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The chemistry of 1,1- and 1,3-diiodo neopentanes, precursors
to neopentylidene and 2,2-dimethyl propane-1,3-diyl intermedi-
ates, respectively, was probed on a Pt(111) single-crystal surface
by temperature-programmed desorption (TPD) and reflection–
adsorption infrared spectroscopy (RAIRS). The sequential surface
activation of the two C–I bonds in those compounds is manifested
by the formation of neopentyl iodide and neopentane in TPD ex-
periments. Dosing of the 1,3-diiodo compound at 230 K leads to
the formation of the expected cyclic 2,2-dimethyl propane-1,3-diyl
intermediate, with the main ring perpendicular to the surface. Ac-
tivation of the 1,1-isomer, on the other hand, leads to the formation
of 2,2-dimethyl propane-1-yl-3-ylidene, presumably via γ -H elim-
ination from neopentylidene. The surface species that result from
1,1-diiodo neopentane are more reactive and dehydrogenate to a
larger extent than those from the 1,3-diiodo analog, but both even-
tually convert to neopentylidyne. The implications of this chem-
istry to hydrocarbon catalytic processes such as oil reforming are
discussed. c© 2002 Elsevier Science (USA)
1. INTRODUCTION

The catalytic conversion of hydrocarbons on transition-
metal surfaces involves a number of difficult to isolate inter-
mediates. One approach for the study of the surface chem-
istry of such intermediates, developed in our laboratory
and widely employed nowadays by other surface-science
research groups, is the use of halo hydrocarbon precursors
(1–9). It has been shown that the carbon–halogen bonds in
adsorbed halo hydrocarbons (carbon–iodine bonds in par-
ticular) are quite labile and can be easily activated thermally
or photolytically to produce the corresponding hydrocar-
bon species (10–13). The versatility of this procedure has
allowed the initial work on alkyl groups (14–28) to be ex-
tended to the production of surface carbenes (29–32), vinyls
(33, 34), allyls (35–38), metallacycles (39–43), and oxamet-
allacycles (44, 45).
1 Present address: Haldor Topsøe A/S, P.O. Box 213, Nymøllevej 55,
DK-2800 Lyngby, Denmark.

2 To whom correspondence should be addressed. Fax: 1 (909) 787-3962.
E-mail: francisco.zaera@ucr.edu.

34
Understanding the nature of the hydrocarbon species
that form on the surface during catalysis is of particular
importance for the design of more-selective reforming pro-
cesses (6, 46–50). From the mechanistic point of view, past
studies by us have pointed to the preference for dehydro-
genation of hydrocarbon surface species at the β (second
from the surface) carbon (51), the same as in organometal-
lic compounds (4). That step is in fact the one responsible
for the rapid equilibrium between alkanes and alkenes un-
der most reforming conditions. However, it has also become
clear that hydrogen elimination at other positions in the hy-
drocarbon chain are required for the promotion of isomer-
ization, cyclization, and hydrogenolysis reactions (52–54). It
is our contention that the selectivity of reforming reactions
is controlled mainly by the regioselectivity of the first de-
hydrogenation step from alkyl surface intermediates (8, 9,
39, 55, 56). One way to test this hypothesis is to study the
surface chemistry of hydrocarbon species such as neopentyl
moieties, which lack hydrogen atoms at the β position.

Most of our work on the surface chemistry of neopentyl
iodide on Ni(100) (39, 57, 58) and Pt(111) (59–61) has been
published previously. It was found that, on nickel, dehydro-
genation occurs preferentially at the α position: the result-
ing neopentylidene species forms below 150 K and decom-
poses via Cα–Cβ bond scission to produce isobutene above
350 K (58). On platinum, by contrast, α- and γ -H elimi-
nations display comparable rates (59, 61). Infrared spec-
troscopy data suggest that those two reactions lead to the
formation of the expected neopentylidene and 2,2-dimethyl
propane-1,3-diyl intermediates, respectively (60). Here we
present results from our studies with 1,1- and 1,3-diiodo
neopentanes to expand on the detailing of the chemistry of
those intermediates. The overall reaction scheme derived
from this work is presented in Fig. 10.

2. EXPERIMENTAL

The experiments reported here were performed in an
ultrahigh vacuum (UHV) chamber cryopumped to a base
pressure below 1 × 10−10 Torr and equipped with an ion
gun for sputtering of the surface, a UTI-100C quadrupole
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mass spectrometer for temperature-programmed desorp-
tion (TPD), and a Fourier transform infrared spectrometer
for reflection–absorption infrared spectroscopy (RAIRS),
as described elsewhere (38, 62). Briefly, the UTI mass spec-
trometer is connected to a personal computer in an arrange-
ment that allows for data collection of up to 15 masses
simultaneously in a TPD single experiment. Its ionizer is
covered with a cone having a front hole about 4 mm in dia-
meter which can be placed at less than a millimeter from
the surface in order to enhance the selective detection of
the desorbing products. The TPD spectra are reported in
arbitrary units, but relative scales are provided for compa-
rison. The Pt(111) single crystal was mounted on a sample
holder capable of cooling to 100 K and of resistive heat-
ing to above 1000 K. The temperature was measured with
a chromel–alumel thermocouple spot welded to the back
of the crystal. Linear temperature ramps of 10.0 ± 0.5 K/s
were used in all the TPD experiments by using a homemade
temperature controller.

The RAIRS experiments were performed by focusing
the IR beam from a Mattson Sirius 100 FTIR spectrom-
eter through a sodium chloride window onto the sample
inside the UHV chamber, and by picking up the reflected
beam, passing it through a second sodium chloride window
and a polarizer, and collecting it with a mercury–cadmium–
telluride (MCT) detector. Grazing incidence was used to
optimize the signal from the surface species. Data from ei-
ther 1000 or 2000 scans, taken with 4-cm−1 resolution, were
averaged and ratioed against spectra from the clean surface
recorded immediately before dosing. All the RAIRS data
were taken at sample temperatures below 130 K.

The sample was routinely cleaned by cycles of sput-
tering with Ar+ ions at room temperature, oxidation in
3 × 10−7 Torr oxygen at 700 K, and annealing in vac-
uum at 1000 K. Gas doses are reported in Langmuirs
(1 L = 1 × 10−6 Torr · s), uncorrected for differences in
ion gauge sensitivity. The 1,1-diiodo-2,2-dimethyl propane
(98% purity) was purchased from Aldrich and used with-
out further treatment other than a series of freeze-pump-
thaw cycles before introduction into the UHV chamber.
The 1,3-diiodo-2,2-dimethyl propane was prepared via io-
dine substitution of neopentyl glycol (Aldrich, 99%) with
methyl iodide (63). The hydrogen (99.99%) and deuterium
(>99.5% isotopic purity) used in the coadsorption experi-
ments were obtained from Matheson and used as supplied.

3. RESULTS

3.1. 1,1- and 1,3-Diido Neopentane TPD on Clean Pt(111)

Based on our previous knowledge of the surface chem-
istry of alkyl halides on metals (2, 31, 41, 42), 1,1- and
1,3-diiodo neopentanes were chosen in this study as po-

tential precursors for the formation of neopentylidene and
2,2-dimethyl propane-1,3-diyl intermediates, respectively.
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FIG. 1. Temperature-programmed desorption (TPD) spectra from
10 L of 1,1-diiodo neopentane dosed on a Pt(111) single-crystal sur-
face at 115 K. Traces are shown for 2 (hydrogen), 43 (neopentyl iodide),
57 (neopentane), and 70 (diiodo neopentane) amu, but many other masses
were probed to corroborate our assignment. A linear heating rate of 10 K/s
was used in all experiments. The sequential scission of the C–I bonds is
inferred by the production of neopentyl iodide and neopentane. The re-
sulting surface species dehydrogenate to surface carbon between 500 and
800 K.

Temperature-programmed desorption (TPD) experiments
with each of those molecules adsorbed on clean Pt(111) at
115 K are reported first. Results from an experiment with
10 L of 1,1-diiodo neopentane are displayed in Fig. 1, while
data from analogous experiment with the 1,3 isomer are re-
ported in Fig. 2. As with neopentyl iodide (60), three main
desorbing products were detected here, namely hydrogen
(2 amu), neopentane (57 amu), and neopentyl iodide (43
or 71 amu); a number of other masses were used to cor-
roborate these assignments. Most of the hydrogen desorbs
above 400 K, indicating that extensive decomposition oc-
curs at reasonably high temperatures, and that therefore at
least one stable surface hydrocarbon intermediate should
be isolatable in each case. In the case of the 1,1-diiodo com-
pound, the first hydrogen TPD peak reaches its maximum
at 545 K and is quite intense. With 1,3-diiodo neopentane,
that feature peaks around 520 K, is much weaker, and is
preceded by a shoulder at about 460 K. A broad, higher
temperature (∼700 K), tail is seen in both cases as well.

Neopentane desorbs in a single broad feature in both 1,1-
and 1,3-diiodo neopentane, at about 255 and 285 K, respec-
tively. This is approximately the same temperature range

observed for neopentane production from neopentyl io-
dide thermal activation on clean Pt(111), suggesting similar
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FIG. 2. TPD spectra from 10 L of 1,3-diiodo neopentane dosed on a
Pt(111) single-crystal surface at 115 K. Traces are shown for 2 (hydrogen),
57 (neopentane), 71 (neopentyl iodide), and 70 (diiodo neopentane) amu.
The sequential scission of the C–I bonds is again indicated by the produc-
tion of neopentyl iodide and neopentane, but much less decomposition
of surface species is seen here as compared to the case of the 1,1-diiodo
compound in Fig. 1.

chemistry in all three cases (60). Neopentyl iodide desorp-
tion is detected at a somewhat lower temperatures, around
235 and 265 K, respectively, indicating sequential C–I bond
scission steps and easy hydrogenation of the monoiodo sur-
face intermediate. Significant amounts of molecular desorp-
tion were detected for both compounds as well, at 215 and
245 K, respectively. Notice that the relative trends in tem-
perature maxima for the different hydrocarbon products
from the two diiodo neopentanes are similar.

In terms of yields, it is clear that a larger fraction of the
1,1-diiodo compound decomposes on Pt(111) as compared
to the 1,3-diiodo case. A quantitative analysis of the data
(based on the TPD areas, corrected for relative sensitivi-
ties from independent control mass spectra) bares this out:
only about 20% of the adsorbed 1,3-diiodo neopentane
decomposes on the surface, compared to approximately
half of the 1,1-isomer. Also, from those reacting fractions,
about half (26%) undergo total dehydrogenation in the
first system, but only 2% does so in the second. It is in-
teresting that only less than 4% of the adsorbed 1,1-diiodo
neopentane desorbs as neopentyl iodide; 20% is detected
in the form of neopentane. In contrast, the neopentyl io-
dide : neopentane ratio is significantly larger (12% : 9%)
with 1,3-diiodo neopentane. Clearly, the initial monoiodo

intermediate from 1,1-diiodo neopentane (presumably 1-
iodo neopentyl, Ptn–CHIC(CH3)3) can react at a much
RSION OF NEOPENTANES ON PT(111) 347

faster rate than that from the 1,3-diiodo compound (a 3-
iodo neopentyl, Ptn–CH2C(CH3)2CH2I, counterpart).

Figure 3 shows TPD traces for the minority products
seen in the TPD experiments reported above. A number of
lighter hydrocarbons were indeed detected in small quan-
tities in these studies, methane and isobutene in particular.
Methane production is seen as a sharp peak about 165 K in
the case of 1,1-diiodo neopentane, but no C1 products are
observed with 1,3-diiodo neopentane. On the other hand,
isobutene production was detected in both cases, in a broad
range between 140 and 200 K in the first case, and in a better
defined feature about 210 K in the second. The unequivocal
identification of other hydrocarbons could not be achieved
with the data available from our studies, but their produc-
tion is plausible.

3.2. Deuterium Coadsorption

Additional information on the surface chemistry of the
C5 compounds was obtained from TPD experiments with
coadsorbed deuterium. The most relevant traces from sur-
faces dosed sequentially with 20 L of deuterium and 10 L of
1,1- or 1,3-diiodo neopentanes are reported in Figs. 4 and 5,
respectively. Three panels are displayed in each figure, sum-
marizing the data for hydrogen, neopentane, and neopentyl
iodide and molecular desorption, respectively.

The use of D2 in these experiments helps track the fate of
the hydrogen atoms within the desorption products. Specif-
ically, the traces in the left panels of Figs. 4 and 5 clearly
differentiate between the predominant deuterium signal
originating from D2 predosing (the signals about 255 and
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FIG. 3. Additional TPD spectra from 10 L of 1,1- (left) and 1,3-
(right) diiodo neopentanes dosed on a Pt(111) single-crystal surface at
115 K. Shown here are the signals for some minor decomposition prod-
ucts, namely for 16 amu (methane) and for 39, 41, and 56 amu (isobutene).
Isobutene production is seen in both cases, between 140 and 200 with

1,1-diiodo neopentane and around 210 K with the 1,3-diiodo isomer, but
methane desorption is only observed with the former compound.
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(70–71 and 197–199 amu, right) TPD spectra from a Pt(111) surface dosed at 110 K sequentially with 20 L of D2 and 10 L of 1,1-diiodo neopentane. H–D

exchange is manifested by the desorption of neopentane molecules with multiple deuterium substitutions, and extensive dehydrogenation is indicated

by the high temperature peaks in the 2- and 3-amu traces.

270 K in the 3 (HD) and 4 (D2) amu traces in the TPD
spectra for 1,1- and 1,3-diiodo neopentane, respectively),
and the normal hydrogen resulting from surface decompo-
sition reactions (the peaks above 350 K in the 2 (H2) and
3 (HD) amu data). It is clear that some diiodo neopentane
decomposes even in the presence of coadsorbed deuterium,
significantly more in the case of the 1,1-isomer. On the other

hand, it is also evident that the extent of that decomposition ate(s) produced by the initial decomposition of the diiodo

is inhibited significantly, from 26 to 11% of the total surface
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FIG. 5. Results from TPD experiments similar to those in Fig. 4 but w
very narrow temperature range, about 281–283 K, and much less decompos
species in the case of 1,1-diiodo neopentane, and from 2 to
<1% with the 1,3-diiodo compound. Finally, the bulk of the
decomposition of the surface intermediates formed around
300 K take place at much higher temperatures, above 500 K
with 1,1-diiodo neopentane, and in a more stepwise manner
at about 350, 510, and 660 K with the 1,3-diiodo compound.
This attests to the great stability of the surface intermedi-
ith 1,3-diiodo neopentane. Neopentane production in this case occurs in a
ition to surface carbon and hydrogen takes place.
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In addition to decomposition, the diiodo compounds also
undergo extensive hydrogenation (deuteriation) and H–D
exchange when in the presence of surface deuterium. Di-
rect deuteriation of the monoiodo surface intermediate pro-
duced after the first C–I bond scission is evident by the
significant peaks at about 260 K in the 72 (C5H10D+) and
199 (C5H10DI+) amu traces (amounting to yields of 27 and
20% of the initial 1,1- and 1,3-diiodo neopentane adsorbed
molecules, respectively). H–D exchange manifests itself by
the nonzero signals seen in the high-temperature portion
of the TPD trace for the 3 (HD) amu. Both exchange and
hydrogenation reactions also lead to the formation of the
neopentanes seen in the traces in the 57- to 60-amu range
reported in the middle frame of Figs. 4 and 5. Broad fea-
tures centered around 250 K are seen for the desorption of
those products in the case of 1,1-diiodo neopentane, while
much sharper peaks around 281–283 K are observed with
the 1,3-isomer.

Small amounts (20 and 10%) of molecular desorption
are seen in these cases as well, at around 215 and 222 K for
the 1,1- and 1,3-diiodo neopentanes, respectively (see the
70-amu, C5H+

10, traces). The identity of the iodine-
containing products was corroborated by following the sig-
nals for 197, 198, and 199 amu (right panels of Figs. 4 and 5):
the 197-amu (C5H10I+) fragment corresponds to the molec-
ular diiodo neopentanes, while those at 198 (C5H11I+) and
199 (C5H10DI+) amu are the parent peaks for normal and
monodeuteriated neopentyl iodide, respectively.

Neopentane production in these deuterium coadsorption

experiments is extensive, amounting to 42 and 69% of the steps in the relevant (200–300 K) temperature range. In fact,

total 1,1- and 1,3-diiodo molecules adsorbed, respectively
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or 1,3- (right) diiodo neopentane on Pt(111), calculated from the data in Figs. 4 and 5 after appropriate calibrations. The main products are from

some normal neopentane is produced as well, as much as
straight hydrogenation or deuteriation of the neopentyl surface species, but
neopentane-d3. Notice also the measurable changes in temperature maxima
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(about one-half and three-quarters of those that react).
They correspond mostly to dideuterio neopentane, the re-
sult of direct deuteriation of the intermediates resulting
from elimination of both iodine atoms. This is indicated by
the large signals in the 59-amu (C4H7D+

2 ) traces, especially
in the case of 1,1-diiodo neopentane. Nevertheless, signif-
icant monodeuteriation as well as some H–D exchange is
evident by the other traces in the middle panels of Figs. 4 and
5. In order to quantify the yields in these experiments, the
data need to be analyzed via deconvolution of the crack-
ing pattern of the neopentanes, accounting for the statis-
tical distributions of the corresponding tertbutyl (C4 X+

9 )
cations detected in the TPD (57–60 amu) in each neopen-
tane isomer, and assuming either α or γ preferential H–D
exchange (61). The yields resulting from such analysis are
summarized in Fig. 6 together with the associated TPD peak
maxima.

The quantitative data in Fig. 6 corroborate the main ob-
servations from Figs. 4 and 5. For one, it can be seen there
that, indeed, the main isotopologue of neopentane pro-
duced in TPD experiments with either 1,1- or 1,3-diiodo
neopentane and deuterium on Pt(111) is that containing
two deuteriums. Concretely, the neopentane-d2 yield in
those experiments amounts to 49 and 57% of the total
neopentane produced from 1,1- or 1,3-diiodo neopentane,
respectively. Nevertheless, a significant fraction (25 and
31%) does incorporate only one deuterium, an observa-
tion that indicates that decomposition of the surface species,
the source of normal H, competes with the hydrogenation
some H–D exchange is manifested by the production of a small amount of
for the different isotopologues.
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21% in the case of the 1,1-diiodo compound (6% with 1,3-
diiodo neopentane). The total amount of hydrogen incorpo-
rated in these normal and monodeuteriated neopentanes is
much larger in the 1,1-diiodo case (67% of the total neopen-
tane vs 43% for the 1,3-diiodo isomer), corroborating the
more extensive decomposition there. Notice, however, that
the higher extent of decomposition in the 1,1-diiodo case is
accompanied by desorption of neopentane at lower temper-
atures (250 vs 280 K). H–D exchange is also manifested by
the production of neopentane-d3, about 5% in both cases.
As already reported for neopentyl iodide, the hydrogena-
tion and dehydrogenation steps in the diiodo neopentane
conversion over Pt(111) display competing rates (more on
this in the Discussion).

Finally, a small amount of normal neopentane is pro-
duced from 1,1-diiodo neopentane between 400 and 450 K
(Fig. 4). This is likely the result of the hydrogenation of
neopentylidyne, the intermediate formed on the surface
above 300 K (see Discussion; see also (60)). An analo-
gous reaction, the hydrogenation of propylidyne to propane
on Pt(111), has been reported by us before (64). No high-
temperature hydrogenation products were seen with 1,3-
diiodo neopentane, though (Fig. 5).

3.3. Infrared Spectra of Molecular Species

The development of a further understanding of the chem-
istry of the surface species that form upon thermal activa-
tion of diiodo neopentanes on Pt(111) was aided by the use
of infrared spectroscopy. We start this section by assign-
ing the vibrational peaks observed for molecular 1,1- and
1,3-diiodo neopentanes to their corresponding vibrational
normal coordinate modes. The appropriate spectra for the
liquid compounds, those of the two diiodo neopentanes,
as well as that of monoiodo neopentane, are presented in
Fig. 7, and the assignments are summarized in Table 1.

The most noticeable and easiest to assign modes are those
associated with the C–H stretching and deformation modes
of the methyl groups. In the stretching region, the asymmet-
ric modes are seen at 2963 and 2926 cm−1 in the spectra of
1,1-diiodo neopentane, and at 2950, 2935, and 2929 cm−1 in
that of the 1,3-diiodo isomer. The corresponding symmetric
stretches are at 2901, 2890, and 2865 cm−1, and at 2902, 2873,
and 2861 cm−1, respectively. The methyl asymmetric defor-
mation peaks are observed at 1472, 1458, and 1440 cm−1 in
the first case, and at 1464 and 1462 cm−1 in the second. Fi-
nally, the methyl symmetric deformation (umbrella) mode
can be identified at 1393 and 1365 cm−1, and at 1382 and
1365 cm−1, respectively. The multiple peaks observed for
each of those modes are the result of splittings induced by
the existence of either three (1,1-diiodo) or two (1,3-diiodo)
methyl groups in the molecule.

A few infrared bands can be also unequivocally assigned

to either the C–H group in 1,1-diiodo neopentane or the
two methylene (CH2) moieties in the 1,3-isomer. In the
ND ZAERA
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FIG. 7. Reflection–absorption infrared spectra (RAIRS) from liquid
1,1- and 1,3-diiodo neopentanes as well as from liquid neopentyl iodide.
Our assignment of the different peaks in the spectra to specific normal
vibrational modes is summarized in Table 1.

high-energy region of the spectra, the peak at 2971 cm−1

corresponds to the stretching of the C–H group in the first
compound, and the bands at 2997 and 2964 cm−1 to the
asymmetric and symmetric stretchings of the methylene
in the second. The C–H in- and out-of-plane deformations
in 1,1-diiodo neopentane can be located at 1221 and
1086 cm−1, respectively, while the methylene symmetric
(scissoring) modes in 1,3-diiodo neopentane show up at
1438 and 1413 cm−1. These features are of particular im-
portance here, because they allow us to distinguish among
the different surface species containing methylene and CH
moieties.

The remaining vibrational modes in the IR spectra are
harder to identify, in part because of their high degree of
mixing. Regardless, a number of the low-frequency peaks
may be associated with C–C stretching and/or methyl rock-
ing modes. We include the signals at 1263, 1200, 1135, 1020,
937, 927, and 888 cm−1 in 1,1-diiodo neopentane, and those
at 1187, 1053, 1004, 985, 943, 916, 897, 831, and 813 cm−1 in
1,3-diiodo neopentane, into that group. Finally, a number
of methylene twisting and waging modes can be seen for
the second compound at 1277, 1253, 1242, 1230, 1157, 1146,
and 1112 cm−1.

3.4. Infrared Spectra of Surface Species from Thermal
Activation of Diiodo Neopentanes

Figure 8 displays the RAIRS data for the surface species
that form on Pt(111) upon exposure to 30 L of the diiodo
neopentanes at 230 K. The spectrum for 50 L of neopentyl
iodide is also included for comparison (60). This tempera-

ture was chosen as one likely to lead to the formation of
the first surface intermediate expected from the thermal
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TABLE 1

Vibrational Assignment of the Infrared Peaks for Liquid 1,1- and 1,3-Diiodo Neopentanesa

1,1-Diiodo Neopentyl iodide 1,3-Diiodo 1,3-Dichloro
Vibrational neopentane (60) neopentane neopentane (88)

modeb ((CH3)3CCHI2) ((CH3)3CCH2I) ((CH3)2C(CH2I)2) ((CH3)2C(CH2Cl)2)

νa(CH2) 2996 (sh) 2997 (sh) 2997 (w)
νs(CH2) 2964 (s) 2970 (m)
ν(CH) 2971 (s)
νa(CH3) 2963 (s), 2926 (m) 2960 (s), 2933 (sh) 2950 (sh), 2935 (m) 2954 (m), 2934 (vw)
νa(CH3) 2929 (m)
νs(CH3) 2901 (m), 2890 (m) 2904 (m), 2888 (m) 2902 (w) 2894 (w)
νs(CH3) 2865 (m) 2869 (m) 2873 (w), 2861 (w) 2874 (m)
δa(CH3) 1472 (s), 1458 (s) 1472 (s), 1463 (s) 1464 (s), 1462 (sh) 1468 (vs)
δa(CH3) 1440 (m) 1445 (sh) 1452 (m-w)
δ(CH2) 1420 (w) 1438 (sh), 1413 (s) 1433 (s), 1429 (sh)
δs(CH3) 1393 (s), 1365 (s) 1389 (s), 1366 (s) 1382 (s), 1365 (s) 1386 (vs), 1368 (vs)
ν(C–C)/ρ(CH3) 1263 (m) 1249 (s)
ω(CH2) 1227 (m) 1230 (s) 1296 (vs)
δip(CH) 1221 (m)
ω(CH2)/τ (CH2) 1277 (w), 1253 (w) 1286 (sh), 1249 (m)
ω(CH2)/τ (CH2) 1242 (sh) 1238 (w)
ν(C–C) 1200 (m), 1135 (m) 1218 (w)
τ (CH2)/ρ(CH3) 1102 (w) 1157 (m), 1146 (m) 1147 (m)
τ (CH2)/ν(C–C) 1112 (w) 1108 (m)
ν(C–C)/ρ(CH3) 1187 (s) 1195 (m-s)
δoop(CH) 1086 (s)
ρ(CH3) 1020 (m) 1020 (w), 1013 (w) 1053 (w), 1004 (vw) 1031 (vw), 1017 (m)
ρ(CH3) 1013 (w) 985 (vw) 978 (m)
ν(C–C) 937 (w) 934 (w) 943 (vw)
ρ(CH3)/ν(C–C) 927 (w) 916 (w) 922 (m-s)
ν(C–C) 888 (m) 901 (m) 897 (w) 910 (ms), 886 (m-s)
ν(C–C) 814 (m) 831 (w), 813 (w) 857 (m-s)

a The spectra of neopentyl iodide and of 1,3-dichloro neopentane are also reported for reference. A rough indication of the peak
intensities are indicated in parentheses: vs = very strong, s = strong, m = medium, w = weak, vw = very weak, sh = shoulder.
b ν = Stretching, δ = deformation, ρ = rocking, ω = wagging, τ = torsion, a = asymmetric, s = symmetric, ip = in plane, oop = out of

plane.

conversion of the chemisorbed halo hydrocarbons based
on TPD data for both neopentyl iodide and the diiodo
compounds. The assignment of the peaks, discussed in more
detail below, is also summarized in Table 2.

The IR spectra from the species formed with both diiodo
neopentanes display many similarities. Again, the most
straightforward modes to identify are those connected with
the methyl groups. Methyl C–H asymmetric stretches are
seen at 2958 and 2932 cm−1, and at 2960 and 2940 cm−1,
in the spectra from 1,1- and 1,3-diiodo neopentane, respec-
tively. The corresponding symmetric C–H stretching modes
are located at 2911 and 2910 cm−1, respectively. The methyl
asymmetric deformations result in vibrations around 1475
and 1468 cm−1, respectively, and the associated symmetric
deformations are at 1400 and 1372 cm−1 and at 1383 and
1366 cm−1, respectively.

In terms of specific modes for each compound, the species
resulting from the 230 K adsorption of 1,1-diiodo neopen-
tane on Pt(111) display clear IR peaks for the C–H stretch-
and in-plane deformation of a methylidene moiety
n = CHR) at 2972 and 1218 cm−1, respectively, and for
methyl rocking/C–C stretchings about 1256 and 974 cm−1.
In the case of the intermediate produced with 1,3-diiodo
neopentane, the modes for the methylene (CH2) moieties
are seen at 2966 (symmetric stretch), 1225 (wag), and 1159
(twist) cm−1, and C–C stretching and methyl rocking modes
are visible at 1186 and 1048 cm−1.

One thing to notice in both cases is the persistence of a
good number of the peaks seen in the liquid compounds.
This is particularly true in the 1,3-diiodo neopentane case,
where no significant differences are observed in the C–H
stretching and methyl deformation regions. The main
changes there are in the relative intensities of some of the
bands, specifically in the reduction of the CH2 scissoring at
1413 cm−1 and the C–C stretching/methyl rocking at about
1187 cm−1. This argues for the retention of most of the
molecular structure, but for the adoption of a specific ad-
sorption geometry (21, 65–68). The data here are consistent
with the formation of a metallacyclic intermediate where
the two iodine atoms are replaced by platinum atoms and

where the planes of the methylene groups are parallel to
the surface, perhaps because the plane of the ring is in a
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FIG. 8. RAIRS data from 30 L of 1,1- and 1,3-diiodo neopentanes and
from 50 L of neopentane dosed at 230 K on a Pt(111) single-crystal surface.
The assignment of the vibrational modes is provided in Table 2. It is our in-
terpretation that the spectra for the 1,1- and 1,3-diiodo compounds corre-
spond to 2,2-dimethyl propane-1-yl-3-ylidene and 2,2-dimethyl propane-
1,3-diyl surface intermediates, respectively.

perpendicular configuration (a 2,2-dimethyl propane-1,3-
diyl, Ptn–CH2C(CH3)2CH2–Ptn ; see Fig. 10).

A few more changes are observed in the spectra for 1,1-
diiodo neopentane. Many of the methyl C–H stretching
and deformation modes become slightly displaced upon

ad es,
sorption on Pt(111) at 230 K, and the asymmetric defor-

TABLE 2

Vibrational Assignment of the Infrared Peaks for 30 L of 1,1- and 1,3-Diiodo Neopentanes Dosed on Pt(111) at 230 K, as well
as for Those of 50 L of a Number of Deuterium-Labeled Neopentyl Iodides Adsorbed at 235 Ka

Vibrational 1,1-Diiodo 1,3-Diiodo Neopentyl Neopentyl Neopentyl Neopentyl
modeb neopentane neopentane iodide-d0 iodide-d2 iodide-d9 iodide-d11

ν(CX) 2972 (s)
νs(CX2) 2966 (s)
νa(CX3) 2958 (s) 2960 (sh) 2963 (vs) 2965 (s) 2218 (s) 2217 (s)
νa(CX3) 2932 (w) 2940 (sh) 2950 (sh) 2948 (sh)
νs(CX3) 2911 (m) 2910 (sh) 2906 (w) 2905 (vw)
δa(CX3) 1475 (s) 1468 (s) 1477 (vs) 1478 (s) 1059 (s) 1061 (s)
δa(CX3) 1460 (sh) 1462 (m) 1050 (sh) 1052 (sh)
δs(CX3) 1400 (m) 1383 (s) 1384 (w) 1380 (w), 1395 (m)
δs(CX3) 1372 (w) 1366 (m) 1363 (w) 1366 (m)
ν(C–C)/ρ(CX3) 1256 (w) 1249 (s) 1251 (s)
δip(CX) 1218 (s) 1222 (s) 918 (m) 1218 (m) 903 (s)
ω(CX2) 1225 (s) 1222 (s) 1216 (w)
ν(C–C) 1186 (w) 1185 (w) 1192 (w) 1170 (w)
τ (CH2)/ρ(CH3) 1159 (w) 1153 (m) 1150 (w) 1145 (w) 1140 (w)
ρ(CX3) 1048 (w) 1033 (m) 1025 (w)
ρ(CX3) 974 (w) 970 (w)
ν(C–C) 871 (vw) 822 (m)

aA rough indication of the peak intensities are indicated in brackets: s = strong, m = medium, w = weak, vw = very weak, sh = shoulder.
The X in the list of vibrational modes stands for either H or D.

stand the thermal chemistry of hydrocarbon surface speci
b ν = Stretching, δ = deformation, ρ = rocking, ω = wagging, τ = t
D ZAERA

mation at 1458 cm−1 disappears almost completely. Notice
in particular the high frequencies and large split between
the two methyl symmetric deformation modes (1400 and
1372 cm−1). We interpret this as a consequence of further
dehydrogenation of the neopentylidene, Ptn=CHC(CH3)3,
moiety. Also, the high intensity of the 1400-cm−1 peak rel-
ative to that at 1372 cm−1 argues for the methyl groups
significantly tilted toward the surface. On the other hand,
the persistence of the C–H group is clear, given the strong
bands seen for its stretching and in-plane deformation at
2972 and 1218 cm−1. Finally, there are some similarities be-
tween the spectrum from 1,1-diiodo neopentane at 230 K
and that from neopentyl iodide at 170 K (which presumably
corresponds to neopentyl surface species (60)). Of particu-
lar importance are the close positions in both cases for the
methyl asymmetric (2958 vs 2952–2955 cm−1) and symmet-
ric (2911 vs 2904 cm−1) stretches as well as for the methyl
asymmetric (1475 vs 1472 cm−1) and symmetric (1400, 1372
vs 1389, 1366 cm−1) deformations. The higher frequencies
seen in some of the bands in the data from the former com-
pound could be again interpreted as the result of a more
extensive dehydrogenated moiety. All this leads us to pro-
pose the formation of a α,α,γ -bonded dimethyl C3-cyclic
intermediate, perhaps 2,2-dimethyl propane-1-yl-3-ylidene,
Ptn=CHC(CH3)2CH2–Ptn (see Fig. 10).

3.5. Infrared Spectra of Surface Species from Thermal
Activation of Iodo Neopentanes

One of the main objectives of this study was to under-
orsion, a = asymmetric, s = symmetric, ip = in plane.
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FIG. 9. RAIRS data recorded after adsorption of 30 L of neopentyl
iodide-d0, -α -d2, -γ -d9, and -d11 on Pt(111) at 235 K. The exact nature of the
resulting surface intermediates depends on the regiospecificity of the deu-
terium labeling, as described in more detail in the text (see also (61)) but
always involves a combination of neopentylidene, 2,2-dimethyl propane-
1,3-diyl, and 2,2-dimethyl propane-1-yl-3-ylidene. The vibrational assign-
ment is provided in Table 2.

in particular in connection with the regioselectivity of dehy-
drogenation steps. To that goal, experiments were also car-
ried out with a number of isotope-substituted iodo neopen-
tanes, the precursor of neopentyl surface species (60). Four
different isotopologues were used here, namely normal
(not deuterium substituted) and α-, γ -, and per-deuteriated
neopentyl iodides (neopentyl iodide-d0, -d2, -d9, and -d11, re-
spectively). The infrared spectra obtained after 30-L doses
of those compounds on Pt(111) at 235 K are presented in
Fig. 9, and the corresponding vibrational mode assignments
are summarized in Table 2.

To begin with, it may be worthwhile to contrast the spec-
trum from the nondeuteriated case to those obtained with
the diiodo compounds (Fig. 8). A few features of the for-
mer can be associated with vibrations seen in the latter.
For instance, the C–H stretches at 2963 and 2906 cm−1

(methyl asymmetric and symmetric modes, respectively)
of the species from the monoiodo compound can be seen
at 2958 and 2911 cm−1 in the data for 1,1-diiodo neopen-
tane adsorbed at 230 K (at 2963 and 2901 cm−1 for the liq-
uid), and the methyl asymmetric deformation observed at
1477 matches that at 1475 cm−1. The C–C stretching/methyl
rocking at 1249 cm−1 for iodo neopentane adsorbed at
235 K shows up at about 1256 cm−1 in the trace of the
1,1-diiodo/230 K case. At least part of the intensity of the
1222-cm−1 peak could be due to the same in-plane C–H
deformation as that at 1218 cm−1 in 1,1-diiodo neopen-
tane. Given the higher frequencies of the methyl asym-
metric modes and the lower energies of the symmetric

ones in the species from the monoiodo neopentane, and
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also the better match of some of the peaks to those in
the spectrum of liquid 1,1-diiodo neopentane, we suggest
that iodo neopentane adsorption on Pt(111) at 235 K may
lead to the formation of neopentylidene, Ptn=CHC(CH3)3

(Fig. 10).
The spectra from monoiodo neopentane thermal activa-

tion also show some additional features common to the
vibrational data for the intermediate obtained with 1,3-
diiodo neopentane. For instance, although weak, the modes
at 1384 and 1363 cm−1 could be connected to the methyl
umbrella modes at 1383 and 1366 cm−1 in the metallacyclic
species produced with the 1,3-diiodo precursor. The peak
at 1222 cm−1 could have a component from the methylene
wagging seen at about 1225 cm−1 in the latter species. Per-
haps more striking is the similarity of both spectra below
1200 cm−1, in particular with respect to the peaks at 1185,
1153, and 1033 cm−1, seen at 1186, 1159, and 1048 cm−1

with 1,3-diiodo neopentane (the C–C stretching, methy-
lene twisting, and methyl rocking, respectively). This is
particularly significant because almost no features are ob-
served in that region of the spectra of iodo neopentane ad-
sorbed at 170 K (60). We contend that thermal activation
of neopentyl iodide on Pt(111) at 235 K also leads to the
formation of a 2,2-dimethyl propane-1,3-diyl intermediate
(Fig. 10).

The previous assignment is supported by the RAIRS data
obtained with the deuterium-labeled neopentyl iodide com-
pounds (Fig. 9). Besides the obvious redshifts in the methyl
modes with deuterium substitutions (the main reason for
the differences between the spectra from neopentyl iodide-
d0 and neopentyl iodide-d2 on one side and neopentyl
iodide-d9 and neopentyl iodide-d11 on the other), other
smaller changes can be used to support the conclusions
of our previous discussion. One surprising observation is
the fact that the trace for the α-substituted species displays
many of the features (the 2905- and 1251-cm−1 peaks) as-
sociated with neopentylidene. This is not expected, since
neopentylidene is produced via α-hydride elimination from
neopentyl moieties, and that reaction is slowed down by the
substitution of hydrogens for deuteriums in the α carbon
(61). It is quite possible that although γ -H elimination is
favored in that case, the concentration of the resulting met-
allacyclic intermediate on the surface is kept low because
of the reversible nature of such a reaction. In fact, the peaks
for the methyl symmetric vibrations at 1380 and 1366 cm−1

are more in tune with those of the metallacycle made with
1,3-diiodo neopentane, and the mode at 918 cm−1 could be
associated with the deuteriated methylene wagging mode
of that species (also seen at 903 cm−1 in the case of the
perdeuterio neopentane; alternatively, they could corre-
spond to a C–D deformation). The high frequency of one of
the methyl symmetric deformation modes (at 1395 cm−1)
suggests the formation of some of the same α,α,γ -bonded
intermediate seen with 1,1-diiodo neopentane. In summary,
the thermal activation of neopentyl iodide-α-d2 on Pt(111)

at 230 K appears to lead to the formation of a mixture
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FIG. 10. Schematic representation of the surface reactions observed during the thermal activation of neopentyl iodide and of 1,1- and 1,3-diiodo

neopentanes on Pt(111) surfaces.

of neopentylidene, 2,2-dimethyl propane-1,3-diyl, and 2,2-
dimethyl propane-1-yl-3-ylidene.

Activation of neopentyl iodide-d9 at 230 K is believed to
produce mainly neopentylidene surface species. The methyl
stretching and deformation modes, now shifted to lower fre-
quencies because of the isotopic substitution, are consistent
with this assessment. Also supporting that conclusion is the
intense band at 1218 cm−1, associated with the in-plane de-
formation of the C–H moiety. Finally, the IR spectrum from
the perdeuteriated species displays the prominent peaks at
1061 and 903 cm−1 corresponding to the methyl asymmetric
and in-plane C–D deformation in per-deuterio neopentyli-
dene.

4. DISCUSSION

The data reported here contribute to our development
of a better understanding of the chemistry of hydrocarbon
species on transition metal surfaces. In previous work we
characterized the reactivity of neopentyl groups on Ni(100)
(39, 58) and Pt(111) (59–61) surfaces. Neopentyl moieties
were chosen as the target of our investigation because of
their lack of hydrogen atoms at the β position, which render

them unreactive toward their decomposition via the much
preferred β-hydride elimination step (2, 4, 51). On nickel
surfaces, it was determined that removal of hydrogen atoms
from such neopentyl groups takes place preferentially from
the α-carbon (39, 58). The first dehydrogenation step in the
neopentyl moieties on Ni(100) occurs at quite low temper-
atures, perhaps below 150 K, but further decomposition of
the resulting neopentylidene, Nin=CHC(CH3)3, intermedi-
ate is only triggered above 350 K and goes through a com-
plex transition state, where both α- and γ -hydrogens are
removed while the Cα–Cβ bond is broken and isobutene is
produced.

The surface chemistry of neopentyls on platinum is some-
what more involved. There, elimination of hydrogen atoms
from the α and γ positions proceeds at comparable rates,
and the decomposition pathway can change after selective
isotopic substitution: a kinetic isotope effect controls the
relative rates (59, 61). To complement our studies on the sur-
face chemistry of neopentyl groups (prepared via the ther-
mal activation of adsorbed neopentyl iodide), the reactivity
of the intermediates expected from those steps, neopentyli-
dene, Ptn=CHC(CH3)3, and 2,2-dimethyl propane-1,3-diyl,
Ptn–CH2C(CH3)2CH2–Ptn , was probed here via the use of
1,1- and 1,3-diiodo neopentanes, respectively.

As in many other cases (1, 10, 12), the C–I bonds in 1,1-

and 1,3-diiodo neopentanes proved easy to activate ther-
mally on the Pt(111) surface. Perhaps the best evidence for
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that is the production of both neopentyl iodide and neopen-
tane seen in the TPD experiments with the two compounds.
In addition, it is also clear that the scission of the two C–I
bonds takes place sequentially, otherwise there could not
be any formation of neopentyl iodide. Notice in particu-
lar the desorption of monodeuteriated neopentyl iodide in
the experiments with coadsorbed deuterium (shown by the
peaks in the 199-amu trace of the TPD data in Figs. 4 and
5). The kinetics of neopentane and neopentyl iodide des-
orption yield TPD peaks with different shapes, the produc-
tion of the former trailing that of the latter (Figs. 1 and
2): in the case of 1,1-diiodo neopentane, the peak maxima
for neopentane and neopentyl iodide are seen at 255 and
235 K, respectively, while with 1,3-diiodo neopentane those
features are seen at about 285 and 265 K. The kinetics of
desorption of those compounds are likely to be limited by
the decomposition of some of the surface species, the ori-
gin of the needed hydrogen for the hydrogenation steps,
although the detection of the neopentyl iodide could be
also controlled by its own molecular desorption from the
monolayer, which occurs at about 240 K (60). Tellingly, the
coadsorption of deuterium does not shift the neopentyl io-
dide TPD peaks obtained with the diiodo compounds in
any significant way.

Once the C–I bonds in the adsorbed diiodo neopentanes
are broken, the resulting hydrocarbon species appear to be
fairly stable on the surface. No hydrogen desorbs below
400 K in the TPD of either 1,1- or 1,3-diiodo neopentanes
on clean Pt(111), suggesting that the resulting surface moi-
eties retain their carbon skeleton and their hydrogen atoms
through a wide range of temperatures. This appears to be
truer for 1,3-diiodo neopentane, which decomposes to a
much lesser extent (significantly less hydrogen is produced
in the TPD experiments; compare the data in Figs. 1 and
2), although some normal hydrogen does leave the surface
above 300 K in the case where deuterium is predosed on
the surface (Fig. 5). With 1,1-diiodo neopentane, a large
amount of hydrogen is seen on the clean platinum, but only
above 500 K (Fig. 1). On the other hand, a significant HD
signal is detected in the 255 K peak in the experiments
with deuterium (Fig. 4), indicating earlier decomposition
here too; only what the hydrogen produced at low temper-
atures on the clean surface is consumed by the production
of neopentane. In any case, it can be concluded that both
1,1- and 1,3-diiodo neopentanes decompose below 230 K
on Pt(111) via the sequential scission of their C–I bonds,
and that such reactions produce a number of complex hy-
drocarbon surface species with most of the original carbon
backbone until reaching temperatures above 300 K.

The next step in our discussion is to identify the nature
of the intermediates produced by thermal activation of 1,1-
and 1,3-diiodo neopentanes on the Pt(111) surface. The

expectation, based on simple chemical intuition, is for the
formation of neopentylidene and 2,2-dimethyl propane-
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1,3-diyl, respectively (Fig. 10). The infrared spectroscopy
data reported in this paper is in great part supportive of that
hypothesis. The vibrational assignments for the 1,3-diiodo
case in particular are fairly straightforward, since the IR
trace for the intermediate formed at 230 K closely resem-
bles that of liquid 1,3-diiodo neopentane, indicating mini-
mal structural rearrangement. Only changes in the peak rel-
ative intensities are obvious in that comparison, variations
that can be explained by a particular adsorption geometry
with the plane of the carbon cyclic backbone perpendic-
ular to the surface. In analogy with organometallic com-
pounds (4, 69), we assume that a platinacyclobutane ring
forms where the two end carbons are coordinated to the
same platinum surface atom. However, we have no direct
evidence to support this claim, and coordination could very
well take place via two separate surface centers instead.

The case of the Pt(111) surface chemistry of 1,1-diiodo
neopentane is a bit more complicated. There, the signifi-
cant differences observed in the infrared spectra obtained
upon dosing at 110 versus 230 K led us to conclude that
some dehydrogenation takes place by the latter tempera-
ture. Our data are consistent with the formation of a α,α,γ -
bonded dimethyl C3-cyclic intermediate, presumably 2,2-
dimethyl propane-1-yl-3-ylidene, Ptn=CHC(CH3)2CH2–
Ptn . We suggest that that species may form via γ -hydride
elimination from neopentylidene, an idea supported by
the detection of vibrational features associated with the
neopentylidene moiety during the activation of neopentyl
iodide on Pt(111) (Fig. 8; see also (60)). It is clear that sur-
face neopentylidene is fairly reactive and converts easily to
either a cyclic intermediate or neopentylidene (60). On the
other hand, rehydrogenation of the α, α, γ -bonded cyclic
species to neopentylidene is also facile (61), so the end prod-
uct in all this chemistry at 300 K is neopentylidyne (60).

We are left with trying to understand the relative rates for
the different hydrogenation and dehydrogenation steps in-
volved in the interconversion of the several surface species
observed in this C5 chemistry on Pt(111). Deuterium label-
ing, either regioselectively on neopentyl groups or via coad-
sorption with D2, helps in this endeavor. We have already
determined that the rate of α-H elimination from neopentyl
surface groups on Pt(111) is about six times faster than de-
hydrogenation from the γ position (61). However, this dif-
ference in rate per C–H bond is compensated in part by the
existence of more hydrogens in the γ versus the α position
in neopentyl groups (9 vs 2); the observed overall dehy-
drogenation rates from both positions are approximately
the same. A significant normal kinetic isotope effect also
plays a dominant role in determining the selectivity in reac-
tions with deuterium-labeled compounds, the conversion
with the light hydrogen being approximately eight times
faster than that with deuterium (61).

The TPD data in Figs. 1–5 clearly indicate that the inter-

mediates that form from 1,1-diiodo neopentane are more
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prone to total decomposition than those from 1,3-diiodo
neopentane activation. This is easy to understand based on
the nature of the resulting surface intermediates (Fig. 10).
Specifically, the neopentylidene that forms initially during
the conversion of the former compound can be easily de-
hydrogenated further at the α position to yield neopentyli-
dyne, Ptn≡CC(CH3)3. Indeed, neopentylidyne was seen to
form when adsorbing neopentyl iodide on Pt(111) above
270 K (60). Also, it has been previously reported that ethyli-
dene, prepared by activation of 1,1-diiodo ethane, can dehy-
drogenate to ethylidyne on Pt(111) at temperatures as low
as 150 K (31). Alkylidynes are particularly stable species
(20, 62, 70–76) difficult to rehydrogenate to other species
(49, 50, 72, 77–79) and, therefore, can be considered dead
ends in reaction schemes of surface hydrocarbon species at
low temperatures (below room temperature). The infrared
spectra reported here for the species formed by adsorption
of 1,1-diiodo neopentane at 230 K are consistent with a met-
allacyclic moiety (from γ -H elimination from neopentyli-
dene), but such an intermediate may very well hydrogenate
back to neopentylidene before undergoing α-H elimination
to neopentylidyne.

Much less extensive dehydrogenation is seen in the case
of 1,3-diiodo neopentane on Pt(111). In that case, the first
expected intermediate, 2,2-dimethyl propane-1,3-diyl, can
be easily isolated on the surface at 230 K (Fig. 8 and
Table 2). Previous surface chemistry work has indicated
that metallacycle surface species tend to decompose via β-
H elimination to yield allylic moieties (38, 40, 41, 43), but
that pathway is blocked here by the methyl groups bonded
to the β-carbon. Alternatively, the cyclic intermediate can
undergo C–C coupling to generate cyclopropane, a reaction
reported on silver (23) and, more surprisingly, on nickel (41,
42). Nevertheless, carbon coupling has yet to be observed
in surface-science experiments with platinum (43) and was
not seen here either. That leaves us with two other options
to consider. On the one hand, the 2,2-dimethyl propane-
1,3-diyl could dehydrogenate at the α position to generate
2,2-dimethyl propane-1-yl-3-ylidene. That reaction seems
unlikely, however, because of the steric constrains imposed
by the four-member ring structure, and because it could be
easily followed by rehydrogenation to neopentylidene and
dehydrogenation to neopentylidyne (see above). Instead,
we contend that 2,2-dimethyl propane-1,3-diyl mostly re-
hydrogenates directly back to neopentyl surface species
(Fig. 10).

A number of observations can be explained by the model
developed in the previous paragraphs. First, it should be
remembered that no cyclic intermediate was detected at
230 K with neopentyl iodide-α-d2 (Fig. 9; see also (60)), even
though γ -H elimination is favored there. It would seem that
the reversible rehydrogenation of the cyclic intermediate,
favored because of its relative stability toward further dehy-

drogenation, precludes its isolation in that case. Ultimately,
all neopentyl iodide isotopologues lead to the formation
ND ZAERA

of the same neopentylidyne intermediate at 270 K (60).
On the other hand, several pieces of evidence suggest that
H–D exchange in adsorbed neopentyl species is easier at
the α position (61). For instance, the extent of the H–D
exchange (per hydrogen atom) in neopentyl-α-d2 at the α-
carbon amounts to 8.5% of the total neopentane produced,
while that at the γ -C in the γ -labeled compound comes up
to be only 2.5% (61). Also, particularly large amounts of
neopentane-d3 and -d9 production are seen in experiments
with D2 + C5H11I and H2 + C5D11I, respectively, suggest-
ing again extensive exchange at the α-carbon (that methyl
being fully exchanged). Overall, it could be concluded
that α-dehydrogenation may be more reversible than γ -
elimination, but that neopentylidene eventually dehydro-
genates to the stable (hard to hydrogenate) neopentylidyne,
while the cyclic intermediate is so stable that it can only re-
hydrogenate back to neopentyl.

As mentioned in the introduction, the chemistry of neo-
pentyl and diiodo neopentanes on Pt(111) elucidated here
can be directly incorporated into the mechanism of cata-
lytic hydrocarbon reforming. Most likely, the regioselec-
tivity of the dehydrogenation steps from the early surface
intermediates controls the ultimate product selectivity of
that process (8, 9, 55, 56). Hydrogen elimination at the α

position has been traditionally associated with hydrogenol-
ysis reactions (52–54), and that is what has been seen on
nickel and iron surfaces, on both films (80) and single crys-
tals (58, 81). On the other hand, dehydrogenation at the γ

position (with the resulting metallacycle formation) is be-
lieved to be required during isomerization reactions. Three
basic steps have been proposed to explain these reactions:
(i) direct isomerization via an α,α,γ -tricoordinated
bridged species (82); (ii) intermediate isomerization of that
tricoordinated metallacycle to a monocoordinated cy-
clopentyl species (83); and (iii) methyl transfer via a cy-
clopentanelike intermediate, the same as in the bond-shift
mechanism in carbonium ions (84, 85). Explicit evidence
for the first step has been reported here. Finally, the cata-
lytic H–D exchange of neopentane has been shown to be
limited mostly to one methyl group, and to yield mainly
neopentane-d1 and neopentane-d3 on both nickel (80, 86)
and platinum films (87). The most accepted mechanism for
this reaction involves the initial activation of neopentane
to neopentyl on the surface followed by two competing
pathways, a reductive elimination with surface deuterium
to neopentane-d1, and a fast interconversion to an α,α-
diadsorbed species (neopentylidene) followed by a slower
hydrogenation to neopentane-d3. These ideas are consistent
with the results of our work.

5. CONCLUSIONS

The thermal chemistry of 1,1- and 1,3-diiodo neopen-

tanes on Pt(111) was studied by TPD and RAIRS. As is the
case of most iodo compounds, those adsorbates decompose
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via the sequential scission of their two C–I bonds. The first
reaction is likely to lead to the formation of monoiodo
neopentyl intermediates, as indicated indirectly by the de-
tection of neopentyl iodide in the TPD data, and the second
to produce new dicoordinated surface species. In the case of
1,3-diiodo neopentane, the expected 2,2-dimethyl propane-
1,3-diyl metallacyclic intermediate was isolated at 230 K. In
fact, RAIRS data indicated an adsorption geometry with
the four-member ring close to perpendicular to the surface.
With 1,1-diiodo neopentane, activation at 230 K was shown
to lead to the formation of 2,2-dimethyl propane-1-yl-3-
ylidene, presumably via the removal of a γ -hydrogen from
neopentylidene. Neopentylidene was identified on the plat-
inum surface after activation of neopentyl iodide, and sig-
nificant amounts of neopentane from hydrogenation of that
species were seen in TPD experiments with the 1,1-diiodo
compound (as well as with the 1,3-diiodo counterpart).

It was also determined that coadsorption of the diiodo
neopentanes with deuterium mostly enhances hydrogena-
tion (deuteriation) of the surface species, but it also leads
to a minor amount (about 5%) of H–D exchange. Similar
chemistry was observed with neopentyl iodide, although
regiospecific deuterium substitution in that case alters the
selectivity of the dehydrogenation pathways. Evidence for
the formation of all neopentylidene, 2,2-dimethyl propane-
1,3-diyl, and 2,2-dimethyl propane-1-yl-3-ylidene was ob-
tained there. We believe that these are crucial intermediates
in the surface chemistry of catalytic reforming processes.
The reactions identified in our study are summarized in the
scheme presented in Fig. 10.
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