JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by American Chemical Society

Communication

Switching of Alcohol Oxidation Mechanism
on Nickel Surfaces by Fluorine Substitution
Qing Zhao, and Francisco Zaera

J. Am. Chem. Soc., 2003, 125 (36), 10776-10777+ DOI: 10.1021/ja0362858 « Publication Date (Web): 14 August 2003
Downloaded from http://pubs.acs.org on March 29, 2009

X3C\ ’CHzH F3C,
Xy e p S s hes -0
- Q — 07 Ha [ CFaCH=CHp
4 (X=H,F) + (X=F) +
1 1

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Links to the 2 articles that cite this article, as of the time of this article download
. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja0362858

JIAIC[S

COMMUNICATIONS

Published on Web 08/14/2003

Switching of Alcohol Oxidation Mechanism on Nickel Surfaces by Fluorine
Substitution

Qing Zhao and Francisco Zaera*
Department of Chemistry, Urérsity of California—Riverside, Rierside, California 92521

Received May 22, 2003; E-mail: francisco.zaera@ucr.edu

It can be safely said that one of the most important issues in - 1T N
heterogeneous catalysis today is selectiVifyhis is particularly (F-Substituted) 2-Propanol/Ni(100) TPD
critical in hydrocarbon oxidations, where thermodynamics predicts 3. CHyCH(OH)CH, b. CF3CH(OH)CH,
the production of carbon dioxide and waterseful partial oxidation 1Bk 166 K ik
compounds can only be made via kinetic contdWith organic E sk
alcohols, competition is often seen among dehydrogenation, de- 3
carbonylation, and dehydration reactidn.We have previously & Acelone Trifluoro-
shown that alcohols can be selectively dehydrogenated to aldehydes — § Acetone
or ketones on nickel catalysts® Here we report results from experi- §
ments using model nickel surfaces that indicate a partial switch & MT‘A Trfuon- AT K
from alcohol dehydrogenation to alcohol dehydration driven by sub- H x2 Propene o
stitution of y-hydrogens with more electronegative fluorine atoms. & 212K
Temperature-programmed desorption (TPD) experiments were Trifluoro-
carried out on a Ni(100) single crystal by using a stainless steel J 2-Propanol ! 2 rapand
ultrahigh vacuum (UHV) chamber evacuated with a turbomolecular YT
pump to a base pressure of less thaxn 10-1° Torr and equipped 100 2°°Te,?.°,,2m:‘,°,3, KE'OD 600100 2°%m3§£mf.?,?,x5°° 600
with |ns_,trumentat|on_ for TPD and other surface-sensitive spec- Figure 1. Temperature-programmed desorption (TPD) data for saturation
troscopies?!! The nickel crystal was spot-welded to ary—z coverages of 2-propanol (left) and 1,1,1-trifluoro-2-propanol (right) on

manipulator via tantalum support wires in contact with a liquid Ni(100) single-crystal surfaces. Shown in both cases are traces for molecular
nitrogen reservoir for cooling and/or resistively heating to any desorption and for the products of dehydration (alkene) and dehydrogenation

. . (ketone) reactions. The inductive effect exerted by fluorine atoms substituted
temperature between 90 and 1200 K, as monitored with a chromel at they-position leads to a significant inhibition @khydride elimination

alumel thermocouple spot-welded to the edge of the crystal. The from the alkoxide intermediates and to the opening of a felydride
surface was cleaned periodically by cycles of oxygen treatment, elimination channel that eventually ends in alkene formation.

n : o o
Ar* ion bombardment, and annealing to 1200 K untl! nO IMPUIties oy of hydrogens by more electronegative fluorine atoms in one
were detected by TPD or XPS. TPD data were obtained by heating ¢ 11 y-carbons of the alcohol was used to slow fivaydride

the crystal at a linear heating rate of 10 K/s, set by @ homemade gjiination step reported above. Fluorine substitution has already
temperature controller, Whlle. sequer\tlally recording pamal pressures ..y used successfully to stabilize alkoxide ligands both in
for up to 15 masses at a time using a computer-interfaced Massqanometallic complex&sand on metal surfacé.The data in
spectrometer. The 2-propanol (99.9% purity), 1,1,1-trifluoro-2- o re 1 show that this approach also works for the system studied
propanol (97% purity), and all other chemicals listed in Table 1 pare: 1 1 1-trifluoroacetone desorption from 1,1, 1-trifluoro-2-
were purchased from Aldrich, subjected to several freqzenp- propanol peaks at 442 K, a temperature more than 100 K higher
thaw cycles before use, and routinely checked by mass spectrom+nan that seen for acetone production from 2-propanol. Moreover,
etry. Saturated monolayers were assured by dosing the clean nickethe shape of the 1,1,1-trifluoroacetone peak corresponds to zero-
surface with 5.0 Langmuirs (1 = 1 x 10°® Torr s) of the  order kinetics, suggesting that the reaction takes place at surface
appropriate compound at 100 K. _ ) o defects and is limited by surface diffusion of the reactants to those
The key results from these studies are summarized in Figure 1. sjtes. This means that fluorine substitution at #Rgosition of the
It has been well established that alcohols, either coordinated to metalgjcohol leads to an increase in activation energy Adrydride
center$” or adsorbed on metal surfacessually undergo an initial  elimination of approximately 10 kcal/mol. It should be pointed out
and early dehydrogenation step at the hydroxyl position to form that this difference is not due to changes in the adsorption energy
an alkoxide intermediate. It has also been determined that on lateof the reactant, estimated from the 212 and 202 K TPD peaks in
transition metals those alkoxides later folloy-aydride elimination Figure 1 to be 11.4 and 10.8 kcal/mol for regular and 1,1,1-trifluoro-
to the corresponding aldehyde or ketérieThe left panel of Figure  2-propanol, respectivel? Inhibition of the-hydride elimination
1 indicates that this mechanism holds true for the case of 2-propanolstep upon fluorine substitution allows for the opening up of a second
on Ni(100) and that a substantial fraction of that adsorbate desorbspathway for the adsorbed alcohol, a dehydration reaction. This is
as acetone around 3257R.Although a small amount of propene  seen in the TPD data in Figure 1 as a 3,3,3-trifluoropropene
is also seen about 220 K, this is the result of a complex bimolecular desorption peak at 437 K. Previous reports have shown that

reaction involving hydrogen-bonded adsorbed spétiésnd is selectivity in alcohol conversion on metals can be modified by
not relevant to this discussion. Monolayer molecular desorption coadsorption of electronegative atoms such as oxygen and sulfur
takes place at 212 K. on the surfacé? However, this is, to the best of our knowledge,

The right panel of Figure 1 displays the corresponding TPD the first report of such a switch in selectivity due to inductive effects
results for 1,1,1-trifuoro-2-propanol on Ni(100). Here, the replace- within the reacting molecule.
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Table 1. TPD Temperature Maxima for Selected Dehydrogenation effect seen betweerrt-butyl alcohol andert-butyl-alcohold;g all
Steps on Ni(100) Surfaces? point toy-dehydrogenation preceding the-® bond-breaking step.
TPD E. Surface oxametallacycles have been prepared previously by
reactant product Trax (K)  (keal/mol) reaction decomposition oB-halo alcohol¥*23and proven to decompose on
ethanol acetaldehyde 3@3  16.4 p-Helimination Ni(100) to the corresponding olefii.On the other hand, alkene
;-pmpano: prortJanal 239241;3 13273 ﬂ-g e:?m!nation formation via dehydration of adsorbed alcohols is more typical with
-propano! acetone . -H elimination H e H :
1,F1), l—pE,—Z—propanoI 111Facetone 4422 244 é_H elimination reactlve early .transmon r.netaeld.n.cata!yss, alcohol dehydration
tertbutyl bromide isobutene 2422 131 B-H elimination is usually carried out using acidic oxidéslere we have shown
tert-butyl chloride isobutene 2482  13.0 p-H elimination that a different mechanism can opened up for that process on late
tert-butyl chlorided, isobutenedy 241+£3  13.0 p-H elimination transition metals because of inductive effects. This pathway relies
te”'bUtyt' tlh(if' i?"bt‘)‘tf”e 3;;3 gg-g 7": e:?m?”at?on on a competition betwee andy-hydride elimination steps. The
:gggzz&ll:d:z;_dg is'i%ul:eigsg 10642 223 ;—H ;:m::gt:gg definition of (_:atalytic selectivity by the regioselectivity of a
tertbutyl bromidé  isobutene 42610 23.1 y-H elimination dehydrogenation step has already been documented for alkyl
tert-butyl chlorided® isobuteneds 430410 23.7 y-H elimination groups-2* and may very well be quite general for many catalytic
tert-butyl aminé i_sobutene 43& 10 23.7 )/-H eliminat@on processes invo|ving hydrocarbons_
tert-butyl alcohol isobutene 436 2 23.7 y-H elimination
tert-butyl alcoholdyo  isobuteneds 445+3  24.6 y-H elimination Acknowledgment. Financial support for this research was

1.1.1-k-2-propanol  3,3,3-Fpropene 4345  24.1 y-H elimination provided by a grant from the Department of Energy, Basic Energy

Sciences Division.

a Activation energies were estimated from these by using Redhead’s
Equatiort® and assuming first-order kinetics and a preexponential factor of
1 x 102 s71 P Minor reaction channel. References

) ) i (1) Zaera, FJ. Phys. Chem. R002 106 4043.
The question remains as to the mechanism for the alcohol (2) Haber, J. I'Handbook of Heterogeneous Catalysistl, G., Knainger,
dehydration reported here. It has already been demonstrated that . H- Weitkamp, J., Eds. VCH: Weinheim, 1997; Vol. 5, p 2253.
. . ?3) Zaera, FAcc. Chem. ReQOOZ 35, 129.
2-propanol chemisorbed on Ni(100) dehydrogenates at low tem- () Muhler, M. InHandbook of Heterogeneous Catalysist, G., Knzinger,
peratures to produce 2-propoxide surface spédiés.contend that H., Weitkamp, J., Eds.; VCH: Weinheim, 1997; Vol. 5, p 2274.

. . . . 5) Weldon, M. K.; Friend, C. MChem. Re. 1996 96, 1391.
the rate-limiting step in the dehydration process is a subsequent Eeg Mavrikakis, M.- Barteau, M. AJ. Mol. Catal. A: Chem1998 131, 135.

dehydrogenation from the-position of the propoxide to yield a (7) Gleason, N. R.; Zaera, B. Catal.1997 169, 365.

- imi i ; _ (8) Zaera, F.; Gleason, N. R.; Klingenberg, B.; Ali, A. Bl. Mol. Catal. A
surfa.\ce oxamatallacycle; fa;t oxygen ellmlnatlon from. that |ntgr 1000 146 13, Al A. H.: Zhera, £, Mol Catal. A: Chem2002 177
mediate then produces the final olefin. Evidence for this assertion 215.
is provided in Table 1, which provides a summary of results from  (9) Gleason, N.; Guevremont, J.; ZaeraJFPhys. Chem. B003 submitted.

. . . . (10) Zaera, FSurf. Sci.1989 219, 453.
TPD experiments with a family of related compounds on Ni(100) (11 Gleason, N. R.; Zaera, Burf. Sci1997, 385 294. Tjandra, S.; Zaera, F.

surfaces. The first three entries show the small effect that methyl J. Phys. Chem. A999 103 2312.

- . _ L : . (12) Mehrotra, R. C.; Singh, AProg. Inorg. Chem1997, 46, 239.
subgtltutlons at_elthe_r th& ory positions have on the actwgtpn (13) Bergman, R. GPolyhedron1995 14, 3227.
barrier of3-hydride elimination from adsorbed alcohols, negligible  (14) wu, G.; Stacchiola, D.; Kaltchev, M.; Tysoe, W.Surf. Sci200Q 463
i i 81.
compareq to the @fferences between alcoh.ol dehydrogenation .and (15) Zhao, Q. Zaera, A1, Phys. Chem. B003 in press.
dehydration reactions. Next, data are provided for the production (16) Schrock, R. RPolyhedron1995 14, 3177.

of isobutene from a number ¢€rt-butyl compounds. Halohydro- glg Ge(IjI?:and A. JAcc. Chengégegogggm, 19.

. 18) Redhead, P. AVacuuml 12, .
ca_rbqns have been shown to undergo a facile carbafogen ~ (19) Jorgensen, S. W.. Madix, R. Surf, Sci.1987 183 27. Houtman, C.:
scission step on metal surfaces and to produce the corresponding Barteau, M. A.Langmuir199Q 6, 1558. Chen, D. A.; Friend, C. M.

.20 ing i Am. Chem. Sod 998 120, 5017.
surface alkyl group below 200 IK%20the resulting isobutyl surface (20) Zaera, FAGC, Chem. Red992 25, 260. Tjandra, S.: Zaera, B. Vac.

intermediate in those cases loseg-aydrogen around 240 K to Sci. Technol1992 A10, 404. Lin, J.-L.; Teplyakov, A. V.: Bent, B. B.
yield isobutené! On the other handtert-butyl thiol, tert-butyl Phys. Chem1996 100, 10721. _ .

. . . (21) Zaera, FChem. Re. 1995 95, 2651. Tjandra, S.; Zaera, Eangmuir
amine, andert-butyl alcohol all produce isobutene at much higher 1994 10, 2640. Bent, B. EChem. Re. 1996 96, 1361.

temperatures, above 375 K. This is also true for neopentyl{dene  (22) %_aerda, Fs TjJandra, Sl ¢n:/ %Sem. Sqﬁggg %1815838. Zaera, F;
H : H : jJandra, S.; Janssens, [. V. Wangmuir y .

and for mmor fractions ofert-butyl _bromlde andert-butyl chloride- (23) Brown, N. F. Barteau. M. AJ. Phys. Cheml994 98, 12737. Linic, S.:

do. The high temperature of this process, the lack of a strong Medlin, J. W.; Barteau, M. ALangmuir2002 18, 5197.

correlation between the nature of the heteroatom in the reactant (24) Zaera, FAppl. Catal.2002 229 75.

and the isobutene desorption temperature, and the kinetic isotope JA0362858

J. AM. CHEM. SOC. = VOL. 125, NO. 36, 2003 10777



