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Abstract: Electrospray ionization of aqueous silver nitrate is used for the preparation of the disilver-oxide
cation Ag2O+ in the gas phase. The mass-selected cation is capable of activating C-H bonds of simple
alkanes other than methane via H-atom abstraction, i.e., Ag2O+ + R-H f Ag2OH+ + R• (R ) C2H5, C3H7,
C4H9). Clean O-atom transfer from Ag2O+ is observed with ethene as a neutral reagent, whereas oxygenation
and allylic C-H abstraction compete in the case of propene. The gaseous Ag2O+ cation can thus be regarded
as a minimalist model for the problems associated with the silver-mediated epoxidation of olefins more
complex than ethene itself. The experimental findings are fully supported by the results of quantum chemical
studies, thereby providing deep mechanistic insight into the reactions in the idealized gas phase, which
also might have implications for further improvements in applied catalysis.

Introduction

Metallic silver is used as a powerful catalyst for the
production of ethylene oxide from ethene and oxygen with an
annual volume of billions of U.S. dollars.1 In the technical
process, however, the desired epoxidation is accompanied by a
considerable amount of combustion, which not only lowers the
product yields but also causes substantial problems associated
with heat evolution. Further, extension to other substrates,
particularly propene, would be very useful but encounters severe
difficulties because allylic C-H bond activation competes with
the desired epoxidation; some recent developments appear
promising in this respect.2,3 Mechanistic studies on the silver-
mediated epoxidation of olefins and in particular detailed insight
into the elementary steps might provide valuable assistance for
the further optimization of the catalysts. In this context we note
that even minor improvements can have a huge impact due to
the large volume of the production of ethylene oxide. An
increase of 1% in selectivity, for example, would not only
increase the product yield but also lower the byproducts as well
as the heat production in the reactor. Specifically for the silver-
mediated epoxidation of ethene, it has been suggested that
“epoxidation and combustion go through an unidentified
common intermediate in the rate-limiting step”.1 Here, we report
the generation of the triatomic cluster cation Ag2O+ which might
be considered as a functional model for silver-mediated oxida-

tion catalysis,4 and we also provide a minimalist suggestion for
the common intermediate.5 The highly reactive Ag2O+ cation6

is accessible in the gas phase by electrospray ionization (ESI)7

of an aqueous solution of silver(I) nitrate at appropriate
conditions.8

Experimental and Theoretical Details

The experiments were performed with a tandem mass spectrometer
with QHQ configuration (Q: quadrupole, H: hexapole) equipped with
an electrospray-ionization (ESI) source as described elsewhere.9 Briefly,
the ions of interest are generated via ESI of an aqueous solution of
AgNO3, mass-selected using Q1, and allowed to interact with the neutral
gases of interest at a pressure of ca. 10-4 mbar, and the ionic products
are then mass-analyzed using Q2. For collision-induced dissociation
experiments, xenon was used as a collision gas, and the interaction
energy in the hexapole was varied betweenElab ) 0 to 20 eV. The
bimolecular ion/molecule reactions were studied by introducing ap-
propriate neutral compounds to the hexapole collision cell at an
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interaction energy nominally set to 0 eV for which thermal reactivity
can be assumed.10,11In general, the pressure of the neutral reactant was
kept low enough (about 2× 10-4 mbar) to ensure single-collision
conditions, but in selected cases the pressure was increased in order to
deliberately allow the occurrence of consecutive reactions.12 The
assignment of all reactions was confirmed by careful consideration of
the observed isotope envelopes and additional neutral-gain and neutral-
loss scans.10a The (acetone)Ag+ cation mentioned below was prepared
in good yields by ESI of aqueous AgNO3 containing ca. 1% of acetone.

The calculations were performed using the density functional method
MPW1PW9113 in conjunction with the SDD basis set for silver and
6-311+G(2d,p) basis sets for the other atoms as implemented in the
Gaussian 03 suite.14 For all optimized structures, frequency analyses
at the same level of theory were used in order to assign them as genuine
minima or transition structures on the potential-energy surface (PES)
as well as to calculate zero-point vibrational energies (ZPVEs). The
relative energies (Erel) of the structures given below refer to energies
at 0 K. The kinetic isotope effect for C-H(D) bond activation of ethane
by Ag2O+ was estimated from the data of the computed transition
structures using Rice-Ramsperger-Kassel-Marcus (RRKM) theory15

by direct counting of quantum states as a functions of internal energy
and rotational eigenvalues;16 rotations were treated adiabatically.17 The
obtained microcanonical rate constants,k(E,J,K), were averaged,
assuming thermal distribution of rotational states at 298 K to finally
obtain canonical rate constantsk(E).18

Results and Discussion

Generation of the Ag2O+ Cation. At soft conditions of
ionization, ESI of aqueous AgNO3 affords the solvated silver-
(I) cation Ag(H2O)2+ as the leading mononuclear species; also
the multiply hydrated ions Ag(H2O)n+ (n ) 3, 4) are observed
at mildest conditions.19 In addition, small polynuclear clusters
with the formal composition [Ag(H2O)2+‚n AgNO3] are ob-
served (n ) 1-3), which can easily be recognized by their
characteristic isotope patterns.20 At gradually enforced ionization
conditions,21 these ions expel the coordinated solvent mol-
ecules12 or undergo cluster degradation via loss of neutral
AgNO3, as expected (e.g., reaction 1a). As a side reaction,
however, the unsolvated dinuclear silver cluster Ag2NO3

+

permits the formation of Ag2O+ according to reaction 1b, in

which the nitrato ligand serves as an O-atom transfer reagent.22,23

Formation of Ag2+ (reaction 1c) occurs as another minor
channel; the branching between reactions 1a, 1b, and 1c amounts
to about 87:8:5 at a collision energy of 6 eV (given in the center-
of-mass frame, collision gas: xenon).24

While the yields of gaseous Ag2O+ are thus limited, the
sensitivity of the experiment is far good enough for subsequent
reactivity studies. Further, collision-induced dissociation of
mass-selected Ag2O+ affords Ag+ as the only significant ionic
product, presumably associated with the formation of neutral
AgO.25,26

Gas-Phase Thermochemistry of Ag2O+. Before addressing
the reactivity studies, it is instructive to summarize the literature
knowledge about the thermochemistry of gaseous silver-oxide
cations and related species and also present the results of our
theoretical screening (Table 1). Gaseous silver-oxide ions have
repeatedly been observed upon sputtering of silver salts or
oxidized silver surfaces.24,27For the mononuclear species, Chen
and Armentrout determinedD(Ag+ - O) ) 1.23 eV.28 Brechig-
nac and co-workers have performed systematic studies of Ag/O
cluster ions.26,29,30With regard to Ag2O+, their theoretical data
suggest an oxygen bond energy ofD(Ag2

+ - O) ) 2.79 eV,26

which is fully consistent with the reactivity data reported below.
For an improved understanding of the generation of the

Ag2O+ cation, we investigated the fragmentation of [Ag2NO3-
(H2O)2]+ by means of density functional theory (DFT). The
precursor ion [Ag2NO3(H2O)2]+ bears a structure with a bridging
nitrato ligand and terminal water ligands on both silver atoms.
Removal of the first water ligand in [Ag2NO3(H2O)2]+ requires
0.98 eV and is associated with a change toη2-coordination of
the non-hydrated silver cation to the bridging nitrato ligand.
Loss of the second water molecule requires 1.03 eV to afford
the bare Ag2NO3

+ cation, in which both silver atoms are bound
to the nitrate in anη2-fashion. Dissociation of Ag2NO3

+

according to reactions 1a-1c requires 2.06, 2.47, and 2.88 eV,(10) (a) Schro¨der, D.; Schwarz, H.; Schenk, S.; Anders, E.Angew. Chem., Int.
Ed. 2003, 42, 5087. (b) Roithova´, J.; Hrušák, J.; Schro¨der, D.; Schwarz,
H. Inorg. Chim. Acta2005, 358, 4287. (c) Feyel, S.; Schro¨der, D.; Schwarz,
H. J. Phys. Chem. A2006, 110, 2647. (d) Schro¨der, D.; Engeser, M.;
Schwarz, H.; Rosenthal, E. C. E.; Do¨bler, J.; Sauer, J.Inorg. Chem.2006,
45, 6235.

(11) See also: Roithova´, J.; Schro¨der, D. Phys. Chem. Chem. Phys.2007, 9,
731.

(12) Jagoda-Cwiklik, B.; Jungwirth, P.; Rulisˇek, L.; Milko, P.; Roithova´, J.;
Lemaire, J.; Maitre, P.; Ortega, J. M.; Schro¨der, D.ChemPhysChem2007,
8, 1629.
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CT, 2004.
(15) Gilbert, R. G.; Smith, S. C.Theory of Unimolecular and Recombination

Reactions; Blackwell Scientific Publications: Oxford, 1990; p 52.
(16) Zhu, L.; Hase, W. L.Quantum Chemistry Program Exchange; Indiana

University: Bloomington, 1994; Program No. QCPE 644.
(17) Zhu, L.; Hase, W. L.Chem. Phys. Lett.1990, 175, 117.
(18) Nguyen, V. Q.; Sadı´lek, M.; Ferrier, J. G.; Frank, A. J.; Turecˇek, F. J.

Phys. Chem. A.1997, 101, 3789.
(19) Koizumi, H.; Larson, M.; Muntean, F.; Armentrout, P. B.Int. J. Mass

Spectrom.2003, 228, 221.
(20) Calculated using the Chemputer made by M. Winter, University of Sheffield;

see: http://winter.group.shef.ac.uk/chemputer/.
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the accelerating potentials in the medium-pressure section of the ESI source
(ref 8). Often, increase of the so-called cone voltage leads to harder
ionization conditions via multiple energizing conditions, but the details may
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(22) For previous examples of such reactions with various metals, see: (a) Cheng,
Z. L.; Siu, K. W. M.; Guevremont, R.; Berman, S. S.Org. Mass Spectrom.
1992, 27, 1370. (b) Schro¨der, D.; Holthausen, M. C.; Schwarz, H.J. Phys.
Chem. B.2004, 108, 14407. (c) Schro¨der, D.; Roithova´, J.Angew. Chem.,
Int. Ed.2006, 45, 5705. (d) Schro¨der, D.; Roithova´, J.; Schwarz, H.Int. J.
Mass Spectrom.2006, 254, 197.

(23) See also: Jackson, J. G.; Novichikhin, A.; Fonseca, R. W.; Holcombe, J.
A. Spectrochim. Acta, Part B1995, 50, 1423 and references therein.

(24) Occurrence of reaction 1c has been proposed earlier, but no mass selection
of Ag2O+ was performed in that work, see: Flurer, R. A.; Busch, K. L.J.
Am. Chem. Soc.1991, 113, 3656.

(25) For AgnO+ clusters, loss of atomic oxygen was also observed as a favorable
channel; however, the clusters were not mass selected, and expulsion of
neutral AgO might thus have escaped detection (ref 26). Also in the
accompanying theoretical study, loss of neutral AgO was not considered.

(26) Schmidt, M.; Cahuzac, P.; Bre´chignac, C.; Cheng, H.-P.J. Chem. Phys.
2003, 118, 10956.

(27) (a) Selinger, A.; Schnabel, P.; Wiese, W.; Irion, M. P.Ber. Bunsen-Ges.
Phys. Chem.1990, 94, 1278. (b) Synders, R.; Wautelet, M.; Gouttebaron,
R.; Dauchot, J. P.; Hecq, M.Surf. Coat. Technol.2003, 174, 1282.

(28) Chen, Y.-M.: Armentrout, P. B.J. Chem. Phys.1995, 103, 618.
(29) (a) Bréchignac, C.; Cahuzac, P.; Leygnier, J.; Tigneres, I.Chem. Phys.

Lett. 1999, 303, 304. (b) Schmidt, M.; Masson, A.; Bre´chignac, C.Phys.
ReV. Lett.2003, 91, 243401. (c) Schmidt, M.; Masson, A.; Bre´chignac, C.
J. Chem. Phys.2005, 122, 134712.

(30) For the reactions of neutral Ag2 with various small molecules (including
lack of thermal reactivity with H2O and O2), see: Li, L.; Hackett, P. A.;
Rayner, D. M.J. Chem. Phys.1993, 99, 2583.

Ag2NO3
+ f Ag+ + AgNO3 (1a)

f Ag2O
+ + NO2

• (1b)

f Ag2
+ + NO3

• (1c)
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respectively, fully consistent with the branching ratios observed
experimentally.32 For illustration, these energetics and sketches
of the computed structures are summarized in Figure 1. In
addition, we note the considerable hydrogen affinity of the
Ag2O+ cation which amounts to about 4.7 eV and is thus in
the order of the strength of typical C-H bonds in organic
molecules.

As far as previous reactivity studies of cationic silver clusters
in the gas phase are concerned, three investigations are
particularly worth mentioning in the present context. Cassady
and co-workers investigated reactions of Agn

+ clusters (n )
1-5) with several small molecules,33 and more recently, Manard

et al.34 examined the reactions of Ag2
+ with alkenes. In all

studies, a facile dissociation of the dimeric cluster was observed
upon approach of the neutral reagents, which can serve as a
better ligand for Ag+ than atomic silver. In the gas-phase
reactions of Ag2O+, we might thus expect similar cluster
cleavages.

Reactions of Ag2O+ with Alkanes. Given the interest in
silver-mediated oxidation catalysis, the ion/molecule reactions
of Ag2O+ with several simple hydrocarbons (R-H) were
investigated. To this end, the Ag2O+ cation generated upon ESI
according to reaction 1b was mass selected and allowed to
interact with neutral hydrocarbon molecules admitted to the
hexapole collision cell under thermal conditions. In the case of
methane as a neutral reagent, no significant reactivity is
observed.35 For the saturated hydrocarbons, ethane, propane,
andn-butane, H-atom abstraction takes place exclusively to yield

(31) Ran, Q.; Schmude, R. W., Jr.; Gingerich, K. A.; Wilhite, D. W.; Kingcade,
J. E., Jr.J. Phys. Chem. 1993, 97, 8535.

(32) Note that formation of Ag2+ requires a rearrangement with Ag-Ag bond
formation prior to dissociation and might thus have a kinetic barrier in
excess of the reaction endothermicity, whereas the losses of NO2 and
AgNO3 can be considered to occur as continuously endothermic processes.

(33) (a) Sharpe, P.; Cassady, C. J.Chem. Phys. Lett.1992, 191, 111. (b) Sharpe,
P.; Campbell, J. M.; Cassady, C. J.Organometallics1994, 13, 3077.

(34) Manard, M. J.; Kemper, P. R.; Carpenter, C. J.; Bowers, M. T.Int. J. Mass
Spectrom.2005, 241, 99.

Table 1. Computed Energies (Total Energies in Hartree and Properties Given in eV at 0 K) of [Ag2NO3(H2O)2]+ and Its Relevant
Fragments, the Thermochemical Properties Derived Thereof, and Available Literature Data for Comparison

E0K property (in eV) literature values

Ag -147.001497
Ag+ -146.716561 IE(Ag) ) 7.75 7.57628

AgO -222.136568 D(Ag - O) ) 1.75 2.25( 0.2228

AgNO3 -427.320104 D(Ag - NO3) ) 2.42
Ag2NO3

+ -574.112394 D(Ag+ - AgNO3) ) 2.06
[Ag2NO3(H2O)]+ -650.564571 D(Ag2NO3

+ - H2O) ) 1.03
[Ag2NO3(H2O)2]+ -727.014918 D(Ag2NO3(H2O)+ - H2O) ) 0.98
Ag2

+ -293.777032 D(Ag+ - Ag) ) 1.60 1.72( 0.0431

Ag2Oa -369.198498 D(Ag2 - O) ) 1.94
Ag2O+ -368.941510 D(Ag2

+ - O) ) 2.55 2.79,b >5.1c

IE(Ag2O) ) 6.99
Ag2OH+ -369.617538 D(Ag2

+ - OH) ) 2.95
D(Ag2O+ - H) ) 4.69

H -0.50365930
O -75.0707297
OH -75.7321531 D(O - H) ) 4.29 4.42d

H2O -76.4142233 D(HO - H) ) 4.85 5.16d

NO2 -205.080092 D(Ag2O+ - NO2) ) 2.47
NO3 -280.229636 D(Ag2

+ - NO3) ) 2.88

a For an earlier theoretical study of Ag2O, see: Dixon, D. A.; Gole, J. L.Chem. Phys. Lett.1992, 189, 390.b Precise value according to Figure 6 in ref
26 (personal communication: C. Bre´chignac, Orsay, France).c Lower limit implied by the reported formation of Ag2O+ from Ag2

+ and O2, see ref 6.
d Taken from the NIST Chemistry WebBook database: http://webbook.nist.gov/chemistry/.

Figure 1. Calculated structures of [Ag2NO3(H2O)2]+ and its relevant fragments and the associated energetics (in eV); selected bond lengths given in Å.32
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the Ag2OH+ cluster as ionic product concomitant with liberation
of the corresponding alkyl radical (reaction 2).

As already observed in many earlier studies on the C-H-
and C-C bond activations by gaseous, bare, and ligated metal
ions,4,36,37 the rate constants and the reaction efficiencies for
the H-atom abstraction by Ag2O+ increase with the size of the
alkane (Table 2). Given this expected trend, our studies were
not extended to more complex hydrocarbon substrates because
the additional data which were provided are anticipated to be
of limited insight as far as oxidation catalysis in general is
concerned.

Additional valuable insight into the reaction mechanism is
provided by consideration of the kinetic isotope effects (KIEs)
associated with H(D) atom abstraction from the (partially)
deuterated alkanes. In the case of CH3CD3, only activation of
a primary C-H(D) bond is possible. The ratio of Ag2OH+ and
Ag2OD+ formed in the reaction of Ag2O+ with CH3CD3 thus
leads to a KIE of 2.20( 0.06. Propane bears six primary and
only two secondary C-H bonds. The Ag2OH+/Ag2OD+ ratios
of the deuterated propanes therefore result from an interplay of
the regiochemistry of the bond activation, statistical effects, and
the associated KIEs. Already the initial inspection of the data
indicates that the reaction of Ag2O+ provides an example for
an effect known as isotopically sensitive branching:39 with CH3-
CD2CH3 the major product corresponds to Ag2OH+ and hence
activation of a primary C-H bond, while Ag2OH+ also prevails
for CD3CH2CD3 and thus indicates a preferential activation of
a secondary C-H bond. This seeming paradox is resolved if
the KIEs are large enough to affect the regiochemistry of the
reactions of the deuterated substrates. Another notable observa-

tion is that the overall reaction efficiency is significantly lower
for CH3CD2CH3 compared to that for CD3CH2CD3 (12 vs 15%,
Table 2). Using kinetic modeling, such a situation can be
analyzed in a quantitative manner.40 In the first simple model,
we adopt the KIE derived for ethane and use it for both primary
and secondary C-H(D) bonds in propane, while fitting the
branching between activation of primary and secondary C-H(D)
bonds,kprim andksec, respectively, to the experimental data. As
shown for model 1 in Table 3, this approach can already
reproduce the measured ion abundances quite well, except for
the drop in the rate constant in the case of CH3CD2CH3 which
is not covered in the modeled data.

In the refined model 2, different KIEs are allowed for the
primary and secondary C-H(D) bonds in propane, and with
this set of flexibility, the fit can reproduce all data within the
experimental error. As expected from the inspection of the raw
data in Table 2, notably different KIEs for primary and
secondary C-H bonds are required in the modeling in order to
account for the drop in overall reaction efficiency (i.e., KIEprim

) 1.7 versus KIEsec) 2.6). After correction for the number of
hydrogen atoms in primary and secondary positions, the relative
rate constantskprim and ksec convert to a 1:3.8 preference for
the activation of the secondary C-H bonds in propane which
is consistent with the larger KIE of this channel.

Compared to other C-H bond activations by gaseous metal-
oxide ions, these KIEs can be classified as being moderate. Thus,
C-H bond activation of methane by FeO+ is associated with
KIE ) 4.6;41 for the activation of ethane by OFeOH+ a KIE of
about 3.5 has been derived.42 Values similar to that for Ag2O+

have been observed in the reactions of CH2D2 with MgO+ (KIE
) 2.1)22c and MoO3

+ (KIE ) 2.3).43 However, in the case of
the V4O10

+/CH2D2 systemswhich can be regarded as a proto-
type of a simple H-atom abstraction mechanismsthe KIE
amounts to only 1.35,44 which is close to the KIE of about 1.3
for the H(D)-atom abstraction from methane by free OH
radicals.45 Likewise, a KIE of about 1.4 is found for the radical-
like activation of propane by the ligated metal-oxide cation
(phenanthroline)CuO+ with a clear preference for the activation

(35) A small amount of Ag2OH+ as a product was observed even in the absence
of any reaction partner and is attributed to hydrocarbon contaminants present
in the background of the high-vacuum apparatus. All data given in the text
and the tables are already corrected for this background reactivity.

(36) Weisshaar, J. C.Acc. Chem. Res.1993, 26, 213.
(37) (a) Tjelta, B. L.; Armentrout, P. B.J. Am. Chem. Soc.1996, 118, 9652.

(b) Cornehl, H. H.; Heinemann, C.; Schro¨der, D.; Schwarz, H.Organo-
metallics1995, 14, 992.

(38) (a) Wesendrup, R.; Schro¨der, D.; Schwarz, H.Angew. Chem., Int. Ed. Engl.
1994, 33, 1174. (b) Schro¨der, D.; Schwarz, H.; Clemmer, D. E.; Chen,
Y.-M.; Armentrout, P. B.; Baranov, V. I.; Bo¨hme, D. K. Int. J. Mass
Spectrom. Ion Processes1997, 161, 177.

(39) Thibblin, A. J. Phys. Org. Chem.1998, 1, 161 and references therein.

(40) (a) Loos, J.; Schro¨der, D.; Zummack, W.; Schwarz, H.; Thissen, R.; Dutuit,
O. Int. J. Mass Spectrom.2002, 214, 105. (b) Trage, C.; Schro¨der, D.;
Schwarz, H.Organometallics2003, 22, 693 (addendum2003, 22, 1348).
(c) Schlangen, M.; Schro¨der, D.; Schwarz, H.HelV. Chim. Acta2005, 88,
1405. (d) Butschke, B.; Schlangen, M.; Schro¨der, D.; Schwarz, H.Z.
Naturforsch. B2007, 62b, 309.

(41) Schro¨der, D.; Schwarz, H.Angew. Chem., Int. Ed. Engl.1990, 29, 1433.
(42) Schro¨der, D.; Schwarz, H.Angew. Chem., Int. Ed. Engl.1991, 30, 991.
(43) Kretzschmar, I.; Fiedler, A.; Harvey, J. N.; Schro¨der, D.; Schwarz, H.J.

Phys. Chem. A1997, 101, 6252.
(44) Feyel, S.; Do¨bler, J.; Schro¨der, D.; Sauer, J.; Schwarz, H.Angew. Chem.,

Int. Ed. 2006, 45, 4681.
(45) Saueressig, G.; Crowley, J. N.; Bergamaschi, P.; Bruhl, C.; Brenninkmeijer,

C. A. M.; Fischer, H.J. Geophys. Res. Atmos.2001, 106, 23127.

Table 2. Bimolecular Rate Constants,a Branching of H- and
D-Atom Transfer,b and Reaction Efficienciesc for the Reactions of
Mass-Selected Ag2O+ with Selected Alkanes

kr (10-10 cm3 s-1) Ag2OH+ Ag2OD+ φ (%)

CH4 <0.004 n.r. <0.04
C2H6 0.83 100 8.7
CH3CD3 0.59 69 31 6.4
C3H8 1.89 100 19
CH3CD2CH3 1.16 67 33 12
CD3CH2CD3 1.47 68 32 15
C3D8 0.80 100 9.2
n-C4H10 1.69 100 17

a Evaluated by anchoring the relative rate constants of the reactions using
the absolute values for the reactions of FeO+ and Pt+, see refs 22d and 38.
The errors of the absolute and relative rate constants are estimated to(40%
and (10%, respectively.b Branching ratios normalized to∑ ) 100 with
an error of(3. c Overall reaction efficiency defined as rate constant relative
to the gas-kinetic collision rate,φ ) kr/kc.

Ag2O
+ + R-H f Ag2OH+ + R• (2)

R ) C2H5, C3H7, C4H9

Table 3. Measured and Modeled Reaction Efficiencies φi and
Branching of Ag2OH+ and Ag2OD+ in the Reactions of
Mass-Selected Ag2O+ with Propane Isotopologues

experiment model 1 model 2

kprim ) 0.49 kprim ) 0.44
ksec) 0.51 ksec) 0.56
KIE ) 2.20 KIEprim ) 1.68

KIEsec) 2.59
C3H8 19%/100/- 19%/100/- 19%/100/-
CH3CD2CH3 12%/67/33 12%/68/32 12%/67/33
CD3CH2CD3 16%/68/32 12%/70/30 16%/68/32
C3D8 9%/- /100 9%/- /100 9%/- /100
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of the secondary position (kprim/ksec) 1:4.7 after correction for
the number of hydrogen atoms in primary and secondary
positions).22b In comparison, C-H bond activation of propane
by FeO+ occurs almost statistically and is associated with a
small KIE ) 1.1140b and also almost negligible regioselectivity
in bond activation; also, activation of the various C-H bonds
in n-butane by gaseous VO2+ is associated with an only
moderate KIE of about 1.5.46 According to the mechanistic
insight so far gathered for the above reactions by means of
theory,22b,c,44,46,47 the moderate KIEs associated with C-H
activation of alkanes by Ag2O+ suggest some kind of participa-
tion of the silver atoms in the bond-activation step, rather than
a mere H-atom abstraction, for which lower KIEs are found.

In order to validate this qualitative conclusion derived from
the consideration of the KIEs, the potential-energy surfaces for
the H-atom abstractions by gaseous Ag2O+ from the neutral
reagents methane, ethane, and propane are studied by DFT
calculations (Table 4), in which we focus on the lowest-energy
channels for bond activation of the reactants and release of the
products according to reaction 2.

Even though the accuracy of the energetics based upon DFT
should not be overestimated,48 the results obtained agree well
with the experimental findings. Thus, H-atom abstraction is
predicted to be exothermic even in the case of methane, but for
R ) CH3 the rate-determining transition structure (TS,Erel )
0.08 eV) associated with H-atom abstraction is higher in energy
than the entrance channel, and thus the reaction is predicted
not to occur under thermal conditions (Figure 2). In the case of
ethane, the rate-determining barrier is slightly below the entrance
channel (Erel ) -0.08 eV), consistent with the moderate
efficiency of reaction 2 experimentally observed for R) C2H5.

For the activation of the selectively labeled ethane CH3CD3

by Ag2O+, the barrier associated with H-atom abstraction is
0.02 eV lower than for the competing abstraction deuterium.
RRKM modeling49 of the rate constants for H- and D-atom
abstractions leads to theoretical prediction of the KIE (kH/kD)
in dependence of the internal energy available in the system
(Figure 3). Although the estimation of KIE is made on a crude
basis without the consideration of the rates of the backward
reactions and without inclusion of possible tunneling effects,
reasonably good agreement with the experimental data is

achieved. Thus, for a low internal excitation of the reactants
(ca. 0.2 eV), the predicted KIEs are in the range of the
experimental value of 2.20( 0.06 eV, whereas the predicted
KIEs drop to values of about 1.5 for the internal excitations
larger than 1 eV.

In the case of propane, the activation barriers are even lower,
as expected, but notably the TSs associated with H-atom
abstraction from the primary and the secondary positions are
quite similar (Erel ) -0.13 and-0.16 eV,∆ETS ) 0.03 eV)
even though formation of a 2-propyl radical as a product is
energetically favored much more (∆EProd) 0.17 eV). This result
is perfectly consistent with the moderate regioselectivities of
C-H bond activation derived from the labeling studies (Table
3). We further note that the TSs involve a considerable amount
of reorganization of the backbone of the metal cluster (e.g., for
R ) CH3, the angleRAgOAg changes from 157° in the encounter
complex to 137° in the TS), rather than representing mere
H-atom abstraction mechanisms which matches with the conclu-
sion derived above from the analysis of the kinetic isotope
effects.

Reaction of Ag2O+ with Ethene. As outlined in the
introduction, silver is mostly used as a catalyst for the
epoxidation of ethene with molecular oxygen. While the process
is applied in very large scale, it is far from being optimal, and
even slight increases in the selectivity for ethylene oxide would
have large economic impact.1 Therefore, the reaction of the
Ag2O+ cation with ethene is considered next.

With ethene as a neutral reagent, Ag2O+ reacts efficiently
(kr ) 4.4× 10-10 cm3 s-1, φ ) 45%) according to reactions 3a
and 3b with a branching ratio of 80:20. Both reactions can be
classified as O-atom transfer to the hydrocarbon substrate. The
nature of the neutral C2H4O unit produced in reaction 3a is
unknown, however; it may correspond to either acetaldehyde,
vinyl alcohol, or ethylene oxide.50 Likewise, the loss of atomic
silver in reaction 3b can lead to the Ag+ complexes of either of
these C2H4O isomers. Formation of an intact C2H4O unit, rather
than a metallaoxetane,50-52 is, however, suggested by the
occurrence of the secondary ion/molecule reaction 4,53 even
though also a metallaoxetane could undergo reductive elimina-
tion of a neutral C2H4O upon approach of another neutral
reactant.54

Given the reasonably good coordination ability of ethene and
the accessibility of several exothermic oxidation pathways, we
briefly screened the other AgnO+ and Ag(AgNO3)n

+ species
accessible via our ESI approach (e.g., Ag2NO3

+, Ag3O+, Ag3-

(46) Engeser, M.; Schlangen, M.; Schro¨der, D.; Schwarz, H.; Yumura, T.;
Yoshizawa, K.Organometallics2003, 22, 3933.

(47) (a) Schro¨der, D.; Fiedler, A.; Hrusˇák, J.; Schwarz, H.J. Am. Chem. Soc.
1992, 114, 1215. (b) Shiota, Y.; Yoshizawa, K.J. Am. Chem. Soc.2000,
122, 12317. (c) Yoshizawa, K.Coord. Chem. ReV. 2002, 226, 251.

(48) For an instructive discussion, see: Schreiner, P.Angew. Chem., Int. Ed.
2007, 46, 4217.

(49) See also: Baer, T.; Mayer, P. M.J. Am. Soc. Mass Spectrom.1997, 8,
103.

(50) Schro¨der, D.; Schwarz, H.Angew. Chem., Int. Ed. Engl.1990, 29, 1431.
(51) Carter, E. A.; Goddard, W. A, III.J. Catal.1988, 112, 80.
(52) (a) Linic, S.; Medlin, J. W.; Barteau, M. A.Langmuir2002, 18, 5197. (b)

Enever, M.; Linic, S.; Uffalussy, K.; Vohs, J. M.; Barteau, M. A.J. Phys.
Chem. B2005, 109, 2227.

(53) For the related [FeC3H6O]+ isomers, see: Schwarz, J.; Wesendrup, R.;
Schröder, D.; Schwarz, H.Chem. Ber.1996, 129, 1463.

(54) For an example of a rearrangement of a gaseous transition-metal complex
induced by a single neutral molecule, see: Becker, H.; Schro¨der, D.;
Zummack, W.; Schwarz, H.J. Am. Chem. Soc.1994, 116, 1096.

Table 4. Computed Relative Energies (Erel Given in eV at 0 K
Relative to the Reactants) for the Reactions of Ag2O+ with
Methane (R ) CH3), Ethane (R ) C2H5), and Propane (R ) n- or
i-C3H7), Respectively

R ) CH3 R ) C2H5 R ) n-C3H7 R ) i-C3H7

Ag2O+ + RH 0.00 0.00 0.00 0.00
[Ag2O+ • RH] -0.55 -0.63 -0.66a -0.67a

TS 0.08 -0.08 -0.13 -0.16
[Ag2OH+ • R] -1.38 -1.70 -1.73 -1.95
Ag2OH+ + R -0.38 -0.58 -0.57 -0.74

a The encounter complexes leading to activation of primary and secondary
C-H bonds have different geometries, but are only slightly different in
energy (for Cartesian coordinates, see Supporting Information).

Ag2O
+ + C2H4 f Ag2

+ + C2H4O (3a)

f Ag(C2H4O)+ + Ag (3b)

Ag(C2H4O)+ + C2H4 f Ag(C2H4)
+ + C2H4O (4)
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(NO3)+, and Ag4O+) by means of a neutral-loss scan,55 which
demonstrated that among all ions formed upon electrospray only
triatomic Ag2O+ permits a sufficiently efficient O-atom transfer
to ethene.

Further insight into the nature of the neutral product in
reaction 3a is provided by the potential-energy surface predicted
by DFT calculations (Figure 4). Upon approach of ethene to
the Ag2O+ cluster, an encounter complex [Ag2O+‚C2H4]
structure1 with Erel ) -1.42 eV is formed in which the olefin
is bound to one of the two silver atoms. The encounter complex
can rearrange via TS1/2 (Erel ) -0.33 eV) to the metallaoxetane
2 (Erel ) -1.38 eV), in which most of the spin density is located
on theâ-carbon atom of the oxetane. The reaction can either
continue via direct O-atom transfer (TS2/3, Erel ) -0.80 eV)
to afford the product complex3 (Erel ) -2.06 eV) with an
ethylene-oxide molecule bound to Ag2

+. Dissociation of this
intermediate then yields the final products Ag2

+ and ethylene
oxide (Erel ) -1.03 eV). Alternatively, O-atom transfer ac-
companied by hydrogen migration, TS2/4 with Erel ) -0.54
eV) leads to the thermochemically preferred complex acetal-
dehyde/Ag2+ (Erel ) -3.35 eV) and finally yields Ag2+ + CH3-

CHO (Erel ) -2.20 eV). The intermediates3 and4 may also
both lose atomic silver to afford the Ag+ complexes of ethylene
oxide and acetaldehyde, respectively. While all four pathways
are energetically accessible for the reactants, the considerable
energetic preference of TS2/3 suggests that ethylene oxide,
although thermochemically less stable, is formed as the kineti-
cally preferred product in the gas-phase reaction.1 Instead,
formation of Ag(C2H4O)+ in reaction 3b may be regarded as
an indication for a passage via TS2/4 to yield acetaldehyde
bound to Ag2+ followed by loss of neutral Ag. In order to
provide additional experimental support for the computed
potential-energy surface, mass-selected Ag2

+ was allowed to
react with ethylene oxide, and as expected from Figure 4, no
significant thermal reactivity was observed, whereas a putative
rearrangement3 f 4 would have allowed cluster cleavage to
afford Ag(CH3CHO)+ + Ag. Further independent measurements
reveal that mass-selected Ag2O+ reacts with ethylene oxide via
H-atom abstraction to afford Ag2OH+ and a neutral C2H3O•

radical with only 12% of the gas kinetic collision rate, which
is significantly slower than the primary oxidation step. In
contrast, the H-atom abstraction from acetaldehyde by Ag2O+

occurs about 3 times faster than from ethylene oxide.

In a more general sense, the gas-phase reaction of triatomic
Ag2O+ with ethene provides a minimal functional model for
the epoxidation of ethene on silver contacts with the following
key messages. (i) The metallaoxetane2 serves as common
intermediate for epoxidation and combustion, and its formation
is rate-limiting.5 (ii) In the competing routes to ethylene oxide
and acetaldehyde, Ag-Ag bond formation occurs prior to
closure of the three-membered ring (see TS2/3) and hydrogen
migration (see TS2/4), respectively, suggesting that the lattice
backbone may play a crucial role in the applied catalytic process.
(iii) The potentially Lewis-acidic Ag2+ cation does not induce
an isomerization of ethylene oxide into acetaldehyde under
thermal conditions. (iv) Last, but not least, the independently
investigated oxidation of ethylene oxide by Ag2O+ is slow
compared to the initial O-atom transfer to ethene. Scheme 1
gives a sketch of the proposed scenario, which not only agrees
well with the general considerations about silver-mediated

(55) In a neutral-loss (or -gain) scan, two mass analyzers are scanned
simultaneously with a fixed mass difference (∆m) while the reaction of
interest is allowed to occur in between them. For ethene as a neutral reagent
and∆m ) -16, only those ions are detected which can transfer an oxygen
atom to the substrate. Also see: ref 10a.

Figure 2. Calculated potential-energy profile for the H-atom abstraction from methane as well as ethane by the Ag2O+ cation. Relative energies given in
eV and selected bond lengths are given in Å. For C-H bond activation in methane, also the computed structures are shown and selected bond lengths are
given.

Figure 3. Calculated KIE for the H- and D-atom abstraction from CH3-
CD3 by the Ag2O+ cation. The red line shows the experimentally determined
KIE for this reaction. The internal energy is given in eV relative to that of
the reactants Ag2O+ + CH3CD3.
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epoxidation of ethene by Stegelmann et al.1 but is also per-
fectly consistent with the intermediacy of surface-metallaoxet-
anes as predicted and also observed by Barteau and co-
workers.5,52

Reaction of Ag2O+ with Propene.The decisive question in
the context of silver-mediated olefin epoxidation accordingly
concerns the case of propene for which an efficient route using
dioxygen as an oxidant still needs to be developed.2

With unlabeled propene, the primary reactions 5a-5c
are observed (branching ratio 75:7 : 18,kr ) 7.0× 10-10 cm3

s-1, φ ) 70%). While reactions 5b and 5b are analogous to
those observed for ethene, H-atom abstraction according to
reaction 5c resembles the chemistry observed with the alkanes.
The Ag2O+ cluster thus precisely mimics the problems associ-
ated with the partial oxidation of propene on silver catalysts,
in which competing C-H bond activation prevents a high
selectivity for epoxidation.2 Further noteworthy is that the Ag-
(C3H6O)+ species generated in reaction 5b undergoes a con-
secutive exchange with propene (reaction 6), which is demon-
strated by the buildup of an intense Ag(C3H6)+ signal at
the expense of Ag(C3H6O)+ at elevated propene pressure.
Conceptually, reaction 6 is analogous to reaction 4 in the case
of ethene and also indicates that the Ag(C3H6O)+ ion con-
tains an intact C3H6O unit. The connectivity of Ag(C3H6O)+

is unknown, however, and several ion structures are conceiv-

able.53 One possibly feasible way to probe the structure of
the Ag(C3H6O)+ product is a comparison with the reactivity
of independently generated of Ag(C3H6O)+. To this end, we
submitted a dilute solution of AgNO3 in water/acetone (100:1)
to ESI which inter alia affords an intense signal due to Ag-
(acetone)+.56 Upon interaction of this mass-selected Ag-
(C3H6O)+ species with neutral propene, occurrence of re-
action 6 is observed, which is fully consistent with a thermal
reaction, given the literature values ofD(Ag+ - propene))
1.70( 0.13 eV57 andD(Ag+ - acetone)) 1.65( 0.06 eV.58

A conclusion about the structure of the Ag(C3H6O)+ species

(56) (a) Willey, K. F.; Cheng, P. Y.; Bishop, M. B.; Duncan, M. A.J. Am.
Chem. Soc.1991, 113, 4721. (b) Puskar, L.; Stace, A. J.J. Mol. Phys.
2005, 103, 1829.

Figure 4. Potential-energy surface for O-atom transfer from Ag2O+ to ethene, affording either ethylene oxide or acetaldehyde (relative energies in eV).
Selected bond lengths are given in Å, and also shown are the computed spin densities for those atoms at which most of it is located.

Ag2O
+ + CH3CHdCH2 f Ag2

+ + C3H6O (5a)

f Ag(C3H6O)+ + Ag (5b)

f Ag2OH+ + C3H5
• (5c)

Ag(C3H6O)+ + CH3CHdCH2 f Ag(C3H6)
+ + C3H6O (6)

Figure 5. Reaction of mass-selected Ag2O+ with [3,3,3-D3]-propene at a
collision energy set nominally to 0 eV. (Inset) Separate scan of the parent-
ion region at increased mass resolution. A small signal due to Ag2OH+

(barely visible in the figure) is due to reactions with background hydrogen-
containing contaminants as verified by experiments performed with an
“empty” hexapole collision cell.35
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formed in reaction 5b cannot be made, however, because for
Ag(propeneoxide)+ as well as other isomers one might expect
a similar reactivity.53

With [3,3,3-D3]-propene the branching ratio of reactions 5b-
5c in their deuterated variants changes to 60:11:29 and alsokr

drops to 4.7× 10-10 cm3 s-1, φ ) 50%. This is consistent with
the observation that exclusive D-atom transfer from CD3CHd
CH2 to yield Ag2OD+ takes place (Figure 5). The altered product
distribution and the lower overall rate constant can be modeled
assuming a KIE of 2.0 associated with reaction 5c, which is in
perfect analogy to the values obtained for the C-H bond
activation of alkanes (see above). Note that this modeling does
not need to involve KIEs in reactions 5b and 5b, which is
consistent with the occurrence of olefin epoxidation via O-atom
transfer to the double bond rather than involvement of C-H
bond activation in these particular processes. Further, the Ag-
(C3H3D3O)+ ion produced in the deuterated variant of reaction
5b undergoes a consecutive reaction with neutral CD3CHdCH2

in analogy to reaction 6 and is thus fully consistent with the
proposed scenario.

Conclusions

In conclusion, the gas-phase reactions of Ag2O+ with
hydrocarbons provide a simple model system for the problems
encountered in the use of silver surfaces in oxidation catalysis:
(i) activation of saturated hydrocarbons involves H-bond
abstraction rather than O-atom transfer, (ii) epoxidation of ethene
proceeds smoothly, but it is apparently associated with some
amount of rearrangement leading to the more stable acetaldehyde
as a product, (iii) in the case of propene the selectivity between
allylic C-H bond activation and epoxidation is poor, which
can be regarded as a kind of linear combination of the H-atom
abstraction observed for alkanes and O-atom transfer with
ethene. Note that these observations in the gas-phase reaction
of Ag2O+ with propene nicely reflect the difficulties associated
with epoxidation of propene in applied catalysis.1,2 In addition
to the mimicking of the partial oxidation of hydrocarbons on
silver contacts, the present gas-phase studies, both experiment
and theory, provide unique insight into the mechanisms of the
oxidation reactions, thereby indirectly also offering perspectives
for the further optimization of real catalysts. Due to the efficient
function of alkali cations as well chlorine as promoters in silver-
catalyzed olefin oxidation, one particular aim of our future
studies will be the attempt to include these elements as dopants
in gaseous silver-oxide clusters.59 Given the successful applica-
tion of gold catalysts for the epoxidation or propene,2 a particular
challenge for a related gas-phase experiment would be the
attempt to generate a heterometallic AgAuO+ species in order
to probe whether the properties of both metals could be
combined in the gas phase.60
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Scheme 1 Schematic Mechanistic Proposal Implied by the
Present Gas-Phase Studies for Epoxidation of Ethene on Silver
Surfaces
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