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ABSTRACT  Platinum metal catalyzes the reduction of di-
alkyl(diolefin)platinum(II) complexes by dihydrogen to alkanes
and platinum(0). The reaction involves adsorption of the plati-
num(Il) complex on the platinum(0) catalyst surface with conver-
sion of the alkyl moieties to platinum surface alkyls; these appear
as alkane products. The platinum atom originally present in the
soluble organoplatinum species becomes part of the platinum(0)
surface.

Platinum surface alkyls are believed to be intermediates in plat-
inum-catalyzed heterogeneous reactions of hydrocarbons (1-8).
Among the difficulties encountered in studying the mechanisms
of these reactions is that of establishing simultaneously the
structure and reactivity of the intermediates. The application
of surface spectroscopy to problems in catalysis is beginning to
yield valuable structural information concerning surface alkyls
under certain conditions, and studies of product distributions,
especially using isotopically labeled reactants, have established
mechanistically informative patterns of reactivity for (usually)
different alkyls under different conditions (9-12). Nonetheless,
in no instance are both the structure and the characteristic reac-
tivity of a platinum surface alkyl known, particularly under the
conditions prevailing during use of a heterogeneous platinum
catalyst in synthesis.

DISCUSSION

Here we describe experiments in which the platinum-catalyzed
heterogeneous hydrogenation of soluble dialkyl(diolefin) plat-
inum(IT) complexes (olefin,PtR,) was examined (Eq. 1).
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R = CH,, CH,CHs,, cyclo-CiHy, CH,C(CH,),,
CeHy, CH,C,H;, CH,CH,C,H;.
We propose, on the basis of these experiments, that this re-
action involves adsorption of the dialkylplatinum(IT) moiety at
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the platinum surface; it thus provides the basis for anew method
of generating platinum surface alkyls. In this method, the initial
structure of the organic portion of the surface alkyl is well de--
fined, and these surface species are generated on a working
platinum catalyst. The method is thus complementary to tech-
niques used previously in examining heterogeneous reactions
catalyzed by platinum and provides a new point of entry into
catalytic cycles occurring on platinum.

The reaction of dialkyl{diolefin)platinum(II) complexes in
hydrocarbon solution at ambient temperature with dihydrogen
(1-3 atm; 1 atm = 1.013 X 10° Pa) in the presence of porous
glass beads coated with platinum(0) rapidly and quantitatively
yields the alkanes derived by hydrogenolysis of the PtR, group
and hydrogenation of the diolefin. No alkyl dimers are formed.
The platinum originally present in the soluble organoplatinum
compound is deposited on the surface of the platinum catalyst
and becomes the catalytic surface for subsequent reduction. The
addition of small quantities of thiophene or triphenylphosphine
(0.5 mol %, based on olefin,PtR,) blocks the reduction in a so-
lution containing previously active catalyst; these poisoned ca-
talysts are also inactive for the hydrogenation of cyclohexene.

Kinetic information concerning the reaction was obtained by
carrying out reductions using a preformed active platinum ca-
talyst under conditions such that the catalyst surface area re-
mained effectively constant throughout the course of the re-
action: reduction of dimethyl(1,5-cyclooctadiene)platinum(II)
(CODPtMe,) in n-decane at 25°C obeyed the empirical rate
equation given below:

—d[CODPtMe,]/dt
— k(SPt)O.Q * 0.2(PH2>1.1 * O.2[CODPtM62]O.O * O.l, [2]

where Sp, is the quantity of platinum exposed on the catalyst
surface, as measured by titration with H, and O, and expressed
in g-atoms, and k = 9 X 107% atm™ sec™’. Rate equations of
the same form are observed for the hydrogenation of olefins over
platinum (13). Reduction of the dialkyl(diolefin)platinum(IT)
complexes studied here was 2-20% as fast as reduction of cy-
clohexene. The activation energy (E,) for hydrogenation of
CODPtMe, is =12 kcal mol ™ (1 cal = 4.184 J). This activation
energy was derived from rates obtained over a limited tem-
perature range (—15°C to 45°C) and is not very accurate. Its
magnitude, and the observation that the rate constant for re-
action is independent of agitation, are however sufficient to
establish that the rate of reaction is not diffusion or mass-transfer
limited.

These observations show that the reduction of CODPtMe,
by H, over platinum is a heterogeneous reaction that resembles
the hydrogenation of olefins in its kinetics. In particular, they

Abbreviations: COD, 1,5-cyclooctadiene; CODPtMe,, dimethy)(1,5-
cyclooctadiene)platinum(II).



4650  Chemistry: McCarthy et al

establish that the reaction does not proceed by homogeneous
reaction between H, and CODPtR, with generation of soluble
platinum(0) followed by deposition of this species on a solid sur-
face. They do not, by themselves, establish that the (di)al-
kylplatinum moieties reach the platinum surface. Evidence
supporting adsorption of these alkyl groups on the surface, and
suggesting their conversion to surface alkyls, is summarized in
Table 1. The observed interchange of hydrogen (deuterium)
between diolefin and methyl groups and the formation of mul-
tiply labeled methanes are most easily rationalized by a mech-
anism in which platinum methyl groups exchange hydrogen
(deuterium) with a pool of mobile platinum surface hydrogen
(deuterium) atoms. The production of deuterated ethane and
cyclooctane by hydrogenation of a mixture of CODPt{CH,CH,),
and (norbornadiene) Pt(C?H,), and the observation that both
C?H;0%H and 2H,O-saturated ether effectively intercept hy-
drogen from the surface before it can be incorporated into RH
suggest that this hydrogen transfer is not exclusively “intra-
molecular” in the sense of involving a specific pathway between
the diolefin and alkyl moieties originally bonded to a common
platinum atom: instead, the hydrogen lost from the diolefin and
Pt—R is accessible to all the other reactants in the system. The
catalytic interchange of hydrogen (deuterium) between alkyl
groups and a protic solvent during catalytic hydrogenation is,
of course, well known (8, 15-17). It is most easily explained by
exchange of surface platinum hydrides (as protons) with protons
in the solvent. This type of exchange is also rapid for d®-tran-
sition metal hydrides in homogeneous solution (18, 19).

No H?H (<0.01%) is observed in the reduction of CO-
DPt(C2H,), with H,. As the observation of multiply exchanged
methane establishes hydrogen donation from the methyl group
to the platinum surface, the absence of H*H indicates that
dihydrogen chemisorption on the surface is irreversible under
the conditions of the reaction.
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These experiments, taken together, argue persuasively that
the catalytic heterogeneous hydrogenation of (diolefin)PtR, on
platinum involves the production of platinum-surface alkyls
derived from the alkyl moieties R. They do not define the extent
to which these platinum-surface alkyls resemble those formed
in other platinum-catalyzed heterogeneous reactions. Although
we have only begun to explore this problem, we have conducted
one experiment that demonstrates a similarity in the reactivities
of the surface ethyl groups prepared by reduction of CODPiEt,
and CH,—CH,: that is, the exchange of hydrogen for deuter-
ium. Fig. 1 shows the patterns for isotopic distribution of the
deuterated ethanes produced by reaction of CODPtEt, and of
CH,=CH, with ?H, in C*H,OH: these patterns differ signif-
icantly only in that the ethanes from ethylene contain, as ex-
pected from their method of preparation, one additional deu-
terium. These experiments suggest that the relative rates of
exchange (presumably by B-hydride elimination) and alkane for-
mation are similar for these two surface ethyl species. They also
establish that the reduction of CODPtEt, does not proceed by _
initial formation of ethylene.

In summary, we propose that the heterogeneous hydrogen-
ation of (diolefin)PtR, complexes over platinum involves gen-
eration of platinum surface alkyls, most plausibly by a pathway
involving initial adsorption of PtR, moieties at the platinum sur-
face (Eq. 1). The structure of these alkyls after adsorption is not
defined: we do not know whether the two alkyl groups remain
attached to the same platinum atom or are mobile on the sur-
face. In at least one reaction, however (exchange of the hydro-
gens of platinum surface ethyl with surface deuterium), their
reactivity is similar to that of analogous surface alkyls produced
by hydrogenation of olefins. Thus, whatever the details of bond-
ing between the alkyl and the platinum surface in these two
reactions, they are probably similar. This observation suggests
either that the surface alkyl groups are mobile or that the rel-

Table 1. Isotopic distribution in hydrocarbon products from heterogeneous hydrogenation of dialkyl(diolefin)platinum(Il) compounds

Isotopic distribution, %

Alkyl Reducing C-1orC-2 C-7 or C'8
Exp. Diolefin  group agent Solvent 2H, °%H, *H, %H, %H, %H, H, H, °2H; °H, Interpretation/comment
1 [PH,IDCD C°H, ’H, C*H,0%H 0 0 0 5 95 Controls: Ostensibly perdeuterat-
2 [?H,,]DCD H, Ce?Hyo 0 o0 0 8 92 ed systems yield 5-8% C?H.H
No hydrogen excharige from
3 [*H,,JDCD C%H, “H, CgH;, 0 0 0 8§ 92 cyclohexane to methyl
4 [*H,,]DCD CH; H, C¢Hy, 8 12 3 0 0 2H 0.3 transferred from olefin to
methyl
5 [?H,,]DCD CH, H, CeHyp 0 0 5 37 58 Relative rate of H transfer from
6 COD C*H, H, CeH;» 0 2 15 35 49 olefin to alkyl is COD > DCD
7 NBD CH, H, CeHyo 0 0 0 15 85 > NBD
An average of =~0.34 ZH is lost
8 NBD CH, H, CgHy, 6 0 18 80 2 77 19 3 1 0  per(C®H,), unit; an average of
9 COD CH, H, CgHyo 0 0 19 80 1 64 28 6 2 0 ~0.37 2H reappears in reduced
diolefin
10 COD CH, H, C&H, 100 0 0 0 0
11 COD CH, H, C®H,0°H 15 39 23 14 9 Exchange occurs bEtVYeenlrr?elthyl
12 COD CH, H, Et0/H,0 23 43 14 12 7 and protic solvents; multiple
exchange occurs at methyl
13 NBD C*H, ®H, CH,0H 0 0 0 8 92 With experiments 6 and 7;
14 COD C?H, oy, C?H,0%H 0 0 0 11 89 faxchange with protic solvent .
intercepts hydrogen from olefin
15 COD CoHjy H, CgH,»/8 94 6 0 0 0 73 18 7 2 0 Isotopic distributions for ethane
equiv. and cyclooctane; deuterium
NBDPt- from C2H; of one platinum
(C*Hy), atom reaches alkyl and olefin of

another

Reductions were carried out at 25°C and 8 atm H,(*H,). The starting concentration of (diolefin)PtR; was ~0.01 M. Isotopic distributions were
estimated from literature fragmentation patterns for CH,?H, (14). Reference spectra for C?H,, C?HzH, CH,?H, CH,, C,H;?H, C,Hs, C;H;, and CgHg
were obtained in our laboratory. DCD, dicyclopentadiene; NBD, norbornadiene.
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Fi6. 1. Relative abundance of ions in the M* region of ethane-2H,,
obtained by platinum-catalyzed reduction of CODPt(CH,CHS,), and
CH,;—CHj, with 2H, in C*H;0?H. Each value of m/e is labeled; the
spectra are displaced by one mass unit to facilitate comparison.

ative rates of isotopic exchange and reduction are insensitive
to details of surface bonding.

This technique has several potential attractions as a method
of generating and studying the reactivity of platinum surface
alkyls. First, it provides a route to platinum surface organic
groups whose organic fragment structure (although not organic
group—metal bonding) is exceptionally clearly defined and ame-
nable to systematic variation. Thus, it can generate types of sur-
face organic moieties that cannot be obtained by hydrogenation
of olefins (e.g., methyl, neopentyl, phenyl, and others that lack
a hydrogen S to the C—Pt bond, as well as specifically deu-
terated species such as CH,C?Hj) and organic groups that have
defined regiochemistry incompatible with alkane exchange re-
actions (e.g., propyl, isopropyl, benzyl, B-phenylethyl). Fur-
ther, it generates these organic groups at a platinum surface on
which olefin hydrogenation is taking place simultaneously.
Thus, the conditions are comparable with those used in catalytic
hydrogenation and milder than those used for alkane exchange.
Second, its nature [a quantitative reaction forming alkanes and
platinum(0)] makes it well suited for the collection of the types
of thermochemical data required to characterize catalytic
reactions.

This reaction should be useful in defining the characteristic
reactivities of species proposed as intermediates in platinum-
catalyzed hydrogenation—exchange and dehydrocyclization of
alkanes and olefins. Obvious extensions of the technique to or-
ganometallic derivatives of other metals should contribute to
the elaboration of mechanisms of other heterogeneous catalytic
reactions.

EXPERIMENTAL SECTION

Organoplatinum compounds were prepared by using proce-
dures described elsewhere (20-23).

Catalysts were prepared by reducing CODPt(Me), (100 mg)
onto controlled porosity glass (Sigma PG-700-120, 150 mg) with
H, in cyclohexane. These catalysts had =~3.5 X 1075 mol of
surface platinum per g of catalyst (i.e., platinum plus glass) as
measured by dihydrogen-dioxygen titration (24). The measured
area of the platinum surface of these catalysts did not change
during the course of four kinetic runs.

The form of the platinum deposited during a catalytic re-
duction of CODPtR, depended on the surface available. Re-
actions initiated in clean vessels containing no solid platinum(0)
exhibit pronounced induction periods, followed by rapid re-
action accompanied by deposition of platinum metal. This in-
duction period is eliminated by the addition of platinum metal
to the reaction mixture before hydrogenation. When no porous
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glass or platinum is present, a smooth mirror is formed on the
walls of the reaction vessel; when porous glass is added, the
platinum coats it as a black solid. Clean platinum foil (25) be-
comes coated with a dull metallic film. The platinum catalysts
used in kinetics studies undergo no qualitative change visible
on visual inspection or by scanning electron microscopy.

Kinetics: Rates were followed by monitoring the UV absor-
bance of the platinum complexes at 280 nm. Products were
identified by gas chromatography/mass spectrometry using a
Hewlett—Packard model 5990. Mass spectral analysis for HZH
was carried out on a DuPont 491 instrument.

Isotopic analyses were carried out by using standard tech-
niques (20), making certain to average spectra taken across the
width of the gas chromatographic peak. The fact that hydrogen
(deuterium) from water (*H,0) and protic solvents is readily
incorporated into hydrocarbon products is an experimental
problem: solvents must be thoroughly dried in isotopic ex-
change experiments.
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nation) and to Mr. James Hill for performing the mass spectroscopic
analyses of dihydrogen samples (National Institutes of Health Grant
DRR 00317 to Prof. K. Biemann). The research was supported by the
National Science Foundation through the Massachusetts Institute of
Technology Materials Research Laboratory (DMR 78-24185), Grant 80-
12722CHE, and a predoctoral fellowship (to T.J.M., 1978-1981). The
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