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Abstract: Fet has been attached to buckminsterfullereng, &d corannulene,gHig, in the gas phase, and

the reactivities of gFe"™ and GgHioFet have been measured with several small inorganic and organic molecules

in helium bath gas at 0.35 Torr using a selected-ion flow tube (SIFT) mass spectrometer. Comparisons with
measured reactivities of the bare*Fen indicate that the presence ofdand GgHio leads to enhancements

in reactivity at room temperature of up to 5 orders of magnitude. Ligation was the only chemistry observed
with D2, Ny, CO,, CHy, CoHy, CoHa, SO, CsDe, NH3, H2O, and CO, but other channels were observed to
compete with adduct formation in the reactions witbONand Q. The number of molecules sequentially
ligated to the ion was different: up to five molecules of ligand added sequentially'taipeo four molecules

of ligand were observed to attach tgoEe", while only up to three molecules added tgoigFe". Csot and

CyoH10" were observed to be unreactive toward the same ligands. The kinetic results show the influence of
carbonaceous surfaces on metal ion reactivity and are interpreted in terms of the nature of the coordination of
Fe* to the carbonaceous surface. Catalytic effects of the carbonaceous surfaces were identified for the reactions
with N,O and Q.

Introduction targets followed by the reaction of the metal ion witkp.EFor
metal ions that reacted with¢g predominantly by electron

_The study of fullerometallic chemistry began with the yansfer, a procedure involving ligand exchange was used in
pioneering work of Smalley and co-workers, who observed the order to enhance the@/* intensity over that observed by

formation of the endohedral La@{species in laser vaporiza-  girect attachment. Low-energy collision-induced dissociation
tion studies. Since then, several research groups have explored (CID) experiments with @M+ in Ar buffer gas (at about
exohedral and endohedral metallofullerenes and their ionic 16 Torr) indicated formation of either Mor Ceg™ depending
counterparts in the gas phaein the condensed phaseand on IE(M) and a weak interaction between the exohedral metal
from a theoretical point of view?-¢Huang and Freiser generated ion and the carbon surfacB(Ceo—Fet) = 44 + 7 kcal mol).6
exohedral GM™ species (M= Fe, CO’_Ni’ Cu, Rh' La, V) in Exohedral GoM™ species (M= Fe, Mn, Cr, Mo, W) have also
?O,'CR—FTMS mass spgctrometer via a multistep sequence been obtained in a guided ion beam mass spectrometer from
initiated by laser desorption to generate’ lifom pure metal the direct reaction of metal ions generated by electron-

TYork University. bpmbardment ionization of metal carbonyls ang\@por? Two

*Boston College. distinct types of GoFet complexes were observed to be formed

(1) Heath, J. R.; O'Brien, S. C.; Zhang, Q.; Liu, Y.; Curl, R. F.; Kroto,  over a collision energy range from 1 to 100 eV. At low collision
H. W.; Tittel, F. K.; Smalley, R. EJ. Am. Chem. Sod985 107, 7779~ energies, a weakly bound (coordination) complex was formed

7780. , - ) . :

(2) (@) Roth, L. M.; Huang, Y.; Schwedler, J. T.; Cassady, C. J.: Ben- With no activation barrier that dissociates by loss _of Fe. Asec_ond
Amotz, D.; Kahr, B.; Freiser, B. Sl. Am. Chem. S0d.991, 113 6299~ type of GoFe" complex was observed at collision energies
?ggg-_(l%)f?'”z";‘gm?”*f-?V'\'/'ercuz'esd'?:?PP'-JSF":ECtArOZCl%?‘ 47010 above 10 eV. This high-energy complex has a substantial

. (C) baslIr, Y.; Wan, £.; ristian, J. F.; Anderson, Slnt. J. . . . . . .
Mass Spectrom. lon Process&894 138 173-185. (d) Kurikawa, T.: activation barrier to formation, is chemically bound, and
Nagao, S.; Miyajima, K.; Nakajima, A.; Kaja, .KJ. Phys. Chem199§ decomposes by loss of metal dicarbide (kjef Fe. A network
102 1743-1747. structure has been proposed for this complex, with the metal

25(?3@1'29?2)‘ E;;dggsl‘?‘rb.rfji(g'nﬁ ';GMﬂqn}?gﬁéﬁhﬁmé Rgﬁﬁ?aow_ probably sitting above the fullerene surface, chemically bound

T. N.; Rao, C.'N. R.J. Am. Chem. Socl992 114, 2272-2273. (c) to two or more carbon atoms.

Douthwaite, R. E.; Green, M. L. H.; Stephens, A. H. H.; Turner FJC. i ; _ ivity gfFe"
Chem. So¢.Chem. Commun1993 1522-1523. (d) Rasinkangas, M.; Here Vxe |qvest|gate the gas. phase reactivity . anq
Pakkanen, T.; Pakkanen, T. A. Organomet. Cheni994 476 C6-C8. CooHioFe™ using the selected-ion flow tube technique with a
(e) Sueki, K.; Kikuchi, K.; Akiyama, K.; Sawa, T.; Katada, M.; Ambe, F;
Nakahara, HChem. Phys. Lett1999 300, 140-144. (5) Huang, Y.; Freiser, B. S. Am. Chem. S04.991, 113 9418-9419.

(4) (a) Rogers, J. R.; Marynick, D. &hem. Phys. Lettl993 205 (2, (6) Kan, S.; Byun, Y. G.; Lee, S. A,; Freiser, B. &.Mass Spectrom.
3), 197-199. (b) Fujimoto, H.; Nakao, Y.; Kukui, KI. Mol. Struct.1993 1995 30, 194-200.
300, 425-434. (c) Lopez, J. A.; Mealli, CJ. Organomet. Chenil994 (7) Basir, Y. J.; Anderson, S. lint. J. Mass Spectronl.999 185/186/
478 161-171. 187, 603-615.
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Figure 1. EI/SIFT apparatus adapted for the generation of fullerome-
tallic ions and for kinetic studies of iermolecule reactions.

range of small organic and inorganic molecules. Corannulene,
CaoH10 (dibenzophi,mndfluoranthene), with its highly strained

Caraiman et al.

by fitting the experimental data to solutions of differential equations
for chains of successive reactions.

Previous studies by Viggiano et al. have shown that weakly ligated
clusters (with binding energies lower than 13 kcal mptan undergo
thermal dissociation in high-pressure flow tube instrumétits our
instrument, weak ligation can also be discriminated against in the
sampling process due to collisional dissociation resulting from the
presence of a small electric field at the nose cone that is biased at ca.
—7 V. Previous experience in our laboratory indicates that ligand
binding energies must be at least 10 kcal midor the ligated species
to survive thermal dissociation or dissociation upon samgfihg.

The multicollision-induced dissociation (CID) of sampled ions is
investigated by raising the potential of the sampling nose cone from
—4 to —80 V. Thresholds for dissociation are obtained from plots of
relative ion intensities as a function of accelerating voltage, and these
provide information on bond connectivitié’s.

The Gy samples used in this work were purchased from SES
Research and were 9950, reagent grade, while the corannulene
samples were synthesized at Boston College according to a three-step

bowl-like structure, has a carbon skeleton that appears at everysynthesis detailed elsewhéfe.

five-membered ring on the surface ofg@nd other fullerenes.
Both metal ion-carbonaceous surface complexes have been

Reactant neutrals were introduced into the reaction region either as
a pure gas (B, as a mixture in helium, or as vapors diluted in helium

generated in our instrument by the direct association reaction 0 various levels (70 and GDs). All neutrals (except for deionized

of Fe with neutral Go or corannulene vapor. We extend here
our early studiegson GyoFe" and report, for the first time, the
formation and chemistry of the complex ionsg8;0Fe" and
(CaoH10)2Fet. Reactions are investigated with,M,, CHy, COp,
SOz, C2H4, Csz, H20, NHs, CO, Nzo, Oz, and QD@. Both
rate coefficients and product ion distributions have been

water) were obtained commercially and were of high purit99.5%);

the neutral reagents were used without further purification, except for
the liquid compounds that were subjected to multiple fregmemp—
thaw cycles to remove noncondensable gases.

Results and Discussion

measured, and these, when compared to similar measurements Production of CeoFe™ and CooHioFe’. Cedhe™ was produced

with the bare F&ion, provide insight into fundamental aspects
of the influence of a carbonaceous surface on metal ion
chemistry, including possible catalytic effects. They also provide

by the association reaction of Fevith Cso upstream of the
reaction region (see Figure 1). Theo@apor was obtained from
a fullerene sample heated to about 5@in a stainless steel

insight into the mode of coordination between the metal ion shielded inlet and was introduced into the flow tube upstream
and the fullerene/corannulene substrate. of the reaction region. A temperature gradient of approximately

The gas-phase experiments reported here provide a probe oP0 °C was measured with a thermocouple along the outside wall
the intrinsic features of Fecoordination with corannulene and ~ @nd inside along the axis of the SIFT from the position of the
Ceoin the absence of complicating factors that may arise in the INlet containing the g oven to the position of the entrance of

condensed phase due to solvation or ion pairing. Consequently,the, reaction regio_n. But the temperature within .the reac_tion
they can serve as a benchmark for the chemistry of fullerome- région was essentially constant at 298 K. The solid probe inlet

tallic cations in solution.

Experimental Section

The kinetic results reported here were obtained using the selected-

ion flow tube (SIFT) apparatus (see Figure 1). The experimental setup
and operating conditions for the SIFT apparatus have been describe
in detail previously’. All measurements were performed in a helium
buffer gas with a pressure of 0.350.01 Torr. The reactant Fevas
generated from pure ferrocene;QsHs).Fe, vapor in a low-pressure
ionization source by 70 eV electron-impact dissociative ionization. The

did not allow significant variation or accurate measurement of
the Gso vapor flow and so prevented the determination of the
rate coefficient for the reaction betweenFand Go. Instead,

the Gy flow, and therefore the upstream concentration gf C
Fe*, was held constant by heating the fullerene sample at a

dx:onstant temperature during all experiments. The flow gf C

vapor was estimated using the electron-transfer reaction between
Art and Go and assuming that electron transfer occurs on every
collision, k; = 3.5 x 10-° cm® molecule’! s~1 (calculated using

the algorithm of the combined variational transition-state theory

metal ions were mass selected with the quadrupole mass filter anddeveloped by Su and Chesnavi§hThe change in the Arion

injected in the flow tube containing He buffer gas. The fullerene/

intensity upon the addition of ggthen provided a & flow of

corannulene adducts were obtained upstream in the flow tube by addingabout 2 x 10'® molecules sl. The rate coefficient for the

neutral Go/corannulene from heated samples. Minor electron-transfer
channels also affordeds& and GoHic", respectively. The ions were
thermalized by collisions with He buffer gas (about® Illisions)
before entering the reaction region downstream in the flow tube where
the neutral reagents were added. Reactant and product ions wer
monitored still farther downstream with a second quadrupole mass filter
as a function of the neutral reagent flow.

Rate coefficients for the primary reactions of all ions present in the

reaction between Feand G could in turn be estimated to be
7 x 1071%cm® moleculet s71, which is approximately 20% of
the collision rate coefficientk = 3 x 10~ cm® molecule’!
~1. Fe" was observed to react withgg by association to
produce GoFe" and by electron transfer to producge€Cin a
ratio of about 5:1 according to reaction 1.

(10) (a) Hierl, P. M.; Ahrens, A. F.; Henchman, M. J.; Viggiano, A. A;;

system are determined with an uncertainty estimated to be less thanpayison, . Fint. J. Mass Spectrom. lon ProcessE887, 81, 101. (b)

+30% from the rate of decay of the reactant ion intensity. Rate

Milburn, R. K.; Baranov, V. |.; Hopkinson, A. C.; Bohme, D. K. Phys.

coefficients for secondary and higher-order reactions can be obtainedChem. A1998 102, 9803-9810.

(8) Baranov, V.; Bohme, D. KiInt. J. Mass Spectrom. lon Processes
1995 149/15Q 543-553.

(9) Mackay, G. I.; Vlachos, G. D.; Bohme, D. K.; Schiff, H.Iht. J.
Mass Spectrom. lon Phy%98Q 36, 259-270.

(11) Baranov, V.; Bohme, D. Kint. J. Mass Spectrom. lon Processes
1996 154, 71-88.

(12) Scott, L. T.; Cheng, P. C.; Hashemi, M. M.; Bratcher, M. S.; Meyer,
D. T.; Warren, H. BJ. Am. Chem. S0d.997 119, 10963-10968.

(13) Su, T.; Chesnavich, J. Chem. Phys1982 76, 5183-5185.
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Table 1. Reaction Rate Coefficientsdsin cm® molecule* s™1) Measured for the Primary Reactions and Collision Rate Coefficidutsil
cm?® molecule! s71) Calculated Using the Algorithm of a Modified Variational Transition Sate Th&€dor Fe, Cso", CooFe", CooHio™, and
CyoHioFe™ Reacting with Selected Organic and Inorganic Molecules in He at 0.35 Torr and 298 K

kobs[kcad
Iigand Fe Ceo Ce;oFeJr ConloJr ConloF(’,‘Jr
D, <10713[1.4 x 1079 <10?[1.4x 1079 >6.3x1012[1.4x 109 <10'2[1.4x 1079 >1.6x 10°11[1.4 x 1079
N, <10*[7.2 x 10719 <101?[59x 101 2.6x10%°[5.9x 101 <7x10*?[6.1x 101 1.5x 10°%0[6.1x 10719
CO, <10'°[8.0x 1071 <101?[6.2x 1071 35x10%°[6.2x 1019 <7x 10*?[6.5%x 10 >54x 1011[6.4x 101
CH, <5x10%"[1.1x10°9 <10%¥[9.5x 101 43x100[95x 1019 <9x10¥[9.7x 1029 >1.3x 1071°[9.7 x 1019
SO 81x10%2[1.7x109% <108[1.2x10° 6.6x101°[1.2x10°%  <10'?[1.3x 1079 7.8 x 10710[(1.2 x 1079
CHs 6.1x10M[1.2x 109 <10'[9.6x 1019 6.1x 107°[9.6 x 1071 <5x 1072[9.9x 10719 6.4 x 1071°[9.8 x 10719
CH, 16x10M1[1.0x 109 <102[85x 10719 43x 109[85x 1019 <10713[8.8 x 10717 4.7 x 10719[8.7 x 10719
HO <107%[2.4x 1079 <1071[2.1x 1079 42x10%°[21x 109 <6x101?[22x 109 4.3x101°[2.1x 1079
NHs 1.7x101[22x 109 <102[19x 109 7.7x101°[1.9x 1079 <6 x 1073[2 x 1079 7.2x 1071°[1.9 x 1079
CO <10%[7.8x 101 <102[6.5x 1079 3.9x 10°°[6.5x 10719  <10713[6.7 x 1072 2.5x 10719[6.6 x 1071
CeDs 9 x 1071°[1.3 x 1079 <1072[8.6 x 10719 8.6 x 10719[8.6 x 10719  <107[9.5 x 10719 8.4 x 10719[9.3 x 10719
N,O 3.1x 10711[85x 10719 <1071?[6.6 x 10719 5.2 x 1071°[6.6 x 10719 <10713[6.9 x 10719 3.8 x 10719[6.8 x 10719
O, <107%4[6.5 x 10719 <1012[53x 109 23x102°[53x 101 <10[5.5x 10719 2.7x 1070[5.4 x 10719
Fe" + Cgo— Cefe™ (1a) the variational transition-state theory of Su and Chesnaﬂ\?_lph.
The ratiokondkeap provides a measure of reaction probability.
— Fe+ c60+ (1b) Ligation was the main chemistry observed in all of these ion

molecule reactions, but other channels were observed to compete

Adduct formation in channel 1a is presumed to occur by With the adduct formation in reactions with® and G.
termolecular association with He atoms serving as a stabilizing ~Ceo” Was observed to be unreactive toward all the molecules
third body. The minor electron-transfer channel 1b is exothermic investigatedkoss < 10712 cm?® molecule™ s™%, in agreement

by approximately 0.3 eV (IE(FeF 7.9024+ 0.0001 eVA4 with previous studies that have shown that monocationssef C
IE(Cep) = 7.64 + 0.02 eV19). Our results are in contrast to  are generally unreactive under SIFT conditiéh<Lovalent
what has been observed by other research groups for the reactioRonding to Go" is difficult because it is necessary to distort

between Fé& and Gy at low pressures<{10~4 Torr) 57in which the Gy carbon cage at the C-site of bond formation with the
electron transfer predominates over association. The He buffersubstituent so as to achieve the required Ispbridization.
gas in our higher-pressure experiments both cools theo Electron transfer with the neutral molecules investigated is
collisions before it reacts with Feand stabilizes by collisions ~ endothermic because of the low electron recombination energy
the adducts formed with Ee of Ceo", RE(Gsot) = 7.64+ 0.02 eV. The ionization potentials

A similar procedure was used to generatgHGoFet from for the neutral reagents all exceed 9.24%8\CH10" (RE =

the direct reaction of Fewith CygH1o. Fe™ was generated in ~ 7-70=+ 0.01 eV) was also found to be unreactive toward all the

the same way, and corannulene was added using the same solifnolecules investigatedoss < 10+ cm® molecule™ s

probe inlet but now heated to only about 14D. The reaction Under our SIFT conditions, Fedid not react with N, Do,
between Fé and GgHio generates §HioFe™ from the associa- ~ CHa, COz, Hy0, CO, or Q, kops < 1072 cnPmolecule® s72,

tion channel and &H.gt from the electron-transfer channel in ~ again in agreement with previous results obtained in our
a ratio of about 30:1. Electron transfer is even less exothermic laboratory??21 Addition was observed with SOCyHa, CoHo,
than in the case of Fereacting with Go, IE(CaoH10) = 7.70+ NH3;, and GDg with effective bimolecular rate coefficients
0.01 eV26 Again, the rate coefficient for the reaction between ranging from 8.1x 10712 (with SO;) to 9 x 1079 (with C¢De)

Fet and corannulene could not be measured. A constant flow cm® molecule? s™1. We have not previously reported the
of corannulene vapor was maintained in all experiments by reaction of Fe& with SO, but the results with g, CoHa, NH3,
heating the sample at constant temperature. A second moleculé@nd GDg agree with our previous measuremelt&t A bimo-

of CyoH10 was observed to add to,gH10Fe™ to form CyoHio lecular reaction involving oxygen atom abstraction and occurring
FeGgHiot. Our current mass range capabilities did not allow Wwith a rate coefficient of 3.2 107! cm® molecule s~ was

us to identify a similar adduct for d5 (CsoFeGso), the identified with NO, again in agreement with our previous
“dumbell” that has been observed by others with other metal studies?® Electron transfer was not observed with any of these
ions2d:17.18 molecules because the ionization energy of Fe<{IE.9024+

Overview of Primary Reaction Kinetics. Table 1 presents ~ 0.0001 eV) is too low.

a summary of the measured rate coefficiekys, for the primary CeoFe™ and GoHigFe™ reacted with all the neutrals investi-
reaction steps in the reactions of fF€s," and GoFe™, CooH1o™ gated with rate coefficients in the range 6<310712—8.6 x

and GgHioFet with the selected neutral molecules. Also 1071° cm?® molecule s™1. These correspond to rate enhance-
included are collision rate coefficientksap calculated using ments of up tdb orders of magnitudeshen compared with the
re metal ion r ions and nonr ion well h
(14) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin, bare etta Of iaCt C(>: SHa+d 0 Te%(lzt 01 s, as well as the
R. D.; Mallard, W. G. lon Energetics Data. MIST Chemistry WebBopk nonreactions of €" or CyoHio" (see Table 1). )
NIST Standard Reference Database No. 69; Mallard, W. G., Linstrom, P.  We have observed such rate enhancements previously for Fe
J., Eds.; National Institute of Standards and Technology: Gaithersburg, MD, gttached to @H,, c-CsHs, CsHg, and Gy in reactions with NO

Fel()lrg?gcﬁggr?bg}gg}”‘ge.bLt?f)OR'ém;ggc,’\)l’?'E.. Gogosha, SCBem. Phys.  and CO when compared with results for the bare metaPion.

Lett. 1992 198 454. We have also observed that the ligation of Wgith c-CsHs
(16) Becker, H.; Javahery, G.; Petrie, S.; Cheng, P.; Schwarz, H.; Scott,

L. T.; Bohme, D. K.J. Am. Chem. S0d.993 115 11636-11637. (19) Bohme, D. K.nt. Rev. Phys. Chem1994 13 (2), 163-185.
(17) Huang, Y.; Freiser, B. S1. Am. Chem. Sod991 113 8186- (20) Baranov, V.; Javahery, G.; Hopkinson, A. C.; Bohme, DJKAm.

8187. Chem. Soc1995 117, 12801-12809.
(18) Nakajima, A.; Nagao, S.; Takeda, H.; Kurikawa, T.; Kaja,X. (21) Baranov, V.; Becker, H.; Bohme, D. K. Phys. Chem. A997,

Chem. Phys1997 107 (16), 6491-6494. 101, 5137-5147.
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Table 2. Summary of Measured Rate Coefficienks,{in cm® molecule® s™1) and Observed Product lons for Reactions of ,RésoFe™, and
CyoH1oFe™ with Ligand Molecules L Occurring in He at 0.35 Torr and 298 K

L Fela" Kobs CeoFeln” Kobs CaoHioFels" Kobs
D, — <1018 CeoFeDy™ >6.3x 10712 CyoH1oFeD,™ >1.6x 1071
N> — <1014 CsoFeNs™ 2.6x 10710 CooH1oFeNs™ 1.5x 10710
CcO, — <1015 CsoFeCQt 3.5x 1010 CyH10FeCQ™ >54x 1071
CHs FeCHﬁ’ <5 x 1014 CeoFeCH1+ 4.3x 10710 ConloFeCI-h+ >1.3x 10710

CeoFe(CH;)2+ 29x 10712 ConloFe(Cl‘k)2+ 1x 10712
SO, FesSQ*t 8.1x 101 CeoFeSQ" 6.6 x 10710 CooH10FeSQ" 7.8x 10710
Fe(SQ)." 1.4% 10° CooFe(SQ)2" 9.9 1071t
Fe(SQ)s* 12x 10°°
C2H4 FngH4+ 6.1x 1071t CeoFeCQH4+ 6.1x 10710 C20H10F9C2H4+ 6.4 x 10710
Fe(GHa)2" 6.3x 10710 CooFe(GHa)2" 6.9x 10710
Fe(GHa)s" 8.7x 101
Fe((:gH4)4+ 3x 1013
CoH; FeGH,* 1.6x 101 CeoFeGH, " 4.3x 10710 CooH10FeGH,™ 4.7 x 10710
Fe(CgHz)ng 7.7x 10710 Ce()'ze(CZHz)z+ 4.6x 10710
I:e((-.:gHz);;Jr 7.6x 10710 CG()Fe(Csz)gJr 2.1x 101
Fe(GH2):" 2'x 1012
Fe(GH2)s* 5x 10712
H.0 - <1071 CeoFeHO™" 4.2 x 10710 CoH10FeHO™" 4.3x 10710
CaoFE‘(HzO)zJr 4.2x 10710 Cong[()Fe(Hzo)zJr 9.8x 10711
CooFe(H0)s" 45% 101
NH3 Fe(NHs)™ 1.7x 1071 CeoFeNH;" 7.7x 10710 CaoHioFeNH;* 7.2x 10710
Fe(NHy);" 1% 1079 CooFe(NHb),*" 1.7% 10°° CaoHioFe(NH)+ 2.8x 1010
Fe(NHy)s" 8.2x 10712 CooFe(NHb)s*" 13% 10° CaoHioFe(NHy)s+ 5.9x 10
Fe(NHs)." <5x 1074 CooFe(NHy)s~ 6.5x 1012
CcoO - <1014 CeoFeCO 3.9x 10710 CyoH10FeCO 2.5x 10710
CooFe(CO)* 43x 10710 CaoH1oFe(CO)* 5.3x 101
CooFe(COY* 1.9x 10710 CaoH1oFe(CO)* 6.7x 1012
CsoFe(CO)* 9.4x 10
CeDe FEQDeJr 9 x 10710 CsoFeC(stJr 8.6 x 10710 ConloFeQaDsJr 8.4x 10710
Fe(CGDﬁ)2+ 7.3x 10710 Fe(Q;De)z+
Ngo FeO 3.1x 1071 CeoFeU 3.1x 1010 ConloFed 2.7x 10710
FeO(NzO)+ 1.1x 101 CeoFeNzO+ 2.1x 10710 ConloFeNgO+ 1.1x 10710
FeO(NO)* 11x 101 CooFeO(NO)* 5.7x 1071
FeO(NO)s* 14x 101
O, - <10 ™ Ceo" 2.0x 101 CooHioFeQy" 2.7x 1010
CsoFeQ+ 3.0x 10711 ConloFe(Q)2+ 9.4 x 10712
CeoFe(Q)z+ 42x 1011

enhances the reactivity of Mgby more than 3 orders of  ([Ar]4s!3dF) has a singly occupied, spatially extended 4s orbital,
magnitude with methane and eth&nd that thee-CsHs ligand which contributes to repulsive interactions with incoming
dramatically enhances the rate of ligation of ammonia to Fe ligands. In the Feg" or FeGgHi™ complexes, either the 4s

and Mg".1° We have attributed these enhancements to the orbital is hybridized (sp or sd), resulting in much smaller

influence of the degrees of freedom of the ligarideEfective orbitals, or the 4s electron is promoted into the 3d orbital,
in the energy redisposition in the intermediate complex, ‘(ML leading to a strongly bondintF ([Ar]3d”) configuration (the
L)*, that is involved in the ligation reaction 2. A more difference between th and“F states of Feis only 5.8 kcal/
mol).2* As a consequence, repulsive interactions with a second
ML'"+ L+ He— ML =L + He @) molecule of ligand are less pronounced, the bond distances are

shorter, and, therefore, stronger electrostatic binding is obtained.
complete treatmefitpredicts that the rate coefficient for ligation ~ Promotion to the*F state of Fé also increases the metal-to-
is also determined by the ligand binding energy since the lifetime ligand dative interaction by increasing the number of 3d
of the intermediate depends on both the effective degrees ofelectrons available for back-donation intd-orbitals of the

freedom,s, in the intermediate (M—L)* and the attractive ligand.
well depth,D(ML*—L), in the ligated species produced, as We assume that the charge in theg@&" and GgHigFe"
shown in eq 3, adduct ions is localized primarily at the metal cenarthe
moment of reactiodue to the electrostatic interaction with the
7= A{(D + 3RT)/(3RT} Y 3 incoming polarizable/polar ligand. The charge distribution in

_ ) ~ theisolated gFe" and GoHigFe" adduct ions is uncertain. The
whereA is a frequency factor corresponding to the vibration |ower jonization energies ofggand corannulene favor electron
frequency along the reaction coordinate. transfer from G or CogH10 to Fe™ within the complex ion, but

Ceo and corannulene add sufficient degrees of freedom to the the differences in ionization energy are small. Also, the picture
transient intermediate formed in the ligation reactions & C  of a metal cation stabilized by the vicinity of the substantial

Fe" and GoHidFe" to enhance substantially its lifetime and  cloud of a Gy or corannulene molecule is more favorable than
therefore the rate of ligation. Furthermore, ligation of Féth that of a neutral metal atom in the presence of @ @

Csoand GoHio is expected to lead to a complex with a stronger cqrannulene cation.
bonding electronic structure than that of the bare metal ion, and,

. Sequential Ligation Kinetics. Table 2 summarizes measured
therefore, to chang®(ML™—L). Fe" in the ®D ground state g 9

rate coefficients and observed product ions for sequential

(22) Milburn, R. K.; Frash M. V.; Hopkinson, A. C.; Bohme, D. K.
Phys. Chem200Q 104, 3926-3932. (24) Bauschlicher, C. W.; Langhoff, S. R.; Partridge @tganometallic
(23) Good, A.Trans. Faraday Socl971 67 (588), 3495-3502. lon Chemistry Freiser, B. S., Ed.; Kluwer: Dordrecht, 1996; pp—4g7.
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reactions of F&, CsoFe™, and GoH1gFe™ with ligand molecules
L at 298 K in helium buffer gas at 0.35 Torr.

Reactions and CID Results with B, N, CO,, and CHa.
One molecule of each of the above neutral reagents was
observed to add todgFe", while Fe" was unreactive. The rate
coefficients varied from 6.% 10712 cm?® molecule’* s1 (with
D,) to 4.3 x 10719 cm?® molecule? s71 (with CHg4). A second
molecule was observed to add tgoEe’ only in the case of
CH,, and this occurred with a much lower rate coefficient (Table
2). The metatcorannulene ion reacted in a similar way, by
adding one molecule of each ligand with rate coefficients
ranging from 1.6x 10711 cm® molecule® s71 (with D) to 1.5
x 10710 cm?® molecule® s~ (with Ny). A second molecule of
CH4 was observed to add slowly toy§E;0Fe(CHy) ™.

An equilibrium analysis of the kinetic data for these ligation
reactions shows that the reaction ofgee”™ with D, and the
reactions of GoHigFe™ with D, CO, and CH achieve
equilibrium under SIFT conditions. As a consequence, the rate
coefficients determined from the rate of decay gffe" and
CooH10Fet should be regarded as lower limits. Equilibrium
constants (calculated for a standard pressure of 1 atm)>of 2
10° for CegFet with D, and 1 x 105, 1 x 107, and 2 x 107,
respectively, for GHjoFe™ with D,, CO,, and CH have been
obtained from our kinetic measurements for these reactions.
These correspond to a standard free energy cha@jef —7.3,
—8.3,—9.5, and—10 kcal mot?, respectively. For all the other
reactions of GoFe™ and GgHigFe", lower limits have been
determined for the equilibrium constants, and these all are higher
than 3x 107. Therefore AG® < —10.2 kcal mot? for all these
reactions.

The ionic adducts obtained with these weak ligands are
probably purely electrostatic in nature; all these molecules form
weak bonds with gFet and GgHigFet that are broken easily
in the CID experiments. Early thresholds for dissociation have
been observed for all these adductsl8—15 V in Ar for Cgo-

Fe" adducts and<20 V in He for GgHjoFet adducts). To

J. Am. Chem. Soc., Vol.

123, No. 35, 2657
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Figure 2. Experimental data for &gFe" and GgHioF€e' reacting with

H,0, NHs, and CO, wheren is the number of molecules of ligand
attached. The solid lines represent a fit of the experimental data points
with the solution of the system of differential equations appropriate
for the observed sequential additions. Higher-order adducts were not
detected.

the interactions with the weaker ligandg, M, CO,, and CH.
CID was also observed to remove theHz, C,H4, and SQ
one by one, in reverse order of their addition, suggesting that
these molecules are attached to different coordination sites of
Fet and do not undergo intramolecular interactions to form
chemically bound cyclic or linear structuresggEe™ was not
dissociated, indicating thdd(Fe"—Cso) > D(CsoFet—CoHo,
CoHg, or SQ)

The corannulene adduct of Fesacted with GH», CoHa4, and
SO, also by addition only with rate coefficients comparable to
those observed for theggadduct (4.7x 10719, 6.4 x 10710,
and 7.8x 1071° cm® molecule’® s71, respectively), but only

increase the center-of-mass collision energy, the CID experi- the 1:1 adduct was observed to be formed. CID experiments
ments for the fullerene complexes were performed in argon, performed in He showed dissociation thresholds at approxi-
while for the corannulene complexes helium was used as targetmately 65, 60, and 70 V, respectively, proving a stronger

gas. In all cases, the fragment ions obtained wegf& and
CooHioFe!, respectively, suggesting thab(Fe™—Cgq) >
D(C50F8+—D2, N,, CO,, or CH4) and D(Fe+—C20H10) >
D(ConloFe+_D2, N,, COy,, or CH4)

Reactions and CID Results with GH,, CoHg4, and SO..
Two molecules of gH,, CH,4, and SQ were observed to add
to CsoFet with primary rate coefficients of 4.3 10710, 6.1 x
1071% and 6.6 x 1071° cm® molecule® s71, respectively.
Formation of a 3:1 adduct was observed to occur only with
C,H,, and it proceeded with a small but measurable rate
coefficient. F& also reacted with all these molecules by adding
up to five molecules in the same flow range but with primary
rate coefficients at least 1 order of magnitude lower than for
the reactions of gFe". We monitored the kinetics for Fdan
order to make a direct comparison of the reactivity of the bare
metal ion with that of its G and corannulene adducts, and in
all cases we have seen a much steeper decay for the adduct
ion reactions and lower degrees of ligation. Except for the
reaction with S@, which we have not reported previously, the
results obtained for Feconfirm results already published by
our research groufy:20-2

The argon CIDs of the first adduct ofggFe™ with CoHo,
CzHs, and SQ showed thresholds for dissociation around 54,
50, and 60 V, respectively, indicating a much stronger interac-
tion between GoFe"™ and GH,, C;H4, and SQ compared with

interaction than with B N, CH,, and CQ. Again, the failure
to dissociate gHioFet in all cases shows th&t(Fe™—CyoH10)
> D(ConloFe+—C2H2, CoHg, or SQ)

Reactions and CID Results with HO, NH3, and CO. Only
three water molecules and four ammonia and carbon monoxide
molecules were observed to add tefx" (Figure 2) with rate
coefficients of 4.2x 10710, 7.7 x 10719 and 3.9x 10710 cn?®
molecule! s71, respectively. Fé reacted only with NH by
adding four molecule¥® The argon CIDs of these complexes
showed sequential removal of the ligand molecules and high
thresholds (50 V for KO, 60 V for NHs, and 50 V for CO) for
dissociation of the first adduct, indicating the formation of strong
bonds with all these molecules. Again, the™Fe&s bond
survived at the acceleration voltages that dissociatgBeC—
H,O, CsoFet—NHs, or CsoFe™—CO, which implies that
D(Fe+C50) > D(C60F8+—H20, NHs, or CO)

CoHioFet reacted with HO, NH;, and CO with rate
coefficients of 4.3x 10710, 7.2 x 10719 and 2.5x 10719 cm?3
molecule® s71, respectively. Up to two molecules of water and
three molecules of Nkland CO were observed to attach to the
corannulene complex (Figure 2). CIDs of the first adduct in He
showed dissociation thresholds higher than 60 V for all three
ligands. The observed formation of,¢€l;oFet in each case
implies thatD(Fe"—CyoH1g) > D(CyoHi0Fe"—H20, NHs, or
CO).
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Reactions with GsDs. C¢De reacted with Fé by associa- & L-cO ¥ L=HO © L=CH, © L-CH,
tion: two molecules of €Dg were observed to add to Fewhile ® L=NH, B L=CH, 4 L=50,
only one molecule of §Ds added to GoFe". The adduct
CeoFeGDs" reacted further with §Dg by ligand exchange to
form Fe(GDe)2™ according to reactions 4 and 5.

L 10°

1010 _| L 1010

CoFe” + CeDs — CoFe(GDy)* 4) 0 o

1002 L 101

CooFe(GDy) " + CsDs — Fe(GDg), " + Cqo (5)
10 L 100
The unambiguous identification of the product ions of reactions
4 and 5 was made by comparing product ion profiles obtained
for Fe™ reacting with GDs in the absence and in the presence

of Cgo. This comparison indicates that the RBG" product ion e
is produced only from the reaction of Fevith C¢Dg and not ! > s 3
from the reaction of gFe" with CsDs, while Fe(GDe)," is n, CyFeL * n, CooH  FeL’
produced both from the addition of anothegD§ molecule to _ o o
FeGDs" and from reaction 5. F|gur(_e 3. Variation in t_he rate of sequential !lgatlon (expr+essed as

Freiser and co-workefsstudied the reaction betweend& lé’bj_\l” "Q thf number of ligands, for the formation of Goel.," and
. 20H10Feln ™.

Fe" and benzene using FT-ICR mass spectrometry; however,

they identified Fe@Hg" as the only product ion, as in reaction

6. This result disagrees with our result for reaction 4, which

10714 _| Lo

kobs/ (cm3 molecule'ls‘l)

1o L 1015

10

IS

2 3 4

provides apparent coordination numbers of 1 fogHe"
coordinating with N, D, CO,, and GDs, of 2 with CH,;, CoHy,
and SQ, of 3 with GH» and HO, and maximum coordination
numbers of 4 with CO and N In a similar way, coordination
numbers of 1 were assigned in the ligation ehtioFe" with
No, Dy, CO,, CsDg, C:H,, SO, and GH4, while coordination
numbers of 2 were assigned with ¢ahd HO, and maximum
coordination numbers of 3 were assigned with CO anc.NH
Rationalization of Empirical Coordination Numbers. 1.
Location of Fe on the Carbonaceous SurfaceThere are at
least four possible modes of coordination between &ed the
curved Go and corannulene surfaces?, #4, ® andy®. Under
our experimental low-energy conditions, the metal ion attach-
pment to Go is external, but Fecan attach to corannulene from
either the convex side (exo) or the concave side (endo), with or
without inducing inversion of the bowl. Several experimental
and theoretical studies on the external attachment of transition
metals to Go have reported that only? coordination is achieved,

The ligand exchange reaction observed under our experi- &5 opposed tg® or ;° coordination*¢£2%Furthermore, it has
mental conditions, reaction 5, implies tH{CsDsFe’ —Ceo) < been suggested that transition metals bind o (@nd to Gg)

D(CeDsFe"—CeDe) = 44.7+ 3.9 kcal mot:.25 The absence of at the G=C bond between two six-membered rin’gé&3 The

a similar switching reaction with (GH:dFeGDs)* suggests a curvature of the fullgrene surface. ha§ been invoked in a possible

higher bond energy for Fe-CaoHio, allowing Us to estimate a explanat|_on of the _dlhapto coor_dmatlo_n: on the curved s_urface

lower limit for D(Fe"—CaoH1c): D(CeHeFe —Coq) < D(CeHe- the p orb_lt_als are tilted apart, dlsfavorméo_r n® ovgrlap with

Fe"—CgHe) = 44.7+ 3.9 kcal molt < D(CeHeFe —CagHio). the transition me_ta}I orbitals. Also, comparisons with analogous
Apparent Coordination Numbers Derived from Trends bonding of transition metals to electron-deficient polyalkenes

in Reactivity. Aside from the rate enhancement of the primary indicate that the carbercarbon double bonds ingeare ideally

ligation reaction observed whensCand GeHio are added to d|sposed_ to binding in an fashlpn, viz., “a combination of
the bare F&, our kinetic measurements also reveal that,Fe both strain and the electron deficiency of the fullerene carbon

CeoFet, and GoH1oFe™ add sequentially a differemumberof carbop dpuble bpnds promot@@; binding” 3 The resulting
ligands (see Table 2). The empirical coordination number of coordination consists of two interdependent components: dona-
Fe" already coordinated to eithersCor CogHio can be tion from filled zz-orbitals of the double bond to a vacant metal

determined from the number of ligands sequentially added with o-like orbital and back-bonding from a filled metal d orbital to

e : o157 . .
measurable rate coefficients to the point where a significant drop?cceptom* antlkzond(ljng O:_b'talé" ghs s;ll(ngrglg_actlon of_éhetshe
in reactivity occurs. This drop can be associated with coordi- WO components -donation and back-bonding) avoids the

native saturation, but only for strong ligands, viz., ligands that buildup of electron density on the metal and enhances the

are not dissociated thermally or in sampling. d'r\‘,?lﬁf[lo bhondlngc.j_ ion b " | d full
The plots in Figure 3 indicate where this drop in reactivity lle the coordination between transition metals and fullerenes

takes place in the ligation ofégFe" and GgHioFe™. Sometimes has received substantial attention, transition metal coordination
the drop is not well defined (as in the ligation e with to bowl-shaped polyaromatic hydrocarbons (corannulene is the

CzHy, CO, and NH). In these latter cases, we take the last drop — (26) Chen, F.; Singh, D. and Jansen, S.JAPhys. Chem1993 97,

as a measure of apparentcoordination number. This approach ~ 10958-10963.

(27) Dresselhaus, M. S.; Dresselhaus, G.; Eklund. PS€ence of
(25) Meyer, F.; Khan, F. A.; Armentrout, P. B. Am. Chem. Sod995 Fullerenes and Carbon Nanotuhescademis Press: San Diego, 1996; pp

117,9740-9748. 292—328.

CyoFe" + CeHg — FeGHg ™ + Cq (6)

suggests that the switching reaction 6 is endothermic at room
temperature. In the FT-ICR experimentggfexs" was produced
in a multistep process that involved the reaction of enerated
by laser desorption with pentane to form FgHign)™, (n = 2—5),
followed by ligand exchange reactions withsoGrapor and
ejection of undesired ions by double-resonance techniues.
is possible that this production sequence fggRe" leaves this
ion sufficiently excited to drive the ligand interchange channel,
reaction 6. In the SIFT experiments, thegExt is more likely
to be thermalized as a consequence of the many collisions wit
He atoms prior to reaction.

In the corannulene experiments;g8;10Fet was observed to
react with GDg by forming only the 1:1 adduct, which did not
react further.
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smallest and least curved member of this class of compounds)Table 3. Known Sequential Bond Energies to*Fén kcal mol?)

is still relatively unexplored. for the Ligands Used in This Work
Indications so far are that the coordination of corannulene ligand,L Fe—L LFe"—L LoFe'—L LsFe'—L LFet—L ref
with transition metals may be different from that ofsCeven Ha 108+ 0.6 15707 75+04 86+04 22+0.3 30
though corannulene is a subunit ofoCSiegel and co-worket$ N 13.4+1.1 31
have reported hexahapto coordination between corannulene and €©- i?-Oi 13 g;
ruthe_mum cations in the condensed phas_e_. In their study_, t_he CH: 137408 233+1 236414 17.6+14 33
reaction between corannulene and a transition-metal-containing c,H, 34.7+1.4 34
complex, (GMes)Ru(NCMe}OsSCR~, generated (corannulene)- CH, 28 35
Ru(GMes)"OsSCR;, in contrast with results reported by Fagan  H0  33.4 38.5 14.9 11.5 36
et al3@ for a similar reaction with g, which produced NHs  44.0£2.9 54.3£2.6 16.5:3.6 10.5£17 37
31(0sSCHy )s. In the latter complex CoO 370 37.0 18.1 225 19.2 38
{[(CsMes)Ru(NCMe}]sCea} ** (O3 3 P CeDs  49.6+2.3 44.7+3.9 25

Ceo is dihapto bonded to three Ru cations and replaces only
one acetonitrile unit from the starting metal compféxihe ) ) o
complex obtained by Siegel and co-workérbas all three the sense that they have paid the_ promotion energy upon binding
acetonitrile units displaced by corannulene: therefore, hexahaptol© F€") and also suggests that ligation ofg€e” and GoHao-
coordination between corannulene and the transition metal was™€" occurs at the metal center. o
suggested. However, unlike other knowné-arene)Ru(G 3. Coord|r_1at|or_1 to CeoFe™. The apparent c_oord_lnanpn
Mes)*OsSCFs~ complexes which are air-stable, the corannulene numbers qerlved in this study f_org,sl,:e+ can be rationalized in
complex decomposes upon exposure to air. terms of dlfferencgs expected in thg nature and strength of the
The difference observed in the coordination with corannulene Ilgand—metal bolndlng, aIthough steric eﬁectls may also operate.
and Go can be explained, at least in part, by the reduced Com_parlsons V_V'th_ the coordination properties of bare &ieo .
curvature of corannulene, as compared with that gf @ provide useful insight. Known bond energies for the sequential

: : . : ligation of Fe™ with the neutral molecules investigated in this
-orbital axis vector (POAV) analysis applied onssCand . , -
Z:torannulen@ showed t(hat the) pr-orgitals a?g tilted r;;y 11% study are presented in Table 3. Both experimental and theoretical

: lues have been cited.
on the Go surface and only by 8°7on the convex side of va . S
corannulene. This could favor a better orbital overlap for the The hrll_ghesdt apkp])zérgnt c(;)orlfigllz[a)tlon nu_mbers fﬁﬂ:@d(# h
n° or 5® coordination of the transition metal to the curved PAH were achieved wit ~oan .N‘ expenmentss owed hig
surface. Since the p orbitals are tilted apart (exo) on the Convexthresholds for the.dISSOCIatIO'n of the.flrst adduct with both CO
face of corannulene, they are, correspondingly, tilted toward and NH;, suggesting strong interactions. Tab_le 3 shows _that,
each other (endo) on the concave face, which could favor af_ter QTB' CO and NH have the r_ughest_flrst binding energies
endohedral coordination of the transition metal. However, for with Fe". If Ceo behaves as a Ilg.and.hk.e CO or .N’Ht IS
the metatl-corannulene complex obtained by Siegel and co- re_asonable to expect t_hat sequential b|nd_|ng energ|e§0EE_t
workers, the exo form of the complex was calculated to be more will be comparable with known sequential bond energies of

stable than the endo form at the restricted Hartieeck (RHF) these ligands once rgmoyed (see .Tat_)le 3)- On thii basis, we
SCF level of theory® can expect all of the ligation energies in the=(CO),* and

) . ... . CgFe(NH)," ions that were observed also to be relatively high
Wej;a"e prewolusly d|scu%sed ;he modelof corg)rdlnal;tlon n (s%)e 'ISabIe)ns)> 10 kcal motL, and this is born out by the a)r/gofwl
CsoFe™.2 No complexes of Fe with corannulene have been ! ’ - -
reported, and it is expected that*Fwill bind in a different CID measurements (see, for example, Figure 4). The helium

manner than Rt considering that the metal ions have different CID measurements showed higher onsets for dissociation.
. . erng . Carbon monoxide and ammonia are both strong ligands, and
sizes, which affects orbital overlap with corannulene. Also, the

round-state electronic configuration of Ri#d’) can contribute both can contribute two electrons in the bonding witfT fie
9 : S gul . CsoFe™. The interaction with CO can be described as synergic
to a different bonding interaction with corannulene.

) o ) o-donation from the ligand to the metal ion and back-donation

2. Site of L+|gat|on. Where do the ligands attach to@€e” from the metal into the C@*-antibonding orbitals. Niishould
and GgHuoFe™: on the carbonaceous surface or on the Fe fom electrostatiz-adducts with GFe* by donating its lone
substituent? The observation of the failure @fCand GoH1o" pair to the metal center. Thus, coordinative saturation gf C
to attach the ligands investigated suggests that the carbonaceougg+ il be achieved with four molecules of CO (or NHif

surfaces in the Fe adducts are relatively inert (even if they o qonates two electrons and the metal ion contributes seven
carried the total positive charge). Therefore, we can conclude gjacirons to generate a 17-electron species, just as is observed.
that the coordination proceeds at the metal center. Indeed, th'SProposed structures for these species are presented in Figure 5.

is where the charge is expected to localize as a consequence ofps interpretation is supported by the observed stability of
the electrostatic interaction with the incoming polar and/or
polarizable ligand. (30) Bushnell, J. E.; Kemper, P. R.; Bowers, MJT Phys. Cheml995

. .99, 15602-15607.
There are two other observations that support the contention (31) Dieterle, H.; Harvey, J. N.; Heinemann, C.: Schwarz, J.: Scroder,

that ligation proceeds at the metal center gFe"™ and GoHio- D.; Schwarz, HChem. Phys. Lettl997, 277, 399-405.

Fe". In those cases where ligation also is observed with, Fe (32) Sodupe, M.; Branchadell, V.; Rosi, M.; Bauschlicher, CO\Phys.
ligation of GuFe" or CaHydFe" st ° tent of ligati Chem. A1997, 101, 7854-7859.
Igation or Leor€" Or LxgH1o-€" SIOps at an extent of ligation (33) Schulz, R.; Armentrout, P. B. Phys. Cherm993 97, 596-603.

from one to four ligands less than with FeAlso, we note that (34) Armentrout, P. B.; Kickel, B. L. IlDrganometallic lon Chemistry
the rate of ligation of Fe with the second ligand is similar to ~ Freiser, B. S., Ed.; Kluwer: Dordrecht, 1996; pp45.
the rate of ligation of GFet or CygHioFe™ (see Table 2). This 651%5) Sodupe, M.; Bauschlicher, C. Wl Phys. Cheml.991, 95, 8640~

implies that Go and GoHio themselves behave as ligands (in - (36) Ricca, A.; Bauschlicher, C. Wi, Phys. Chem1995 99, 9003~

9007.
(28) Seiders, T. J.; Baldridge, K. K.; O’'Connor, J. M.; Siegel, JJ.S. (37) Walter, D.; Armentrout, P. Bl. Am. Chem. S0d.998 120, 3176.
Am. Chem. Sod 997 119, 4781-4782. (38) Ricca, A.; Bauschlicher, C. W. Phys. Chem1994 98, 12899~

(29) Haddon, R. CJ. Am. Chem. S0d.99Q 112, 3385-3389. 12903.
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Figure 4. Profiles obtained for the multi-collision-induced dissociation
of (a) GeoFe(CO)" in Ar at a CO flow of 1.0x 10* molecules st
and (b) GoFe(NHs)4" in Ar at a NH; flow of 3.8 x 10'® molecules
sL

endo(n*-CogH10)Fe(CO);*

Figure 5. Proposed structures for the terminal product ions observed
for the reactions of gFet and GoHioFet with CO. Not shown is an
alternative mode af* binding of Fe(COJj* to corannulene that involves

one radial double bond and the rim double bond (both endo and exo).

neutral GgFe(CO), which has been described as an 18-electron
complex in which Go acts as a two-electron don#rAlso,

Caraiman et al.

Similarly, the observed ligation of ggFe* with N, and CQ
(-ligands) as well as Pand CH, (o-ligands) does not lead to
saturation. Figure 3 indicates apparent coordination numbers
of 1 for D,, N», and CQ and 2 for CH. Our measurements of
CID thresholds for these ligands indicate weak interactions.

Binding energies of these ligands to bare ee known to
be relatively small and this, in part, is due to the zero dipole
moments and small polarizabilities of these ligands. It is
interesting to note from Table 3 that a sharp drop is indicated
for the binding energy of the third hydrogen ligand in Fe@.

If Ceo behaves as a ligand (as proposed earlier), this drop would
predict a similar drop for the binding energy of the second
deuterium in Go(D2)2™.

Even though Mand CO are isoelectronic, differences in the
energies of the molecular orbitals of CO angibke N weaker
than CO both as a-donor and as ar-acceptor! Theory
indicates that KHibinds in a sideways geometry rather than end-
on, due to the positive quadrupole moment ofdrd in order
to enhance back-donation of charge fromr-arbitals on the
metal to the H o*-orbitals3°

CooFe(GHe)™ appears to be coordinatively unsaturated. Since
this is a 15-electron species, hexahapto coordination of a second
molecule of benzene is not possible. Possibleonding! of a
second benzene ligand tgdEe(GHe)* could not be ruled out
since, if weak as is expected, it would be discriminated against
in its rate of formation and/or due to experimental conditions.

4. Coordination to CyoH10Fe™. Except for GDg and the weak
ligands D, N2, and CQ which added once to bothsge and
CyoH1oFet, all other ligands added at least once less fggo-

Fet than to GoFe™. Even with the strong ligands CO and BH
only up to three molecules added to the metarannulene ion,
generating GHi0Fe(CO}" and GgHioFe(NHs)st. Since the
dihapto-coordinated §g-e" adds four molecules of CO or NH

it can be concluded that corannulene coordinates toifre
tetrahapto fashion. Therefore, the smaller curvature of coran-
nulene allows better metal orbital overlap fethonding than
with Ceo.

Proposed structures for the carbonyl complexes are presented
in Figure 5. The results of our experiments cannot rule whether
Fe" is exohedrally or endohedrally coordinated to corannulene,
but since the energetic cost of inverting corannulene is only 10

previous observations of the gas-phase displacement of CO inkcal/mol#22band partial flattening would be even cheaper, it is

Fe(CO} by Cso™ are consistent with 2e donation bydand
the formation of a 17e specié?°

CeoFe' ligated with HO, CH,, and GH,4 also showed high
thresholds for ligand dissociation in CID experiments. These
ligands also present high bond energies tb,fées presented in
Table 3.

Coordination numbers of 4 are also expected for water (
ligand), GH,, CH4, and SQ (z-ligands), which may donate
two electrons upon ligation, and with water there also exists
the possibility of hydrogen bonding in an outer ligation sphere.

probably more reasonable to assume that the two structures are
interchangeable. According to the proposed tetrahapto coordina-
tion of corannulene that involves donation of four electrons,
only the CO, NH, and GDs complexes are saturated, 17-
electron species. All the other complexes are unsaturated
because, presumably, of low reaction rates or experimental
discrimination.

A different interpretation of the observed apparent coordina-
tion numbers could be given: corannulene binds to irean
% fashion, but strong ligands such as CO and;NEn easily

However, the rate coefficient measurements in Figure 3 indicate displace one of the corannulene double bonds to drop the

lower coordination numbers: 3 for.,® and GH», and 2 for
C,H4 and SQ. While our CID measurements indicate relatively

binding to F& down toy*. H,0 is too weak a ligand to do this.
This will explain why only two molecules of #D coordinate

strong ligation energies for the ligated species that were to C,gHioFet (to give a 17-electron species). In a similar way,
observed, the trend in these energies indicates a weakening irCq, might be considered weakly* coordinated to Femost of

the ligation energy with increasing ligation. This trend provides

the time, and strong ligands such as N\&hd CO can easily

an explanation for the lower observed coordination numbers displace one of the & double bonds to drop the binding to the
given the dependence of the rate of ligation on ligation energy Cy, down toz2. This picture would explain why 0 stops with

and possible dissociation of weakly bound ligands.

(39) Jiao, Q.; Huang, Y.; Lee, S. A.; Gord, J. R.; Freiser, BJ.SAm.
Chem. Soc1992 114, 2276-2727.

(40) Baranov, V.; Bohme, D. Kint. J. Mass Spectrom. lon Processes
1997, 165/166 249-255.

(41) Cotton, F. A.; Wilkinson, GAdvanced Inorganic Chemistrylohn
Wiley & Sons: New York, 1980; pp 10491182.

(42) (a) Scott, L.; Hashemi, M. M.; Bratcher, M. $.Am. Chem. Soc
1992 114, 1920-1921. (b) Biedermann, P. U.; Pogodin, S.; Agranad, |.
Org. Chem.1999 64, 3655-3662.
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three waters on the iron in thesgEe™ complex. There is no
evidence fory* coordination of Gy coming from condensed
phase or from theoretical studies, byitcoordination has been
observed for corannulene in the ruthenium complex obtained
by Siegel and co-workefs.

Oxidation Reaction Kinetics. Reactions of gFe" or CyoH10-

Fe" with oxygen-containing molecules such aghCQ,, SO,

and CO did not lead to oxidation by O atom transfer, probably
because of the high O atom affinities (OA) of B 117.4 kcal
mol~t, CO = 127.3 kcal mot!, SO= 131.7 kcal mot?, C =
257.3 kcal motl43ab Nothing is known about the O atom
affinities of GsoFet or CyoH1oF€e", but the failure to observe O
atom transfer with these potential oxygen donors could provide
upper limits for OA(GoFe™) and OA(GoH1oFe™) of 117.4 (OA-
(Hz)) or 127.3 kcal moi! OA(CO)) if exothermicity alone were
the criterion for the occurrence of O atom transfer. However,
the upper limit of 117.4 kcal mot derived from the absence
of O atom transfer from water may be problematic since this
reaction requires breaking of two—-H bonds and so might
have an activation barrier. We have found previotisthat
exothermicity is a valid criterion for O atom transfer to bare
Fe", and it will be seen next thatd®, which is a very favorable

O atom donor, OA(N = 40.0 kcal mot1,43b readily transfers
an O atom to GgFe" or CygHigFet. On the other hand, Da
less favorable O atom donor, OA(®) 119.2 kcal mot1,43p
simply adds rather than donating an O atom.

Reactions with N;O. Oxygen atom transfer was indeed
identified as an important reaction channel in the reactions of
CeoFe™ and GoHigFe™ with N,O, but it was observed to compete
with the direct addition of MO. Branching ratios for O transfer
were determined to be 0.690.02 for GoFet and 0.70+ 0.02
for CyoH10F€e™. The observation of O atom transfer provides a
lower limit for the oxygen affinities of gFe™ and GoHioFe"
of 40.0 kcal mot?.

One NO molecule also was observed to add tFeO", k
= 5.7 x 1071 cm® molecule! s, but not to GoHioFeO",
and this is consistent with the lower coordination number
observed in this study for &gH;0Fe".

We should compare the rates of oxidation oot and
CaoH1gFe™ with N2O to that of the bare metal cation in the
absence of a carbonaceous surface. When account is taken
the branching ratio for O atom transfer, the rates of O atom
transfer with GgFe™ and GgH1gFe' both are found to be 1 order
of magnitude higher than the O atom transfer rate for the
reaction between Feand NO (see Table 2). Thus, the
formation of FeO may be regarded to be “catalyzed” by the
presence of either aggor CyH1o carbonaceous surface.

Reactions with O,. CgoFet reacted with @ mainly by metal
atom transfer, generatings§ (reaction 7a). A minor @
association channel (reaction 7b) with a branching ratio of (0.13
+ 0.02),

CeFe" + 0,— Cy," + Fel,

— CgoFeQ,”

followed by a second addition to producgsBe(Qy).t, also was
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“superoxo” addition product, FeOQ\E = —17 kcal mof?), a
cyclic peroxo adduct Fef (AE = —27 kcal mot1), and an
oxidative insertion product, bent OFe@K = —64 kcal mot?).
Linear O-Fe—0O and Fe-O—0 isomers are higher in energy
than Fe+ O, and therefore thermodynamically unstatie.
Formation of FeO+ O would require an additional 21 kcal
mol~1.44b Reaction 7a with Fe- O, as neutral products can be
calculated to be endothermic by 36t97 kcal mol ! from the
bracketed value of 44 7 kcal mol! for D(Fe"—Cg)® and the
ionization energies of Fe (7.9024 0.0001 eV) and & (7.64
+ 0.02 eV). Thus, only the formation of the insertion product
OFeO is exothermic in reaction 7AH%qg = —27.1+ 7 kcal
mol~L.

A possible reaction pathway forggF-e™ reacting with Q by
Fe™ transfer (reaction 8) was not observed. Theoretical sttidies

CeoFe™ + 0,— FeQ," + Cy, 8)
have shown that Feand triplet oxygen molecule can form a
side-on peroxo complex, FefD, which easily isomerizes to
the high-valent iron oxide, OFeOQ The calculations predict a
bond dissociation energy of 24 kcal mélfor the side-on
complex Fe(@* and of 29 kcal mol? for the dissociation of
OFeO" into Fe" and Q. The value of 44+ 7 kcal mol? for
BDE(Fe"—Cq0)® indicates that the formation of both of these
forms of FeQ" from reaction 8 is endothermic.

The GoFeG:' produced in reaction 7b reacted further to add
a second @molecule to form GoFe(Qy)2+. We note here that
bare Fé ions do not add @under SIFT conditions, and this
we have ascribed to a short lifetime of the triatomic intermediate
complex due to the small number of internal degrees of
freedom?Z® The structure of the Fe(Q)," (n = 1, 2) adducts
is uncertain, although side-on addition to form a peroxo complex
may be preferred for each of the additions, at least initially, on
the basis of the computed interaction between bare drel
0,.%5 Isomerization to the iron dioxide structure may then ensue.
The multi-collision-induced-dissociation experiments indicate
a relatively high energy of dissociation but cannot distinguish
between loss of an intactQnolecule or two O atoms and

OE?erefore do not provide further insight into the structures of

soFe(Q)n+ (n =1, 2)

The reaction between,gH;0Fe" and Q exhibited only the
addition channel, with two molecules of,@ttaching sequen-
tially to the metat-corannulene cation. The observation of the
sequential addition of only twa-ligands to both gFe"™ and
CooH1oFet is unique in the present study. However, differences
in the coordination modes are suggested by the kinetic results.
Measured rate coefficients for sequential addition presented in
Table 2 indicate that ligation of a second molecule oft®
CooH10FeQ™ occurred (more than 1 order of magnitude) more
slowly than the addition of the first molecule ob @ CyoH10-

Fe'. This is in contrast with the formation ofg@e(G)," from
CeoFeQx™ and Q, which occurred more rapidly than the
formation of GoFeQ™ from CsoFe™ and Q. Thus, a higher
stability is suggested forgg=e(Q),*, and this is consistent with
the measured CIDs.

The absence of the metal atom abstraction channel from the

observed. Available thermodynamics indicates that the neutral reaction of GgHioFe™ with O, implies thatD(Fet—CyoH10) >

product of reaction 7a is Fe@nd not Fet+ O, or FeO+ O.
Recent DFT calculatioA&indicate three possible stable isomers
of FeQ. These are, in order of increasing stability (where the
energy relative to Fet O, is given in parentheses): a bent

(43) (a)J. Phys. Chem. Ref. Date988 17, Suppl. 1. (b) Wlodek, S.;
Bohme, D. K.J. Chem. Soc., Faraday Trans1289 85 (10), 1643-1654.

(44) (a) Andrews, L.; Chertihin, G. V.; Ricca, A.; Bauschlicher, C. W.
J. Am. Chem. S0d.996 118 467-470. (b) Chertihin, G. V.; Saffel, W.;
Yustein, J. T.; Andrews, L.; Neurock, M.; Rica, A.; Bauschlicher, C.JW.
Phys. Chem1996 100, 5261-5273. (c) Helmer, M.; Plane, J. M. Q.
Chem. Soc., Faraday Tran$994 90, 393-401.

(45) Schroder, D.; Fielder, A.; Schwarz, J.; Schwarz Idrg. Chem.
1994 33, 5094-5100.
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D(Fet—Cs0). This result is consistent with previous expectations, the rates of bare Fereactions under the same experimental
since #* coordination is expected to be stronger thah operating conditions (0.35 Torr, helium buffer gas, 298 K). The
coordination as a result of more efficient back-bonding between observed rate enhancements can be accounted for by an
the metal ion d orbitals and the antibonding orbitals of the  increased number of degrees of freedom and electronic effects.
system. Also, indications are that these reactions occur at the metal

Ceo" as a Catalyst.Our results suggest a possible role of center, not at the carbon surfaces. Differences in observed
Ceo" in the catalytic oxidation of iron. The gas-phase reaction product ion distributions for the metafullerene and metat
of ground-state Fe atoms with,@as been shown to proceed corannulene ions have been used to illustrate differences in the
only very slowly at room temperature in excessadd N> and metal ion coordination to the two differently curved carbon-
to exhibit a substantial barriéf¢ Attachment of Fe atoms to aceous surfaces: d|hapt0 for the fullerene coordination vs
Cso™ according to reaction 10, a reaction that presumably is tetrahapto for the corannulene coordination.
_slmrl]lar In efﬂmencg to t_r;le“attgchnlfer;]t of ]:eo Ceofobser_v ed f Interesting aspects related to potential catalytic capacities of
gFteeO F;r:csc?rr(]jtir?tutoy}e\,:ctioanct;\;\éte the efficient formation o the carbonaceous surfaces are also revealed. dden@ GoHio

9 ’ surfaces have a catalytic effect on reactions of the iron cation

with N>O and Q. In the reaction with DO, the rate of formation

+ . +
Coo' + Fet He— Cere” + He (10) of FeO" on the Go or CyoH10 Surfaces is 1 order of magnitude
4 P higher than in the absence of these carbonaceous surfaces. In
CooFe + 0, Cgp + Fe, (7a) the reaction betweengg-e" and Q, an inserted species of

neutral FeQ is generated in a process in whicho®lays a

Reactions 10 and 7a represent a catalytic chain for the :
catalytic role.

conversion of ground-state Fe atoms angdt@iron dioxide.
Similar reactions of type (11) leading to the “fixation” of iron

are expected to take place betweegF&" and other molecules Acknowledgment. Continued financial support from the
X with high iron metal affinity,D(Fe—X) > D(Fe"—Cgo). Natural Sciences and Engineering Research Council of Canada
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CeFe" + X — Cy," + FeX (11)
Supporting Information Available: Experimental data for
Conclusions reactions of GoFe™ and GoHigFe™ with Dy, CO,, Np, CHy, SO,
CoHa, CoHy, CsDg, N2O, and Q (PDF). This material is available

Rate enhancements of up to 5 orders of magnitude have beer}ree of charge via the Internet at hitp://pubs.acs.org.
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