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the Pt-DGC materials are significantly more stable under the
reaction conditions for H* reduction than bulk platinum. The
current density for H* reduction with the Pt-DGC sample decays
by less than 20% after 1 h of electrolysis. In contrast, pure
platinum electrodes mounted in glass decayed by 75% over the
same period, to current densities lower than those of the Pt-DGC
samples despite the low atomic percentage of platinum present
in the Pt-DGC materials. Dioxygen reduction was also studied
on the thin-film Pt-DGC, bulk platinum, and GC, as shown in
Figure 2B. At both pH 7 and pH ~0, the incorporation of
nanoscale platinum particles reduced the overpotential for dioxygen
reduction by about 800 mV and resulted in a voltammetric re-
sponse similar to that of pure platinum.

Assessments of the catalytic efficiency of our initial Pt-DGC
thin films indicate similar current densities to those of electro-
formed platinum microparticles (measured in micrograms of Pt
per square centimeter of geometric electrode area).*¢ However,
we have prepared Pt-DGC films with up to 2 orders of magnitude
lower platinum loadings without sacrificing catalytic activity.

Pt-DGC materials differ fundamentally from electroformed
platinum particles in polymer films. The average particle diameter
of ca. 16 A for Pt-DGC is much smaller than the typical 600 A
observed for electroformed platinum. The DGC matrix is con-
ducting at all potentials and is quite stable at elevated temperatures
or in harsh chemical environments. The rigid sp?-carbon matrix
may not only prevent particle coalescence but also adsorb potential
poisons. We are continuing to explore the properties of these
Pt-DGC materials and their use on a variety of substrates.
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(16) These Pt-DGC materials show greatly increased H* reduction current
relative to the PtO,-doped GC reported previously.*
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Whereas a large number of ion—-molecule reactions, as well as
various atom-molecule reactions, have been studied in the gas
phase, there is a scarcity of experimental data concerning the
reactivity of ions with free atoms such as hydrogen' or nitrogen?

*Laboratoires associés 4 I'Université Pierre et Marie Curie.
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Figure 1. Extent of formation of HFe(CO),.,* from Fe(CO),* and
hydrogen atoms (H, pressure: 1.5 X 107? Torr) and of NFe(CO),.,*
from Fe(CO),* and nitrogen atoms (N, pressure: 6.5 X 10~ Torr) as
a function of the number n of CO ligands. The extent of formation is
defined as the ratio of product ion intensity to total ion current.

or with radical species. In the case of metal or metal-containing
ions, no information has been reported on their reactions with
atoms.

Interest in the knowledge of such processes is two-fold. (i)
Astrophysical: Free atoms, the most abundant of which being
H*, are important components of the interstellar medium, and
electropositive elements such as transition metals are likely ef-
ficiently photoionized to positive ions; therefore metal ions might
react with free atoms or with radicals under interstellar conditions
and perhaps play the role of catalysts.* (ii) Chemical: Reactions
of free atoms with metal-containing ions may lead to new or-
ganometallic species or provide useful thermochemical data.

We report here our first results concerning the reactivity of iron
carbonyl cations with molecular and atomic hydrogen or nitrogen.
The reactions involving atomic species can be summarized in the
following equations:

Fe(CO)," + H' — HFe(CO),.,* + CO  n

1-4 (1)

Fe(CO),* + N* — NFe(CO),.,* + CO n=12 (2)

Ions were generated by electron impact on Fe(CO);s in the
EI/CI source of a multiquadrupole MS/MS/MS instrument,*
mass-selected by the first analyzer, and guided to the collision
cell with an average kinetic energy of approximately 2 eV.’
Hydrogen (respectively nitrogen) atoms were obtained by disso-
ciation of molecular hydrogen (respectively nitrogen) in a mi-
crowave discharge at a pressure of ca. 1 Torr; these atoms were
injected through a flow restriction in the second collision cell of
the spectrometer.® The pressure in the collision cell was in the
range 0.2-2 mTorr. Under such conditions the gas flow is rela-
tively slow, allowing most of the electronically and vibrationally
excited molecules produced in the discharge to be quenched before
reaching the cell;’ in counterpart, atom recombination prevents

(1) (a) Karpas, Z.; Anicich, V.; Huntress, W. T., Jr. J. Chem. Phys. 1979,
70, 2877-2881. (b) Tosi, P.; Ianotta, S.; Bassi, D.; Villinger, H.; Dobler, W.;
Lindinger, W. J. Chem. Phys. 1984, 80, 1905-1906. (c) Federer, W.; Vil-
linger, H.; Howorka, F.; Lindinger, W.; Tosi, P.; Bassi, D.; Ferguson, E. Phys.
Rev. Lett. 1984, 52, 2084-2086.

(2) (a) Fehsenfeld, F. C.; Ferguson, E. E. J. Chem. Phys. 1972, 56,
3066-3070. (b) Viggiano, A. A.; Howorka, F.; Albritton, D. L.; Fehsenfeld,
F. C. Astrophys. J. 1980, 236, 492-497. (c) Morris, R. A.; Viggiano, A, A,;
Dale, F.; Paulson, J. F. J. Chem. Phys. 1988, 88, 4772-4778.

(3) Irikura, K. K.; Goddard, W. A., III; Beauchamp, J. L. Int. J. Mass
Spectrom. Ion Processes 1990, 99, 213-222.

(4) Beaugrand, C.; Devant, G.; Jaouen, D.; Mestdagh, H.; Morin, N.;
Rolando, C. Adv. Mass Spectrom. 1989, 114, 256.

(5) The corresponding center-of-mass collision energies, depending on
reactant masses, vary between 0.01 and 0.07 eV (0.2-1.6 kcal/mol) for atomic
and molecular hydrogen and between 0.1 and 0.7 eV (3-15 kcal/mol) for
atomic and molecular nitrogen.

(6) The discharge was effected in a 7-mm-diameter Pyrex tube, with a
frequency of 2.45 GHz and a power of 60 W. About 10 cm separated the
discharge zone from the end of the tube, from which a 0.4-mm-diameter hole,
followed by a 30-cm-length, 4-mm-diameter Teflon tube, led to the collision
cell.
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the occurrence of high dissociation fractions.® The reaction
products were detected by scanning the third analyzer. All the
experiments were carried out with the discharge successively off
and on.

Bare iron cation Fe* did not react with molecular hydrogen,
nor with molecular nitrogen; the cross section reported for the
reaction of hydrogen with Fe* ions produced by EI on Fe(CO);
is ca. 2 X 107'® cm? at low collision energy,’® which is too low to
be detected under our reaction conditions. In the presence of
atomic hydrogen or nitrogen (discharge on), no reaction was
observed either; it is not surprising, since collisional stabilization
of short-lived diatomic intermediates such as FeH* or FeN* is
very unlikely at the pressure used, while radiative association is
far too slow.}

The major reaction observed between Fe(CO),* and molecular
hydrogen or nitrogen was fragmentation to Fe(CO),.,*, with an
extent of 3-10% of the total ion current at 1.5 X 107 Torr in the
case of H,, and 20-30% at 6.5 X 10~* Torr in the case of N,.!°

For n =1 or 2, the reaction with H, provided a second product
of interest: FeH,* from FeCO™*, Fe(CO)H,* from Fe(CO),*,
with an extent of ca. 1%. We have yet no structural information
on these ions; they may be simple association complexes between
Fe* or FeCO" ions and H, molecule, similar to the known com-
pound LiH,*.”? Similar complexes with N, are possibly formed
from reaction of Fe(CO),* with N,, since the binding affinities

(7) The flow through the hole, estimated either from hole diameter or from
pump delivery, is in the range 10-100 mL s, corresponding to a 0.05~0.5-s
average residence time of the gas in the tube downstream from the discharge.
This allows quenching of metastable electronic states of H,, all of which have
radiative lifetimes shorter than a few milliseconds,” and collisional quenching
of vibrationally excited H, (except the v = 1 level, for which only partial
quenching can be expected).”® In the case of nitrogen, the long-lived excited
state A’Z,* is probably formed, but as it is very efficiently quenched by
nitrogen atoms (k = 3 X 107! ¢cm? atom™! s7!), this state is actually not
detected downstream from a microwave discharge.” (a) Huber, K. P;
Herzberg, G. Constants of Diatomic Molecules; Van Nostrand Reinhold
Company: New York, 1979; pp 240-253 and references cited therein. (b)
Cacciatore, M.; Capitelli, M.; Billing, G. D. Chem. Phys. Lett. 1989, 157,
305-308. (c) Vidaud, H.; Wayne, R. P,; Yaron, M.; Von Engel, A. J. Chem.
Soc., Faraday Trans. 2 1976, 72, 1185-1193.

(8) Important recombination is expected to occur in the Pyrex tube:
considering the rate constants for homogeneous three-body recombination of
H* in molecular hydrogen®® and of N* in molecular nitrogen®® (respectively
8 X 10°* and 10732 cm® molecule™ ™), the dissociation fraction falls below
50% in less than 0.2 s at 1 Torr; surface recombination on the walls should
also contribute significantly to hydrogen atom loss, since the hydrogen re-
combination coefficient on glass is in the 107 range;* some wall recombination
and relaxation may also occur in the tube leading to the cell, even though the
surface recombination coefficient is low for Teflon.®® Therefore hydrogen
atom production is expected to be relatively inefficient compared to experi-
ments using a larger flow rate.* For an initial dissociation fraction lower than
10%, which is usually the case in nitrogen discharges, homogeneous recom-
bination becomes negligible during the residence time. Wall recombination
of nitrogen is also expected to be low (recombination coefficient ca. 107%)
Fractional dissociations measured under conditions similar to those of the
present experiment (although with a slightly longer residence time) are ac-
tually in the 3-4% range for both hydrogen®® and nitrogen.®® (a) Trainor, D.
W.; Ham, D. O.; Kaufman, F. J. Chem. Phys. 1973, 58, 4599-4609. (b)
Brennen, W.; Shane, E. C. J. Phys. Chem. 1971, 75, 1552-1564. (c) Mandl,
A.; Salop, J. C. J. Appl. Phys. 1973, 44,4776-4777. (d) Walraven, J. T. M;
Silvera, 1. F. Rev. Sci. Instrum. 1982, 53, 1167-1181. (e) Spence, D.;
Steingraber, O. J. Rev. Sci. Instrum. 1988, 59, 2464-2467. (f) Shuman, M.
E.; Brennen, W. J. Chem. Phys. 1978, 68, 4077-4085. (g) Tsai, C,;
McFadden, D. L. J. Phys. Chem. 1989, 93, 2471-2474. (h) Tsai, C.; Be-
langer, S. M; Kim, J. T; Lord, J. R.; McFadden, D. L. J. Phys. Chem. 1989,
93, 1916-1922.

(9) (a) Halle, L. F.; Klein, F. S,; Beauchamp, J. L. J. Am. Chem. Soc.
1984, 106, 2543-2549. (b) Elkind, J. L.; Armentrout, P. B. J. Phys. Chem.
1986, 90, 5736-5745.

(10) The dissociation energy of Fe(CO),* varies from 18 to 41 kcal/mol
depending on n.!! Therefore the observed fragmentation reaction should arise
exclusively from the minor fraction of ions having a relatively high internal
and/or kinetic energy. This is consistent with the observation that the effi-
ciency of Hy-induced Fe(CO)* fragmentation did not increase with hydrogen
pressure between 0.5 and 2 mTorr (fragmentation extent 4-5%). In the case
of nitrogen, larger center-of-mass collision energies induce larger fragmen-
tation extents.

(11) Norwood, K.; Ali, A,; Flesch, G. D.; Ng, C. Y. J. Am. Chem. Soc.
1990, 112, 7502-7508.

(12) (a) Experimental study: Wu, C. H. J. Chem. Phys. 1979, 71,
783-787. (b) Theoretical studies: Dixon, D. A.; Gole, J. L.; Komornicki, A.
J. Phys. Chem. 1988, 92, 1378-1382 and references cited therein.

Communications to the Editor

of alkali cations for N, are larger than for H,;'?® these products
cannot be detected since they are isobaric with the reactant ions.

The only other ions detected in the reaction mixtures were
present in small amounts and arose from reaction of Fe(CO),*
with oxygen and water impurities; for n = 1, these ions were
FeO*,'* FeOH*,'* FeH,0%,'* and FeO,*.”* CO-containing by-
products were similarly formed from other Fe(CO),* ions: Fe-
(CO),,OH* (n = 1-4), Fe(CO),.H,0* (n = 1-4), Fe(CO),,0,*
(n =1-3).

With the discharge on, a new product appeared in addition to
the preceding ones, corresponding to replacement of a CO ligand
by a H atom (eq 1) or a N atom (eq 2). The observed reaction
extents amount to several percent, which correspond to quite
efficient reactions since (i) the fractional dissociation of molecules
to atoms is probably small® and (ii) the atom beam is introduced
perpendicularly to the axis of the collision cell, so that ion-atom
reactions are likely to occur only in a small fraction of the total
cell length (about 1 cm instead of 12 cm), contrary to ion—-molecule
reactions,

In both cases the reaction efficiency decreased with the number
n of CO ligands, as shown in Figure 1. This trend is more
pronounced in the case of nitrogen atoms, which give no detectable
product for n = 3-5. For n = 1 these reactions were carried out
at variable pressure. In both cases the reaction extent (defined
as the ratio of FeH* or FeN* to total ion current) was roughly
proportional to pressure.

Although we have yet no experimental evidence of their
structure, it seems likely that in all these compounds the hydrogen
or nitrogen atom is bound directly to iron, by analogy with FeH*
and FeN* obtained for n = 1.

FeH* has previously been obtained from endothermic reaction
of Fe* with H,;® its measured bond energy is 48.9 % 1.4 kcal/
mol,”® in agreement with theoretical studies.! Since the bond
energy of FeCO™ is 39.3 £ 2.0 kcal/mol,!" reaction 1 should be
exothermic by ca. 10 kcal/mol for n = 1.

A reaction similar to reaction 1 has been reported in aqueous
solution. It involves formation of CuH* from hydrated Cu* and
H atoms produced by pulse radiolysis.!?

No experimental characterization of FeN* or of any transi-
tion-metal nitride cation had yet been reported; the closest related
species experimentally known is FENH*.'"® The FeN* ion, like
FeH", might be present in certain stars.!” A theoretical study®
predicts a bond energy of 24 kcal/mol for FeN*, which is sig-
nificantly less than in the nitride cations of the earlier transition
metals.’ In this case reaction 2 would be endothermic by ca.
15 kcal/mol for n = 1, which seems surprising in view of its
efficiency.

The CO-containing hydride or nitride product ions are also new
species. Their structure and reactivity are under investigation.

(13) (a) Kappes, M. M,; Staley, R, H. J. Am. Chem. Soc. 1981, 103,
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5698-5705.
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Chem. Soc. 1986, 108, 582-584. (b) Petterson, L. G. M.; Bauschlicher, C.
W.; Langhoff, S. R.; Patridge, H. J. Chem. Phys. 1987, 87, 481-492. (c)
Sodupe, M.; Lluch, J. M.; Oliva, A; Illas, F.; Rubio, J. J. Chem. Phys. 1989,
90, 6436—6442.

(17) (a) Mulac, W. A.; Meyerstein, D. Inorg. Chem. 1982, 21, 1782-1784.
(b) Johnson, G. R. A,; Nazhat, N. B. J. Chem. Soc., Faraday Trans. 1984,
80, 3455-3462.

(18) Buckner, S. W.; Freiser, B. S. J. Am. Chem. Soc. 1987, 109,
4715-4716.
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This study is being extended to other metal ions and other free
atoms. Preliminary experiments indicate that chromium carbonyl
and tungsten carbonyl ions behave similarly to iron carbonyl ions
toward hydrogen and nitrogen atoms.
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Among the more important new catalytic strategies for the
construction of common organic ring systems are the transition-
metal-mediated carbocyclizations' of substrates containing two
or more elements of unsaturation. For example, catalytic tran-
sition-metal-mediated cycloisomerization reactions are under
development which effect intramolecular cyclizations via formal
cycloaddition,® hydrovinylation,” and ene!%4 reaction pathways.
We recently initiated a study of the catalytic transition-metal-
mediated carbocyclizations of certain tetraene substrates con-
taining within their structures two 1,3-diene subunits. Such
substrates are appealing as synthetic intermediates in that they
are readily accessible,'® are reasonably robust,!¢ and leave func-
tionality in the cyclized product that is useful for further synthetic
transformation. To date, we have reported two novel palladium-
catalyzed tetraene cyclizations. One bond construction involves
the cyclization of simple symmetric tetraenes (e.g., 1) with in-
corporation of a “protic® H-Y trapping reagent (e.g., H-Y =
HOR, HNRz, HS(O)Ar, RCHzNOZ, HzC(COzR)z) to afford
products with the general structure 2.'%20 The second mode of
cyclization leads to compounds of general structure 3 and is

(1) Trost, B. M. Acc. Chem. Res. 1990, 23, 34-42.

(2) Jolly, R. S.; Luedtke, G.; Sheehan, D.; Livinghouse, T. J. Am. Chem.
Soc. 1990, 112, 4965-6.

(3) Wender, P. A.; Jenkins, T. E. J. Am. Chem. Soc. 1989, 111, 64324,

(4) Harvey, D. F.; Johnson, B. M.; Ung, C. S.; Vollhardt, K. P. C. SynLett
1989, 1, 15-8.

(5) Wender, P. A,; Ihle, N. C,; Correia, C. R. D. J. Am. Chem. Soc. 1988,
110, 5904-6.

(6) Motherwell, W. B.; Shipman, M. Tetrahedron Lett, 1991, 32, 1103-6.

(7) Grigg, R.; Stevenson, P.; Worakun, T. Tetrahedron 1988, 44, 4967-72,

(8) Trost, B. M.; Tour, J. M. J. Am. Chem. Soc. 1988, 110, 5231-3.

(9) Grigg, R.; Malone, J. F.; Mitchell, T. R. B.; Ramasubbu, A.; Scott,
R. M. J. Chem. Soc., Perkin Trans. 1984, 1745-54.

(10) (a) Takacs, B. E.; Takacs, J. M. Tetrahedron Lett, 1990, 31, 2865-8.
(b) Takacs, J. M.; Newsome, P. W.,; Kuehn, C.; Takusagawa, F. Tetrahedron
1990, 46, 5507-22.

(11) Pearson, A. J,; Zettler, M. W. J. Am. Chem. Soc. 1989, 111, 3908-18.

(12) Trost, B. M.; Jebaratnam, D, J. Tetrahedron Lett, 1987, 28, 1611-4.

(13) Trost, B. M.; Lautens, M. J. Am. Chem. Soc. 1988, 107, 1781-3.

(14) Oppolzer, W. Angew. Chem., Int. Ed. Engl. 1989, 28, 38-52.

(15) Fringuelli, F.; Taticchi, A. Dienes in the Diels—Alder Reaction;
Wiley-Interscience: New York, 1990.

(16) For example, bis(1,3-diene)-containing substrates are synthetic in-
termediates in cation-initiated [4 + 2]-cycloadditions'” and in nickel-catalyzed®
and photochemically initiated!® [4 + 4]-cycloaddition reactions.

(17) Gassman, P. G.; Singleton, D. A. J. Am. Chem. Soc. 1984, 106,
6085-6.

(18) Wender, P. A,; Correia, C. R. D. J. Am. Chem. Soc. 1987, 109,
2523-5.

(19) Takacs, J. M.; Zhu, J. Tetrahedron Lett. 1990, 31, 1117-20.

(20) Takacs, J. M.; Zhu, J. J. Org. Chem. 1989, 54, 5193-5.
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observed when “nonprotic” trapping reagents (e.g., hydrosilanes,
tin hydrides, disilanes) are employed.?! Both cyclization modes
follow directly from what is known for the palladium-catalyzed
dimerization of 1,3-butadiene and are in effect intramolecular
variants of butadiene telomerization reactions.??
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An issue critical to the synthetic utility of palladium-catalyzed
tetraene cyclizations is whether efficient control elements can be
found to direct the regioselective cyclization of unsymmetrical
tetraene substrates, since substrates in which the two 1,3-diene
subunits are differently substituted can potentially react via a
number of regioisomeric reaction pathways. We therefore pre-
pared tetraene 4a and investigated some of its palladium-catalyzed
chemistry. Treatment of 4a with 5 mol % Pd(OAc), and 10-15
mol % Ph;P (THF, 65 °C, 12 h) in the absence of any trapping
reagent affords triene Sa with notable efficiency (95% chemical
yield) and selectivity (>95% isomeric purity). Triene 5a is the
net result of palladium-catalyzed carbocyclization followed by
apparent intramolecular transfer of an allylic hydrogen.”> The
overall transformation of an acyclic tetraene to a cyclized triene
defines a new palladium-mediated reaction mode of tetraenes.2*25

E >ci:\/\cnzn 5mal % 3 X XH
{PA(OAC), / 2 PhaP]
e X cH, — . BTN, P

THF / 65°

4a (E = COEt, R=H) 93-95%
b (E = COEt, R = CoHg) 5a-b

Carbocyclization of 4a affords predominantly the trans relative
stereochemistry between substituents on the newly formed cy-
clopentane ring (vide infra) and predominantly the E geometry
for the newly formed diene side chain. In a similar fashion,
tetraene 4b readily undergoes palladium-catalyzed cyclo-
isomerization in refluxing THF to afford triene 5b (93% yield,
>93% isomeric purity). Of particular note in this latter example
is the predominant E,E geometry of the newly formed 1,4-di-
substituted 1,3-diene subunit within the upper side chain.

In contrast to 4a and 4b, alcohol 6 reacts only slowly (>24 h)
in refluxing THF. We find that a variety of other solvents are
suitable for these palladium-catalyzed cyclizations (e.g., 2-
propanol, acetonitrile, toluene) and that it is often beneficial to
add 5-10 equiv of triethylamine as a cocatalyst.26 Palladium-
catalyzed reaction of 6 proceeds more readily in acetonitrile/Et;N
(11 h) to afford a 1.6:1 mixture of 7a:7b (66% yield). Confir-
mation of the trans relative stereochemistry of the side chains and

(21) Takacs, J. M.; Chandramouli, S. V. Organometallics 1990, 9,
2877-80.

(22) Keim, W,; Behr, A.; Roper, M. In Comprehensive Organometallic
Chemistry; Wilkinson, G., Stone, F. G. A,, Abel, E. W., Eds.; Pergamon: New
York, 1982; Vol. 8; pp 430-62.

(23) Studies on the mechanism of this novel cyclization will be reported
shortly: Takacs, J. M.; Zhu, J.; Gong, X., manuscript in preparation.

(24) Heck, R. F. Palladium Reagents in Organic Synthesis; Academic
Press, Inc.: New York, 1985.

(25) The palladium-catalyzed coupling of 1,3-butadiene in the absence of
a trapping reagent affords 1,3,7-octatriene. (a) Smutny, E. J. Am. Chem. Soc.
1967, 89, 6793. (b) Takahashi, S.; Shibano, T.; Hagihara, N. Tetrahedron
Lett. 1967, 2451-4. (c) Takahashi, S.; Shibano, T.; Hagihara, N. Bull. Chem.
Soc. Jpn. 1968, 41,454, (d) Tsuji, J. Acc. Chem. Res. 1973, 6, 8. (e) Tsuji,
J. Adv. Organomet. Chem. 1979, 17, 141. (f) Reference 22.

(26) At present the THF/Et;N mixture seems to be the most generally
applicable reaction medium. The beneficial effect of added triethylamine is
consistent with a requirement for an external base in the catalytic cycle.??
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