves 
t’he initial formation of a ?r complex bctwwn 
an aromatic molecule and a metal atom. 
Thus, the mechanism under all conditions 
analogous to that more recently proposed 
for exchange in alkanes catalyzed by chloro- 
platinatc ion and, in this paper, for cata- 
lysis by platinum film in the prcwncr of 
watw. 
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