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Abstract: The reaction products formed from 1,1-diiodoethane adsorbed on clean Ag(111) have been
investigated by using reflection absorption infrared spectroscopy (RAIRS) and temperature-programmed
desorption (TPD) and compareddis andtrans-2-butene adsorbed on the same Ag(111) surface. Ethylidene
species synthesized from 1,1-diiodoethane adsorbed on Ag(111) dimerize to form 2-butenes. The TPD profiles
of the reactively formed 2-butenes resemble thoseisfandtrans2-butenes directly adsorbed on Ag(111)
exhibiting a sharp peak at140 K and a broad feature at184 K. The surface infrared spectra @§ and
trans-2-butene are distinguishable where monolagier2-butene/Ag(111) exhibits peaks at 1445, 1434, and
1030 cnt! whereas the trans isomer has features at 1429, 973, and 959 ktris found that the surface
infrared spectrum collected after 1,1-diiodoethane adsorption on Ag(111) is very close to thasi?-

butene on Ag(111). This demonstrates that the stereoselectivity of ethylidene dimerization on Ag(111) surfaces
is controlled by the initial approach of the carbenes rather than the desorption of the 2-butene product.

Introduction The next step in alkene formation is the reductive elimination
fof this intermediate, involving carbons 2 and 3 rehybridizing
from sp to si, and the molecule becoming planar. When the
intermediate is bonded to an isolated metal center, this involves
no steric hindrance; the stereoselectivity is controlled by the
initial carbene approach leading to a predominanceaofs-2-
butene in the gas phase. In contrast, when the intermediate is
ethylidene recombination exceeded that expected thermody-Strongly b(_)nded to a planar s_ubstrate, interaction of the methyl
groups with the surface will prevent the adsorbate from

namically by a factor of 2 to 3.In contrast, ethylidene rehvbridizing in th f a trans intermediate. For the Ci
recombination to form alkenes in organometallic compounds 'et y di tg th edca:i)eé) al a IS € ? ta el.' hc:I € csd
generally favors the formation ofrans-2-butene?” This Intermediaté, e adsorbed molecule can rotate sligntly aroun

difference can be rationalized by assuming that the adsorbedtﬂe C(2f)—C(ﬁ) boncfi thu_s mtiﬂimfizing ts_tericfitnhterfgrencz Witth
ethylidene species approach each other in such a way that theifn® surface hence favoring the formation of the cis product, as

carbene planes are parallel. Such a geometry facilitates overlaﬂourl]d ontﬁwolﬁbdenur;ﬁ.'l;hi wc;rktgells(;:nbed n thk'f ptr?lper
between the carbene orbitals and the formation of ando prlolrist ef stﬁreotsetefh[w Yy Odel X‘Ilk ene rﬁcor(? |na||((|)n ton
bonds between-carbons. In this case, steric hindrance between g(111) to further test this model. enes bond weaxly to

. . . o it
the methyl groups of the approaching ethylidenes will favor S"‘t’.eF' p{eg?r:nltnt?]ntlz V'? \;andder \:\_/ar?r;nlnterzct_|dgsb ltt IS
the formation of a trans intermediate. In many cases on transition 2UciPated that the heat of adsorptio S andcis-z-butene

metals, and in particular on molybdenum, alkenes are substano" Ag(111) will be very similar implying that the stereoselec-

: - : . : : . tivity on silver, in contrast to the behavior on molybdenum,
tially rehybridized, and adsorb in a diconfiguration with ca. . ;
sp Kybrié{ized carbon&-23 In this geometry,gt’he methyl groups will not be controlled by the desorption of 2-butene. Alkyl

of thecis- or trans 2-butene are oriented away from the surface. SP¢'®S adsorbed on silver dlmegze fo form alkéhés and
adsorbed carbenes yield alkeR&Z3 Furthermore, these reac-

Previous work has demonstrated that the metathesis o
propylene catalyzed by metallic molybdenum foils at high
temperatures X650 K) proceeds via an initial dissociative
formation of carbenes (GH and CH—CH=) which recombine
on the surface to form ethylene and 2-butérewas found
that the ratio ofcis-2-butene totrans2-butene formed by

*1Tf:3 nglort? %Ofrﬁspondew?e |vS|hOTUId be \]avd%recs;sid[ 1998 176 439 tions proceed at relatively low temperatures thus accentuating
EZ; 3 g‘ﬁy,ep'_ W F‘,’:tstﬁ"”é_ B Am ohem. So (19%2 a8 5% 4 4_6 : energy differences due to steric interactions between the methy!
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of trans-2-butene rather thanis-2-butene should be favored
from ethylidene recombination on Ag(111). This conjecture is
borne out by the results presented below. Finally, alkylidene TPD of CH;CHI,/Ag(111)
species can be conveniently grafted onto metals by exposure to 41 amu, CH,CH=CHCH,
the corresponding iodine-containing molecule in ultrahigh
vacuum?* The relatively weak carboniodine bond compared
to the corresponding carbemetal bond favors €I bond
cleavage to graft the hydrocarbon fragment to the surface, along
with chemisorbed iodine. In this work, ethylidene species are
formed by dosing a clean Ag(111) surface with 1,1-diiodoethane.
The reaction appears to be facile on silver where it has been
demonstrated that GHspecies are formed from methylene
iodide at relatively low temperatures and there is significant
(20—30%) thermal decomposition evenafl30 K25

The chemistry is followed using a combination of tempera-
ture-programmed desorption (TPD) and reflectiafsorption
infrared spectroscopy (RAIRS). Temperature-programmed de-
sorption is used to monitor the nature and kinetics of the
desorbing species and reflectieabsorption infrared spectros-
copy reveals the nature and, in favorable cases, the geometry
of adsorbed species. RAIRS is particularly useful in this case
since cis- and trans-2-butene exhibit very different infrared X
spectrat® 100
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The experiments were carried out in a stainless steel, ultrahigh Figure 1. Temperature-programmed desorption spectra taken at 41
vacuum chamber operating at base pressures®fx 101 Torr amu (2-butene) following the adsorption of 1,1-diiodoethane on Ag-
following bakeout which has been described in detail elsewtere. (111) at 80 K as a function of exposure. The exposures are marked
Infrared data were collected from an Ag(111) single crystal sample adjacent to the corresponding spectrum. Shown as an inset is the
mounted in a modified ¥, in. six-way cross equipped with infrared- ~ 2-butene desorption yield as a function of exposure.
transparent, KBr windows. The sample could be resistively heated
t01000 K or cooled to 80 K using liquid nitrogen. Light from a Bruker ~ Chemicals, 93-% purity) were transferred from their cylinders into
Equinox infrared spectrometer passes through a polarizer and is focusedlass bottles and were further purified using several fregzenp-
on the sample at an incidence angle~80° and the reflected light thaw cycles. Their purities were also verified mass spectroscopically.
steered onto a liquid nitrogen cooled, mercucadmium-telluride
detector. The complete light path is enclosed and purged with dry, CO  Resullts

free air. The spectrometer typically operated at 4 tnesolution and It has been shown previously that alkyl species adsorbed onto
data were collected for 1000 scans. ST .
Ag(111) using iodine-containing precursors couple to form the

The infrared cell was attached to the main 12 in. diameter ultrahigh correspondina alkane so that exposing a surface to an alkvl
vacuum chamber and the sample could be moved from the cell into . P 9 P 9 y

. . . : 1
the main chamber on a transfer rod. The chamber was equipped With'Od'de' RI, ylel_ds adsorbed alkyl (R) speCIe_s and iodihé:

a single-pass, cylindrical-mirror analyzer that was used to collect Auger 1h€ alkyl species react to form anfiR alkane_ In temperature-
spectra of the sample. programmed desorptiofi-2! The corresponding chemistry for

Temperature-programmed desorption data were collected using aadsorbed alkylidene species forming alkenes has also been
heating rate of~3 K/s and desorbing species detected using a Dycor studied??-2325The 41-amu temperature-programmed desorption
quadrupole mass spectrometer located in the main ultrahigh vacuumspectra collected after exposing clean Ag(111) to 1,1-diiodo-
chamber and interfaced to a PC allowing five masses to be monitoredethane are displayed in Figure 1 as a function of 1,1-
sequentially during the same desorption sweep. _ diiodoethane exposure (in Langmuirs; L1 x 1076 Torr-s).

Th,et S;mfpée V‘()asd‘?'ea”?tg :S'”g a Sta{‘ﬁa{? ;/rocf‘*étrg’gt')cﬂ Note that exposures are not corrected for ionization gauge
consisted of bombarding with Argon ions (1 keVya/cn) at sensitivities. This mass corresponds to a fragment of 2-b#ftene
and annealing to 1000 K in vacuo to remove any remaining surface . . .

and is not due to 1,1-diiodoethane which was not observed to

species. . .
The 1,1-diiodoethane used for these experiments was synthesizeodesorb for exposures up to 2 L. Multilayer 1,1-diiodoethane

from ethyl iodide and 1,1-dichloroethane according to a literature desorption was detected for higherZ L) exposures. Measuring
procedur® and its purity was checked using nuclear magnetic the desorption spectra at other masses (56, 39, and 27 amu)
resonance spectroscopy. The product was transferred to glass vialsshows that their relative desorption intensities agree very well
attached to the gas-handling line of the vacuum system, and furtherwith the mass spectrometer ionizer fragmentation pattern of
purified by repeated freezepump-thaw cycles and its cleanliness was  2-butene (bothcis- and trans-2-butene), which cannot be
monitored mass spectroscopically. Tdig andtrans-2-butene (Aldrich distinguished mass spectroscopicdfyThe exposure of 2 L

(24) Janssens, T. V. W.; Zaera, F.Phys. Chem. B996 100, 14118. cor_responds to the saturation of the overlayer (Figl_Jre 1, Inset).

(25) Domen, K.; Chuang, T. J. Chem. Phys1989 90, 3332. lodine desorption was detected~a850 K (not shown) in accord

(26) McKean, D. C.; Mackenzie, M. W.; Morrisson, A. R.; Lavalley, J.  with the results of other¥23 The spectra exhibit two distinct

Si;AJ‘Zg'g_’ A Fawcett, V.; Edwards, H. G. Mpectrochim. Actd 985 desorption states with a narrow feature at 140 K and a broader

(27) Wu, G.; Kaltchev, M.; Tysoe, W. TSurf. Re. Lett. 1999 6, 13. peak at 184 K (Figure 1). A Redhead analysis, assuming a
99&%8) Sim, W. S.; Gardner, P.; King, D. 4. Am. Chem. Sod.996 118§ preexponential factor of 1x 10% s, yields desorption

(29) Letsinger, R. L.; Kammeyer, C. W. Am. Chem. Sod.951, 73, (30) NIST Mass Spectroscopy Data Center, http://webbook.nist.gov/
4476. chemistry.
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Figure 3. Temperature-programmed desorption spectra taken at 41
gamu (2-butene) following the adsorption ©it-2-butene on Ag(111)
at 80 K as a function of exposure. The exposures are marked adjacent
to the corresponding spectrum.

Figure 2. (a) Temperature-programmed desorption spectrizaofs
2-butene adsorbed on iodine-covered Ag(111). lodine was adsorbe
on the surface by exposure 2 L of 1,1-diiodoethane and heating to
500 K. (b) Temperature-programmed desorption spectra taken at 41
amu (2-butene) following the adsorption wans-2-butene on clean o L
Ag(111) at 80 K as a function of exposure. The exposures are markediodine-covered Ag(111) forms no 2-butene confirming that the
adjacent to the corresponding spectrum. chemistry takes place on the metal surface.

o ) . The corresponding 41-amu desorption spectra collected after
activation energies o0f8.4 and 1_1.2 kcal/mol respe_ctlvely for adsorbingcis-2-butene on Ag(111) are displayed in Figure 3,
these state¥. Since 2-butene is proposed to arise from a 450 as a function of exposure. The spectra also show a sharp
recombinative reaction, a first-order Redhead analysis is ap- low-temperature peak (at 152 K) with a broader, higher-
parently not warranted. However, data presented below i”dicatetemperature state (at 196 K). Analogous Redhead analyses of
that these states reflect the activation energy for desorption rathegpege desorption states reveal that they correspond to desorption
than recombination, justifying this analysis. Note also that the gctivation energies of 9.2 (152 K state) and 11.9 (196 K state)
asymmetric line shape and constant peak position, particularly kcai/mol3! These data provide the first suggestion tiaps-
of the 140 K state, suggests first-order desorption processes sinc_ptene forms following adsorption of 1,1-diiodoethane since
a second-order desorption state would have a more symmetricihe 41-amu desorption peak temperatures in Figure 1 more
peak and peak temperature that decreases with increasingosely resemble those dfans (Figure 2) thancis-2-butene
coverag€! This notion is confirmed by the data of Figure 2b, (Figure 3). However, the infrared spectrum is more sensitive to
which display the temperature-programmed desorption spectracijs—trans isomerizatio® Figure 4 displays the RAIRS spectra
of trans-2-butene itself from Ag(111) as a function of exposure, ot monolayers otis- andtrans-2-butene adsorbed on Ag(111)
following adsorption at 80 K. The spectra display two desorption 5t g0 K. trans-2-Butene exhibits peaks at 1429 and 959 &m
peaks in the 41-amu spectrum, the first a sharp feature centeredyith a shoulder at 973 cm whereas the spectrum fais-2-
at 146 K, the second a broader peak at 188 K, temperaturesytene has peaks at 1434 cina shoulder at 1445 crd, and
extremely close to those found for the desorption of 2-butene g peak at 1030 cmi. It is clear from these spectra that they are

from Ag(111) following exposure to 1,1-diiodoethane (Figure g fficiently different to allow the two isomers to be distinguished
1). No other desorption products were detected. Note also thaty, the surface.

the relative intensity ratios of the 146 and 188 K features for
trans-2-butene adsorbed directly on Ag(111) (Figure 2b) are
different from the corresponding ratios following 1,1-diiodo-
ethane adsorption (Figure 1). The temperature-programmed
desorption data fotrans-2-butene adsorbed on iodine-precov-
ered Ag(111) are shown in Figure 2a. It desorbs in two states
at 140 and 184 K where relative peak intensities and positions
now agree well with the data in Figure 1. The peak intensities
are modified while the desorption temperatures are only slightly
affected by the presence of iodine indicating that 2-butene still
adsorbs on the silver surface but that sites are blocked by iodine
A similar effect has been observed for the adsorption of 1,3-
butadiene on Ag(111) and for the formation of 1,3-butadiene
from GyHsl.2! In addition, 1,1-diiodoethane adsorbed onto

The RAIRS spectra collected following 1,1-diiodoethane
adsorption on Ag(111) at 80 K are displayed in Figure 5 as
function of exposure, where an exposurfe2oL (Figure 5d)
corresponds to the saturation of the overlayer (Figure 1). At
low exposures (0.5 L; Figure 5a), the spectrum consists of a
feature at 967 cmt. As the exposure increases1 L (Figure
5b), the 967-cm! feature is still present but an additional feature
appears at 957 cm. The single feature at 958 crhcontinues
to grow up to completion of the monolayer (Figure 5d). To
confirm that these are not due to 1,1-diiodoethane itself, this
'was condensed onto the surface by the addition of two more
langmuirs to yield the spectrum shown in Figure 5e. The feature
present at 958 cnd in Figure 5d is still present in Figure 5e,
but slightly shifted to 964 crmt, presumably due to the presence
(31) Redhead, P. AVacuum1962 12, 203. of the condensed overlayer. Clearly evident in Figure 5e) are
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RAIRS of cis- and trans-2-Butene
(monolayer) on clean Ag(111)
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Figure 4. Reflection-absorption infrared spectra of a monolayer of
(a) trans-2-butene and (bgis-2-butene adsorbed on Ag(111) at 80 K.
The absorbance scale is indicated as a vertical line on the figure.
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Figure 5. Reflection—absorption infrared spectra of 1,1-diiodoethane
adsorbed on Ag(111) at 80 K as a function of exposure: (a) 0.5, (b) 1,
(c) 1.5, (d) 2, and (e) 4 L. Shown for comparison in (f) is the infrared
spectrum ofrans-2-butene adsorbed on iodine-covered Ag(111). The
absorbance scale is indicated as a vertical line on the figure.

additional peaks at 1106, 1225, 1374, and 1440%cdue to
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Table 1. Comparison of the Spectrum Formed by Exposing
Ag(111) b 4 L of 1,1-Diiodoethane at 80 K (Figure 5e) with That
of Liquid 1,1-Diiodoethan®

freg/cnT? freg/cntliquid
mode 1,1-diiodoethane/Ag(111) 1,1-diiodoethane
O0p(CH)/0p(CHs) 1106 1101 (vs)
Oip(CH)V(C—C) 1225 1228 (s)
05(CHs) 1374 1372 (s)
04(CHs) 1440 1436 (s)

RAIRS of 1L CH,CHI, / Ag(111)

0.00025

T/K

MWMWVWWWWWMWW 190 K

WMWWWWWMWWWMWW 150 K

-
~
D,

\

ot P bt WMMM 80 K

2000 1800 1600 1400 1200 1000 800 600

Absorbance

™ 949

Frequency / cm™

Figure 6. Reflection-absorption infrared spectraf d L of 1,1-
diiodoethane adsorbed on Ag(111) at 80 K and annealed to various
temperatures where the annealing temperatures are marked adjacent to
the corresponding spectrum. The absorbance scale is indicated as a
vertical line on the figure.

has a single peak at 962 cfncorresponding to the 959-crth
peak shown fortrans2-butene adsorbed on clean Ag(111)
(Figure 4), so that the vibrational modes are only slightly
affected by the presence of coadsorbed iodine.

Shown in Figure 6 is the temperature evolution of the RAIRS
spectra following adsorptionfd L of 1,1-diiodoethane on Ag-
(111). The spectrum formed following adsorption at 80 K
reproduces that shown in Figure 5b. Heating to 190 K removes
all infrared features, corresponding to the complete desorption
of all 2-butene in temperature-programmed desorption (Figure
1). Heating to 150 K causes the 949-chfieature to disappear
and the 971-cm! peak to attenuate in intensity.

The corresponding temperature evolution of the RAIRS
spectrum oftrans2-butene is displayed in Figure 7 showing
identical peak positions following adsorption at 80 K as found
in Figure 4a. Annealing to 150 K causes the 959-tfeature
to attenuate substantially in intensity suggesting that this is
associated with the low-temperature desorption state (Figure 2b).

diilodoethane. The peak assignments are summarized in TableThe 973-cm* feature persists at 150 K but is completely

1.
To gauge the effect of coadsorbed iodine on the infrared
spectrum of adsorbettans-2-butene, this was adsorbed onto

an iodine-covered surface that had been formed by exposing it

to 1,1-diiodoethane (2 L) and heating to 500 K. The sample
was allowed to cool to 80 K and exposed to 0.5 Lirains-2-

removed by heating to 190 K.

Discussion

2-Butene Adsorption on Clean and lodine-Covered Ag-
(111). Both cis- andtrans-2-butene adsorb on clean Ag(111)
at 80 K wheretrans-2-butene desorbs at 1484 = 8.4 kcal/

butene. This gave rise to the spectrum shown in Figure 5f which mol) and 184 K Eat = 11.2 kcal/mol) (Figure 2) andis-2-
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Assignment to the bmode (at 1445 cm' for matrix-isolated
RAIRS of trans-2-Butene cis-2-butene) is excluded since no other modes,afymmetry
(monolayer) on clean Ag(111) are detected. The 1445-cthmode may be due to another
adsorption geometry or to an asymmetric methyl bending
0.0002 T/K mode (at 1459 cm' for matrix-isolatedcis-2-butene). The
presence of this mode would be consistent with a tilting of the
NWWWMVWWWWvWVWWWM 190 K molecular plane to yield slightly better overlap with the
surface resulting in a slightly higher desorption energycisr
973 2-butene than fotrans-2-butene.

WWMW The corresponding assignments for the RAIRS spectra for
it 150 K trans-2-butene are shown in Table 3. The 1429-éifeature is
959 assigned to the asymmetric methyl bending mode (at 1444 cm
for matrix-isolatedtrans-2-butene) consistent with @mans-2-
butene molecular plane oriented parallel to the surface. The
intense 959-cm* peak is assigned to the out-of-plane CH
bending mode (967 cm for the matrix-isolated molecule). The
\ 973 973-cnT! mode could be assigned to the methyl rocking mode
J (by symmetry) although no other modes af &ymmetry are
I st o 80K detected. A more likely explanation is offered by the data of
Figure 7 which displays the RAIRS spectratadns2-butene
—————— collected as a function of temperature, where the 959lgaak
2000 1800 1600 1400 1200 1000 800 600 is removed on heating to 150 K whereas the 973-faature
Frequency / cm" persists and is only removed on heating to 190 K. The 959-
cm~! mode is associated with the low-temperature (140 K)

Figure 7. Reflection—absorption infrared spectra of 1 monolayer of . ok :

trans-2-butene adsorbed on Ag(111) at 80 K and annealed to various dgsorptlogn SE?;? an d tTe 971 . tealt< W'i?] t?he 1t84 K statte
temperatures where the annealing temperatures are marked adjacent tgFlgure )'d d IS 1S alSo Cconsis e& wi b € ergpert{:)l L:jre-
the corresponding spectrum. The absorbance scale is indicated as £r°grammed desorption spectrum tedns-2-butene adsorbe
vertical line on the figure. on iodine-covered Ag(111) formed by exposuoe2tL of 1,1-

diiodoethane and heated to 500 K to desorb hydrocarbon species

Absorbance

Table 2. Comparison of Adsorbed and Gas-Phase Infrared (Figure 2a), which shows that the 184 K desorption state is
Frequencies focis-2-Butene substantially diminished in intensity while the low-temperature
matrix isolated cis-2-butene (140 K) state is not strongly affected. This indicates that iodine
mode symmetry cis-2-buten€®cm™  Ag(111), cm* blocks the high-temperature adsorption state, consistent with
»(C—C) by 970 the infrared spectrum displayed in Figure 5f. These results also
0(CHy) by 1037 1030 imply that the sites that ameot blocked are not substantially
6i(CH) b, 1408 affected by the presence of coadsorbed iodine. It has been shown
04{CHy) by 1445 that iodine adsorbs on Ag(111) at the 3-fold hollow site from
g:ggﬂg gi ﬂgg (114‘2?; an analysis of the/3x+/3 R30° LEED patterd? suggesting

that this site is occupied by the more stabkns-2-butene.
1,1-Diiodoethane Adsorption and Reaction on Ag(111).
The temperature-programmed desorption data of Figure 1
— - confirm that adsorbed 1,1-diiodoethane reacts on Ag(111) to
matrix isolated cis-2-butene/ form 2-butene. No other desorption products are detected so

Table 3. Comparison of Adsorbed and Gas-Phase Infrared
Frequencies fotrans-2-Butene

mode symmetry _cis2-buteneem’  Ag(111), cm? that this reaction appears to be rapid and quantitative. The
0{CH3) by 1456 - similarity between desorption peak positions of molecularly
g:((gjg E‘: igg‘; 142? adsorbed 2-butenes (Fig_l_Jres 2 and 3) and those f_or t_he formation
p(CH) by 976 973) of 2-butene from 1,1-diiodoethane (Figure 1) indicates that
5o(CH) a, 967 959 2-butene formation from 1,1-diiodoethane is desorption- rather

than reaction-rate limited. This indicates that 2-butene has
already formed on the surface belewl 20 K. This conclusion
butene desorbs at 15E4;= 9.2 kcal/mol) and 196 KBact = is confirmed by the RAIRS data of Figure 6, which shows peaks
11.9 kcal/mol) (Figure 3). In both cases, the high-temperature at 949 and 971 cnit, close to the frequencies tins-2-butene
state populates prior to the low-temperature state as expectedgn clean and iodine-covered Ag(111) (Figure 5). The relatively
The corresponding infrared spectra of monolayersisfand  |ow intensity of the high-temperature state for 2-butene formed
trans2-butene are shown in Figure 4. Since the molecules from 1,1-diiodoethane, following the above discussion, is due
remain intact and the vibrational modes are only likely to be tg sjte blocking by coadsorbed iodine. Based on previous studies
weakly perturbed from the corresponding gas-phase values,of methylene iodide on Ag(111) which show that methylene
spectral assignments can be made by direct comparison Withspecies are formed at130 K25 this reaction is proposed to
the infrared frequencies for matrix-isolated molectiesid are take place by the initial formation of adsorbed £HCH=
summarized in Tables 2 and 3. The 1030-¢mmode of  species that rapidly dimerize to form 2-butene. As noted above,
adsorbedcis-2-butene is unequivocally assigned to thesCH  the stereoselectivity of this reaction can be controlled either by
rocking mode (at 1037 cm for the isolated molecule). The  the initial approach of the two carbenes or by the interaction of
appearance of a mode with bymmetry is consistent with a  the cis or trans products with the surface as depicted in Scheme

molecular plane oriented essentially parallel to the surface. Onj |t is assumed that the carbenes approach each other such that
this basis, the 1434-cmh mode is assigned to the asymmetric

methyl bending mode (1456 crhin the isolated molecule). (32) Gerenser, L. J.; Baetzold, R. 8urf. Sci.198Q 99, 259.
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Scheme 1 1,1-diiodoethane is not strongly perturbed by the presence of
iodine on the surface, the RAIRS spectrum was collected for
trans-2-butene adsorbed on iodine-covered Ag(111) (Figure 5f).
In this case, the iodine was deposited by dosindhvitL of
1,1-diiodoethane at 80 K and annealing to 500 K. All hydro-
carbon fragments desorb to leave just iodine on the surface.
This procedure was used since it deposits exactly the same
amount of iodine as is present during carbene recombination
and desorption. The peak is indeed slightly shifteddgycn?!
(from 958 cn1? for clean Ag(111) to 962 cmi for the iodine-
covered surface). The small shift does not affect the conclusions
arrived at above.

To prove that the observed RAIRS features at between 950
the planes defined by the- andj-carbons and the-hydrogen and 970 cm! are indeed associated with adsorbeshs2-
are parallel. In this case, the formation of ttrens-2-butene butene, RAIRS data were collected after exposing Ag(111) to
intermediate minimizes the steric interaction between the 1,1-diiodoethane (1 L) and annealing to various temperatures.
approaching methyl groups. Since there is no steric hindranceThe resulting spectra are shown in Figure 6 where the annealing
in the desorption of the 2-butene intermediate in organometallic temperatures are marked adjacent to the corresponding spectrum.

N
H CHs

H

cis-2-butene

Step 1

Step 2

species, in the homogeneous phase this chemistry invariablyAll surface species are removed by heating to 190 K corre-

leads to the formation dfans-2-butene®7 In contrast, when

sponding to the completion of the desorption spectrum in Figure

the 2-butene is strongly adsorbed on a planar substrate, thel, confirming that these vibrational modes are associated with

interaction of the trans methyl groups with the surface inhibits
product formation leading to cis stereoselectivifjhe situation

on Ag(111) is somewhat different since batis- andtrans-2-
butene have almost identical heats of adsorption wirares-
2-butene desorbs in two states with activation energiesdo#t

and 11.2 kcal/mol andis-2-butene desorbs with corresponding
activation energies of 9.2 and 11.9 kcal/mol, so that the energy
difference between these states-i3.7 kcal/mol (Figures 2 and

3). Note, however, thatis-2-butene does desorb with a slightly
higher activation energy thamans-2-butene due to the steric

the formation of 2-butene. The preferential removal of the 949-
cm~1 state on heating to 150 K suggests that this infrared mode
is associated with the low-temperature (140 K) desorption state
in Figure 1, further demonstrating the correspondence between
the infrared and temperature-programmed desorption data.
Finally, alkene formation from other iodine-containing surface
species is extremely unlikely since these all would involve the
formation of carbor-carbon single bonds between carbons (2)
and (3). In this case, any stereoselectivity due to the initial
approach would be lost due to rotation around the carbon

effect depicted in Step 2, Scheme 1. The infrared features duecarbon single bond. For example, 2-butene could be formed by

to the adsorption ofis- andtrans-2-butene on Ag(111) (Figure

4, Tables 1 and 2) are very close to those observed in matrix
isolation indicating that the 2-butenes maintain their gas-phase
geometries on the surface so that the 2- and 3-carbons are stil
sp? hybridized. This implies that a significant portion of the
bonding to the surface is due to van der Waals’ interactihrig.

dimerization of 1-iodoethyl species to yield 2,3-diiodobutane.
Subsequent iodine removal would form 2-butene. It could also
be formed by a migratory insertion of an ethyldidene into
L-iodoethyl species and subsequent iodine abstra&iRatation
about the single €C bond between carbons (2) and (3) in all
of these alternative reaction pathways would result in a lower

These observations confirm that the second step in Scheme Istereoselectivity whereas a trans-stereoselectivity approaching

is not likely to lead to any substantial degree of stereoselectivity
which is likely to be controlled on Ag(111) by the initial
approach of the carbenes (Step 1, Scheme 1).

This conjecture is borne out by the infrared data in Figure 5.

100% is found experimentally (Figure 5), implying that 2-butene

is not formed via these routes. Reaction between ethylidene and
adsorbed 1,1-diiodoethane can further be excluded since mo-
lecular 1,1-diiodoethane adsorbs onto the surface following a

First, these show that there is no 1,1-diiodoethane on the surfaced-L exposure (Figure 5e) while the 2-butene yield remains

even following adsorption at 80 K, implying that both iodines
are removed very rapidly from the 1,1-diiodoethane, in accord
with the chemistry found by others for iodine-containing
hydrocarbons on silvé~2325Further, there is no evidence for
the presence of the carbenes on the surface since these woul
have vibrational frequencies reasonably close to the iodine-
containing precursor. Comparison to the spectra in Figure 4 of
both cis- and trans-2-butene adsorbed on Ag(111) clearly
indicates that the feature is duettans-2-butene. This confirms
that the product forms rather rapidly on the surface and
rationalizes the similarity between the 2-butene (41 amu)
desorption spectrum following adsorption of 1,1-diiodoethane
(Figure 1) and that fotrans-2-butene desorption; thieans-2-
butene has already formed at or belewl40 K by carbene
recombination, so that the kinetics of Figure 1 merely reflect
product desorption. It also justifies the first-order Redhead
analysis carried out above.

The data in Figure 5 confirm that the trans isomer is strongly
preferred to the cis isomer since only features due to the trans
isomer are detected suggesting that, within the sensitivity of
RAIRS, the selectivity approaches 100%. To confirm that the
peak formed between 957 and 967 drfollowing exposure to

constant for exposures at®2 L (Figure 1).

Conclusions

Ethylidene species formed on Ag(111) by dosing 1,1-
diiodoethane at 80 K dimerize to fortnans-2-butene which
desorbs in two states at 140 and 184 K. Boik andtrans
2-butene adsorbed on Ag(111) desorb with almost identical
activation energies (within 0.7 kcal/mol), suggesting that the
dimerization stereoselectivity is not controlled by product
desorption but by the approach of the carbenes as illustrated in
Scheme 1. This postulate is borne out experimentally both by
temperature-programmed desorption and refleetedvsorption
infrared spectroscopies where the desorption temperature of
2-butene adsorbed on the surface agrees well with that for
2-butene formed by carbene dimerization, and where the infrared
spectrum is due ttrans-2-butene, notis-2-butene.
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