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Abstract: Electrospray ionization of aqueous silver nitrate is used for the preparation of the disilver-oxide
cation Ag.O™ 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., Ag.O" + R—H — Ag,OH* + R* (R = C,Hs, C3Hy,
C4Ho). Clean O-atom transfer from Ag,O™ is observed with ethene as a neutral reagent, whereas oxygenation
and allylic C—H abstraction compete in the case of propene. The gaseous Ag,O* 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 tion catalysis! and we also provide a minimalist suggestion for
the common intermediafeThe highly reactive AgO™ catiorf

ducti f ethyl ide f h p ith is accessible in the gas phase by electrospray ionization(ESI)
production of ethylene oxide from ethene and oxygen with an ¢ 5, aqueous solution of silver(l) nitrate at appropriate
annual volume of billions of U.S. dollafsin the technical conditions®

process, however, the desired epoxidation is accompanied by a
considerable amount of combustion, which not only lowers the Experimental and Theoretical Details
product yields but also causes substantial problems associated The experiments were performed with a tandem mass spectrometer
with heat evolution. Further, extension to other substrates, with QHQ configuration (Q: quadrupole, H: hexapole) equipped with
particularly propene, would be very useful but encounters severean electrospray-ionization (ESI) source as described elsef/Beidly,
difficulties because allylic €H bond activation competes with  the ions of interest are generated via ESI of an aqueous solution of
the desired epoxidation; some recent developments appea”dgNOs, mass-selected using Q1, and allowed to interact with the neutral
promising in this respeés Mechanistic studies on the silver- ~ gases of interest at a pressure of ca.*¥bar, and the ionic products
mediated epoxidation of olefins and in particular detailed insight @€ then mass-analyzed using Q2. For collision-induced dissociation
into the elementary steps might provide valuable assistance forexpenm.ents, xenon was used as a collision gas, and the interaction
the further optimization of the catalysts. In this context we note E.nergy n th? hexapole was Va."'ed betwesn = 01020 ev. T_he

. . . imolecular ion/molecule reactions were studied by introducing ap-
:Ezt g\:gg Té?ﬁ%gng;orﬁe:nz?;zs;?ozagf ;E;lgie'mgﬁgted"fntopropriate neutral compounds to the hexapole collision cell at an

increase of 1% in selectivity, for example, would not only  (4) For reviews about the gas-phase chemistry of metal oxides, see: (a)
Schraler, D.; Schwarz, HAngew. Chem., Int. Ed. Engl995 34, 1973.

Metallic silver is used as a powerful catalyst for the

increase the produc_t yn_ald but also lower th_e_ byproducts a§ well (b) Schider. D.- Shaik, S.: Schwarz, Hitruct. Bonding (Berlin200Q
as the heat production in the reactor. Specifically for the silver- 97, 91. (c) Schrder, D.; Schwarz, HTop. Organomet. Cher2007, 22, 1.

; : : ; (5) See also: (a) Linic, S.; Barteau, M. A. Am. Chem. So2002 124, 310.
medla}ted. epoxidation of e'Fhene, it has been suggeste@ that (b) Linic, S.: Barteau, M. AJ. Am. Chem. S0@003 125 4034. (c) Linic,
“epoxidation and combustion go through an unidentified gé;lguao, H.; Adib, K.; Barteau, M. AAngew. Chem., Int. E®004 43,
common mt_ermedlate in the_rate-llmltlng_ste‘pHere,_we re_port ®) _Form'ation of AgO* from bare Ag* and Q has been reported in the
the generation of the triatomic cluster cation,®@J which might gti%aw\r/e, E@Jt hthermlgctf;emlca!ly, dﬂ;e h(ljghtbcmTi en?rgw%gz* - O)ti

- - - - - . eV wnich wou e required ror O-atom I10ss 1rom pears rather
be considered as a functional model for silver-mediated oxida- unexpected (see text). In fact, the mass resolution in these previous

measurements might have been too low for definitive conclusions. See:
Socaciu, L. D.; Hagen, J.; Heiz, U.; Bernhardt, T. M.; Leisner, T.sW0p

T Charles University in Prague. L. Chem. Phys. Let2001, 340, 282.
* Academy of Sciences of the Czech Republic. (7) Fenn, J. B.; Mann, M.; Meng, C. K.; Wong, S. F.; Whitehouse, C. M.
(1) Stegelmann, C.; Schigdt, N. C.; Campbell, C. T.; Stoltzd, Batal.2004 Sciencel989 246, 64.
221, 630. (8) For a review also addressing the various conditions of electrospray
(2) Nijhuis, T. A.: Makkee, M.; Moulijn, J. A.; Weckhuysen, B. Nhd. Eng. ionization, see: Cech, N. B.; Enke, C. Mass Spectrom. Re2001, 20,
Chem. Res2006 45, 3447. 362.
(3) See also: (a) Barteau, M. Aop. Catal.2003 22, 3. (b) Barteau, M. A. (9) Schraler, D.; Weiske, T.; Schwarz, Hnt. J. Mass Spectron2002 219,
Surf. Sci.2006 600, 5021. 729.
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interaction energy nominally set to 0 eV for which thermal reactivity which the nitrato ligand serves as an O-atom transfer redg&ht.

can be assuméd?tIn general, the pressure of the neutral reactant was
kept low enough (about Z 10 mbar) to ensure single-collision

Formation of Ag" (reaction 1c) occurs as another minor
channel; the branching between reactions 1a, 1b, and 1¢c amounts

conditions, but in selected cases the pressure was increased in order tgg ahout 87:8:5 at a collision energy of 6 eV (given in the center-

deliberately allow the occurrence of consecutive reactidriBhe
assignment of all reactions was confirmed by careful consideration of

the observed isotope envelopes and additional neutral-gain and neutral-

loss scang’The (acetone)Agcation mentioned below was prepared
in good yields by ESI of aqueous AgN@ontaining ca. 1% of acetone.
The calculations were performed using the density functional method
MPW1PW913 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 suité.For all optimized structures, frequency analyses

of-mass frame, collision gas: xeno).

Ag,NO," — Ag"™ + AgNO;4 (1a)
— Ag,0" + NO," (1b)
— Ag,” + NO; (1c)

While the yields of gaseous A@" are thus limited, the

at the same level of theory were used in order to assign them as genuinesensitivity of the experiment is far good enough for subsequent

minima or transition structures on the potential-energy surface (PES)
as well as to calculate zero-point vibrational energies (ZPVESs). The
relative energiesHe) of the structures given below refer to energies
at 0 K. The kinetic isotope effect for-€H(D) bond activation of ethane

by Ag,O" was estimated from the data of the computed transition
structures using RiceRamspergerKassel-Marcus (RRKM) theoryp

by direct counting of quantum states as a functions of internal energy
and rotational eigenvalué$rotations were treated adiabaticalfyThe
obtained microcanonical rate constanigE,J,K), were averaged,
assuming thermal distribution of rotational states at 298 K to finally
obtain canonical rate constark().18

Results and Discussion

Generation of the AgO™ Cation. At soft conditions of
ionization, ESI of aqueous AgNGaffords the solvated silver-
(1) cation Ag(H:0);* as the leading mononuclear species; also
the multiply hydrated ions Ag(}D)," (n = 3, 4) are observed
at mildest condition? In addition, small polynuclear clusters
with the formal composition [Ag(kD);*-n AgNO;] are ob-
served ( = 1—3), which can easily be recognized by their
characteristic isotope patterf¥sAt gradually enforced ionization
conditions?! these ions expel the coordinated solvent mol-
eculed? or undergo cluster degradation via loss of neutral
AgNO;3, as expected (e.g., reaction la). As a side reaction,
however, the unsolvated dinuclear silver cluster,®@s*
permits the formation of AgD™ according to reaction 1b, in

(10) (a) Schider, D.; Schwarz, H.; Schenk, S.; Anders Aagew. Chem., Int.
Ed. 2003 42, 5087. (b) RoithoVaJ.; Hrusk, J.; Schrder, D.; Schwarz,
H. Inorg. Chim. Acte2005 358, 4287. (c) Feyel, S.; Schder, D.; Schwarz,
H. J. Phys. Chem. 2006 110, 2647. (d) Schider, D.; Engeser, M.;
Schwarz, H.; Rosenthal, E. C. E.;'Bler, J.; Sauer, Jnorg. Chem2006
45, 6235.

(11) See also: Roithdval.; Schider, D.Phys. Chem. Chem. Phy2007, 9,
731

(12) Jagoda-Cwiklik, B.; Jungwirth, P.; RU#k, L.; Milko, P.; Roithova J.;
Lemaire, J.; Maitre, P.; Ortega, J. M.; S¢ttes, D.ChemPhysCher2007,
8, 1629.

(13) Adamo, C.; Barone, VJ. Chem. Phys1998 108 664.

(14) Frisch, M. J.; et alGaussian 03Revision C.02, Gaussian, Inc.: Wallingford
CT, 2004.

(15) Gilbert, R. G.; Smith, S. CTheory of Unimolecular and Recombination
Reactions Blackwell Scientific Publications: Oxford, 1990; p 52.

(16) Zhu, L.; Hase, W. LQuantum Chemistry Program Exchandaediana
University: Bloomington, 1994; Program No. QCPE 644.

(17) Zhu, L.; Hase, W. LChem. Phys. Lettl99Q 175 117.

(18) Nguyen, V. Q.; Sdtek, M.; Ferrier, J. G.; Frank, A. J.; Tutek, F.J.
Phys. Chem. A1997 101, 3789.

(19) Koizumi, H.; Larson, M.; Muntean, F.; Armentrout, P. Bt. J. Mass
Spectrom2003 228, 221.

(20) Calculated using the Chemputer made by M. Winter, University of Sheffield;
see: http://winter.group.shef.ac.uk/chemputer/.

(21) In ESI, the ionization conditions can be varied systematically by adjusting

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
differ for ESI sources from different manufacturers.
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reactivity studies. Further, collision-induced dissociation of
mass-selected AQ™ affords Ag™ as the only significant ionic
product, presumably associated with the formation of neutral
AgO.25'26

Gas-Phase Thermochemistry of AgO™. 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 surface¥.2” For the mononuclear species, Chen
and Armentrout determined(Ag™ — O) = 1.23 eV Brechig-
nac and co-workers have performed systematic studies of Ag/O
cluster iong?%:29.30With regard to AgO™, their theoretical data
suggest an oxygen bond energyfAg," — O) = 2.79 eV26
which is fully consistent with the reactivity data reported below.

For an improved understanding of the generation of the
Ag,O™ cation, we investigated the fragmentation of pNgs-
(H20),]" by means of density functional theory (DFT). The
precursor ion [AgNO3(H.0),]* bears a structure with a bridging
nitrato ligand and terminal water ligands on both silver atoms.
Removal of the first water ligand in [AlOs(H20),] " requires
0.98 eV and is associated with a changeyecoordination 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 AgNOgz™ cation, in which both silver atoms are bound
to the nitrate in anp?fashion. Dissociation of AGNOs"
according to reactions *dlc requires 2.06, 2.47, and 2.88 eV,

(22) For previous examples of such reactions with various metals, see: (a) Cheng,
Z. L.; Siu, K. W. M.; Guevremont, R.; Berman, S.Stg. Mass Spectrom.
1992 27, 1370. (b) Schider, D.; Holthausen, M. C.; Schwarz, B.Phys.
Chem. B2004 108 14407. (c) Schider, D.; RoithovaJ. Angew. Chem.,

Int. Ed. 2006 45, 5705. (d) Schider, D.; RoithovaJ.; Schwarz, Hint. J.
Mass Spectron2006 254, 197.

(23) See also: Jackson, J. G.; Novichikhin, A.; Fonseca, R. W.; Holcombe, J.
A. Spectrochim. Acta, Part B995 50, 1423 and references therein.

(24) Occurrence of reaction 1c has been proposed earlier, but no mass selection
of Ag,O" was performed in that work, see: Flurer, R. A.; Busch, KJL.

Am. Chem. Socd991 113 3656.

(25) For AgO™ 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.; Briieignac, C.; Cheng, H.-R. Chem. Phys.
2003 118 10956.

(27) (a) Selinger, A.; Schnabel, P.; Wiese, W.; Irion, M.Ber. Bunsen-Ges.
Phys. Chem199Q 94, 1278. (b) Synders, R.; Wautelet, M.; Gouttebaron,
R.; Dauchot, J. P.; Hecq, Msurf. Coat. TechnoR003 174, 1282.

(28) Chen, Y.-M.: Armentrout, P. Bl. Chem. Phys1995 103 618.

(29) (a) Brehignac, C.; Cahuzac, P.; Leygnier, J.; TignereChem. Phys.

Lett. 1999 303 304. (b) Schmidt, M.; Masson, A.; Bckignac, C.Phys.
Rev. Lett.2003 91, 243401. (c) Schmidt, M.; Masson, A.; Bieignac, C.
J. Chem. Phys2005 122 134712.

(30) For the reactions of neutral Agvith various small molecules (including
lack of thermal reactivity with KO and Q), see: Li, L.; Hackett, P. A,;
Rayner, D. M.J. Chem. Phys1993 99, 2583.
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Table 1. Computed Energies (Total Energies in Hartree and Properties Given in eV at 0 K) of [Ag2NO3(H20)2]* and Its Relevant
Fragments, the Thermochemical Properties Derived Thereof, and Available Literature Data for Comparison

Eox property (in eV) literature values
Ag —147.001497
Ag* —146.716561 IE(Ag) = 7.75 7.5768
AgO —222.136568 D(Ag — 0)=1.75 2.25+ 0.228
AgNOs —427.320104 D(Ag — NO3) = 2.42
AgoNOs* —574.112394 D(Agt — AgNO3) = 2.06
[Ag2NOs(H0)™ —650.564571 D(Ag2NOs* — H,O) = 1.03
[Ag2NO3(H20),] ™ —727.014918 D(Ag2NOs3(H20)" — H,O) = 0.98
Ago" —293.777032 D(Agt — Ag) = 1.60 1.72+ 0.041
Ag,02 —369.198498 D(Ag2 — O)=1.94
Ag,0O™ —368.941510 D(Agz" — 0)=2.55 279 >5.1°

IE(Ag20) = 6.99
Ag,OH* —369.617538 D(Ag2" — OH) = 2.95
D(Ag20" — H) = 4.69

H —0.50365930
(0] —75.0707297
OH —75.7321531 D(O—-H)=4.29 4.49
H.0 —76.4142233 D(HO — H) =4.85 5.18
NO, —205.080092 D(Ag20" — NOp) = 2.47
NOs —280.229636 D(Ag2" — NO3) = 2.88

aFor an earlier theoretical study of AQ, see: Dixon, D. A.; Gole, J. LChem. Phys. Lettl992 189, 390." Precise value according to Figure 6 in ref
26 (personal communication: C. Btegnac, Orsay, FrancedLower limit implied by the reported formation of AQ" from Ag;" and Q, see ref 6.
dTaken from the NIST Chemistry WebBook database: http://webbook.nist.gov/chemistry/.

[Ag,]*

[Ag,0]"

[Ag,(NO,)I*
-H,0
(Ag, N0 H,0 P Y
B -H,0
[Ag,(NO;)(H,0),1*| %98 &V

Figure 1. Calculated structures of [AO3(H,0),] " and its relevant fragments and the associated energetics (in eV); selected bond lengths gi%n in A.

respectively, fully consistent with the branching ratios observed et al3* examined the reactions of Ag with alkenes. In all
experimentally?? For illustration, these energetics and sketches studies, a facile dissociation of the dimeric cluster was observed
of the computed structures are summarized in Figure 1. In upon approach of the neutral reagents, which can serve as a
addition, we note the considerable hydrogen affinity of the better ligand for Ag than atomic silver. In the gas-phase
Ag,0O™ cation which amounts to about 4.7 eV and is thus in reactions of AgO*, we might thus expect similar cluster
the order of the strength of typical-€4 bonds in organic cleavages.
molecules. Reactions of AgO™ with Alkanes. Given the interest in
As far as previous reactivity studies of cationic silver clusters silver-mediated oxidation catalysis, the ion/molecule reactions

in the gas phase are concerned, three investigations areof Ag,O" with several simple hydrocarbons {Ri) were
particularly worth mentioning in the present context. Cassady investigated. To this end, the AQ" cation generated upon ESI
and co-workers investigated reactions of Aglusters | = according to reaction 1b was mass selected and allowed to
1-5) with several small moleculédand more recently, Manard  interact with neutral hydrocarbon molecules admitted to the
hexapole collision cell under thermal conditions. In the case of
(1) JFfaE”_" ?Efcphh”;g_dghﬁh\]’l\’évgéf-é%'gggg?h' K.A.; wilhite, D. W.; Kingcade, methane as a neutral reagent, no significant reactivity is
(32) Note that formation of Ag requires a rearrangement with Adg bond observed® For the saturated hydrocarbons, ethane, propane,

formation prior to dissociation and_might thus have a kinetic barrier in andn-butane, H-atom abstraction takes place exclusively to yieId

excess of the reaction endothermicity, whereas the losses of @

AgNO; can be considered to occur as continuously endothermic processes.

(33) (a) Sharpe, P.; Cassady, CChem. Phys. Letll992 191, 111. (b) Sharpe, (34) Manard, M. J.; Kemper, P. R.; Carpenter, C. J.; Bowers, NhiTJ. Mass
P.; Campbell, J. M.; Cassady, C.Qrganometallics1994 13, 3077. Spectrom2005 241, 99.

J. AM. CHEM. SOC. = VOL. 129, NO. 49, 2007 15313
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Table 2. Bimolecular Rate Constants,® Branching of H- and Table 3. Measured and Modeled Reaction Efficiencies ¢; and

D-Atom Transfer,? and Reaction Efficiencies® for the Reactions of Branching of Ag,OH™ and Ag,OD™ in the Reactions of

Mass-Selected Ag.O" with Selected Alkanes Mass-Selected Ag>O" with Propane Isotopologues

k(107 cm3s?) Ag,OH* Ag,0D* ¢ (%) experiment model 1 model 2

CHy <0.004 n.r. <0.04 Kprim = 0.49 Kprim = 0.44
CoHe 0.83 100 8.7 ksec= 0.51 ksec= 0.56
CHsCDs 0.59 69 31 6.4 KIE =2.20 KIEyim = 1.68
CsHg 1.89 100 19 KIEsec= 2.59
CHsCD,CHj3 1.16 67 33 12 CsHsg 19%/100+ 19%/100+ 19%/100+
CD3sCH2CD3 1.47 68 32 15 CH3;CD,CHs 12%/67/33 12%/68/32 12%/67/33
CsDsg 0.80 100 9.2 CD3;CH,CD3 16%/68/32 12%/70/30 16%/68/32
n-C4H10 1.69 100 17 C3Dsg 9%/— /100 9%f#- /100 9%/#- /100

a Evaluated by anchoring the relative rate constants of the reactions using

the absolute values for the reactions of Fesdd Pt, see refs 22d and 38. . . . - .
The errors of the absolute and relative rate constants are estimatd@% tion is that the overall reaction efficiency is significantly lower

and+£10%, respectively? Branching ratios normalized t§ = 100 with for CH3CD>CHs compared to that for CfZH,CDs (12 vs 15%,

an error of£3. ¢ Overall reaction efficiency defined as rate constant relative  Table 2). Using kinetic modeling, such a situation can be
to the gas-kinetic collision rate) = ki/ke. analyzed in a quantitative manrérn the first simple model,
we adopt the KIE derived for ethane and use it for both primary
and secondary €H(D) bonds in propane, while fitting the
branching between activation of primary and secondarH(D)
bonds kpim andkseq respectively, to the experimental data. As

the AgOH™ cluster as ionic product concomitant with liberation
of the corresponding alkyl radical (reaction 2).

+ RN + .
AgO" + R—H—Ag0OH" +R @ shown for model 1 in Table 3, this approach can already
R = C,Hs, C;H,, C,H, reproduce the measured ion abundances quite well, except for
the drop in the rate constant in the case ofsCH,CHsz which
As already observed in many earlier studies on theHS is not covered in the modeled data.

and C-C bond activations by gaseous, bare, and ligated metal In the refined model 2, different KIEs are allowed for the
ions#36:37 the rate constants and the reaction efficiencies for primary and secondary €H(D) bonds in propane, and with
the H-atom abstraction by A@" increase with the size of the  this set of flexibility, the fit can reproduce all data within the
alkane (Table 2). Given this expected trend, our studies were experimental error. As expected from the inspection of the raw
not extended to more complex hydrocarbon substrates becaus€ata in Table 2, notably different KIEs for primary and
the additional data which were provided are anticipated to be secondary €H bonds are required in the modeling in order to
of limited insight as far as oxidation catalysis in general is account for the drop in overall reaction efficiency (i.e., Kl&
concerned. = 1.7 versus KlEs.= 2.6). After correction for the number of
Additional valuable insight into the reaction mechanism is hydrogen atoms in primary and secondary positions, the relative
provided by consideration of the kinetic isotope effects (KIEs) rate constant&yim and ksec convert to a 1:3.8 preference for
associated with H(D) atom abstraction from the (partially) the activation of the secondary-G&i bonds in propane which

deuterated alkanes. In the case of4CBs, only activation of is consistent with the larger KIE of this channel.
a primary C-H(D) bond is possible. The ratio of AQH" and Compared to other €H bond activations by gaseous metal-
Ag,0OD* formed in the reaction of AgD* with CH3;CDs thus oxide ions, these KIEs can be classified as being moderate. Thus,

leads to a KIE of 2.2Gt 0.06. Propane bears six primary and C—H bond activation of methane by F&@s associated with
only two secondary €H bonds. The AgOH'/Ag,OD™ ratios KIE = 4.6/ for the activation of ethane by OFeOH KIE of

of the deuterated propanes therefore result from an interplay ofabout 3.5 has been derivétlValues similar to that for AgD™
the regiochemistry of the bond activation, statistical effects, and have been observed in the reactions ofBfwith MgO™ (KIE
the associated KIEs. Already the initial inspection of the data = 2.1F2¢and MoQ™ (KIE = 2.3)*3 However, in the case of
indicates that the reaction of AQ* provides an example for  the V4O10"/CH,D, system-which can be regarded as a proto-
an effect known as isotopically sensitive branchifigith CHs- type of a simple H-atom abstraction mechanisime KIE
CD,CHs the major product corresponds to AZH* and hence amounts to only 1.3%} which is close to the KIE of about 1.3
activation of a primary €H bond, while AGOH™ also prevails for the H(D)-atom abstraction from methane by free OH
for CD3sCH,CDs3 and thus indicates a preferential activation of radicals® Likewise, a KIE of about 1.4 is found for the radical-
a secondary €H bond. This seeming paradox is resolved if like activation of propane by the ligated metal-oxide cation
the KIEs are large enough to affect the regiochemistry of the (phenanthroline)Cu®with a clear preference for the activation
reactions of the deuterated substrates. Another notable observa-

(40) (a) Loos, J.; Schider, D.; Zummack, W.; Schwarz, H.; Thissen, R.; Dutuit,

(35) A small amount of AgOH" as a product was observed even in the absence O. Int. J. Mass Spectron2002 214, 105. (b) Trage, C.; Schder, D.;
of any reaction partner and is attributed to hydrocarbon contaminants present Schwarz, HOrganometallic2003 22, 693 (addendun2003 22, 1348).
in the background of the high-vacuum apparatus. All data given in the text (c) Schlangen, M.; Schder, D.; Schwarz, HHelv. Chim. Acta2005 88,
and the tables are already corrected for this background reactivity. 1405. (d) Butschke, B.; Schlangen, M.; Sateo, D.; Schwarz, HZ.

(36) Weisshaar, J. Acc. Chem. Red.993 26, 213. Naturforsch. B2007, 62b, 309.

(37) (a) Tjelta, B. L.; Armentrout, P. Bl. Am. Chem. S0od.996 118 9652. (41) Schidler, D.; Schwarz, HAngew. Chem., Int. Ed. Endl99Q 29, 1433.
(b) Cornehl, H. H.; Heinemann, C.; Sclier, D.; Schwarz, HOrgano- (42) Schidler, D.; Schwarz, HAngew. Chem., Int. Ed. Engl991, 30, 991.
metallics1995 14, 992. (43) Kretzschmar, I.; Fiedler, A.; Harvey, J. N.; Sttleo, D.; Schwarz, HJ.

(38) (a) Wesendrup, R.; Schter, D.; Schwarz, HAngew. Chem., Int. Ed. Engl. Phys. Chem. A997, 101, 6252.

1994 33, 1174. (b) Schider, D.; Schwarz, H.; Clemmer, D. E.; Chen, (44) Feyel, S.; Dbler, J.; Schider, D.; Sauer, J.; Schwarz, Angew. Chem.,
Y.-M.; Armentrout, P. B.; Baranov, V. |.; Bune, D. K. Int. J. Mass Int. Ed. 2006 45, 4681.
Spectrom. lon Processd997 161, 177. (45) Saueressig, G.; Crowley, J. N.; Bergamaschi, P.; Bruhl, C.; Brenninkmeijer,

(39) Thibblin, A.J. Phys. Org. Cheni998 1, 161 and references therein. C. A. M,; Fischer, HJ. Geophys. Res. Atmdz001, 106, 23127.
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;allﬂe_ 4. Cohmp;ted Rela;i\f/e Err:ergies (Erel Gi]yin ig fV _art] 0K achieved. Thus, for a low internal excitation of the reactants
elative to the Reactants) for the Reactions of Ag wit . .

Methane (R = CHs), Ethane (R = CoHs), and Propane (R = n- or (ca. Q.2 eV), the predicted KIEs are in the range pf the
i-C3H7), Respectively experimental value of 2.28 0.06 eV, whereas the predicted

KIEs drop to values of about 1.5 for the internal excitations

R =CH, R=C,Hs R = n-C3H; R = i-CsH;
larger than 1 eV.

Ag,O* + RH 0.00 0.00 0.00 0.00 o .

[Ag20" « RH] —0.55 —0.63 —0.66 —0.67 In the case of propane, the activation barriers are even lower,

E-AS OH* o ] f-gg —2-23 —2-%2 —(1)-;2 as expected, but notably the TSs associated with H-atom
92 ° —1. —1. —1. —1. . . ..

AgOH* + R _0.38 058 057 074 abstraction from the primary and the secondary positions are

quite similar € = —0.13 and—0.16 eV,AErs = 0.03 eV)

aThe encounter complexes leading to activation of primary and secondary even though formation of a 2-propyl radical as a product is
C—H bonds have _different geometries, but are only slightly different in energetically favored much morAEp,q= 0.17 eV). This result
energy (for Cartesian coordinates, see Supporting Information). . . . . Lo

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 = CHjs, the anglexagoag changes from 157in 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.

of the secondary positiorkgim/ksec= 1:4.7 after correction for
the number of hydrogen atoms in primary and secondary
positions)?2® In comparison, &H bond activation of propane
by FeO occurs almost statistically and is associated with a
small KIE= 1.11"% and also almost negligible regioselectivity
in bond activation; also, activation of the various-8 bonds
in n-butane by gaseous MO is associated with an only
moderate KIE of about 1.%. According to the mechanistic
insight so far gathered for the above reactions by means of Reaction of AgO™ with Ethene. As outlined in the
theory?22b.¢444647the moderate KIEs associated with—8 introduction, silver is mostly used as a catalyst for the
activation of alkanes by A®" suggest some kind of participa- epoxidation of ethene with molecular oxygen. While the process
tion of the silver atoms in the bond-activation step, rather than is applied in very large scale, it is far from being optimal, and
a mere H-atom abstraction, for which lower KIEs are found. €ven slightincreases in the selectivity for ethylene oxide would
In order to validate this qualitative conclusion derived from have large economic impattTherefore, the reaction of the
the consideration of the KIEs, the potential-energy surfaces for Ag20" cation with ethene is considered next.
the H-atom abstractions by gaseous,®4 from the neutral

reagents methane, ethane, and propane are studied by DFT AQZOJr + C2H4—>Ag;r + C,H,0 (3a)
calculations (Table 4), in which we focus on the lowest-energy N
channels for bond activation of the reactants and release of the —Ag(CH,0)" +Ag  (3b)

products according to reaction 2.

Even though the accuracy of the energetics based upon DFT
should not be overestimaté@the results obtained agree well
with the experimental findings. Thus, H-atom abstraction is ~ With ethene as a neutral reagent,8g reacts efficiently
predicted to be exothermic even in the case of methane, but for(k- = 4.4 x 1071%cm® 571, ¢ = 45%) according to reactions 3a
R = CHjs the rate-determining transition structure (T = and 3b with a branching ratio of 80:20. Both reactions can be
0.08 eV) associated with H-atom abstraction is higher in energy classified as O-atom transfer to the hydrocarbon substrate. The
than the entrance channel, and thus the reaction is predictedhature of the neutral £1,0 unit produced in reaction 3a is
not to occur under thermal conditions (Figure 2). In the case of unknown, however; it may correspond to either acetaldehyde,
ethane, the rate-determining barrier is slightly below the entrancevinyl alcohol, or ethylene oxid& Likewise, the loss of atomic

AQ(C2H4O)+ +CH,— Ag(C2H4)+ +CHO (4

channel Eo = —0.08 eV), consistent with the moderate Silver in reaction 3b can lead to the Agomplexes of either of
efficiency of reaction 2 experimentally observed for-RC;Hs. these GH4O isomers. Formation of an intactk,O unit, rather
For the activation of the selectively labeled ethane;CBs than a metallaoxetar®®;>? is, however, suggested by the

by Ag,O*, the barrier associated with H-atom abstraction is occurrence of the secondary ion/molecule reactiGh even
0.02 eV lower than for the competing abstraction deuterium. though also a metallaoxetane could undergo reductive elimina-
RRKM modeling® of the rate constants for H- and D-atom tion of a neutral GH4O upon approach of another neutral
abstractions leads to theoretical prediction of the KkEKp) reactant?

in dependence of the internal energy available in the system Given the reasonably good coordination ability of ethene and
(Figure 3). Although the estimation of KIE is made on a crude the accessibility of several exothermic oxidation pathways, we
basis without the consideration of the rates of the backward briefly screened the other AQ* and Ag(AgNQ)," species
reactions and without inclusion of possible tunneling effects, accessible via our ESI approach (e.g..N@s", AgsO*, Ags-
reasonably good agreement with the experimental data is

(50) Schidler, D.; Schwarz, HAngew. Chem., Int. Ed. Endl99Q 29, 1431.

(46) Engeser, M.; Schlangen, M.; S¢Hes, D.; Schwarz, H.; Yumura, T.; (51) Carter, E. A.; Goddard, W. A, 110. Catal. 1988 112 80.

Yoshizawa, K.Organometallics2003 22, 3933. (52) (a) Linic, S.; Medlin, J. W.; Barteau, M. Aangmuir2002 18, 5197. (b)
(47) (a) Schider, D.; Fiedler, A.; Hrugk, J.; Schwarz, HJ. Am. Chem. Soc. Enever, M,; Linic, S.; Uffalussy, K.; Vohs, J. M.; Barteau, M. A.Phys.

1992 114, 1215. (b) Shiota, Y.; Yoshizawa, K. Am. Chem. So2000 Chem. B2005 109 2227.

122 12317. (c) Yoshizawa, KCoord. Chem. Re 2002 226, 251. (53) For the related [FefElsO]* isomers, see: Schwarz, J.; Wesendrup, R.;
(48) For an instructive discussion, see: SchreineAigew. Chem., Int. Ed. Schraler, D.; Schwarz, HChem. Ber1996 129, 1463.

2007, 46, 4217. (54) For an example of a rearrangement of a gaseous transition-metal complex
(49) See also: Baer, T.; Mayer, P. M. Am. Soc. Mass Spectroit997, 8, induced by a single neutral molecule, see: Becker, H.; ‘SigroD.;

103. Zummack, W.; Schwarz, Hl. Am. Chem. S0d.994 116, 1096.
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iy E, =008 eV
= el = . € +
® _E"" Ml [Ag,0"CH,] I Ag,OH"+ CH,
2 ' E. =-038eV
il Ag:JO + CZJHEE Enel =-0.55eV icl
u| E.=0.00eV
[Ag,0"C,H] [Ag,OH"*CH,] //Ag,0H +CH,
E.=-063eV E.=-1.38¢eV E.=-058¢eV
[Ag,OH"*C,H.]
E.=-1.69 eV

Figure 2. Calculated potential-energy profile for the H-atom abstraction from methane as well as ethane byQhecatipn. Relative energies given in
eV and selected bond lengths are given in A. FerHCbond activation in methane, also the computed structures are shown and selected bond lengths are
given.

10 CHO (Erel = —2.20 eV). The intermediate3and4 may also

both lose atomic silver to afford the Agomplexes of ethylene

KIE

a ® H vs. D abstraction from CH,CD, oxide and acetaldehyde, respectively. While all four pathways
‘i: 6 are energetically accessible for the reactants, the considerable
4 _ _ energetic preference of T3 suggests that ethylene oxide,

I Experimentally determined KIE although thermochemically less stable, is formed as the kineti-
cally preferred product in the gas-phase reactidnstead,
Onfn " 02 04 06 08 10 formation of Ag(GH4O)" in reaction 3b may be regarded as
E_JeV an indication for a passage via T24 to yield acetaldehyde

Fioure 3. Calculated KIE for the H- and D-at bstraction from £H bound to Ag* followed by loss of neutral Ag. In order to
gure 5. alculate: or the H- an -atom apstraction rom 4 . P .

CDjs by the AgO* cation. The red line shows the experimentally determined prowd_e additional experimental support for the computed
KIE for this reaction. The internal energy is given in eV relative to that of ~potential-energy surface, mass-selectedAgas allowed to

the reactants AgD* + CHzCDs. react with ethylene oxide, and as expected from Figure 4, no
. significant thermal reactivity was observed, whereas a putative
(NOs)*, and AgO™) by means of a neutral-loss sc&nyhich rearrangemend — 4 would have allowed cluster cleavage to

demonstrated that among all ions formed upon electrospray only gfford Ag(CHCHOY)* + Ag. Further independent measurements
triatomic AgO* permits a sufficiently efficient O-atom transfer  royeal that mass-selected A reacts with ethylene oxide via
to ethene. H-atom abstraction to afford AQH' and a neutral gHs0°

Further insight into the nature of the neutral product in radical with only 12% of the gas kinetic collision rate, which
reaction 3a is provided by the potential-energy surface predictedis significantly slower than the primary oxidation step. In
by DFT calculations (Figure 4). Upon approach of ethene to contrast, the H-atom abstraction from acetaldehyde byOAg
the AgO* cluster, an encounter complex [AQ"CoHy] occurs about 3 times faster than from ethylene oxide.

structurel with Ere = —1.42 eV is formed in which the olefin In a more general sense, the gas-phase reaction of triatomic
is bound to one of the two silver atoms. The encounter complex Ag;O" with ethene provides a minimal functional model for

can rearrange via TSZ (E'_e' =—0.33eV)to t_he metgllgoxetane the epoxidation of ethene on silver contacts with the following
2 (Ere = —1.38 V), in which most of the spin density is located key messages. (i) The metallaoxetabeserves as common

on ttheﬁ -ca}rb((j).n a:o(r)n ?[f th? oxeftanet;sheE reict_l%n 8%anve|ther intermediate for epoxidation and combustion, and its formation
::on f'PUS \tl;1a |re((:j t-a om lra;sEer (_ _’2 ’8'6_ vV : 'the ) is rate-limiting® (ii) In the competing routes to ethylene oxide
(ihal or (_edpro lfc clon?)p € d(trelg_g Di ’ 'et') W'f tli'n and acetaldehyde, AgAg bond formation occurs prior to
?nte{r?wg?j-ig;: tien:]O (ieeclzse thgli‘liqnalo o ducltssszzuiliogtt? Ier:z closure of the three-membered ring (seeZI'§ and hydrogen
) y P R y migration (see T&/4), respectively, suggesting that the lattice
oxide Ere = —1.03 eV). Alternatively, O-atom transfer ac- - ; . .
backbone may play a crucial role in the applied catalytic process.

companied by hydrogen migration, % with E,q = —0.54 ) . L ' )
eV) Ipeads to )tlheythe?mochegmically preferred cri)lmplex acetal- (iijy The potentially Lewis-acidic Ag™ cation does not induce
an isomerization of ethylene oxide into acetaldehyde under

+ (B = — i i X
dehyde/Ag" (B = —3.35 eV) and finally yields Ag™ + CHs thermal conditions. (iv) Last, but not least, the independently

. investigated oxidation of ethylene oxide by Ay is slow
(55) In a neutral-loss (or -gain) scan, two mass analyzers are scanned L
simultaneously with a fixed mass differencang) while the reaction of compared to the initial O-atom transfer to ethene. Scheme 1

interest is allowed to occur in between them. For ethene as a neutral reagent; ; ;
andAm= —16, only those ions are detected which can transfer an oxygen gives a sketch of the proposed scenario, which not Only agrees

atom to the substrate. Also see: ref 10a. well with the general considerations about silver-mediated
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Ag.0" + CH,
0.00 eV

E.leV

Ag(c-CH,0) +Ag
-0.82 eV

'Ag,” + c-C,H,O
-1.03 eV

Ag(CH,CHOY' +Ag
-2.14 eV

'Ag, + CH,CHO
-2.20 eV

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

epoxidation of ethene by Stegelmann et &t is also per-
fectly consistent with the intermediacy of surface-metallaoxet-

anes as predicted and also observed by Barteau and co-

workers®52
Reaction of AgO™ 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.
Ag,0" + CH,CH=CH, — Ag," + C;H,O (5a)
— Ag(CHO)" + Ag  (5b)
— Ag,OH" + C;Hs  (5¢)

Ag(C;Hg0)" + CH,CH=CH, — Ag(C;H,) " + C,HO (6)

With unlabeled propene, the primary reactions—5a
are observed (branching ratio 75:7 : k8= 7.0 x 10719cm?
s, ¢ = 70%). While reactions 5b and 5b are analogous to

17 Ag20+ A920+
Ag,0D*
> +
= Agy
c
o
E 210 220 230 240
(0]
2 .
® Ago0D
o
4 . .
Ag(C3H3D3) Ag;
\ Ag(C3H3D0)"

Ag* J/
S R R
100 120 140 160 180 200 220 240 260

m/z

Figure 5. Reaction of mass-selected &Yy with [3,3,3-Ds]-propene at a
collision energy set nominally to O eV. (Inset) Separate scan of the parent-
ion region at increased mass resolution. A small signal due t®AY
(barely visible in the figure) is due to reactions with background hydrogen-
containing contaminants as verified by experiments performed with an
“empty” hexapole collision ceft?

those observed for ethene, H-atom abstraction according toable>® One possibly feasible way to probe the structure of
reaction 5c resembles the chemistry observed with the alkanesthe Ag(GHgO)™ product is a comparison with the reactivity

The AgOT cluster thus precisely mimics the problems associ-
ated with the partial oxidation of propene on silver catalysts,
in which competing €&H bond activation prevents a high
selectivity for epoxidatiod.Further noteworthy is that the Ag-

(C3HgO)™ species generated in reaction 5b undergoes a con-

secutive exchange with propene (reaction 6), which is demon-
strated by the buildup of an intense Agt)* signal at
the expense of Ag(§HsO)" at elevated propene pressure.

of independently generated of Ag€sO)*. To this end, we
submitted a dilute solution of AgN{In water/acetone (100:1)
to ESI which inter alia affords an intense signal due to Ag-
(acetone}.5® Upon interaction of this mass-selected Ag-
(CsHeO)" species with neutral propene, occurrence of re-
action 6 is observed, which is fully consistent with a thermal
reaction, given the literature values B{Ag*™ — propene)=
1.70+ 0.13 eV¥” andD(Ag™ — acetone)= 1.654 0.06 eV>8

Conceptually, reaction 6 is analogous to reaction 4 in the caseA conclusion about the structure of the AgiEO)" species

of ethene and also indicates that the Ag{igO)" ion con-
tains an intact gHgO unit. The connectivity of Ag(gHsO)™

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

(56) (a) Willey, K. F.; Cheng, P. Y.; Bishop, M. B.; Duncan, M. A. Am.
Chem. Soc199], 113 4721. (b) Puskar, L.; Stace, A. J. Mol. Phys.
2005 103 1829.
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Scheme 1 Schematic Mechanistic Proposal Implied by the Conclusions
Present Gas-Phase Studies for Epoxidation of Ethene on Silver . . .
Surfaces In conclusion, the gas-phase reactions of,@g 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, (i) 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 Ag,O* with propene nicely reflect the difficulties associated
with epoxidation of propene in applied catalyb&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
formed in reaction 5b cannot be made, however, because forstudies will be the attempt to include these elements as dopants
Ag(propeneoxide) as well as other isomers one might expect in gaseous silver-oxide clustéfsGiven the successful applica-
a similar reactivity?3 tion of gold catalysts for the epoxidation or propéreeparticular

With [3,3,3-D3-propene the branching ratio of reactions5b ~ challenge for a related gas-phase experiment would be the
5¢ in their deuterated variants changes to 60:11:29 andkalso attempt to generate a heterometallic AgAugpecies in order
drops to 4.7x 10-10cnmes7L, ¢ = 50%. This is consistent with ~ t0 probe whether the properties of both metals could be
the observation that exclusive D-atom transfer fromCB—= combined in the gas pha8e.
CH, to yield AgOD™ takes place (Figure 5). The altered product  Acknowledgment. This work was supported by the Grant
distribution and the lower overall rate constant can be modeled Agency of the Academy of Sciences of the Czech Republic
assuming a KIE of 2.0 associated with reaction 5c, which is in (KJB400550704). We thank Prof. Dr. Dr. h. c. H. Schwarz
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in analogy to reaction 6 and is thus fully consistent with the
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available free of charge via the Internet at http://pubs.acs.org.

proposed scenario. JA075628P
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