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Facile Cyclization of Metallacyclobutane on Cu(110)  Scheme 1
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The chemistry of metallacyclobutatebas been widely

studied given the frequently proposed role of metallacycles as the electron beam generated surface species is clearly indicated
intermediates in metathesiskeletal isomerizatioh Zeigler— by the appearance of a metalarbon stretching vibration at
Natta polymerizatiodt,and cyclopropanation reactiohsThe approximately 419 cm' and the emergence of a new and
presence of €metallacycle reaction intermediates on supported relatively intensev(CH) loss at 2806 cmt. Desorption of
metal catalyst surfaces has been inferred from studies of thecyclopropane from Cu(110) was found to occur at 125 K; hence,
hydrogenation of cycloproparfe There is, however, only one  the electron beam generated surface species could be isolated
report of the spectroscopic identification of an adsorbed C by heating the sample to 145 K to remove molecularly adsorbed
metallacycle speci€s. The latter pentanuclear ring (structure c¢-CsHe. Further annealing of the sample gave rise to a reaction
1 shown in Scheme 1) was prepared by the thermal decomposi-limited cyclopropane and propene desorption peaks at 205 and
tion of diiodopropane on Al(100) and was found to undergo 290 K, respectively (Figure 1). The identification of cyclopro-
thermal decomposition yielding propene at 500 K. pane as the sole desorption product at 205 K was verified by
The present investigation describes the nonthermal preparatiorseveral calibration procedures involving the relative intensities
of metallacyclobutane (structu® on Cu(110), its vibrational of the m/e = 41 and 42 mass spectral peaks as measured on
spectroscopic identification using high-resolution electron energy our system. The cracking patterns proper to each of the
loss spectroscopy (HREELS), and its elimination from the desorption peaks are included in histogram form in Figure 1. A
surface as studied by thermal desorption spectroscopy (TPD).comparison of the TPD data in Figure 1 with the HREELS
The central finding is tha undergoes facile cyclization at 205 spectra recorded at 90, 145, and 205 K (Figure 2) permits the
K, leading to the reductive elimination of cyclopropane from identification and distinction of the surface intermediates which
the surface. The experiments were carried out under ultrahighserve as the precursors to cyclopropane and propene formation.
vacuum (UHV) conditions on a polished single-crystal surface An unambiguous determination of the presence of adsorbed
bearing a sub-monolayer of weakly adsorbed cyclopropane.cyclopropyl may be made by comparing the spectra taken at
Cyclopropane-derived reactive surface species were preparedl45 and 205 K to reference vibrational assignments (Table 1)

at 90 K through dissociative electron attachment (OEAJuced

for adsorbed cyclopropariébromocyclopropané? and cyclo-

CH and competitive CC bond cleavage. The electron beam usedpropyl groupst® Both of the HREELS spectra display vibra-

to induce the dissociative resonance, at approximately 10 eV,
was the beam intrinsic to the HREELS spectrometer. Hence,

tional structure, in the 7501250 cnT? region, characteristic
of Cs cycloalkane specigd:13 However, there is clearly a

the same spectrometer was in turn used to record vibrationalsecond species, on the surface at 145 K, since the latter spectrum
spectra of the electron beam produced adsorbed molecular(Figure 2C) contains an additional loss peak at the unusually

fragments® Since the HREELS beam acts only on a 0.0Zcm

low frequency of 2806 cmt. The 2806 cm! loss is most

area of the surface, electron bombardment of the entire surfacereadily assigned to a metallacyclobutane species. For example,
using a simple filament biased at 10 eV was used to prepare W— and Mo—((bis-allyl)-(CH,)3) metallacyclobutane complexes

samples for thermal desorption studies. Calibration HREELS

display medium-strong IR bands at 2775 and 2786%hand

measurements showed that both methods of electron irradiationnickelacyclobutane displays a band at 2850 &t Further-

yielded the same products, identified below as metallacyclobu-

tane2 and cyclopropyl3 surface complexes. The presence of
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more, the removal of the loss at 2806 Theorrelates with the
reaction-limited desorption of cyclopropane at 205 K and is thus
consistent with the reductive elimination of cyclopropane
through the facile cyclization a?. Cyclopropyl can be ruled
out as the precursor to cyclopropane formation since it is stable
on Cu(110) to at least 260 K in the presence of surface
hydrogent® The cyclopropyl species eventually decomposes
to yield a propene desorption peak at 290 K as well as the
deposition of a partially dehydrogenated fragment on the surface.

The observed propene to cyclopropane desorption ratio was
estimated to be approximately 4:1, and this accounts for the
fact that loss features due to cyclopropyl dominate the low-
temperature HREELS spectra. Cyclopropane desorption has
also been reported in the context of thermal decomposition
studies of dihalopropanes on Ag(131and Ni(100)!8

(11) Martel, R.; McBreen, P. Hl. Phys. Chem. B997, 101, 4966.

(12) Wurrey, C. J.; Berry, R. J.; Yeh, Y. Y; Little, T. S.; Kalasinsky,
V. F. J. Raman Spectros¢983 14, 87.

(13) (a) Spiekerman, M.; Schrader, B.; De Meijere, A’ttka, W. J.
Mol. Struct.1981, 77,1. (b) Little, T. S.; Vaughn, C. A.; Zhu, X.; Dakkouri,
M.; Durig, J. R.J. Raman Spectros&994 25, 735.

(14) Kafafi, Z. H.; Hauge, R. H.; Fredin, L.; Billups, W. E.; Margrave,
J. L. J. Chem. Soc., Chem. Commad®883 1230.

(15) (a) Ephritikhine, M.; Francis, B. R.; Green, M. L. H.; MacKenzie,
R. E.; Smith, M.JJ. Chem. Soc., Dalton Tran$977, 1131. (b) Adam, G.

J. A,; Davies, S. G.; Ford, K. A.; Ephritikhine, M.; Todd, P. F.; Green, M.
L. H. J. Mol. Catal.198Q 8, 15.

(16) Martel, R.; Rochefort, A.; McBreen, P. H. Submitted for publication.

(17) Zhou, X.-L.; White, J. MJ. Phys. Chem1991, 95, 5575.

(18) Tjandra, S.; Zaera, B. Phys. Chem1997, 101, 1006.

© 1997 American Chemical Society



7882 J. Am. Chem. Soc., Vol. 119, No. 33, 1997

Communications to the Editor

Table 1. Vibrational Peak Assignments for Cyclopropane and Cyclopropyl Groups on Cu(110)

vibrational mode,

HREELS data (freq, crnt)

adsorbed dissociation loss removed

literature vibrational spectroscopy data (freq,ém

approx. descriptiott ¢c-CsHe/Cu(110) fragments at 205 K bromocyclopropate cyclopropyl group®
CH, stretch 3076 3048 30683102 3002-3090
2806 2806
CH, deformation 1470 1435 14371444 1416-1471
ring breathing 1179 1177 1196 1186205
asym. ring deformation 1034 967 927 89962
sym. ring deformation 872 838 85864 784-887
CH; twist 759
metal-carbon stretch 419
R . eshao provides evidence that only the latter, reductive elimination,
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Figure 1. Thermal desorption spectrarfb L of cyclopropane adsorbed
on Cu(110) at 80 K after electron bombardment at 10 eV (electron

dose; 1.1x 10Y e /cnp).
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Figure 2. HREELS spectra for cyclopropane on Cu(110) recorded at
6.1 eV impact energy: (A) 1.6 L of cyclopropane on Cu(110) before
activation; (B) spectrum obtained after irradiation with 10 eV electrons
from the HREELS spectrometer at a resolution of 132 meV (electron
dose; 1.7x 107 e/cn?); (C) and (D) same as B but annealed from 90
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The organometallicz51%and gas-phase chemisitjiterature
provides many examples showing that metallacyclobutane cani116, 8815.

undergo CC bond scission to form carbem¢hylene complexes,

dehydrogenation to yield propene via a hydridoetal-allyl

intermediate, or cyclization to cyclopropane. This UHV study

(19) Tulip, H. T.; Ibers, J. AJ. Am. Chem. Sod 979 101, 4201.
(20) (a) Jacobsen, D. B.; Freiser, B. 5.Am. Chem. Sod 984 106,
3900. (b) Haynes, C. L.; Armentrout, P. Brganometallicsl994 13, 3480.

reaction takes place on Cu(110) and that it occurs at low
temperature (205 K). The cyclization reaction is thermoneutral,
or exothermic, given that coppealkyl bond strengths are
approximately 33 kcal/mdt whereas the CC bond energy in
cyclopropane is 65 kcal/mol. (Theoretical predictions for the
bond dissociation energy of nickel and rhodium metallacy-
clobutanes, to yield metal plus cyclopropane, are in the range
of 30—40 kcal/mol??) The formation of the relatively weak
CC bond is partially offset by the fact that the CH bonds of
cyclopropane are uniquely strong for an alkdhdn addition,

the strain energies of the reactant and product are not expected
to be very different since metallacyclobutanes display substantial
strain energied! The observation of the facile cyclization of

2 has to be taken into account in considering reaction mecha-
nisms for the hydrogenation of cyclopropane on metal surfaces.
The immediate implication is that cyclization may be competi-
tive with g-hydride elimination and hydrogenation channels
depending on the metal surface involved. Hydrogenation of
cyclopropane to propane takes place on RB@Alcatalysts at
temperatures as low as 235%K.Metal—alkyl bonds may be
slightly stronger on Pt than on Cu surfaced> Hence, a
stronger alkyt-metal bond for a surface platinacyclobutane
complex, relative to that for the copper surface, might make
hydrogenation competitive with ring closure on Pt surfaces.
B-Hydride elimination can take place at low temperatéfés

and could thus be considered as a competitive process with
respect to facile cyclization, especially on transition metal
surfaces. 5-Hydride elimination would be expected to yield a
surfacer-allyl species 4), and this species has been proposed
as a common intermediate in the Ir(111)-catalyzed reaction of
H, and cyclopropane to form propane and propénk. is
interesting to note that the present results show 3tatolves

on Cu(110) to yield a propene desorption product at 300 K.
Presumably this reaction occurs following ring opening to form
a m-allyl intermediate such ad. In conclusion, the integral
approach of dissociative attachment and vibrational spectroscopy
provides direct access to several possibly key facets of the
surface reaction chemistry of the widely used cyclopropane
hydrogenation catalytic probe reaction.
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