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Abstract: Low-energy electron bombardment of cyclopropane submonolayers was used to prepare cyclopropyl
and metallacyclobutane species on Cu(110) and Cu(111) surfaces. The thermal chemistry of both species was
monitored over the 98450 K range by taking high-resolution electron energy loss (HREELS) and temperature-
programmed desorption (TPD) measurements. Cyclization of the metallacyclobutane species, to eliminate
cyclopropane, was found to occur at 205 K. The metallacyclobutane species was characterized by CH stretching
losses at 2806 and 2839 cifor Cu(110) and Cu(111), respectively. The cyclopropyl species was found to
undergo ring opening to yield a propene desorption product at 290 K. The observed surface chemistry of both
of these cyclic @species is compared with data from the organometallic, catalysis, and surface science literature.

Introduction

Cyclopropang 2 and alkyl-substituted cycloproparfesrve
as probe molecules in studies of hydrocarbon transformation
reactions on metal catalysts. Questions related to selectivity
and reaction mechanisms may be addressed since, for example,
c-CsHg undergoes hydrogenation to propane, partial hydro-
genolysis to ethane, or complete hydrogenolysis to methane
depending on the metal employedn parallel, there is a rich
literature dealing with organotransition metal complex mediated
ring opening and isomerization of cyclopropafieStudies of
the reaction of cyclopropane with metal ion bednisand with
argon matrix isolated metal atofishave also been reported.
Speciesl—4 are possible intermediates in the reaction of
cyclopropane with metals, and in particular, metallacyclobutane
(2) andz-allyl (4) species are featured in the analysis of many
of the above-mentioned studies. reaction kinetics study of the hydrogenation of cyclopropane

While there is no direct spectroscopic evidence for adsorbed 10 Propane and propylene on Ir(111) revealed a hydrogen

species derived from cyclopropane, there is indirect evidence Pf€SSuré dependeerl‘fe consistent with the role of a common
for the identity of reaction intermediates in cyclopropane 7-allyl intermediate’> Similarly, rate law data for the hydro-

transformations on metal catalysts. For example, a detailed 98N0lySis of cyclopropane to methane and ethane on the same
surface were interpreted in terms of the facile formation of a

t Present address: IBM T. J. Watson Research Center, Yorktown Heights, metallacyclobutane intermedidte. The results of an early
NY¢}130598-t @ Centre de Recherch Calcul ASHIEERCA) catalysis study of the reaction between deuterium and cyclo-
resent adaress: Centre de Recherche en Calcul Ap y . H H
5160 boul. Dearie, bureau 400, Morfta Quibec, Canada H3X 2HO. propane on metal films were interpreted in terms of the
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3815. cyclopropyl @) (on W) specied? More recently, product
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(6) (2) Bishop, K. C.Chem. Re. 1976 76, 481. (b) Jennings, P. W.; 50 examples relating to the reaction chemistry oigands
such asl—4.1315 The interest in the study of metallacyclo-
butane species, in particular, extends far beyond that related to
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the chemistry of cyclopropane, as they are believed to be Experimental Section
implicated in many catalytic processes. These include alkane
lsomgrlz?glorﬁe olefin metathesis’ and olefin polymerization using Auger spectroscopy, thermal desorption measurements, and
reactions: HREELS. Dispersion compensation (D€)IREELS spectrometefs,
Surface science studies of the interaction of cyclopropane with such as the one used in this study, permit the delivery of high current
clean single-crystal metal surfaces have been reported forto the sample while retaining the ability to measure high-resolution
Ru(0001)1921 Ru(112)2! Ni(100)22 Pt(111)23 Cu(110)24 vibrational spectra. Typical values for the current on the sample and
Cu(111)%1r(111) 11:26.27and the reconstructed Ir(110)-(12) for the overall resolution were 10 nA and 8 meV, respectively. The
surfacell26.27 Cyclopropane dissociates on the latter surface DC—HREELS spectrometer was operated in two distinct modes in order
below 100 K, but desorbs molecularly from the remaining to sequentially use it as a relatively high-intensity monoenergetic
surfaces in the 125150 K range. The present HREELS (high- electron source and as a high-resolution (HREELS) vibrational

luti lect | t d TPD (t spectrometer. In the electron gun mode of operation, the resolution
resolution electron energy loss spectroscopy) an ( M- as degraded to 135 meV in order to increase the current on the sample

perature-programmed desorption) study shows that cyclopropang, 5 space charge limited value of 70 nA/cin Thus, the high current
desorbs molecularly from Cu(111) and Cu(110) at 125 K. throughput and high-resolution capabilities intrinsic to-BIGREELS
Hence, adsorption of cyclopropane onto these surfaces in a UHVspectrometers were used to sequentially electron bombard and vibra-
(ultrahigh vacuum) experiment is not a feasible method for tionally analyze a given region of the surface. Electron irradiation of
preparing adsorbed species suchlagl. Different strategies the surface using the spectrometer acted on an approximately 0202 cm
for the preparation of at least some of these species may,area of the surface. Vibrational analysis was then performed in a 0.015
however, be adopted. For example, Carter €8 alsed allyl cn area centered within the irradiated area. This capability was assured
chloride to prepare allyl species on Ag(110). Similarly, Bent by placing an aperture_at the entrance to the an_alyzer lens. The_above
et al? used 1,3-diiodopropane to prepare struciuoa Al(100). approach was convenient for HREELS analysis but problematic for

' ._ TPD experiments since the total (front face) surface area of the copper
HREELS measurements were used in both cases to charactenzgrystall VF:/aS 05 chq1 Hence. the 1('PD meas)uremems were combir?epd

the adsorbed species. The procedure of using 1,3-dihalopro-yjiy nonmonoenergetic electron bombardment using a simple filament,
panes was also adopted by Whiteal*° and Zaereet al3! in so as to irradiate all of the surface. Calibration HREELS measurements
thermal desorption studies of Ag(111) and Ni(100), respectively. were used to establish that electron irradiation at 10 eV with respect to
In both cases they observed low-temperature reaction-limited the center of the simple filament induced the same surface modification
desorption of cyclopropane, which they attributed to the as thatachieved using the spectrometer beam at 10 eV. Thus, the TPD/

The experiments were performed in an ultrahigh vacuum chamber

reactivity of surface metallacycle groups. The approach adoptedelectl’on filament irradiation results may be correlated with the HREELS
in this study is to generate chemisorbed species through energySPectra/HREELS gun irradiation results.
resolved electron beam induced dissociation of weakly adsorbed The Cu(110) and Cu(111) samples were cleaned by cycles of Ne

cyclopropane. The use of low-energy electrons to prepare
catalytically interesting surface species, or to modify surfaces,
is well documented?—36

(15) Puddephatt, R. Inorganic Chemistry: Toward the 21st Century
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sputtering at room temperature and flash heating to 900 K. The
cleanliness of the surface was monitored using AES and HREELS
measurements before each experiment. Cyclopropane (Aldrich, 99%
pure) was further purified using freeze, pump, and thaw cycles as
verified by in situ measurements using the mass spectrometer.

Results

Experiments were performed on Cu(110) and Cu(111)
crystals, and apart from a relatively minor difference in the
v(CH) stretching frequency region of the HREELS spectra, the
results obtained for both surfaces were essentially identical.
Molecular desorption from both single-crystal surfaces takes
place at 125 K, and the integrated desorption signal saturates
at an exposure of approximately 2 langmuirs. Application of
the Redhead approximatiGhassuming a preexponential factor
of 1013 s71, gives a desorption energy of9 kcal/mol. The
weak coppetcyclopropane interaction determined by the TPD
measurements is consistent with the HREELS data in that the
loss frequencies are invariant as a function of surface coverage
and are only weakly shifted with respect to those for gas-phase
cyclopropané? Loss energies for cyclopropane on Cu(111) are
listed in Table 1. The shoulder at 759 this a CH, twisting
mode.

Low-energy electron bombardment may be used to break
bonds in adsorbed molecul&s®2-3¢ In the particular case of
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Table 1. HREELS Vibrational Peak Assignments for Cyclopropyl and Cyclopropane on Cu(111)
frequency (cm?)

approximate infrared data cyclopropane 10 eV electron
descriptio® of for gas-phase monolayer on irradiated bromo- cyclopropyl
vibrational modes cyclopropan®  Cu(11l) at90 K c¢c-GiHe/Cu(111) cyclopropan®®  bicyclopropyf® complexe®’
CH stretching 30243101 3064 3033 30083102 3002-3076 2864-3070
2839
CH, deformation 14381479 1451 1435 14171444 1416-1471 1412-1461
ring breathing 1188 1177 1173 1196 1188196 11751191
asymmetric ring deformation 1028 1032 981 927 962
symmetric ring deformation 868 839 827 85264 8706-883 808-895
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Figure 1. HREELS spectra displaying the replacement of adsorbed Energy Loss (cm’)

cyclopropane by chemisorbed species resulting from the 10 eV Figyre 2. HREELS spectra related to the reaction chemistry of the

irradiation of cyclopropane on Cu(111) at 90 K: (A) reference spectrum species produced by 10 eV electron irradiation of cyclopropane on

of nonirradiated cyclopropane; (B) spectrum of the irradiated adlayer Cu(111): (A) same as spectrum 1C; (B) spectrum acquired following

at 90 K; (C) irradiated adlayer following a brief anneal to 145 Kto 5 prief anneal to 198 K: (D) annealed to 285 K; (E) annealed to 450

remove residual cyclopropane. K. Spectrum C was acquired in a separate experiment following an
anneal to 250 K.

cyclopropane on Cu(111) and Cu(110) surfaces, a dissociative

electron attachment (DA) resonafités detected at approxi-  \yhereas adsorbed cyclopropane displays one at 1032 dine

mately 10 eVi* HREELS data demonstrating DA dissociation  retention of the cyclopropane fingerprint structure suggests that

of cyclopropane at 90 K on Cu(111) are presented in Figure 1. ine surface species present at 145 K are alsoyClic species.

Spectrum 1A is for the nonbombarded cyclopropane adlayer, .
. . HREELS measurements as a function of anneal temperature
and thus serves as a reference for the interpretation of spectra -
. were used to explore the thermal chemistry of the electron beam
B and C. Spectrum B is for the electron-bombarded surface atinduced surface species. The first maior chanae in the
90 K, and thus displays features due to both cyclopropane and ibrational s ectrun? occu.rs on heating to JHID)S K gData
electron beam generated surface species. Two new losses ar}é P 9 ’

resolved in spectrum C, one at 2839 ¢nand the other at 403 or Cu(111) are ShOVY” in Eigure 2. Inparticular, spectrum 2B
cm™1. The latter feature may be readily attributed to a metal shows that the relatively intens¢CH) loss feature at 2839

- . : T |
carbon stretching vibration, and thus suggests that 10 eV electrorc™ which appears following 10 eV irradiation, is almost

irradiation causes bond breaking in cyclopropane, and that thecompletely removed on annealing to 198 K. Nevertheless,

hydrocarbon dissociation fragments form a bond to the surface.?.leSpite .the removal O.f tqis banﬁl, sggctlrum dZE retailns the c-C
Such a conclusion is borne out by a comparison of spectrl@ A Ingerprint structure similar to that displayed by cyclopropane

which shows that an anneal to 145 K is not sufficient to clean (Spectrum 1A). In contrast, as may be seen from spectrum 2D,

off the copper surface, despite the fact that cyclopropane desorbdh® ¢-G fingerprint structure is removed on annealing to 285
at 125 K. Heating to 145 K does not, however, create new K. Additional measurements show, however, that thesc-C

surface species, since no new losses are produced by the annefNg€rprint structure is present at temperatures up to at least
from 90 to 145 K. It is important to note that although the 260 K. An example of such a measurement is included as

relative intensities of the losses are modified, the fingerprint SPectrum 2C. Spectrum 2E shows that a hydrocarbon residue

structure characteristic of cyclopropane (the ring deformation "€mains on the surface at 450 K.

and breathing modes, as well as the Qidformation mode, in Electron bombardment of cyclopropane on Cu(110) at 90 K

the 706-1500 cnt! region) remains at 145 K despite the gives rise to a carbermetal vibration at 419 cm and a new

removal of cyclopropane. There is, however, a small difference v(CH) loss at 2806 crmt. HREELS spectra taken as a function

in that the postirradiation spectra display a loss at 977%cm  of anneal temperature for a 10 eV electron-bombarded cyclo-
(a0) Sanche, LJ. Phys. B199Q 23, 1597, propane adlayer on Cu(110) are shown in Figure 3. In

(41) Martel, R.; Rochefort, A.;McBreen, P. B. Chem. Phys1997, 107, particu!ar, a comparison of spectra 3C and D show that
8619. annealing to 205 K causes the removal of the low-frequency
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calibrated using our mass spectrometer, and by comparison with
the cracking pattern for the cyclopropane desorption peak at
125 K. The ratio of them/e = 41 to them/e = 42 peak
intensities (1:1 at 205 K and 1.4:1 at 290 K) is consistent with
the desorption of cyclopropane at 205 K and the desorption of
propylene at 290 K. The areas of the cyclopropane and propene
desorption peaks were calculated and corrected for the respective
sensitivity factors, yielding a cyclopropane/propene desorption
ratio of approximately 1:4. No other desorption products were
detected. In particular/e = 27 measurements show that the
desorption of ethylene can be ruled out. As described in a
x67 separate publicatiot},detailing the DA mechanism, the HREELS
L data were used to estimate the cross section for the process

Intensity (a. u.)

ABOK) leading to the formation of the species yielding the new low-
¢-C,H/Cu(110) frequencyv(CH) losses. An estimate of 08 10717 cn? was

, " , : , obtained for cyclopropane on Cu(110). Such a low cross section

0 1000 2000 3000 4000 means that only a small quantity of new surface species may

Energy Loss (cm™) be created on the surface in a period of time consistent with

Figure 3. HREELS spectra for cyclopropane (A) and 10 eV electron keeping the surface clean. As a result, the reaction-limited TPD

irradiated cyclopropane on Cu(110). Spectra C and D were recordedfeatures at 205 and 290 K are weak compared to the molecular
following a brief anneal to 145 and 205 K, respectively. desorption peak at 125 K.

Peak at 205K Peak at 290K

=
g
32
8

Discussion

2]
3 8

Electron bombardment, at 10 eV impact energy, of cyclo-
propane on both Cu(110) and Cu(111) induces bond breaking
and leads to the replacement of weakly adsorbed cyclopropane
with more strongly adsorbed molecular fragments. Whereas
molecular cyclopropane desorbs at 125 K, the electron beam
generated species remain on the surface and may be isolated
by heating from 90 to 145 K. These cyclopropane-derived
species evolve to yield reaction-limited cyclpropane and propene
desorption peaks at 205 and 290 K, respectively. Before the
chemistry at the origin of the formation of cyclopropane and
propene desorption products is discussed, it is necessary to
consider the electron-induced dissociation processes which occur
at 90 K. One possible process is the generation of cyclopropyl
41 amu fragments, as in eq 1, through CH scission caused by a

Relative Intensity
N
=)
N
8

o 8
»
3

Residual Cyclopropane

SM Intensity (a.u.)

c-CHg + e(10 eV)—[c-CHg ¥ —c-CHs + H ™ (1)

dissociative attachment (DA) core-excited resondfic@he

asterisk denotes a core-excited resonance, that is, a process

700 2(')0 300 200 involving electron capture into an electronically excited parent
Temperature (K) state. A detailed discussion of the dissociative process, includ-

Figure 4. Thermal desorption data for 10 eV electron irradiated NG the measured cross section, is given in a separate publica-
cyclopropane on Cu(110). The electron dose wasx1 10" e cnT2 tion4t
Signal intensities for the propene and cyclopropane desorption peaks The cyclopropyl radical and hydride ion produced in the
are included in histogram form. submonolayer may either stick to the surface or escape into
) vacuum. Excess energy is evidently deposited in the dissocia-
(2806 cm!) v(CH) loss. As is observed for Cu(111), the ton fragments, since the DA resonance energy is approximately
¢-CgHs fingerprint structure is also retained above 205 K.~ g eV greater than that required to break the CH bond. The
~ The modification of the adlayer effected by electron irradia- propanility for escape depends on the value of the kinetic energy
tion at 10 eV was also studied by performing TPD measure- acquired in the dissociation process relative to the escape
ments. The TPD data in Figure 4, for Cu(110), display three threshold imposed by the polarization fielk,g) due to the
desorption peaks in addition to the molecular desorption at 125 3qsorbate-covered substraté3 For example, consider the
K. The high-temperature tail of thg latter peak is due to the escape probability for H taking the upper limit case where
large volume of the chamber occupied by the bulky-metal- all of the excess energy-6 eV) acquired in the DA process is
shielded DCEELS spectrometer. Two of the new peaks are duechanneled into kinetic energy of the fragments. Given the very
to simultaneous hydrogen and propene desorption at 290 K. Thegjfferent ratios of the masses of the fragments with respect to

third peak, which appears as a shoulder at 205 K, is attributedthe parent molecule, almost all (the fraction equal te #1/

to reaction-limited cyclopropane desorption. The identification
of propene and cyclopropane as desorption products, as welllgé‘ézggeg'lsé?- D.; Gamache, J.; Parenteau, L.; Sanchi,Rhys. Chem.
as the differentiation between the two products, is based on the ™ 43) Rowntree, P.; Parenteau, L.; SancheJ LPhys. Cheml1991, 95,

relative intensities of then'e = 42, 41, 40, and 39 peaks as 4902.
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42) of the kinetic energy is partitioned to hydride #n. 205 K. Similarly, Figure 2B shows that the corresponding loss
However, the kinetic energy threshold for escape must be greateat 2839 cm?) for the irradiated c-gHg/Cu(111) system is
than Epo/cog 6 where 6 is the ejection angle relative to the selectively attenuated on heating to 198 K. These two peaks
normal to the surfac& Taking 2.0 eV as a reasonable upper may be reasonably attributed to the presence of metallacyclo-
limit#4 for the polarization potential, it follows that only H butane species. For example, matrix-isolated nickel
ejected along directions for whidhis less than approximately = metallacyclobutart€® (Ni—(CHy)s) displays a band at 2850
55° can escape. If internal excitation of the cyclopropyl cm?, and bisally-Mo and W-metallacylcobutane comple2&&°
fragment is factored in, then the conditions for ljection display characteristic bands at 2775 and 2786%nirhe fact
become more stringent. Attraction between the transient that, as shown below, metallacyclobutane is the minority
negative ion intermediate and its image charge in the metal mayhydrocarbon surface species explains why the deformation
possibly play a role in the dynamics of the process leading to region is dominated by the intense cyclopropyl bands. Hence,
cyclopropyl capture by the met#® The important point, with  spectra recorded on annealing to 205 K differ from those taken
respect to the subsequent chemistry of the adsorbed dissociatiomn annealing to 145 K essentially only with respect to the CH
fragments, is that the DA process given by eq 1 could create stretching region of the spectrum. Although annealing above
an adsorbed layer that contains a nonstoichiometric (alkyl rich) 200 K removes the loss attributed to metallacyclobutane,
mixture of alkyl and atomic hydrogen. The further removal of cyclopropyl species still remain on the surface. The results are
some of this hydrogen coverage through recombination closethys consistent with the presence of both cyclopropyl and
to room temperature should also be taken into account in TPD metallacyclobutane species on the surface at 145 K, and the
experiments on the electron beam generated surface species.selective removal of the latter species at approximately 205 K.
The identification of the electron beam prepared precursors The absence of loss peaks at approximately 1380 and 1609 cm
to propene and cyclopropane desorption, as given below, is mademay be used to rule out the presence of préfgiflor alkenyf®
on the basis of the correlation between the HREELS and the species. The spectra are also not consistent with published
TPD data. HREELS spectra recorded on annealing the electron-HREELS spectra of propené' on Cu(111) orz—_z-allyl
irradiated cyclopropane adlayer to 145 K show clear evidence (z-bonded allyl) on Ag(110§® Additional justification for the
for the presence of CuCs cyclic surface species since, for presence of both cyclopropyl and metallacyclobutane is given
example, spectrum 1C retains the essential features of thepelow in the relation to the observed reaction-limited desorption
cyclopropane spectrum, 1A. In particular, the ring breathing chemistry.
mode (at~1166 cnT! in c-C3Hg 499 and the symmetric ring
deformation mode (at-843 cnt! in c-CsHg 4g9 are present in
both spectra. Data for a whole range of molecules containing
cyclopropyl groupg>4? including bromocycloproparie and
bicyclopropyf® and cyclopropyl complexe¥, display a ring
breathing mode at 11831205 cnt! and a symmetric ring
deformation mode in the 784387 cn1! region. Hence, a
comparison of loss frequencies in spectra 1C and 2C with the

!ifgitulreslzfragzgsdt?‘t: f?gggﬁfgr;pzl glroourgs I'IS ';end tlk?eTsaL?rlfaie in cyclopropane/deuterium reactions, on supported Pt catdlysts.
Eveng[r)l/e ot?s%rvation thpat adsorbed cyclopropgne displa: salos'sIn contrast, the organotransition literature provides ample
1 . cycloprop ISplay support for the elimination of cyclopropane from metalla-
at 1032 cmi, whereas the postirradiated adlayer displays one . . ey
1 cyclobutane intermediaté®. Similarly, a number of gas-phase
at 977 cn?, indicates the presence of cyclopropyl groups. The

) S . X : o
latter losses may be attributed to the asymmetric ring deforma-rcnectgI 'r%n :;Léd('ﬁsc' IQIY) cﬂ:ﬂg%ﬂi rez)?}ilggscéar evicc:ignc\?(lalt?or the
tion/CH, wag modes, with the lower frequency being more ycloprop y P

characteristic of cyclopropyl (Table 1). reductive elimination of cyclopropane from metallacylobutane

The HREELS d h | h hat 10 eV el intermediate$~® Both the organotransition and metal ion
_ het ata, however, also show that 10 eV electron g,ia5 show, in fact, that metallacyclobutanes can undergo
irradiation createsnore than onechemisorbed hydrocarbon

) . ; decomposition via three principal reaction pathwéysThese
species on the surface. In particular, Figure 3C shows that the P P P P

; . ; . are, as follows, (i) reductive elimination of cyclopropane through
irradiated c-GHg/Cu(110) system displaysgCH) stretching o . :
mode at 2806 cmt which is selectiely removed on heating to the cyclization of metallacyclobutane, (ffdehydrogenation

to form a hydride-metal-allyl complex (hydrogenation of the
allyl species then yields properng;elimination is observed for
platinacyclobutanég), and (iii) CC bond scission to yield a
carbene-metal-ethylene complex. Since ethylene desorption
is observed in the present study, we do not consider channel iii
in any detail. Channel ii is also improbable, since only
cyclopropane desorption correlates with the removal of the loss
attributed to metallacyclobutane. In contrast, reductive elimina-
tion (channel i) is a strong possibility since the HREELS data
(spectra 2B and 3D) show that cyclopropane formation coincides
with the removal of loss features at 2839 and 2806 tion
Cu(111) and Cu(110), respectively.

First, we consider if the reaction-limited desorption of
cyclopropane at 205 K is consistent with either the hydrogena-
tion of cyclopropyl or the cyclization of metallacyclobutane.
Since the present study shows that #4€,4sis stable in the
presence of coadsorbed atomic hydrogen (produced as in eq 1)
to at least 260 K, the hydrogenation of cyclopropyl may be ruled
out. The latter conclusion provides support for the observation
that the hydrogenation of cyclopropyl groups does take place,

(44) Grudkov, Y. A.; Watanabe, K.; Sawabe, K.; MatsumotoCYiem.
Phys. Lett.1994 227, 243.

(45) Spiekermann, M.; Schrader, B.; de Meijere, A.; Luttke JAMol.
Struct 1981, 77, 1.

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

(47) (a) Wurrey, C. J.; Yeh, Y. Y.; Weakley, M. D.; Kalansky, V.F.
Raman Spectros@984 15, 179 (data for (cyanomethyl)cyclopropane). (b)
Nease, A. B.; Wurrey, C. Jl. Raman Spectrosd98Q 9, 107 (data for
ethylcyclopropane).

(48) (a) Little, T. S.; Vaughn, C. A.; Zhu, X.; Dakkouri, M.; Durig, J.
R. J. Raman Spectrosd994 25, 735 (data for (cyclopropylmethyl)-
trifluorosilane) (b) Little, T. S.; Zhu, X.; Wang, A.; Durig, J. R.; Dakkouri,
M.; Hermann, T.; Sala, OSpectrochim. Actd993 49A 1913 (data for
(cyclopropylmethyl)silane).

(49) Data for cyclopropyl complexes are given in the following publica-
tions: (a) Busch, B.; Dehnicke, KI. Organomet. Cheml974 67, 237.
(b) Margiolis, K.; Dehnicke, KJ. Organomet. Chenl971, 33, 147. (c)
Shihada, A.-F.; Dehnicke, KJ. Organomet. Cheml971, 26, 157. (d)
Shihada, A.-F.; Dehnicke, Kl. Organomet. Chenl97Q 24, 45.

(50) Ephritikhine, M.; Francis, B. R.; Green, M. L.; Mackenzie, R. E.;

Smith, M. J.J. Chem. Soc., Dalton Tran&977, 1132.

(51) Lin, J.-L.; Bent, B. EJ. Phys. Chem1993 96, 8532.
(52) (a) Lin, J.-L.; Bent, B. EChem. Phys. Lett1992 194, 208. (b)

Forbes, J. G.; Gellman, A. J. Am. Chem. S0d.993 115 6277.
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characteristic of adsorbed cyclopropyl groups. The spectrum

metallacyclobutanes is often referred to as a thermoneutralcharacteristic of cyclopropyl persists to at least 260 K, and its
reaction. The analogous reaction on copper surfaces is alsoabsence at 300 K may be reasonably linked with the reaction-

either thermoneutral or exothermic. The CC bond energy for
cyclopropane is approximately 69 kcal/n¥dhand the formation
of the relatively weak CC bond is offset by approximately 9
kcal/moP2 through the fact that the CH bonds of cyclopropane
are uniquely strong for an alkaf&. Cu—alkyl bond energies
are on the order of~30 kcal/mol®®> and bond dissociation

limited desorption of propene at 290 K. Although examples
of cyclopropyl to allyl transformations have been reported in
the organometallic literatufé2no direct spectroscopic evidence
was obtained for surface allyl species in the present study. The
propene desorption peak is, however, consistent with the
hydrogenation of such a species, since Gurevich &t lave

energies on the order of 40 kcal/mol have been estimated forshown that preadsorbed hydrogen reacts witfallyl on

neutral Ni and Rh metallacyclobutane compleXes-urther-

Cu(100), to give a propene desorption peak at 250 K as the

more, the strain energies for the reactant and product are notsole desorption product. In contrast, they observed that, in the

expected to differ by more than about 10 kcal/mol sinceTh,
Co? and F& metallacyclobutanes are reported to display strain
energies in the 1722 kcal/mol range, as compared to 27.5 kcal/
mol for cyclopropané&* The latter point is central to our
attribution of the surface metallacycle to a metallacyclobutane
rather than a pentanuclear (strucdjespecies. The metalla-
cyclobutane is much closer, both energetically and structurally,
to a likely transition state for transformation to the cyclopropane
product. Seigbahn and Blomberg have previously pointed out,
on the basis of quantum chemical model studies, that the
calculated small activation barrier for reductive elimination of
cyclopropane from palladocyclobutane may be rationalized in
terms of the highly strained metatarbon bonds in the
metallacyclobutané® In contrast, it is difficult to envision the
efficient formation of cyclopropane at 205 K from structuye
since such a reaction would involve breaking two metdky!
bonds and the formation of a highly strained molecule. This
line of reasoning finds support in the HREELS/TPD study by
Bent et al. of a structuré& Cs-metallacycle prepared on Al-
(100) through the thermal decomposition of 1,3-diiodoprogéne,
in that they observed decomposition to yield propene at 500 K
but no cyclopropane formation. It is also useful to compare

absence of surface hydrogen, allyl groups desorbed at 415 K
with approximately 85% selectivity, the other desorption product
being propene. The surface hydrogen involved in the formation
of propene in our experiment partly results from the DA
resonance process described in eq 1. However, spectrum 4E
shows that a hydrocarbon residue remains on the surface
following the desorption of propene. This indicates that partial
dehydrogenation, driven by strain energy release, occurs during
cyclopropyl ring opening. Such an interpretation finds signifi-
cant support in the fact that hydrogen desorption occurs
simultaneously to propene desorption. The release of hot
hyrogen atoms during the highly exothermic ring opening of
cyclopropyl serves both to scavenge hydrogen adatoms and to
hydrogenate surface allyl species.

A number of implications with respect to possible reaction
mechanisms for cyclopropane transformations on metal surfaces
emerge from this work. First, the reductive elimination of
cyclopropane from metallacyclobutane is shown to be a facile
reaction, occurring on copper surfaces at 205 K. Thus,
cyclization of surface metallacyclobutane intermediates may be
competitive with-dehydrogenation, hydrogenation, and hy-
drogenolysis channels. In particulg;dehydrogenation can

the present data with temperature-programmed reaction resultccur at low temperaturés. The hydrogenation of cyclopro-
for three 1,3-haloiodopropanes on Cu(100) published in a thesisPane to propane takes place on alumina-supported platinum

from Bent's grou®® The iodo-carbon bond breaks on Cu(100)
at 125 K. Data for 1-chloro-, 1-bromo-, and 1-iodo-3-iodo-
propanes were interprefédin terms of a true branching
mechanism leading to cyclopropane and propene formation.
Cyclopropane formation, the dominant pathway, took place in
each case at the temperature of scission of the second halo
carbon bond (125, 165, and 240 K for the diiodo, iodobromo,
and iodochloro compounds, respectively). This result was
interpreted in terms of an intramolecular radical trapping
reaction?® The minor pathway leading to propene formation
at 315 K was attributed to the decomposition of a metallacycle
species formed by radical trapping by the copper surféce.
The present experiment allows the chemistry specific to
cyclopropyl species to be isolated, since the HREELS data
acquired on annealing to 205 K show that removal of the
metallacyclobutane species leaves cyclopropyl on the surface
Additional experimenf® on the decomposition of bromo-
cyclopropane on Cu(111) confirm that spectrum 2C is indeed

(53) Cremer, D.; Gauss, J. Am. Chem. So0d.986 108 7467.

(54) Hamilton, J. G.; Palke, W. B. Am. Chem. S0d.993 115 4159.

(55) (a) Lin, J.-L.; Bent, B. EJ. Am. Chem. S0d.993 113 4159. (b)
Chiang, C.-M.; Wentzlaff, T. H.; Bent, B. El. Phys. Chem1992 96,
1836.

(56) Kan, S. Z.; Byun, Y. G.; Freizer, B. S. Am. Chem. Sod 994
116 1836.

(57) Fendrich, C. M.; Marks, T. J. Am. Chem. Sod.986 108 425.

(58) Siegbahn, P. E. M.; Blomberg, M. R. &. Am. Chem. Sod 992
114, 10549.

(59) Leang, Ph. Ph.D. Thesis, Columbia University, 1994.

(60) Rochefort, A.; Martel, R.; McBreen, P. H. Unpublished data.

catalysts at temperatures as low as 235 Rimilarly, 5-elim-
ination of propyl groups from Cu(110) occurs at 2880 K

in TPD experiment§® The selectivity toward reductive elimi-
nation of cyclopropane may thus decrease, from right to left
across the transition metal group, as the me@Hgs metalla-
cyclobutane bond stength increases. A different reaction
chemistry, excluding facile cyclization, is expected for penta-
nuclear G-metallacycle (structur#&) surface species. In agree-
ment with the work of Brown and Kembéalbur study shows
that the hydrogenation of cyclopropyl to cyclopropane is
unlikely to be a major reaction pathway. In contrast, isomer-
ization of cyclopropyl to surface allyl may be possibly involved
in the formation of propene from cyclopropanefidixtures in
cases where the metal is able to break one of the strong CH
bonds of cyclopropane.

Conclusions

Energy-resolved electron bombardment of submonolayer
cyclopropane on copper(111) and -(110) surfaces was used to
prepare a mixture of adsorbed cyclopropyl, atomic hydrogen,
and metallacyclobutane. The twg Gydrocarbon fragments
were prepared at 10 eV and identified by comparing the

(61) Gurevich, A. B.; Teplyakov, A. V.; Yang, M. X.; Bent, B. E;
Holbrook, M. T.; Bare, S. R. Submitted for publication liangmuir

(62) Ephritikhine, M.; Green, M. L. H.; MacKenzie, R. E.Chem. Soc.,
Chem. Commuril976 619.

(63) Jenks, C. J.; Bent, B. E.; Bernstein, N.; Zaeral.ARm Chem. Soc.
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HREELS data to IR data for cyclopropyl and metallacyclobutane it is likely that propene formation occurs by hydrogenation of
complexes. Thermal desorption and temperature-dependenta transient allyl species resulting from ring opening of the
HREELS data were used to show that the metallacyclobutanecyclopropyl species.

species undergoes facile cyclization to eliminate cyclopropane

at 205 K. The m_etallacyclobutane species were characterized Acknowledgment. Financial support from NSERC and
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