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Abstract: The reaction between adsorbed ethylene and methylene species has been investigated on a
molybdenum—aluminum alloy grown from Mo(CO)s on a planar alumina film formed on a Mo(100) single
crystal in ultrahigh vacuum. Di-o-bonded ethylene reacts with carbene species, formed on the surface
from methylene iodide, to form a C; metallacycle. This predominantly decomposes to yield propylene,
while a smaller portion yields cross-metathesis products since 2C*3CHj, is formed from reaction between
13C,H, and '2CH,. This work demonstrates for the first time that the reaction proceeds in heterogeneous
phase via a C3 metallacycle as proposed in the Hérisson-Chauvin mechanism.

1. Introduction

While the olefin metathesis reaction was first discovered on
heterogeneous-phase catalysts,insights into the reaction
pathway came almost exclusively from studies on organome-
tallic systems,;24 and confirmed the mechanism proposed by
Hérisson and Chauviit The accepted mechanism involves the
formation of a metallacycle from reaction between a carbene

and a gas-phase alkene, where the reverse of this reaction yield

metathesis products.

Heterogeneous olefin metathesis catalysts have been mad
by immobilizing organometallic compounds on oxides to form
metathesis cataly$fs2” so that homogeneous-phase pathways
can be readily applied in these cases. However, there is less
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direct evidence for the Hisson-Chauvin pathway operating on
heterogeneous catalysts. Handzlik et al. have performed a series
of theoretical calculations to confirm the feasibility of Mo-
alkylidene and metallacycle formation on heterogeneous
catalyst8-30 and grafting methylene species from methylene
iodide onto a heterogeneous catalyst resulted in a significant
increase in metathesis rafeUsing surface science strategies,
g/IcBreen et aP2found facile cross-metathesis reactions between
propylene and cyclopentylidene orgaVio,C surface, leading

éo the simultaneous isolation of surface methylidene and

ethylidene, the two primary propagator species in thadden-
Chauvin mechanism for propylene metathesis. In these experi-

ments, 2x 1078 Torr of propylene was allowed to react with
metal -alkylidene centers to mimic realistic gesurface reaction
conditions. It was suggested that steric hindrance and competing
chemisorption of the olefin might inhibit the reaction for
alkylidene groups situated directly on an extended planar
surface. This work provided compelling evidence for metathesis
proceeding via the Hesson-Chauvin pathway, but the authors
were not able to implicate a metallacyclic intermediate in this
reaction.

Organic iodides have been extensively used to examine the
surface chemistry of hydrocarbons on surfaces since these tend
to decompose by scission of the-Cbonds at relatively low
temperatures to deposit hydrocarbon moieties, along with
chemisorbed iodin&3* The chemistry of methy? and meth-
ylene®® species was studied on MoAl alloy thin films using this
strategy, where it was found that, besides &hd methane
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formation, ethylene, ethane, propylene (from both iodomethane showed no contaminants. Aluminum was deposited onto Mo(100) from
and diiodomethane), and butene (just from diiodomethane) area small heated alumina tube, which was enclosed in a stainless steel
produced. These products were suggested to form via methylengshroud to minimize contamination of other parts of the system.
insertion into alkyl-metal bonds, followed b§-hydride or Alumina thin fllm_s were formeq by cycl_es of aluminum deposition
reductive elimination reactiod%® suggesting that the molyb- water vapor o><|dat|o.n-anneal|ng, until the Mo(100) features are
denum-aluminum alloys are extremely effective for catalyzing completely obscured in the XP or Auger spectra.

methvlene insertion into surface-carbon sinale bonds. This The formation and characterization of the MoAl alloy film has been
y 9 ’ extensively describet®. Briefly, it is formed by adsorbing 5000 L of

implies tha_t thege s_urfaces may also be similarly activ_e for Mo(CO) onto a dehydroxylated alumina film grown on a Mo(100)
methylene insertion into the carbon-surface bond of olefins to g pstrate held at 700 K to generate molybdenum carbide. This is then
yield metallacycles. annealed to 1500 K to generate a surface MoAl alloy. During the
Metallacycles have also been grafted onto a MoAl alloy annealing process, the deposited carbide reacts completely with the
surface by exposure to 1,3-diidoprop@dt has been shown  alumina substrate to desorb CO. Alloy formation is confirmed by X-ray
that these can decompose Via]ﬁrallylic intermediate to yield photoelectron and Auger spectroscopies, where it is found that the
propy|ene as found on transition-metal surfateMore im- binding energy of the deposited molybdenum, following annealing, is
portantly, in the context of the Hisson-Chauvin mechanism, lower _than that of pure metallic molybdenu#f3The thick_nes_s of t_he
an alternative decomposition pathway was found on the MoAl alloy film, baseq on Auger electron prgbe d.epth analysis, is estlmgted
alloy that resulted in the evolution of ethylene and the deposition 0 be 3-4 atomic Iaygrs _and t3he atomic ratio of Mo and Al atoms in
2% the near-surface region is1.63°
of carbenes on the surfa - . . Molybdenum hexacarbonyl (Aldrich, 99%), ethylene (Matheson,
However, to fully confirm that metathesis proceeds in

L. . . 99.5%), and diiodomethane (Aldrich, 99%) were transferred to glass
heterogeneous phase by th&isigon-Chauvin pathway, it must 515, which were connected to the gas-handling line of the chamber
be demonstrated that carbenes and alkenes react to formyng purified by repeated freezpump-thaw cycles, followed by
metallacycles and that they decompose similarly to the C distillation, and their purities were monitored using mass spectroscopy.
metallacycles grafted onto the surface from 1,3-diiodopropane, These were dosed onto the surface via a capillary doser to minimize
to evolve an alkene and deposit a carbene. background contamination. The exposures in Langmuirs (1 langmuir

This chemistry is demonstrated for the first time in the = 1 x 107® Torr s) are corrected using an enhancement factor
research reported here performed on MoAl alloy films grown determined l_Jsing tempe_rature-pr_ogrammed desorption (see ref 41 for
on alumina deposited onto a Mo(100) single-crystal substrate & MOre detailed description of this procedure).
in ultrahigh vacuum. Carbenes are grafted onto the surface usingz Resuits
strategies similar to those described above by exposure of the
surface to iodine-containing precursors, in this case methylene Figure 1(a) displays a series of 41 amu (propylene) temper-
iodide. The rather unique activity of this surface for the insertion ature-programmed desorption (TPD) traces collected following
of carbenes into carbon-surface single bonds allows similar the adsorption of ethylene and then diiodomethane on the alloy
carbene insertion reactions into the C-surface bonds of ethylenesurface. For comparison, the 41 amu (propylene) desorption
to be explored using surface-sensitive techniques in ultrahigh trace obtained following exposuré ®L of CHal, alone is also
vacuum. displayed (taken from ref 36) where only a small amount of
propylene is found to desorb &300 K. Propylene, in the latter
case, forms via methylene insertion, where a portion of adsorbed

Temperature-programmed desorption (TPD) data were collected in CH, species hydrogenate to form surface Chbieties followed
an ultrahigh vacuum chamber operating at a base pressure 408! by CH; insertion into the methyl-metal bonds. Fagitdydride
Torr that has been described in detail elsewH&r where desorbing elimination results in olefin formatio#f When the surface is
species \were detect_ed using a Dycor quadrupole mass spectrometeprecovered by ethylene, the 41 amu (propylene) profiles exhibit
placed in line of sight of the sample. Temperature—programmeq two states: a weak state a220 K and a much broader and
desorption spectra were COIIeCt?d at a heating rate O_f 1(_) KIs. _Th's intense one at~330-K state. By comparing the desorption at
chamber was also equipped with a double-pass cylindrical mirror . . - .

various masses with the mass spectrometer ionizer fragmentation

analyzer for collecting Auger spectra. f hvd b includi | |
Infrared data were collected using a Bruker Equinox infrared pattern of pure g hydrocarbons, including propylene, cyclo-

spectrometer equipped with a liquid nitrogen cooled, mercury cadmium Propane and propane as W_el_l as oxygenates, measured With the
telluride detector operating at 4 chresolution and data were typically ~ Same mass spectrometer, it is found that the 330-K state is due

collected for 1000 scans. The complete light path was enclosed andentirely to propylene desorption (see Supporting Information).
purged with dry, C@free air#+5 The desorption of propylene at330 K is characteristic for the
The Mo(100) substrate (1 cm diameter, 0.2 mm thick) was cleaned decomposition of ¢ metallacycles® However, no 220-K
using a standard procedure, which consisted of argon ion bombardmenfeatures were detected in these desorption spctra. Thus, to
(2 kv, 1 uAjen?’) and any residual contaminants were removed by  g|cidate the nature of the 220-K desorption state, propylene
briefly heating to 2000 K in vacuo. The resulting Auger spectrum (41 amu) desorption spectra were collected by dosing in the

2. Experimental Section
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5LCH,J,/x L C,H, / MoAl | ALO, / Mo(100) To explore this chemistry further, experiments were performed

(a) 330 using 13CH2:J‘3CH2/CH2|2 and lZCszlZCH2/CD2|2. The de-
i sorption profiles at 43 amu (due #6C,1?CHg or 12C3H4Do,
uf Wl\ 25107 respect.ively, see Supporting Information) mimic those at 41 amu
M ) Ik\ shown"m Figure 1. This cllearly demonstrates that both gthylene
5 / 4 ”R“ \ and diiodomethane are involved in propylene formation, al-
E': U‘" ik S LLk though the 43 amu signal in the latter case may contain a small
= A \w; ""\\ML W, Exp./L contribution from H-D scrambling products.
c A W g _ L L .
IS W \\‘ i 10 C—lI bopd scission in methyleng iodide occurs sequentially
w 1) ft’m -"'1\* N Nec, where an intermediate GHags)Species persists on an ethylene
g _;" )f l*‘w 'J'.L \ Vetlebetan 7 precovered surface up t6220 K (see below), but where iodine
S M %'\LW*\ ’ removal is complete by-250 K38 To establish that ethylene
E |+ | 'hb*'r M’L P (5 has reacted with a surface carbene §@Gkd), the carbene was
= JN'JJ ’ MU Vet formed by exposing an alloy surface to 10 L of £4and then
AL ", 3.5 heating to 250 K, and the sample then exposed to 10 L of
;’ﬂ/"r*w’ 4"\ MM A 2 ethylene at 150 K. The resulting 41 amu TPD spectrum is
/fii‘ - displayed in Figure 2(a). The spectrum for £Halone, also
300 PN A annealed to 250 K, is displayed for comparison. Propylene
w%w ) desorbs at-330 K, identical to the data of Figure 1 demonstrat-
et TRt U ing that propylene forms in those cases by a reaction between
200 300 400 500 600 700 800 ethylene and adsorbed GHNote the absence of the 220-K

feature in this case.

Temperature / K ]
It has been demonstrated previously thatrietallacycles

(b) |xLCH,L/5LCH,/MoAllAlLO, / Mo(100) can decompose to form ethylene and methylene species (which
desorb as methane), a central step in tHeidden-Chauvin
.‘unﬁﬂf’.m 2410°® metathesis mechanis#h.However, this reaction cannot be
| |
)

probed when metallacycles are formed frawrmal ethylene

[ A and diiodomethane, since the signals due to any reaction

g [ \'-th.“PJ | M’h “‘.\ products (ethylene and.methane) will be obscured by the initial
- . Lo reactants. TPD experiments were therefore performed by
© I Iﬂ\m allowing isotopically labeled ethylené3C;H,) to react with
2 ,rJ’J ’“’“l‘r\& s Exp./L normal CHil, to follow this reaction. Figure 2b displays the
g A r“'MIiN | L‘rk\ w10 resulting 29 amu*fC*3CH,) desorption trace following adsorp-
= / ”“"‘uvwm_wmpkw tion of 5 L of 13C,H, with 10 L of 22CH,l,, where the 29-amu
E 4 jj Ay, il 3 contribution from!3C,H, has been subtracted. A clear peak is
© o rAf* “4'\ i OV SR 5 evident at~270 K. The reliability of the subtraction protocol
A o RV was tested using the 26-amu fragment of propylene compared
4 u»ru‘w‘ Ml il 35 to the 41 amu parent peak. Also shown in Figure 2b is the
\/‘J whnn O PR corresponding 17 amud3CH,) desorption trace demonstrating
e 'WM\, the formation of methane in a broad feature centered340
~ " Uiaesiahen: K due to the hydrogenation 8(CH,. Note that methane is not
IWN i = O formed from*3C,H, at this temperatur®, and is not due td%
T Y PR CH; hydrogenation. On the basis of the integrated intensities
200 300 400 500 600 700 80O of the 2C13CH, and propylene signals (Figures 1a and b) the
Temperature / K selectivity to ethylene formation is estimated to©80%.

Figure 1. Temperature-programmed desorption spectra collected using a An '?‘l_temative Pmpylene'formatio_n pathway C_0U|d involve
heating rate of 10 K/s showing (a) the 41 amu (propylene) signals following the initial formation of ethyl species by reaction between
exposure of a MoAl alloy to various amounts of ethylene followed by ethylene and surface hydrogen, followed by methylene insertion

exposured 5 L of methylene iodide, where the ethylene exposures are . to th tal-ethvl bond to f £ | .
indicated adjacent to the corresponding spectrum. Note that the spectrumIn 0 the metal-ethyl bond 10 form surtace propyl Species,

for an ethylene exposuref @ L corresponds to methylene iodide alone  Yielding propylene byp-hydride elimination. This is rather

adsorbed on the surface. The spectra (b) show the effect of varying the unlikely since ethylene hydrogenates on the alloy surface at
methylene iodide exposure where the surface was initially exposed to 5 L ~270 K47 so that at~330 K (the propylene desorption

of ethylene followed by various amounts of methylene iodide, where . ' . .
methylene iodide exposures are indicated adjacent to the correspondingM@ximum, Figures 1 and 2), the ethyl coverage will be
spectrum. vanishingly small. However, to confirm this conjectutel of

C.Hsl was adsorbed on the MoAl alloy surface prior to exposure
to 1 L of CHul,, both at 150 K. The resulting 41 amu (propylene)
desorption spectrum is displayed in Figure 2c. Propylene desorbs
at~285 K with a yield larger than that due to methylene iodide

ionizer. It is also evident that the order of adsorption affects
the propylene yield implying that G may block surface sites
for ethylene adsorption.

The propylene yield from an ethylene-covered surface is

SUbS_tantia”y Iarger th_an_ with Cﬁ alone (Figu_re 1a) demon- (47) Gao, F.; Wang, Y.; Burkholder, L.; Tysoe, W. $urf. Sci.2006 600,
strating that ethylene is involved in the formation of propylene. 1837.
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(a) C,H,/CH,I,/ MoAl / Al,O, / Mo(100) (b) | 101 CH.L/5L"CH,= CH, I MoAl/ ALO, | Me(100)
CH,l, annealed to 250 K
2x10°
3
®
= 5
P ©
2 =
2 g
2] (&)
= n
:E, 10LCH,/10L CH,, pr
= =
<
10 L CH,|,
— 7T T T T T T T T T T T 7 T T T T T T T T T T T
200 300 400 500 600 700 800 200 300 400 500 600 700
Temperature / K Temperature / K

(c) | TLCHJL/1LCH}/MoAIlALO, | Mo(100)

41 amu MS Signal / a.u.

— T T T T T T T T T T
100 200 300 400 500 600 700

Temperature / K

Figure 2. Temperature-programmed desorption spectra collected using a heating rate of 10 K/s, (a) monitoring 41 amu (propylene) following adsorption
of 10 L of methylene iodide and annealing to 250 K to form a methylene species, followed by exposure to 10 L of ethylene to this surface. Part (b) displays
the spectra obtained following adsorption of 5L1&E,H, followed by 10 L of12CH,l,, monitoring 17 {2CHg) and 29 amu’¢C3CH,) where contributions

from molecular ethylene have been subtracted, and (c) shows the 41 amu (propylene) spectrum following exposure sl fotib®@ed by 1 L CHyl,.

alone? and at a lower temperature (compare with Figure 1a) temperatures are displayed adjacent to the corresponding
indicating that the 330 K features in Figure 1 are not due to spectrum. Following adsorption at 80 K, features are detected
reaction of an intermediate propyl species. at 3046 and 2966 cmt in the C-H stretching region. By

The decomposition of diiodomethane on the MoAl was Comparison with the infrared spectrum of gas-phase di-
investigated using reflectiorabsorption infrared spectroscopy ~0domethané? the 3046 cm' feature is assigned te,(CHy)
(RAIRS). The alumina substrate has an intense and broad@nd the_2966 cmt feature to aVS(QHZ) mode. At lower
longitudinal optical mode feature at930 cnr! preventing frequencies, the only detectable peak is an inter{§,) mode
meaningful data from being collected below 1000 énfFigure at 1109 cm. These frequencies are very close to those of
3 displays the infrared spectra of 10 L of @bladsorbed on ~ 92Seous Chlz, suggesting that the molecule is only slightly

the allo_y surface at_ 80K (thus formlng a mumla%'and after . (48) Herzberg, GMolecular Spectra and Molecular Structyr®. Van Nos-
annealing to various temperatures, where the annealing trand: New York, 1945.

7094 J. AM. CHEM. SOC. = VOL. 128, NO. 21, 2006
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10 L CH,l,/ MoAl / ALO, / Mo(100) 5L CH,|, /10 L C,H,/ MoAl / AL,O, / Mo(100)
v 18
Temp. /K ?.5 ::c:?t‘;:‘;czﬂ‘lmu
220 2x10° %12
(00 ot Ve NI s A san i AP A L
5 Sos
2 = Zos
4 S ~ 50.4
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Frequency / cm

) i o Temperature / K
Figure 3. Reflection—absorption infrared spectra of 10 L of methylene ) .
iodide adsorbed on a MoAl alloy at 80 K and heated to various temperatures, Figure 4. Temperature-programmed desorption spectra collected at a
where the annealing temperatures are displayed adjacent to the correspondin@ating rate of 10 K/s collected at 41 amu (propylene) following exposure
spectrum. 0 10 L of ethylene at 150 K, where the sample is heated to various

temperatures, and the annealing temperatures are indicated adjacent to the
perturbed upon adsorption. The spectra remain unchanged whefgorresponding spectrum. The sample was then allowed to cool to 150 K
h lei | h h f . and exposedat 5 L of methylene iodide, following which the spectrum
the sample Is annea e_d to 15_0 K. However, when t € SUrMace ISy 55 recorded. Shown as an inset is the relative propylene yield as a function
heated to 180 K, the intensity of thg(CH,) mode increases  of annealing temperature.
significantly and shifts slightly to 3042 cm, while thevy(CHy) ) ) o
mode attenuates. In the low-frequency region, the intensity of IS Stable at much higher tempergtuféshls indicates that
the 1109 cm feature decreases while an intense new feature Propylene is formed by reaction with dibonded ethylene.
appears at 1098 cm. The surface species givir_lg rise to the 4 Discussion
intense 3042 and 1098 cthfeatures could be either GHas) _
or CHyl(adsy Since CHagsymodes are extremely wedkthese Previous work to graft €metallacycles onto MoAl alloy
features are assigned to @ds) This notion is corroborated surfaces by reaction with .1,3-d||od0propane (DI,P) has qemO”'
by the observation that GHdesorbs from an alloy surface at Strated that they predominantly decompose vias&allylic
high CHbl» exposures, indicating that the-Cbond cleaves in mter_medlate to desorb propylene~a830 K, whereas a smaller
a stepwise mannéf. This is also supported by XPS measure- Portion decomposes to evolve both ethylene~a80 K) and
ments where it is found that extensive-Chond cleavage occurs ~ Methane from hydrogenation of the resulting methylene spe-

at 200 K and abové® All features due to molecular Gi and cies® The detgction of propylene in a feature .centeredmo
CHol(agsy diminish when the surface is annealed to 220 K K.from reaction between methylene species and.ethylene
suggesting complete dissociation of-Cbonds to form car-  (Figures 1 and 2a) and ethylene formatiom&80 K (Figure
benes, in accordance with previous XPS measurenéfftse 2b), are consistent with a reaction pathway involving the

results, in connection with previous XPS data, confirm that Intermediate formation of a metallacycle. The data of Figure
methylene species are present on the surface on a MoAl surfacg?@ confirms thaF rgactlon oceurs betwee.n the carbene fqrmed
heated to~250 K, confirming that the reaction products from methylene iodide and the results of Figure 2b are consistent

observed in Figure 2a are formed by reaction between ethylene'ith both the decomposition products (ethylene and methane)
and methylene species. and reaction temperatures from the decomposition ef C

Figure 4 presents TPD results (at 41 amu, propylene) for 10 metallacycles formed from DI, T_he data of Figu_re 2b
L of C,H, adsorbed at 150 K and annealed to various demonstrate that ethylene metathesis has occurred sin&€the
temperatures before cooling to 150 K, then exposing t. of originally in the carbene has been incorporated into the ethylene
CHal,, where the annealing temperatures are displayed adjacenf@t is produced. Finally, the data of Figure 2c indicate that
to the corresponding spectra. The resulting propylene desorption™©ction has not proceeded via methylene insertion into an ethyl
yield is plotted as a function of annealing temperature as an SPecies. The data of Figure 4a implicateoebonded ethylene
inset to Figure 4 showing that the propylene yield decreases®S the reactant to the formation of propylene, where it is found
linearly with annealing temperatures up to 350 K, where only that, even after an ethylene-covered surface is annealed to 350
the area under the330-K state is measured. Singebonded K (to remove allz-bonded ethylerfd), substantial propylene

ethylene desorbs below 200 K, whereassdionded ethylene 1S formed. o _ _
These results indicate that olefin metathesis proceeds on the

(49) Wu, G.; Kaltchev, M.; Tysoe, W. TSurf. Re. Lett. 1999 6, 13. MoAl alloy by reaction between adsorbedaibonded ethylene
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and carbene species. These form a stable metallacyclic inter-the activation energy for metallacycle formation, and so desorbs
mediate since the propylene formation kinetics from both the before it has had a chance to react.
reaction between ethylene and methylene iodide (Figure 1) and To show that the reaction proceeds catalytically, ideally it

between ethylene and Glaus) (Figure 2a) are identical to the
decomposition kinetics of thes@netallacycle grafted onto the
surface by reaction with 1,3-diiodopropaifeThe correspon-

should be demonstrated that the carbene formed by metallacyle
decomposition further reacts with ethylene and undergo ad-
ditional cross metathesis. Unfortunately, this is not possible since

dence between the decomposition kinetics of the grafted the metallacycle predominantly decomposes to form propylene
metallacycle and that formed by reaction between ethylene and@nd any remaining carbenes hydrogenate to yield methane
the carbene also implies that the rate of metallacycle formation (Figure 2b). Nevertheless, the catalytic cycle is evident from

is fast and that metallacycle decomposition is the rate-limiting the results presented her'e, since a carbene reacts with ethylene
step to the formation of propylene or ethylene. Recent density to form metallacycle, which then reacts to form ethylene and

functional theory (DFT) calculations for reactions between a

regenerates the carbene.

molybdenum-carbene complex and ethylene show a similar 5. Conclusions

effect, with an almost isothermic formation of the ethylene

adduct, and a low activation barrier to the formation of a stable

metallacyclobutane in a trigonal bipyrimidal conformatfn.

These results taken together demonstrate thatlwbinded
ethylene reacts with carbene species to form a stable C
metallacyclic intermediate. This predominantly decomposes to

Only a small number of DFT calculations have been carried yield propylene, whereas a smaller portion yields cross-

out for heterogeneous cataly3¥s3® While these calculation are

metathesis products sindéC'3CH, is formed from reaction

for Mo=CH; species attached to oxide surfaces and therefore petweent3C,H, and*2CH,. Although similar chemistry to this

not necessarily directly relevant to the MoAl alloy, they reveal
a significant activation barrier to the formation of a metallacycle
of greater than 35 kcal/mol. Notable is that DFT calculations
for both homogeneofs 55 and heterogeneous cataly8tsO find
mr-coordination to the metal center, in contrast to the activity of
di-o-bonded ethylene found here. Clearly odbonded ethylene
reacts with the carbene on the MoAl alloy surface to form a
metallacycle. A possible explanation for this disparity may be
that the heat of adsorption afbonded ethylene is lower than
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has been found previously in UHV on carbide surfaces, as far
as we are aware, this work demonstrates for the first time that
the reaction proceeds in heterogeneous phase viaraetal-
lacycleas proposed in the Hisson—Chawin mechanism
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